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ABSTRACT
The Impact of Nanostructured Templates and Additives on the Performance
of Si Electrodes and Solid Polymer Electrolytes for
Advanced Battery Applications
Juichin Fan
Department of Chemical Engineering, BYU
Doctor of Philosophy
The primary objectives of this research are: (1) use a hierarchical structure to study electrode
materials for next-generation lithium-ion batteries (LIBs) and (2) understand the fundamentals and
utility of solid polymer electrolytes (SPEs) with the addition of halloysite nanotubes (HNTs) for
battery applications. Understanding the fundamental principles of electrode and electrolyte
materials allows for the development of high-performance LIBs. The contributions of this
dissertation are described below.
Encapsulated Si-VACNT Electrodes. Two hurdles prevent Si-based electrodes from mass
production. First, bulk Si undergoes volume expansion up to 300%. Second, a solid-electrolyte
interphase (SEI) forms between the interface of the electrolyte and electrode, which consumes
battery capacity and creates more resistance at the interface. Si volume changes were overcome
by depositing silicon on vertically-aligned carbon nanotubes (VACNTs). Encapsulating the entire
Si-VACNT electrode surface with carbon was used to mitigate SEI formation. Although SEI
formation was reduced by the encapsulation layer, capacity fade was still observed for
encapsulated electrodes, indicating that SEI formation was not the primary factor affecting
capacity fade. Additionally, the impact of the encapsulation layer on Li transport was examined.
Two different transport directions and length scales were relevant—(1) radial transport of Li in/out
of each Si-coated nanotube (~40 nm diameter) and (2) Li transport along the length of the
nanotubes (~10 µm height). Experimental results indicated that the height of the Si-VACNT
electrodes did not limit Li transport, even though that height was orders of magnitude greater than
the diameter of the tubes. Simulation and experimental data indicated that time constant for Li
diffusion into silicon was slow, even though the diffusion distance was short relative to the tube
height. Other factors such as diffusion-induced stress likely had a significant impact on diffusion
through the thin silicon layer.
Solid Polymer Electrolytes. A thorough understanding of the relationships between physical,
transport, and electrochemical properties was studied. HNT addition to polyethylene oxide (PEO)
electrolytes not only improved the physical properties, such as reduction of the crystallinity of
PEO, but also enhanced transport properties like the salt diffusivity. The processing steps were
important for achieving enhanced properties. Moreover, HNTs were found to stabilize the
interfacial properties of the SPE films during cycling. Specifically, HNT-containing SPE films
were successfully cycled at room temperature, which may have important implications for SPEbased batteries.
Keywords: silicon anode, Li transport, encapsulation, polymer electrolyte, halloysite nanotubes,
Juichin Fan
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1

INTRODUCTION

Motivation
Rechargeable lithium ion batteries (LIBs) have been extensively used to power a diverse
range of consumer electronics, and they have even been chosen for electric vehicles—an important
approach to reducing CO2 emissions from transportation. As the demand for higher energy density
and longer life span increases, researchers have been searching for advanced electrode and
electrolyte materials, both of which are critical components to construct next-generation lithium
ion batteries or other battery systems. Electrode materials are required to store more electrical
energy and electrolytes are expected to be more mechanically and electrochemically stable and
safer under various operating conditions.
Electrode Materials. Currently, graphite is the most frequently used material for the
negative electrode, also known as the anode, in LIBs. Among other materials, silicon is a promising
anode candidate owing to its much higher specific capacity than that of graphite. Silicon is also
abundant in earth soil. However, silicon electrodes encounter two main issues that negatively
impact cell capacity and performance: (1) large volume changes (~300%) upon cycling, which
deteriorate the electrode structure and lead to loss of electrical contact and (2) the formation of a
1

passivating layer, also known as solid-electrolyte interphase (SEI), at the electrolyte/electrode
interface. A thick and unstable SEI layer hinders Li transport and reduces Coulombic efficiency,
thus degrading battery performance.
To overcome the volume-change issue, literature studies of Si-based electrodes show that
decreasing the silicon size down to the nano-scale (~150 nm for nanoparticles and ~300 nm in
diameter for nanowires) can lessen mechanical stress [1, 2]. However, nano-sized Si structures also
introduce a relatively high surface area, which exacerbates SEI formation. In this research work,
the aim was to use an electrode template fabricated from vertically aligned carbon nanotubes
(VACNT) infiltrated with silicon to tackle the associated issues. The Si-VACNT design provides
not only the mechanical strength needed to enhance the electrode structure upon
charging/discharging, but also adequate void space for silicon expansion. In addition, the same
electrode structure allows control over the total surface area—an important parameter for SEI
formation. A continuous thin carbon layer can encapsulate the entire Si-VACNT electrode surface
in order to (1) reduce the contact area for electrolyte exposure and (2) to prevent the electrolyte
from penetrating into the Si-VACNTs. An electrolyte additive was also added to the liquid
electrolyte as a way to stabilize SEI formation on Si-based electrodes [3, 4].
The controllable Si-VACNT electrode system and the ability to reduce the SEI formation
allows for a better understanding about the fundamentals of silicon properties as an electrode
material. In particular, the Si-VACNT electrodes possess a high aspect ratio, with the tube height
in the range of 60-200 µm and the tube diameter in the range of 20-40 nm. The three to four orders
of magnitude difference in these dimensions gives rise to the question: does the high surface area
or high aspect ratio control battery performance? Factors that influence the Li-Si alloying process
in this system are also of interest in this research. Understanding how fast Li atoms can move in
2

the Si-VACNT electrode system and the associated causes are essential for improving Si-based
electrodes. The experimental results shown in this work will be helpful to develop mathematical
models to better describe the fundamentals of Li transport and kinetic phenomena.
Electrolytes. Being of vital importance in a battery system, electrolytes are responsible for
ionic conductivity and battery safety. In the majority of lithium-ion batteries, liquid electrolytes
are used but fire hazards of LIBs have been reported quite often. Solid-polymer electrolytes (SPEs)
are particularly interesting owing to their unique properties over their liquid counterparts,
including no solvent leakage, light weight, low flammability, enhanced mechanical stability, and
safety. Nevertheless, SPEs have a considerably lower ionic conductivity than liquid electrolytes
and show increased resistance at the solid polymer/electrode interfaces [5].
In this dissertation, poly(ethylene) oxide (PEO) was selected to be the polymeric matrix
for the solid electrolyte films because of its high association with Li salts and its wide stability
window for electrochemical reactions [6]. However, the low values of ionic conductivity in PEObased SPEs still need to be addressed. Several methods have been attempted to improve the ionic
conductivity in PEO films by decreasing the crystallinity of the polymer, such as adding Li salts
that act like a plasticizer or incorporating nano-sized fillers (i.e. SiO2 [7]). The former alters the
phase-transition temperature, which allows the polymer to stay in an amorphous state; the latter
facilitates Li-ion transport in the polymer.
Recently, halloysite nanotubes (HNTs)—a mineral clay consisting of aluminosilicate with
a tubular 3D structure and oppositely charged surfaces [8]—have been found to improve the lithium
ionic conductivity for gel electrolytes [9] and proton conductivity for proton-exchange membranes
[10]

. Our collaborator, Dr. Miller and his research group from the University of Utah, also showed

that HNT fillers are able to improve the ionic conductivity of PEO-based SPE and to enhance its
3

mechanical stability

[11]

. The ionic conductivity of HNT-SPEs at room temperatures can be

increased by two orders of magnitude as opposed to HNT-free SPEs. However, a thorough
understanding of HNTs in SPE applications is still required in order to realize high-performance
LIBs.

Objective, Scope, and Approach
Objective and scope. The main objective of this study is to improve battery performance
in the interest of developing next-generation Li-ion batteries. The aim is two-fold: (1) to improve
the capacity in Li-ion batteries while maintaining electrode integrity by the use of silicon-coated
vertically-aligned carbon nanotubes (Si-VACNTs) and the encapsulation technique, and (2) to
understand the fundamentals and utility of HNT-containing solid polymer electrolytes in battery
applications. More specifically, the first aim is to systematically study the physical phenomena
(such as transport and kinetics) of Li through the combination of experimental measurements and
mathematical models to address the volume changes, solid-electrolyte interphase, and other
associated issues. The second aim is to investigate HNTs as the nano-fillers in SPE films in order
to understand the role of HNTs in Li-ion transport, as well as electrochemical and interfacial
properties.
Approach. Previously, Dr. Davis and his group from the Physics Department at Brigham
Young University developed a microfabrication process for growing VACNTs [12] which has many
implications for battery research. The flexibility to control electrode parameters (i.e. electrode
height, silicon loading, and total surface area) provides the opportunity to study how these
parameters impact cycling performance. Solid-polymer electrolytes used in this research work
4

were made both in our lab and our collaborator’s lab in the Metallurgical Engineering Department
at the University of Utah. Electrochemical tests of the Si-VACNT electrodes and SPE films were
performed to assess their stability and feasibility for advanced LIB applications. X-ray scattering
(XRD), scanning electron microscopy (SEM), energy-dispersive x-ray spectroscopy (EDS), and
optical microscopy are tools that help characterize Si-VACNT electrodes and SPE films.

Outline
This dissertation is organized as follows.
Background. Chapter 2 summarizes battery fundamentals, issues for alloy-type electrode
and SPE materials, electroanalytical methods, and possible solutions for the challenges. We focus
on Si-based electrode and poly(ethylene) oxide-based solid polymer electrolytes.
Materials and methods. Chapter 3 describes the fabrication processes for both Si-VACNT
electrodes and HNT-containing solid polymer electrolyte films as well as electrochemical and
other equipment and procedures used in this study.
Development of encapsulated Si-VACNTs. Chapter 4 is focused on characterization and
electrochemical analysis of the encapsulated Si-VACNT electrode systems. The study of using an
electrolyte additive to improve and stabilize solid-electrolyte interphase (SEI) formation is present.
Transport and kinetic studies in encapsulated Si-VACNTs. Chapter 5 shows experimental
results of encapsulated Si-VACNTs with varying surface areas to understand the factors that
influence the lithium insertion/extraction processes. A quantitative mathematical description of the
observed battery behavior is given as part of this analysis.
5

Halloysite nanotube solid-polymer electrolytes. Chapter 6 presents the studies on
characterizing and electrochemically analyzing HNT-containing solid polymer electrolytes.
Transport properties of SPE films with various Li salt concentrations and HNT contents are
provided. Li metal symmetric cell studies are included to evaluate the potential use in practical
high energy density applications.
Conclusions and future work. Chapter 7 provides the summary, discussion, conclusions,
and recommendations for future work.
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2

BACKGROUND

Basics of Lithium Ion Batteries
Conventionally, a lithium-ion battery cell consists of a cathode (positive electrode), an
anode (negative electrode), and an electrolyte as the ionic conductor. The cathode is made out of
a transition metal oxide (e.g. LiCoO2 and LiFePO4) and the anode is usually constructed from
graphite or other carbonaceous materials. The electrodes are where the electrical energy is stored;
meanwhile, electrolytes act like a conductive pathway for ion movement. There are two forms of
electrolytes—liquid and solid. Liquid electrolytes are used by dissolving a Li salt (e.g., LiPF6) in
organic carbonate solvents (e.g., ethylene carbonate (EC)/diethyl carbonate (DEC)), while solid
electrolytes are formed by dissolving a Li salt in a solid matrix (i.e. polymer or ceramic). When
using a liquid electrolyte, a layer of separator is required but solid electrolytes themselves also act
like a separator to prevent the electrodes from coming into contact with each other, causing a shortcircuit. A battery cell cannot function properly without any of the components described above.
In a typical LIB cell, both the cathode and anode react with Li via a mechanism called
intercalation/de-intercalation, meaning that both electrodes allow Li to migrate in and out of their
interiors. When a LIB cell is discharged, as illustrated in Figure 2-1, Li-ions de-intercalate from
the graphite electrode (anode or negative electrode), travel via the separator and electrolyte, and
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intercalate into the metal oxide electrode (cathode or positive electrode). During charging, Li-ions
move in the reverse direction. An intercalation reaction is generally a reversible reaction where Liions are introduced into a host electrode without altering the structure significantly. The inserted
Li-ions do not randomly occupy the host electrodes but rather reside at specific sites. Since little
structural alteration is involved, the intercalation-type electrodes exhibit excellent cycle efficiency
(~99.9% for graphite). Yet, the specific capacities of intercalation-type materials are limited by
the number of available sites in the structure.

Figure 2-1: Li-ion battery discharge mechanism (Note: the figure is not drawn to scale). In graphite,
the carbon atoms in the same layer are about 0.15 nm apart; the layers are separated by 0.34 nm. Li
atom has a radius of 0.17 nm [13].
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There are a few cathode materials that possess higher capacity than LiCoO2 (274 mAh/g)
and the major limitations include high cost, low thermal stability, and fast capacity fade under high
rates

[14]

. However, there are some materials that are suitable for replacing the current graphite

anode due to their higher specific capacities. For example, Si, Ge, and Sn are found to have
relatively high capacities, usually up to ten times higher than the current graphite anode (e.g. 3,795
mAh/g for Li4.4Si and 991 mAh/g for Li4.4Sn). These elements react with Li via a different
mechanism: Li and these materials form alloys (lithiation/de-lithiation) that involve bond-breaking
in the host sites. Materials that form alloys tend to have higher gravimetric and volumetric
capacities than intercalation-type electrode materials because the atomic framework does not
interfere with the alloying reaction [1].
Electrolytes, as part of the essential components in a battery system, provide not only ionic
conduction but also chemical stability to prevent the cell from malfunctioning. Most LIBs utilize
liquid electrolytes due to their excellent ionic conductivity, high energy density, and great wetting
ability. However, liquid electrolytes and their solvents have some drawbacks. For example, when
operating at low voltages (close to that of metallic lithium), liquid electrolytes involving organic
solvents are not thermodynamically stable and tend to decompose. Additionally, there are safety
hazards associated with liquid electrolytes as the organic solvents used are flammable.
In the following sections, the detailed issues of electrode materials and electrolytes will be
discussed. Strategies from the literature to address the associated issues along with methods to
study the subjects of interest will be introduced.
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Alloy-Type Electrodes

2.2.1

Issues with Alloy-Type Anodes
In spite of providing a high capacity, there are two issues associated with alloy-type anodes

that limit cycling performance. First, the active materials (e.g., Si or Sn) experience large volume
changes upon successive discharge/charge cycles[1]. When Li atoms enter the crystal structure of
alloy-type materials, a reorganization of the crystal lattices increases the volume. Specifically, the
volume of silicon electrodes can increase 300% during the alloying process. The electrode volume
shrinks when Li-ions leave the host material. The insertion and extraction of Li-ions in a Si host
lead to particle fractures and mechanical strains [15]. Repeated volume changes upon continuous
discharge/charge cycles result in the loss of contact with the conductive agents, which contributes
to poor electrode performance.
Secondly, during the initial cycles of LIBs, the liquid electrolyte solvents undergo
reduction at the negatively polarized electrode surface [16]. This forms a passivating layer, called
the solid electrolyte interphase (SEI), comprising of organic and inorganic products. The SEI
formation mechanism is illustrated in Figure 2-2. An ideal SEI layer prevents further electrolyte
degradation by blocking the electron transport through the layer while continuously allowing Liions to pass during cycling. The primary electrochemical reaction is lithium alloying with Si to
form Si-Li compounds. However, the SEI formation competes with the primary reaction and
consumes lithium. It is the repeated charging/discharging cycles that form unstable SEI layers [17].
Moreover, the fracture of the silicon electrode creates new surfaces, which bring about new SEI
formation [18].
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Figure 2-2: Schematic of SEI formation

2.2.2

Si/Carbon Composite Electrodes
As charge/discharge proceeds, maintaining electrical conductivity and mechanical stability

in Si-based electrodes is critical for advanced Li-ion batteries, especially when accumulative
volume changes and SEI formation occur. In an attempt to accommodate the volume changes of
Si-based electrodes, several electrode architectures have been explored, including micro-sized
particles [19], thin films [20, 21], nano-sized Si structures (e.g., silicon nanotubes [22-24], nanoparticles
[25-27]

, nanowires

[2, 28-31]

) and various composite anodes

[28, 32-34]

. The issue with micro-sized Si

particles and thin films as electrode structures is rapid capacity fade after a few cycles due to
electrode pulverization and loss of electrical contact [1, 19]. As the Si particle size is decreased from
micro-scaled sizes down to nanometer sizes [27, 35], silicon volume changes can be accommodated,
at least to some extent. However, the total electrode surface area per unit mass increases as particle
size decreases. The increasing electrode surface area leads to more exposure for SEI formation [16].
Independent of the specific geometry, conductive additives are important. Pure silicon
nanospheres or 1-D structures alone are not sufficient for good capacity retention

[35]

. Carbon

nanofibers and carbon nanotubes (CNTs) have been used as a scaffold with silicon to form Si/C
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composites so that the particular properties of each component can be exploited [32, 36-38]. Although
Si/C composites have lower specific capacities (~2,000 mAh/g) compared to a nanostructured
silicon (~3,000 mAh/g), they have better capacity retention (~80%) over a few hundred cycles
because the carbon nanotubes provide a mechanical enhancement to accommodate silicon
expansion and to maintain electrical conductivity during repeated cycling [37, 39, 40].
In addition to randomly-aligned carbon nanofibers or nanotubes, vertically-aligned carbon
nanotubes (VACNTs) have drawn attention for battery applications due to their extraordinary
characteristics. VACNTs are highly porous structures owing to low tube density (~1.5 g/cm3). The
VACNT volume only accounts for 1% of the total volume, making them a potential candidate for
an electrode template

[32, 36]

. Large void space inside the VACNTs allows for silicon volume

changes. Another outstanding feature is that VACNTs can be grown directly on a substrate, which
improves the electron transport pathway and obviates the utilization of a binder and conductive
agents. The high aspect ratio introduced by VACNTs also provides a platform to further study Li
transport phenomena in high surface area structures to help develop advanced electrode structures.

2.2.3

Strategies for Reducing SEI
According to the literature, SEI is a principal factor in irreversible capacity loss during

cycling. Efforts have been made to change the interfacial properties or to decrease the interfacial
surface area between the electrode and the electrolyte. It was found that the SEI formed on
carbonaceous materials is stable but not on alloy-type electrodes. Evanoff et al.[32] demonstrated
that their ultra-thick (~1 mm) silicon-coated vertically aligned carbon nanotube (Si-VACNT)
electrode protected by a carbon layer over the silicon had a Coulombic efficiency close to 99%
12

(see Figure 2-3a), while a similar but unprotected Si-VACNT electrode had a Coulombic
efficiency less than 98%. The interfacial properties had been changed but the total electrode
surface area was still high. In another study, Liu et al. [41] developed a pomegranate-like design for
a silicon electrode by first coating silicon nanoparticles with a conductive carbon layer and then
assembling multiple nanoparticles within a second carbon layer to form a hierarchical structure
that reduced and stabilized SEI formation (see Figure 2-3b). Images taken after cycling showed
that the carbon layer limited SEI formation. A stable capacity of 1,160 mAh/g at C/2 was observed
after 1,000 cycles.
A similar type of approach was used by Yi et al.

[42]

who constructed graphene-wrapped

Si–C composite electrodes (see Figure 2-3c). The contact area between the Si-C particles and the
electrolyte was minimized by the use of graphene layers. The resulting gravimetric capacities of
the graphene-wrapped electrodes stayed at approximately 1,100 mAh/g for at least 40 cycles, while
the electrodes without graphene layers experienced significant capacity fading and had low
capacities. Capacity fade became more significant as the silicon loading increased when the
graphene was not present. Microscopic images taken after cycling indicated that the graphene
sheets were able to maintain a conductive network, even though the underlying Si-C structure
fractured. The examples discussed above elucidate the benefits of modifying and reducing the
contact area between the electrode and the electrolyte in order to decrease the amount of SEI
formed upon cycling while maintaining an adequate conductive network.
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Figure 2-3: Illustrations of (a) carbon-coated Si-VACNTs[32], (b) a pomegranate-inspired electrode
design, (c) graphene-wrapped Si–C composite electrodes [42].

In the previous thesis work, Dr. Davis’ group developed an encapsulation technique to
encapsulate entire silicon-coated vertically-aligned carbon nanotube (Si-VACNT) electrodes.
Figure 2-4 shows the top surface of the electrode before (Figure 2-4a) and after spraying (Figure
2-4b) on carbon nanotubes and depositing PECVD-carbon (Figure 2-4c, d). Encapsulated
electrodes were examined by SEM and EDS before and after cycling and compared with
unencapsulated electrodes to determine the impact of encapsulation on the morphology of the
cycled electrodes. In particular, the effectiveness of the encapsulation layer for excluding the
electrolyte from the silicon surface was assessed. The results shown in Figure 2-5 indicate a
dramatic morphological difference along the Si-VACNT electrodes. With the absence of the
encapsulation layer, Si-VACNT electrode surfaces became rough and were covered with SEI
products. In contrast, individual Si-VACNT tubes were still seen clearly when the encapsulation
layer was present. The morphology of the silicon coating along the encapsulated Si-VACNT tubes
did not change significantly from that of the uncycled electrodes.
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2.2.4

Electrolyte Additives
Additionally, another effective strategy that has been attempted to reduce the SEI formation

on cathodes, carbon, and silicon electrodes is to add co-solvent to the existing liquid electrolyte.
A small amount (~10% by weight) of an organic solvent, such as vinylene carbonate (VC) [43-45],
vinyl ethylene carbonate (VEC) [44, 46, 47], or fluoroethylene carbonate (FEC) [4, 48-50] is blended with
a conventional alkyl carbonates/LiPF6 solution. In most cases, the working mechanism of these
electrolyte additives is that the specific functional group from the additives is reduced upon cycling
and combined with electrolytes to form a stable passivation layer on the electrode surface, thus
decreasing the initial irreversible capacity losses and enhancing the cycle life. In particular, FEC
has been proven to have the best results in maintaining capacity for Si-based electrodes because

Figure 2-4: SEM micrographs of (a) top view of Si-VACNTs before encapsulation, (b) top view of SiVACNT after spraying with CNTs, (c) top view of PECVD layer with CNT spray underneath, and
(d) side view of Si-VACNTs after PECVD encapsulation [51]. All the images are the same scale as
labeled in (a).

15

Figure 2-5: SEM micrographs showing cross-sectional views of cycled heavily loaded Si-VACNT
electrodes without (a and b) and with (c and d) the encapsulation layer. The images on the left (a and
c) were taken just underneath the top surface, while the images on the right (b and d) were taken 10
µm above the current collector [51].

the FEC-containing electrolytes can stabilize the SEI by forming a polyfluorocarbonate on the
surface. That polymer layer lowers the charge-transfer resistance and promotes Li transport [4].
The FEC-induced SEI layer was also studied by Nakai et al

[52]

, in which they found that the

specific SEI layer was very thin and contained lithium fluoride and polyene-compounds, which
had originated from free fluoride and acetylene units in FEC. Markevich et al. [53] discovered that
the protective layer formed in FEC-containing electrolyte was relatively stable and the process of
its formation was much faster than that in the EC-based electrolyte solution.

2.2.5

Li Diffusion in Si
Li diffusion on a silicon surface was found to be a fast process compared to diffusion into

the silicon core [54-58]. Mikhaleva et al. [55] demonstrated that the bonding energy of lithium atoms
in the Si subsurface layers was lower than that on the surface, suggesting that lithium atoms were
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less likely to migrate into the crystal. Kulish et al. [54] showed that Li tended to bond to the surface
of Si nanosheets rather than penetrating to the Si core. According to their simulation results, silicon
diffusion on the surface was estimated to be much faster than bulk diffusion by seven orders of
magnitude at room temperature. However, the works mentioned above mainly focused on
crystalline silicon. Since silicon becomes amorphous after repeated charging/ discharging cycles,
the emphasis should be on amorphous silicon.
McDowell et al. [59] investigated the lithiation/delithiation mechanism in amorphous silicon
nanoparticles using in situ TEM. The results indicated that the lithiated silicon thickness increased
linearly with time, implying that the kinetics of the lithiation process was not controlled by
diffusion but by short-range interactions at the interface. Wang et al.[60] continued to simulate the
Li diffusivity in amorphous silicon based on the in-situ TEM work done by McDowell et al.

[59]

Wang et al.[60] found that the single-phase lithiation of amorphous silicon after the initial cycles
had a Li diffusivity value of 2×10-15 m2/s, although the simulated diffusivity values ranged from
2×10-17 m2/s in a Li-poor phase to 2×10-15 m2/s in a Li-rich phase. Other also reported different
diffusivity values, from 1×10-19 m2/s to 3.69×10-12 m2/s [60].
Gwak et al.

[61]

performed a multi-scale analysis using Density Functional Theory (DFT)

on amorphous silicon thin film electrodes. They found that compressive stresses increased at the
silicon surface during lithiation, which in turn increased the migration energy barrier, led to Li
accumulation near the thin film surface, and caused a potential drop. Both McDowell et al. and
Gwak et al. mentioned that there was a form of resistance at the silicon surface during lithiation.
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2.2.6

Hysteresis in Si-based Electrodes
Among the physical phenomena in silicon-based electrodes, hysteresis is particularly

interesting. As illustrated in Figure 2-6, the delithiation path fails to trace the previous lithiation
path. In other words, the lithiation potential for a given state of charge is lower than the delithiation
potential at that same state of charge, denoted as a fuel gauge for a battery, where 0% stands for
empty and 100% stands for full. There are two kinds of hysteresis: true hysteresis and apparent
hysteresis. True hysteresis occurs when there are two different phases in a battery system, and is
due to thermodynamic influences

[62]

. Apparent hysteresis is often observed when batteries are

cycled at high C-rates or when the overpotential is high. Kinetic and transport resistances
contribute to apparent hysteresis, which can be diminished when a battery cell is
charged/discharged at a very slow rate. Sethuraman et al. [63] and Chandrasekaran et al. [62] claimed
that sluggish kinetics (i.e. small exchange current density—equivalent to a rate constant in a
chemical reaction) were responsible for the apparent hysteresis in the Li-Si system. Chandran et
al.

[64]

stated that the cause for potential difference was primarily due to diffusion limitations,

especially when cells were cycled at high C-rates. Verbrugge et al.

[65]

, on the other hand,

concluded that both surface diffusion and kinetics were significant in Si-based electrodes.

Solid Polymer Electrolytes (SPE)
As mentioned in Section 2.1, electrolytes are an essential part of a battery system. Liquid
electrolytes have been dominating the battery market for decades, but the organic liquid solvents
used in the electrolytes bring about potential fire hazards. Moreover, liquid electrolytes lack
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Figure 2-6: Voltage vs. time plot of a Si-VACNT electrode, showing the hysteresis

mechanical strength and have limited operating temperatures. The use of a solid-polymer
electrolyte (SPE) attracts attention owing to the improved thermal, mechanical, and chemical
stabilities, thus enhancing safety. The SPE serves two principal roles in a LIB. First, it functions
as a separator that insulates the anode from the cathode; second, it provides a medium through
which ions are transported between the electrodes.
Since Wright et al. [66] discovered the ionic-conductive properties of poly(ethylene oxide)
(PEO), PEO-based SPEs have been investigated extensively as an alternative to liquid electrolytes.
PEO has a melting temperature (Tm) at 65°C and a glass transition temperature (Tg) at -67°C. PEO
has low toxicity and has been used in many areas, such as in cosmetics, medicine, and food
industries. PEO can complex with Li salts to form electrolytes. The ethylene oxide (EO) units have
a high electron donor number for Li-ion and the polymer chains are highly mobile, both of which
are important for improving Li-ion transport.
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2.3.1

Issues with PEO-based SPEs
To develop lithium-ion batteries that can be operated under a variety of conditions, it is

very important to consider the ionic transport, electrochemical, and interfacial properties. Two
major issues still require improvement. First, PEO-based SPEs have relatively low ionic
conductivity at room temperature. The ionic conductivity can only reach to a practical value
(~1×10-4 S/cm) at temperatures above 60°C

[67]

. In contrast, liquid electrolyte conductivities are

ranging from 10-3 to 10-2 S/cm [68] at room temperature. The low ionic conductivity of PEO-based
electrolytes at ambient temperatures is attributed to the crystalline structure of PEO that leads to
poor interactions of polymer segments. Second, electrochemical stability of the solid polymer
electrolytes is very critical to realize high-performance LIBs. A low and stable interfacial
resistance ensures good cycling performance. Luntz el al. [5] argued that the interfacial properties
at the electrode/electrolyte interface is more important than increasing the ionic conductivity. So
far, a decent capacity of electrodes with the combination of solid polymer electrolytes can only be
obtained at high temperatures and low current densities, such as 0.1 mA/cm2 or lower [69-71] owing
to the high resistance at the interface under ambient temperatures.

2.3.2

Transport Properties of Solid Polymer Electrolytes
Conventional solid polymer electrolytes fabricated by dissolving Li salts (i.e. MX → M+

+ X-) in high molecular weight polymer have both mobile cations and anions. Upon discharge,
cations and anions move in opposite directions in the electrolyte film. Cations are supplied by an
oxidation reaction of M at the anode and are consumed at the cathode by a reduction reaction.
However, anions do not react at either electrode and accumulate at the anode side, inducing
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concentration gradients and eventually salt depletion. Concentration gradients result in
polarization and hence cause voltage losses, higher interfacial resistance and unwanted side
reactions.
For the effective design of solid polymer electrolyte films used for advanced battery
applications, it is necessary to understand how cations transport across a thin polymer electrolyte
film under the influence of an electric field and a concentration gradient. Three transport
properties, namely ionic conductivity, the salt diffusion coefficient, and the cationic transference
number, are important parameters to evaluate the practical uses of potential SEP films for nextgeneration battery applications. All three transport properties are closely related and influence the
electrochemical behavior of SPEs. Ionic conductivity of a polymer electrolyte film describes how
easily an ion moves across an electrolyte film under the influence of an electrical field. When no
concentration gradients are present, the ionic conductivity is associated with the resistance of the
electrolyte. Salt diffusion coefficients can be obtained by relating the concentration difference to
the potential changing of a cell using the restricted diffusion method, which was well-developed
for binary liquid electrolyte [72]. The cationic transference number (t+) is defined as the net number
of moles of the positive ion that crosses a reference plane to the total electrical charges under no
concentration gradients.
In literature, a variety of methods has been attempted to acquire the cationic transference
number, such as pulse-field gradient nuclear magnetic resonance imaging (pfg-NMR)

[73]

,

galvanostatic polarization [74], and modified potentiostatic polarization [75]. The pfg-NMR method
assumes a complete dissociation of salt in the polymer and only accounts for charge species. The
galvanostatic polarization method is based on the Concentrated Solution Theory (CST). The
transference number obtained by use of the CST relies on the activity coefficients of salt
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concentrations. A junction potential across from two stacked SPE films with different salt
concentrations is measured and the calculated transference number depends on the activity
coefficient from the salt concentration. The disadvantage of using the galvanostatic polarization
method is that t+ relies on separate experimental quantities and the method is highly vulnerable to
experimental errors. However, this method accounts for non-ideality in the polymer solution. The
modified potentiostatic polarization involves measurements of the impedance spectra before and
after a potentiostatic polarization of a Li/SPE/Li symmetric cell for several hours until a stable
current is achieved. That stable current occurs because the net flux of anions is balanced by the
other species in the opposite direction. The downside of using the potentiostatic polarization is the
assumption of an ideal salt dissociation and thus the obtained t+ would be inaccurate if ion
association or highly ionic aggregates are present in the electrolyte system.
As discussed above, each method has its own assumptions that may not be practical under
certain situations or may be vulnerable to experimental errors. Some equations used for computing
t+ are too simplified to take into account all physical processes, such as ion pair association. None
of the methods can give a flawless t+ result, but it is possible that combining the techniques may
give a better understanding into the transport phenomena in polymer electrolytes as different
techniques offer different complementary information.

2.3.3

Strategies for SPE Issues
Recently, researchers have found that ionic conductivity of PEO-based SPEs can be

increased by reducing crystalline phases in the polymer, since ionic mobility has been found to
occur predominantly in the amorphous state. As a result, it is only above the phase-transition
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(amorphous/crystalline phases) temperature that appreciable conductivities can be obtained for
PEO-LiX complexes, where X stands for the anion group in any Li salt compounds. The phasetransition temperature of PEO-based SPEs may be lowered using a ‘plasticizer’ salt, such as
lithium bis(trifluoromethan sulphonyl) imide (LiTFSI), and by the addition of nano-sized fillers,
such as TiO2, LiAlO2, SiO2 or Al2O3 [76-79]. In the former case, LiTFSI exhibits the highest salt
dissociation level among other Li salts because the -SO2CF3 groups at both sides of the imide anion
tend to withdraw electrons. Sylla et al. [80] demonstrated that LiTFSI acts as a good plasticizer and
possesses a wide electrochemical stability window. In the latter case, incorporating nano-sized
ceramic fillers into the polymeric matrix improves the Li-ion transport properties as well as the
mechanical stability of the electrolyte films

[81, 82]

. According to the Lewis theory of acid-base

reactions, the mechanism is that these super-acidic groups introduced by the fillers’ surface are
able to immobilize basic species, such as PEO chains and anions, thus promoting movement of the
acidic ions (i.e. Li+), kinetically inhibiting crystallization, and allowing the polymer to stay in the
amorphous phase [82, 83].
Among all the popular ceramic fillers, halloysite nanotubes (HNTs) are of particular
interest. Halloysite nanotubes are a type of mineral clay that consists of aluminosilicate
(Al2Si2O5(OH)4·2H2O) with a tubular 3D structure having oppositely charged surfaces [8] and are
chemically similar to kaolin. The outer diameter of HNTs is in the range of 10-50 nm and the inner
tube is between 5-20 nm with the tube length ranging from 50 nm-1 µm [84]. The outer surface of
the halloysite nanotubes has properties similar to SiO2 (negatively charged) while the inner
cylindrical core is related to Al2O3 (positively charged)

[85]

. The outer silicate surface facilitates

Li-ion movement while the inner alumino surface traps the anions. Due to this special surface
property, HNTs have been proven to improve the lithium ionic conductivity for gel electrolytes [9],
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and proton conductivity for proton-exchange membranes

[10]

. In a previous work, the ionic

conductivity for the HNT-containing SPEs was measured as 1.1 × 10−4 S/cm at 25 °C and 2.14 ×
10−3 S/cm at 100°C [11]..

Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) has been commonly performed in battery
research because it is a great tool to study and analyze battery systems. The basic concept of EIS
is to identify different physical phenomena (e.g. mass transfer, double-layer capacitance, and
kinetics) in an electrochemical system. Different physical phenomena take place on different time
scales. For instance, the time constant for mass transfer is usually much longer than the time
constant for the double-layer capacitance in an electrochemical cell. EIS allows one to differentiate
between the various time constants.
Generally, the electrochemical impedance is measured by applying a sinusoidal potential
to an electrochemical cell and then recording the current through the cell. According to Ohm’s law,
the ratio of the potential to the current results in the resistance. An impedance is like a resistance,
except it includes the shift in phase due to the sinusoidal signals. In a small excitation signal, the
cell’s response is assumed to be pseudo-linear. Given that, the current responding to a sinusoidal
potential will also be sinusoidal at the same frequency but shifted in phase. Because of this, the
impedance, Z(ω), is not a constant, but depends on frequency.
EIS is a circuit-analog method, meaning that it relies on equivalent circuits to interpret the
results. For example, Figure 2-7a shows a schematic diagram of an equivalent circuit, including a
24

double-layer capacitor, resistances due to iR drop and charge-transfer, and the Warburg impedance
(diffusion). The corresponding EIS results are illustrated in a Nyquist plot (Figure 2-7b). In the
low frequency range, EIS measures primarily impedances from diffusion, typically shown as a 45°
line in a Nyquist plot. At mid-to high-frequency, a semi-circle, which represents the impedances
contributed from double-layer capacitance in parallel with the charge transfer resistance

[86]

, is

often present. The intercept at the high frequency with the real axis of a Nyquist plot often
measures the ohmic resistance. As mentioned previously, a well-defined equivalent electrical
circuit is an effective method to quantify the impedance elements associated with the physical
situation in the electrochemical system.

Figure 2-7: (a)Equivalent circuit for an electrode consisting of double-layer charging, resistance, and
diffusion (the Warburg impedance); (b) A Nyquist plot showing the result in (a).

Summary
In summary, advanced lithium ion batteries require not only electrodes that exhibit high
gravimetric capacity but also electrolytes that are safe and mechanically stable under various
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charge/discharge conditions. Si has been found to possess a much greater gravimetric capacity
than that of the current graphite electrode because different mechanisms are involved.
Nevertheless, the structural integrity of the electrode and SEI formation upon cycling are observed
and hamper the commercial production. Si volume changes can be accommodated by reducing the
particle size down to nano-scale dimensions or by reinforcing the structure with carbon nanotubes.
The introduction of vertically-aligned carbon nanotubes into Si-based electrodes is able to support
silicon volume changes during lithiation/delithiation. Moreover, the hierarchically-engineered
architectures of VACNTs serve two other purposes: (1) they provide a way to control the
interfacial area between the electrolyte and the electrode, which is key in order to mitigate SEI
formation, and (2) they give an opportunity to study Li transport phenomena due to the high aspect
ratio of the tube height to tube diameter.
On the other hand, replacing liquid electrolytes with solid polymer electrolytes in battery
applications has several benefits, such as enhanced mechanical properties and safety. However,
solid polymer electrolytes show comparatively low ionic conductivity and high resistances at the
electrolyte/electrode interface at ambient temperature. Incorporating nano-fillers like halloysite
nanotubes (HNTs) has been demonstrated to increase the ionic conductivity at 25°C by two to
three orders of magnitude. However, the knowledge around whether HNTs can improve
electrochemical cycling and transport properties of PEO-based SPE films are still lacking. Last,
EIS is an important electroanalytical tool that will help determine transport properties in both
electrodes and electrolytes that are being studied.
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3

MATERIALS AND METHODS

In this chapter, the first two sections (Section 3.1 and 3.2) describes the fabrication
processes of Si-VACNT electrodes, the encapsulation layer and the solid polymer electrolytes. All
the electrochemical tests in this study were performed in a coin cell setup as described in Section
3.3. Section 3.4 includes the electrochemical testing methods, followed by Section 3.5 which
details the tools used for characterizing the Si-VACNT electrolytes and HNT-SPE films. Sections
that are related to the Si-VACNT electrodes were initially published in Ref [87] and have been
included here verbatim for completeness.

Anode Fabrication

3.1.1

Si-VACNT Electrodes
Vertically aligned carbon nanotubes were synthesized via chemical vapor deposition as

described elsewhere [88, 89]. Prior to VACNT growth, a 4 nm thick layer of iron catalyst (99.97%,
irregularly shaped, Alfa Aesar) was deposited on an alumina-coated (~30 nm thick, E-beam
evaporated) silicon wafer substrate via thermal evaporation at 1 × 10−5 Torr. VACNTs were then

grown from a gaseous mixture of H2 and C2H4 in a tube furnace (Lindberg/Blue M™ 1100°C Tube
Furnaces, Thermo Scientific). Hydrogen flowed through the furnace at a rate of 232.67 sccm while
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the furnace was heated to the desired temperature. Once that temperature (750°C) was reached,
the flow of ethylene at a rate of 249.3 sccm was initiated. The observed growth rate of VACNTs
was approximately 1.3 μm/s. Each VACNT template was grown in a circular shape of 1 cm2. When
the CNT growth was completed, the temperature of the furnace was increased to 900°C for carbon
infiltration on the CNTs to reinforce their mechanical stability. The carbon infiltration was carried
out for either one or two minutes. A KOH etching technique was used to detach the VACNT
structure from the Si substrate prior to the deposition of silicon onto the carbon nanotubes. Samples
were immersed in the KOH solution (30% by mass) at ~75°C for 20 to 30 minutes. VACNT
samples were subsequently soaked in de-ionized water for 10 minutes and then transferred to isopropanol for another 10 minutes. Dried samples were then weighed and at least three
measurements of the height of each VACNT sample were made with an optical microscope (BX60,
Olympus).
Si deposition was performed by low-pressure chemical vapor deposition (LPCVD) at 200
mTorr and 535°C. Silane (SiH4) was fed into the tube furnace at a rate of 20 sccm. A variety of Si
deposition times, ranging from 10 to 30 min, was used to provide the desired Si loading. The mass
of each sample was measured before and after Si deposition to obtain the Si mass loading. The
measured silicon mass was converted to the silicon volume fraction relative to the total volume of
an electrode (including void volume). Si-VACNT samples were then transferred directly to an
argon-filled glovebox (O2 < 0.1 ppm and moisture < 1.3 ppm) to prevent contamination.
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3.1.2

CNT/PECVD Encapsulation
After silicon infiltration, cells were encapsulated as follows. First, carbon nanotubes were

sprayed onto the electrode surface to provide a more homogeneous and smooth surface upon which
the encapsulation layer could be grown. Without this supportive CNT layer, it would have been
challenging to completely encapsulate the Si-VACNT electrodes. The spray solution contained
multi-walled carbon nanotubes (MWCNTs, Aldrich Sigma) and N-Methyl-2-pyrrolidone (NMP)
(Aldrich Sigma, semiconductor grade) at a ratio of 1.2 mg CNTs/mL of NMP. The CNT/NMP
solution was sonicated and then centrifuged [90]. Only the top two-thirds of the centrifuged solution
was used to obtain a more uniform size distribution of CNTs. The resulting CNT solution was
injected into the nozzle (Impact EDGE Air Shaping System, Sono-Tek) of an ultrasonic sprayer
(ECHO ultrasonic generator 250kHz, Sono-Tek). CNT spraying was carried out at 200°C on a hot
plate.
Following spray deposition of the CNT layer, an encapsulation layer consisting of
approximately 0.12±0.03 mg/cm2 of amorphous carbon was deposited by plasma-enhanced CVD
(PECVD) at 1 torr and room temperature from a gaseous mixture of 98% helium and 2% methane
(Airgas). Each PECVD run was performed for 45 minutes to ensure complete encapsulation. The
very last step in the fabrication process was to deposit a 250 nm layer of copper (Chemical MFG.
Corp) on the back side of each sample by thermal evaporation to serve as the current collector.

Solid-Polymer Electrolyte Fabrication
Polyethylene oxide (PEO, Mw = 4x106 g/mol, Xiamen TOP New Energy Technology
Company), bis(trifluoromethane)sulfonamide lithium salt (LiTFSI) (Puriss, Sigma Aldrich) and
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halloysite nanotubes (HNT, 99.5%, Sigma-Aldrich) were used without further purification. No
BHT was used for PEO processing. LiTFSI and HNT were weighed using a microbalance (Entris,
Sartorius) inside an argon-filled glovebox (moisture < 1.3 ppm and oxygen content < 0.1 ppm).
The microbalance was calibrated every time before use. LiTFSI was stored inside the glovebox to
prevent it from absorbing water due to its hygroscopic property. The LiTFSI/HNT mixture was
then sealed in a gas-tight container and transferred out of the glovebox. Acetonitrile (CH3CN,
reagent grade, EMD) was then added to the dry mixture. To disperse the HNTs, the
LiTFSI/HNT/CH3CN solution was first sonicated using an ultrasonic homogenizer (4710 Series,
Cole-Parmer Instrument Co.) for 10 min or an ultrasonic bath (Bronsonic 1510-MTH, Ultrasonic
cleaner), followed by mechanical stirring for another 10 min in a fume hood prior to the addition
of PEO powder. Unless otherwise stated, the HNT-containing SPE films were fabricated using a
molar ratio of EO:Li = 15:1 and 10%HNT by weight. The desired amount of PEO pellets was
added into the homogenously mixed LiTFSI/HNT/CH3CN solution while continuously stirring.
Mechanical stirring (JJ-1 precision power mixer, Zhengrong Yiqi, China) was an important
processing step to ensure a homogenous mixture. The blade was carved out of a PTFE block as
displayed in Figure 3-1a. The blade size mattered and should be tailored to the size of a glass
container as shown in Figure 3-1b. After four hours of mechanical mixing at ~1000 rpm and at
room temperature, the polymer solution was transferred into a 30-mL HDPE bottle along with 10
stainless steel balls (7 mm in diameter). A high-energy ball milling process was carried out in an
amalgamator (Dentsply, Crescent C32003A, 60 Hz) for 5 minutes twice with a 10-minute rest in
between. SPE films were made by casting the ball-milled solution onto a smooth Teflon board
(McMaster-Carr). The films were dried at room temperature for at least four hours prior to drying
in a vacuum oven (-20 inch-Hg) at room temperature for 24 hours to remove residual solvent. Once
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dried, the film thickness was measured five times using an electronic micrometer. The average
SPE thickness was between 30 and 40 µm.

Figure 3-1: The blade used for mixing the polymer solution. Top-view (a) and side-view (b).

Cell Assembly/Disassembly

3.3.1

Si-VACNT Electrodes
Once fabrication was completed, encapsulated Si-VACNT electrodes were assembled into

CR2025 coin cells with Li metal disks (15.6 mm in diameter and 0.25 mm in thickness, MTI
Corporation) as the counter electrodes. Two types of liquid electrolytes were used—1) 1M LiPF6
in 1:1 mixture of ethylene carbonate and diethyl carbonate (EC/DEC), and 2) the same EC/DEC
electrolyte with 10% fluoroethylene carbonate (FEC) (Sigma Aldrich, battery grade) by weight.
Two layers of Celgard 2400 PP (polypropylene, 25 µm) separator were used. The separator layers
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were soaked in the electrolyte until they were completely wetted (at least one hour) prior to cell
assembly. All coin cells with Si-VACNT electrodes rested for at least 12 hours before testing.
Post-cycled electrode samples were obtained by disassembling cells in an argon-filled
glovebox. Electrodes were rinsed in ethylene carbonate to remove the residual electrolyte. For
some electrodes, the SEI was removed by soaking them in 99% HCl for one hour and then rinsing
with distilled water to remove the acid. All samples were dried inside the glovebox for 12 hours at
ambient temperature. For microscopic examination, samples were prepared in the glovebox,
packed in aluminum-coated zip-lock bags and carefully transferred to the microscope chamber
(more details about microscopy are in Section 3.5.1).

Solid-Polymer Electrolytes
Two types of electrodes, blocking and non-blocking electrodes, were used for
electrochemical testing with solid polymer electrolytes. Block electrodes mean that Faradaic
reactions cannot occur at the electrode surface. In other words, the behavior in an experiment (i.e.
AC impedance) can be attributed to the capacitive behavior without confounding effects involving
electron-transfer reactions. For example, stainless steel is a commonly used blocking electrode
due to its lack of reactivity in such experiments, while Li is used for non-blocking electrodes in
the majority of lithium battery-related research. Thus, in this dissertation, stainless steel plates
were used for ionic conductivity measurements and Li metal disks were used for transference
number, interfacial resistance, and Li plating-and-stripping tests. All SPE films were sandwiched
between the desired metal plates and assembled in CR2025 coin cells. Assembled SPE films were
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annealed in an oven (Quincy Lab, Model 10E) at a temperature between 50-60°C for at least one
hour before making any measurements.

Electrochemical Testing

3.5.1

General Cycling Tests for Si-VACNT Electrodes
Electrochemical cycling was performed using either a MACCOR 4300 or an Arbin BT

2000 battery tester. In this work, we define lithium insertion into silicon as charging and lithium
extraction from silicon as discharging. Unless otherwise noted, all Si-VACNT cells were cycled
in the potential window from 0.05 to 1 V vs. Li/Li+ in order to maintain the silicon in an amorphous
state

[91]

. Although a wider potential window (0.01 to 3 V) is commonly used in the battery

literature due to a higher capacity at the beginning, the capacity fades faster in a long run. A popular
strategy to cope with electrode failure is to cycle electrodes to less than the full capacity

[31, 92]

.

More importantly, keeping the working potential of anode materials low (e.g. 1 V vs. 3 V for the
upper cut-off voltage) provides a greater potential driving force for a practical use in lithium-ion
batteries. The same potential window was also used for conditioning the Si-VACNT electrodes
prior to galvanostatic cycling at different rates. The impedance of the Si-VACNT electrodes before
and after testing were measured using a potentiostat (Bio-Logic, SP-200) in a frequency range
between 10 mHz and 3 MHz. The signal amplitude was 10 mV.
To further describe batteries during cycling, discharging or charging current is often
expressed as a C-rate. By definition, C-rate is an expression to normalize battery capacity in terms
of the charging or discharging time and the corresponding amount of current. A C-rate is a measure
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of how fast a battery is discharged relative to its maximum capacity in the unit of ampere-hour
(Ahr) or mA-hour. For example, a battery cell with the rate of 1C means that a current of 1 A is
being delivered from that cell in one hour, given that the cell has a capacity of 1 Ahr. The same
battery can also be discharged at C/10 (the rate used as the conditioning rate in this study), meaning
that the discharge current will discharge the entire battery in ten hours. In addition, when a cell
capacity is normalized by either the mass (Ahr/g) or the volume (Ahr/L) of the active materials, it
is called a specific capacity. Here, the capacity of all the Si-VACNT electrodes is normalized by
the mass of silicon after eliminating the portion of the capacity due to carbon (which was measured
to be ~200 mAh/g for the carbon infiltrated VACNT electrodes).

3.5.2

Transport Property Measurements of SPEs
The ionic conductivity of the polymer electrolyte films was measured using impedance

spectroscopy. Measurements were conducted by a frequency response analyzer (Bio-Logic, SP200). The experiments were carried out in an oven (Quincy Lab, Model 10E) at various
temperatures for a range of frequencies between 3 MHz and 700 kHz. The ionic conductivity
(S/cm) was calculated according to the following equation:
𝜎𝜎 =

𝑙𝑙
𝑆𝑆𝑅𝑅𝑏𝑏

Equation (3-1)

where l is the thickness of the polymer electrolyte film, S is the area of the stainless steel plate, and
𝑅𝑅𝑏𝑏 is the electrolyte resistance, which is obtained from the intercept of the impedance curve with
the real axis at the high-frequency range in a Nyquist plot.
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Transference number was measured with the use of Li/HNT-SPE/Li symmetric cells via
the modified Bruce & Vincent method [75]. A constant polarization voltage of 10 mV was applied
to the tested cells (Bio-Logic, SP-200) while the current was monitored for four hours. The
impedance of the cells was measured before and after the potentiostatic polarization over a
frequency range from 1 Hz to 300 kHz; the signal amplitude was 10 mV. The t+ value can then be
calculated from the equation listed below [75]:

𝑡𝑡 + =

𝐼𝐼𝑠𝑠 (∆𝑉𝑉 − 𝐼𝐼0 𝑅𝑅0 )
𝐼𝐼0 (∆𝑉𝑉 − 𝐼𝐼𝑠𝑠 𝑅𝑅𝑠𝑠 )

Equation (3-2)

where ∆𝑉𝑉 is the applied voltage, 𝑅𝑅0 and 𝑅𝑅𝑠𝑠 are the initial and steady-state resistances of the SEI
layer on the lithium metal electrodes, and 𝐼𝐼0 and 𝐼𝐼𝑠𝑠 are the initial and steady-state currents.

The most commonly used method to measure the diffusion coefficient in an electrolyte is

via the restricted diffusion, in which the response time is monitored during and following the
passage of a constant applied current [72, 74, 93]. According to Ma et al. [74], salt diffusion coefficients
can be obtained from measuring symmetric cells with non-blocking electrodes after being
polarized galvanostatically for a short period of time. When the current is interrupted, the induced
concentration gradient relaxes, and the following equation holds true after long relaxation:

ln ∆Φ =

𝜋𝜋 2 𝐷𝐷
𝑡𝑡 + 𝐴𝐴
𝐿𝐿2

Equation (3-3)

where ∆Φ is the measured cell voltage, D is the salt diffusion coefficient, L is the electrolyte

thickness, and A is a constant. The salt diffusion coefficient can be obtained from the slope of
plotting ln (∆Φ) vs. time.
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3.5.3

Li Stripping-Plating Experiment
Lithium stripping-plating experiments were performed via MACCOR 4300 at designed

current densities. Li/SPE/Li symmetric cells were utilized to evaluate the stability of the SPE films
under various current densities and temperatures. In order to operate at current densities similar to
those expected for commercial cells, a capacity of 1 mA/cm2 was assumed [94]. The impedance of
the symmetric cells was measured before and after each test procedure. Two Li metal disks were
assembled on each side of a symmetric cell to ensure an adequate supply of Li when cycling the
Li/SPE/Li symmetric cells. During a cycle of 1 mA/cm2, the depth of lithium being stripped was
about 10.8 µm. A metallic Li disk used in the cell has a thickness of 250 µm. Li/SPE/Li symmetric
cells were cycled between -4.8 V and 4.8 V based on the electrochemical stability of LiTFSI and
PEO

[80, 95]

, although HNT-SPE films have been shown to have stability up to 6V at room

temperature [11]. Each cycle consisted of one charge step followed by one discharge step to balance
Li stripping and plating.
Additionally, a conditioning procedure was applied to all the symmetric cells in this study.
According to Patrick et al. [96], conditioning the Li/crystal electrolyte film/Li cells at 0.01 mA/cm2
and 50°C for 48 hours was proven to enhance the interfacial stability between the Li metal and the
solid electrolyte. Therefore, prior to any cycling, all the Li/SPE/Li symmetric cells were
conditioned at a current density of 0.03 mA/cm2 under 60°C for 36 hours. A detailed study of the
importance of the conditioning process to HNT-SPE films will be discussed in Section 6.4.2.
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Characterization

3.6.1

Microscopy
Scanning electron microscope (SEM) micrographs of both Si-VACNTs and SPE films

were taken using the S-FEG XL30 FEI SEM operating at 5kV or the FEI Helios Nanolab 600
(dual-beam microscope) operating at 5kV and 86 pico Ampere. Energy dispersive X-ray (EDS)
data were recorded using EDS Genesis software (FEI Company) on the S-FEG XL30 FEI SEM to
identify chemical compounds within the areas of interest. Bright-field and cross-polarization
microscopy was carried out via an optical microscope (Olympus BH-2).
A freeze fracturing technique was applied to polymer electrolyte films to examine the cross
sections, especially to see how well HNTs were dispersed in the polymeric matrix. SPE films were
cast on glass slides and were soaked in liquid nitrogen during fracturing. A 5-nm thick layer of
chromium coating was sputtered onto the samples prior to SEM and EDS characterization.

3.6.2

X-Ray Diffraction
In order to examine how different processing steps and the addition of HNTs influenced

physical properties, the crystallinity of SPE films was identified by powder x-ray diffraction
(XRD). The XRD machine was equipped with a PANalytical X’Pert Pro diffractometer with Cu
Kα x-ray source (λ = 1.5418 Å) operated at 45 kV and 40 mA. Scans were carried out between 10°
and 90° 2θ with a step size of 0.0167° at a rate of 0.013°/second. The SPE samples used for XRD
examination were fabricated together and were ensured to have the same thickness since XRD is
sensitive to film thickness. Unless otherwise noted, SPE films were not treated with heat at 60°C
and the XRD measurement was carried out at room temperature.
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4

DEVELOPMENT OF ENCAPSULATED SI-VACNT ELECTRODES

Introduction
In my previous master’s thesis, I fabricated Si-VACNT electrodes and performed
experiments to address the silicon volume changes and SEI issues. The conclusion from the thesis
was that the carbon encapsulation layer was able to alleviate SEI formation in the Si-VACNTs.
This chapter continues to evaluate the encapsulated Si-VACNT electrodes and the impact of the
carbon encapsulation layer on SEI formation. Additional SEM and EDS characterization of the
encapsulated electrodes was conducted after the completion of the thesis in order to further test
whether there was any liquid electrolyte penetration. To address the electrode degradation problem,
an electrolyte additive, fluoroethylene carbonate (FEC), was chosen and added to the original ECbased electrolyte. Cycling and SEM characterization results of the Si-VACNT electrodes with the
FEC-containing electrolyte were compared with those electrodes without the electrolyte additive.
In addition, the deposition of different materials, such as aluminum oxide (Al2O3) or silicon nitride
(Si3N4), on top of the carbon encapsulation layer was attempted in order to strengthen the
mechanical stability of the encapsulation layer and protect the layer and electrode from being
dismantled.
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Evaluation of the Encapsulated Si-VACNT Electrodes
An investigation was performed to see if SEI formation was substantially formed on top of
the carbon encapsulation layer. Figure 4-1 shows SEM images of the top surface of both
unencapsulated and encapsulated Si-VACNT electrodes before/after an ethylene carbonate wash
and after SEI removal. All the electrodes had been cycled five times at C/10. As seen in Figure
4-1a and d, the top surfaces were covered with a thick SEI layer and perhaps with some residual
electrolyte. Small granules were observed in the layer formed on the encapsulated electrode. After
washing in EC, the unencapsulated surface still showed considerable SEI products (Figure 4-1b),
while the encapsulated surface was much smoother (Figure 4-1e). From these images, it appears
that the SEI formed on the unencapsulated electrode was thicker than that on the encapsulated
electrode. After an acid rinse (Figure 4-1c and f), both top surfaces were similar to their pre-cycled
geometry (Figure 2-4a, c), and the encapsulation layer was still intact. The differences observed
between the SEI formed on the carbon encapsulated layer and that formed on the silicon surface
of unencapsulated electrodes were pronounced and provided an insight of SEI formation on the
carbon encapsulation layer and on Si-VACNTs.
The morphological differences observed between the cycled encapsulated and
unencapsulated electrodes are also reflected in the local composition of the electrodes. According
to the literature, LiF and Li2CO3 are two primary constituents of the SEI [16, 97]. The electrolyte
itself also contains fluorine. Therefore, the content of fluorine and oxygen should be impacted by
the presence of the SEI. Figure 4-2 shows SEM/EDS characterization results at multiple locations
(as indicated in Figure 4-2a) along the electrodes prior to cycling and after 100 cycles at C/10 with
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Figure 4-1: SEM micrographs of unencapsulated (a-c) and encapsulated (e-f) Si-VACNT electrode
top surfaces following 5 cycles at C/10: at the end of the test (a,d); after washing with ethylene
carbonate (b, e); and after SEI removal (c, f) [87].

and without the encapsulation layer. None of the electrodes were rinsed with ethylene carbonate
so that the SEI composition (i.e. fluorine and oxygen) could be examined by EDS. Figure 4-2b and
c show the mass fractions of fluorine and oxygen relative to silicon for all types of electrodes at
three locations after cross-sectioning. Both the fluorine and oxygen fractions were much higher
for the unencapsulated electrodes, and close to zero for the encapsulated electrodes. The noncycled and unwashed electrode is shown here to determine whether the electrolyte (LiPF6 in
EC/DEC) penetrated through the encapsulation layer prior to cycling. As indicated in Figure 4-2b,
although a small amount of fluorine penetrated through the layer prior to cycling, the amount of
fluorine did not increase dramatically after 100 cycles. The same behavior was observed for the
oxygen contents as well. In Figure 4-2c, the oxygen contents of the encapsulated Si-VACNT
electrodes were observed to maintain a similar normalized amount before and after cycling. This,
again, proved that the encapsulation layer was able to prevent continuous electrolyte penetration.
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The lower normalized fluorine fraction at the top of the unencapsulated electrode was believed to
be the result of more silicon at the top of the electrode due to non-uniform silicon deposition,
coupled with normalization by silicon.
Another way to inspect whether the liquid electrolyte continued to penetrate through the
encapsulation layer during cycling is to compare the capacitance between these two types of
electrodes. Several key features are presented in Table 4-1 for lightly loaded (~2% Si by volume)
cells cycled 100 times. First, the capacitance of the unencapsulated cells was significantly higher
than that of the encapsulated cells. This is consistent with exposure to a much larger surface area.
Second, the capacitance of the encapsulated cells did not vary with tube height as would be
expected if the area below the cell were contributing.

In contrast, the capacitance of the

unencapsulated cells varied with the tube height as expected. This is evidence showing that the
encapsulated electrodes lacked an electrolyte path below the encapsulation layer.
Taken together, the composition results are consistent with the morphological results in the
previous work

[89]

, and reflect the lack of electrolyte penetration for the encapsulated electrode.

Having established the impact of encapsulation on the morphology and local composition of the
Si-VACNT electrode, we now examine its impact on electrode performance.

Electrochemical Characterization

4.3.1

Impact of Encapsulation and Difference C-Rates on Cycling Performance
Electrodes were cycled at two different C-rates both with and without encapsulation to

determine the impact of encapsulation on cell performance. Figure 4-3 presents galvanostatic
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Figure 4-2: (a) SEM micrograph showing multiple locations along the tubes for the EDS
characterization. (b) Fluorine contents normalized by the associated silicon at multiple locations (top,
middle, and bottom cross-sections). (c) Oxygen content normalized by the associated silicon content.
Three different electrodes were characterized: the first type was a non-cycled electrode soaked in the
LiPF6 in EC/DEC electrolyte for at least 12 hours in order to see whether the electrolyte penetrated
into the encapsulated electrodes; the sond type and third type electrodes were encapsulated and
unencapsulated electrodes cycled at C/10 for 100 times, respectively. All the electrodes were not
rinsed with EC [87].
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Table 4-1: Capacitances of unencapsulated and encapsulated
electrodes after 50 cycles at C/10.

Cell #
1
2
3
4
5
6
7

Encapsulated
No
No
No
No
Yes
Yes
Yes

Electrode
Height
(µm)
37
84
98
135
73
127
130

Capacitance
(µF)
62
87
185
258
3.4
2.7
3.9

cycling results for electrodes cycled at C/10 (a-c) and C/2 (d-e), where capacity is plotted as a
function of cycle number. The capacity fade for both types of electrodes increased with increased
Si loading as shown in Figure 4-3. Despite the encapsulation layer and independent of the C-rate,
the cycling performance of lightly and medium loaded electrodes was similar. The similar
performance of these electrodes indicated that SEI formation was not the primary cause of capacity
fade. A slight improvement due to encapsulation was observed for the heavily loaded electrodes,
although the capacity fade for these electrodes was quite pronounced. Again, given the
documented dramatic reduction in SEI formation for encapsulated electrodes, one would have
expected a dramatic difference in cycling performance if unstable SEI formation at the silicon
interface were the primary cause of capacity fade.
Microscopic examination of encapsulated electrodes provided additional understanding by
allowing us to observe the impact of cycling on the encapsulation layer. As shown in Figure 4-4,
after SEI removal, the encapsulation layer for an electrode containing 6 vol% silicon was
essentially intact after 50 cycles, although some cracking was observed. However, pronounced
cracking was observed after 100 cycles, and the encapsulation layer was completely fragmented.
43

The SEM micrograph shown in Figure 4-5 is a zoomed-out image of the heavily-loaded
encapsulated electrode from Figure 4-4. It is an indication of severe structural degradation due to
silicon volume changes, leading to fragmentation of the electrodes and significant capacity fading.
This observation was unexpected since the nanostructure of the electrode seemed to contain more
than adequate space for silicon expansion. Similar behavior was observed for unencapsulated
electrodes, which also degraded mechanically after a similar number of cycles.
Thus, for our electrodes, volume expansion appeared to be cumulative, and rapid capacity
fade leading to failure was associated with mechanical disintegration of the electrode as shown in
Figure 4-5, probably directly related to separation of active material from the current collector. It
is an indication of severe structural degradation where the electrode pulverized and was dismantled
into fragments.

4.3.2

Coulombic Efficiency
The impact of the encapsulation layer on the Coulombic efficiency (CE), denoted as the

ratio of lithiation capacity to delithiation capacity in the same cycle, was also examined. The CE
values that correspond to the cycling performance in Figure 4-3 are summarized in Table 4-2 for
the initial cycle and after 30 cycles at C/10. The initial CE values increased with increased silicon
volume fraction and were relatively low; in contrast, the values after 30 cycles were significantly
higher and decreased slightly with increasing Si volume fraction. In all cases, the CE values for
encapsulated electrodes were greater than those measured for unencapsulated electrodes under
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Figure 4-3: Cycling comparison of unencapsulated and encapsulated Si-VACNT electrodes with various silicon volume fractions cycled at
C/10 (a-c) and C/2 (d-f). The capacities are lithiation capacities. Cells were cycled without FEC [87].
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Figure 4-4: SEM micrographs of the encapsulation layers of a lightly loaded (~6%) electrode after
(a) 50 cycles and (b) 100 cycles and the encapsulation layer of an heavily-loaded electrode (~15 vol%)
after (c) 20 cycles and (d) 40 cycles. SEM image (e) shows an electrode fragment in (c) and (d) [87].

Figure 4-5: SEM micrograph of the encapsulated electrode from Figure 4-4 showing mechanical
degradation. The fragments in the image that were separated from the current collector may have
been disrupted during disassembly of the cell.
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similar conditions. Low values for the coulombic efficiency have been attributed to irreversible
losses associated with SEI formation. However, if the SEI formation on Si was the primary cause
of the low CE values, then a greater difference between the encapsulated and unencapsulated
electrodes might have been expected, in light of the significant difference in SEI formation
observed microscopically for the two types of electrodes.

Table 4-2: Comparison of Coulombic efficiency values for Si-VACNT electrodes cycled at C/10 and
C/2 with and without the encapsulation layer [87].
C/10
Unencapsulated

Encapsulated

Si volume
fraction

Initial CE
(%)

CE After 30
cycles (%)

Initial CE (%)

CE After 30
cycles (%)

2%
6%
11%

50±12.3
67±2.9
69±6.9

97±1.1
96±0.7
93±1.2

59±3.9
71±5.8
72±1.7

98±2.5
95±4.2
95±1.8

Impact of FEC on Cycling Performance and Surface Morphology
To see how the electrolyte additive, FEC, impacted the irreversible capacity loss and
electrode degradation, FEC was added in the original electrolyte and first assembled with
unencapsulated Si-VACNT electrodes. FEC-containing and FEC-free unencapsulated Si-VACNT
electrodes with about 5% silicon by volume were cycled at C/10 for up to 50 times. The cycling
results are presented in Figure 4-6, where lithiation capacities as well as the corresponding
Coulombic efficiency (CE) values of both electrodes are included. Both types of electrodes had
similar initial capacities (~2,000 mAh/g), but the CE values were recognizably distinct. The FECcontaining electrode showed a stable cycle life up to 40 cycles; the initial CE value was 77% and
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the CE increased to 98% after 5 cycles. In contrast, the capacity of the FEC-free electrode faded
gradually; the initial CE value was 58% and slowly increased to 98% after 40 cycles. The results
are consistent with the literature that FEC is able to increase the capacity retention and to enhance
the Coulombic efficiency in silicon-based electrodes due to a polyfluorocarbonate formed on the
surface that lowers charge-transfer resistance and promotes Li transport [4, 50, 98]. Additionally, the
high CE values of the FEC-containing electrode are an indication that FEC can reduce the
irreversible capacity losses and that the stable passivating layer forms faster than the EC-based
electrolyte as mentioned in Section 2.2.3. However, the CE values of the FEC-containing electrode
started to fluctuate after 45 cycles, which was more likely due to the depletion of FEC in the
electrolyte that failed to protect the electrode from continuous SEI formation and silicon volume
changes [98].

Figure 4-6: (a) Galvanostatic cycling results of unencapsulated Si-VACNT electrodes with and
without FEC addition; (b) the corresponding Coulombic efficiency values. Cells were cycled at C/10.
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The next subject of interest was to examine the surface morphology of the cycled FECcontaining unencapsulated Si-VACNT electrode to further explain the observed behavior from
Figure 4-6. Since FEC was able to improve capacity retention and reduce the irreversible capacity
losses, one may wonder how the cycling results are associated with the morphological changes on
the electrode surface. FEC-free and FEC-containing unencapsulated electrodes after being cycled
10 times at C/10 were scrutinized under SEM to see how the electrolyte additive, FEC, impacted
the surface morphology. In Figure 4-7, there was a significant contrast in the morphology on the
top surfaces of these two types of unencapsulated electrodes, with much less SEI formed in the
presence of FEC, in agreement with the studies by Nakai et al.

[52]

who discovered that the SEI

layer with FEC was found to be a very thin. A fibrous structure that was from decomposition of
FEC during cycling was observed on top of the FEC-containing electrode. Without FEC, a greater
amount of SEI formation was observed on the top surface of the unencapsulated electrode after 10
cycles (Figure 4-7b). Again, FEC is proven to be a promising electrolyte additive to reduce SEI
formation and to retain capacity in silicon-based electrodes.

Figure 4-7: SEM micrographs showing morphological comparison of unencapsulated Si-VACNT
electrodes cycled ten times at C/10 with (a) and without (b) FEC [87].
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In order to address electrode degradation observed in Figure 4-4 and Figure 4-5, combining
the merits of the carbon encapsulation layer and the formation of a polyfluorocarbonate layer from
decomposition of FEC could possibly be an alternative. The results described in Section 4.3
indicated that silicon expansion was cumulative and irreversible while SEI formation can be
mitigated by encapsulating the entire electrode to minimize the contact area between the liquid
electrolyte and the solid electrode. Continuous Si volume changes eventually degraded the
encapsulation layer. Consequently, it is of interest to see if adding FEC to encapsulated Si-VACNT
electrodes can be beneficial to further increase capacity retention and cycling performance.
Encapsulated Si-VACNT electrodes were fabricated with and without the FEC. All cells
were cycled at C/10 at least 30 times and the cycling results are demonstrated in Figure 4-8a and
b. Two groups of encapsulated Si-VACNT electrodes were presented here—one was with lightly
loaded silicon (Figure 4-8a) and the other was with heavily loaded Si (Figure 4-8b). With lightly
loaded silicon, the FEC-containing electrode showed relatively high capacities for the first 20
cycles, after which the capacity dropped and stayed similar to that of the FEC-free electrode. Such
behavior could be explained by decomposition of FEC in the electrolyte. Furthermore, as
demonstrated in Figure 4-4a, the encapsulation layer of lightly loaded samples started to crack
after 50 cycles, implying that the encapsulation layer of those lightly loaded samples in Figure
4-8a still stayed intact. On the other hand, in Figure 4-8b, the capacity of both heavily loaded
electrodes with and without FEC showed significant decay for the first 30 cycles. The
corresponding SEM images in Figure 4-8c and d (heavily loaded samples) indicate that the cause
for capacity fading was attributed to the degradation of the carbon encapsulation layer. Although
both electrodes in Figure 4-8c and d showed the structural failure of the encapsulation layer, the
FEC-free electrode experienced a more severe electrode degradation than the FEC-containing
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electrode. It could be that the polyfluorocarbonate from FEC decomposition helped to strengthen
the encapsulation layer to some extent but the expansion from the silicon was too strong. The
results reiterate that adding FEC electrolyte additive helps to reduce capacity loss and SEI
formation, but the mechanical stress from silicon volume changes is still problematic.

Figure 4-8: Cycling performance of encapsulated Si-VACNT electrodes with and without FEC. (a)
lightly loaded Si (2%) and (b) heavily loaded Si (Si% is as labeled). SEM micrographs of the heavily
loaded encapsulated Si-VACNT electrodes with FEC (c) and without FEC (d), both of which
correspond to the cells in (b).
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Other Methods to Reinforce the Encapsulation Layer
So far, encapsulated Si-VACNT electrodes were fabricated by depositing a CNT layer
followed by another layer of PECVD carbon. The carbon encapsulation layer showed the ability
to isolate the electrolyte solvents from penetrating into the Si-VACNTs and to reduce SEI
formation. However, for heavily loaded electrodes, accumulative Si volume changes led to the
degradation of the carbon encapsulation layer. Therefore, encapsulating the Si-VACNTs with
different materials that are more rigid than the combination of carbon nanotubes and PECVD
carbon was attempted to address the issue. We chose aluminum oxide (Al2O3) and silicon nitride
(Si3N4). The idea was to coat either material on top of the carbon encapsulation layer. First,
aluminum oxide was deposited using atomic layer deposition (ALD). Trimethylaluminum and
water were used as precursors. However, it turned out that too much Al2O3 penetrated through the
layer before the Al2O3 formed a conformal layer on the original carbon layer. EDS analysis and
SEM characterization of the cross sections are shown in Figure 4-9. Aluminum was observed on
the top and in middle cross-sections. The results indicated that alumina particles penetrated
through the pre-deposited carbon encapsulation layer prior to forming the alumina layer. Because
of the extra layer formed on Si-VACNTs, the alumina-deposited electrodes did not proceed with
cycling.
Second, a PECVD method was used for depositing the silicon nitride on the carbon
encapsulation layer. A 2-3 µm thick Si3N4 layer was deposited on the samples. After placing a few
drops of liquid electrolyte on top of the deposited Si3N4 layer, the drops stayed intact on the surface
for over 35 hours inside an argon-filled glovebox. This was an indication that the silicon nitride
was able to completely prevent the electrolyte from coming into contact with the electrode
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Figure 4-9: EDS point analysis results on the top cross-section (a) and middle cross-section (c) of the
Al2O3 coated encapsulation layer. The EDS element data are listed in the tables. A clear image on the
top cross-section and the top view (d) are included.

underneath. The SEM and EDS characterization results of the cells that were used for the
electrolyte drop test are displayed in Figure 4-10. In Figure 4-10a, the SEM image shows a top
cross-sectional view of the cell with a Si3N4 layer. The EDS results of electrodes with and without
a Si3N4 layer is listed in Figure 4-10b. The EDS data of the Si3N4 encapsulation layer were also
compared with the data that were previously reported in Figure 4-2. A SEM image showing the
locations being examined is listed in Figure 4-10c. Figure 4-10d shows the EDS spectrum of EDS
spot 2 in Figure 4-10c.
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Figure 4-10: (a) SEM image of a Si3N4 coated encapsulation layer. (b) EDS data of three different
locations as indicated in (c). EDS spot 1, 2, and 3 in (c) correspond to top cs, middle cs, and bottom
cs in (b), respectively. (d) shows an EDS spectra of EDS spot 2 in (c).

Among the four samples, the lowest atomic ratio of fluorine to silicon in the Si3N4-coated
layer was observed in Figure 4-10b. The EDS results agreed with the electrolyte drop test that the
electrolyte drops were able to remain on the surface for over 35 hours. The EDS spectrum shown
in Figure 4-10d also indicated that no Si3N4 penetration was detected because no nitrogen peak
was found. However, the Si3N4-coated encapsulated electrodes could not be cycled owing to a high
resistance (~1000 Ω) of the Si3N4 layer. The average layer thickness was about 3 µm. Although
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the Si3N4 layer was able to exclude the liquid solvent from coming into the Si-VACNTs, a thick
layer also prevented Li-ion from penetrating and reacting with silicon underneath. Thus, whether
the thick Si3N4 layer was able to retain the structure of the encapsulation layer remained unknown.
A thinner Si3N4 layer using atomic layer deposition instead of PECVD is then recommended to
reduce the layer resistance.

Conclusion
Studies in this chapter examined the impact of encapsulation on the performance of SiVACNT electrodes and SEI morphology. The use of an encapsulation layer was shown to
prevent SEI formation on these high-surface-area Si-VACNTs. A comparison of encapsulated
and unencapsulated electrodes revealed large differences in the morphology and composition
of the electrodes due to encapsulation. These large differences, however, were not reflected in
the results from electrochemical testing, which were relatively similar for the two types of
electrodes (encapsulated and unencapsulated) at different silicon loadings and C-rates.
Capacity fade was still observed for encapsulated electrodes, and their performance relative to
that of unencapsulated electrodes indicated that SEI formation, which was very different for
the two electrodes, was not the primary factor affecting cycle life.
To further confirm that SEI formation was not the major cause of cycling decay, FEC
was added into the electrolyte as an additive. The FEC-containing electrodes with lightly
loaded silicon demonstrated a more stable cycle stability for up to 20 times at C/10 and a
significant reduction of SEI formation at the initial cycles. Nevertheless, cycling results of
heavily loaded FEC-containing electrodes still showed failure. Morphology changes during
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cycling indicated that aspects of the volume change were cumulative, and eventually create
large mechanical stresses, even in these nanostructured electrodes. Last, an attempt was made
to deposit layers of alumina or silicon nitride on the original carbon encapsulation layer to
reinforce the structure to prevent further degradation of the electrode and the encapsulation
layer. However, some alumina penetrated the encapsulated electrode prior to forming a coating
layer. Silicon nitride was excellent in excluding the liquid electrolyte penetration, but it had a
relatively high resistance due to a thick layer (~3 µm) that prevented it from being cycled.

56

5

TRANSPORT AND KINETIC STUDIES IN ENCAPSULATED SI-VACNT
ELECTRODES

Introduction
As demonstrated in Chapter 4, the implementation of an encapsulation layer inhibited the
SEI formation in the Si-VACNT electrodes; thus, the physical environment differed significantly
from that of the unencapsulated electrodes as illustrated in Figure 5-1. Specifically, the absence of
electrolyte in the nanotube forest precludes the transport of lithium ions through the liquid phase
to the silicon surface. Additionally, the high aspect ratio of the silicon-coated carbon nanotubes
result in a length that is three to four orders of magnitude larger than the tube diameter. The tube
height ranges from 60 µm to 200 µm, while the tube diameter ranges from 20 nm to 50 nm. The
strategy for electrolyte exclusion, as well as any other similar strategy, precludes the transport of
Li-ions through the liquid electrolyte to the silicon. The lithium must now move along or through
the solid Si-VACNT phase to utilize the full capacity of the electrode. The success of electrolyte
exclusion from nanostructured silicon depends on the ability to transport lithium into and out of
the silicon in the absence of a liquid electrolyte phase. The characteristics of Si-VACNT electrodes
that include aligned nanotubes, very high aspect ratios and controllable tube heights, offer a unique
opportunity to study the impact of encapsulation for electrolyte exclusion on the performance of
silicon electrodes.
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Figure 5-1: (a) SEM micrograph of an encapsulated Si-VACNT electrode and (b) schematic diagram
of an individual encapsulated Si-VACNT representing Li transport directions [87].

Transport Study in Encapsulated Si-VACNT Electrodes
The first question of interest is to know whether the electrode height is a limiting factor to
impede Li transport from top to the bottom of the Si-VACNTs. Thanks to the microfabrication
technique, I was able to design two experiments to answer that question. To do so, experiments
were performed on encapsulated electrodes of different heights. Two types of experiments were
carried out on these electrodes: 1) experiments at the same C-rate, and 2) experiments at the same
superficial current density (current per cross-sectional area of the cell). These experiments were
performed at different C-rates for several silicon loadings. Hypothetically, if the electrode height
were a limiting factor, cycling performance would accentuate height-related issues. For example,
the short electrodes would perform better because they have shorter transport length.
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5.2.1

Same C-Rates
Figure 5-2 shows the cycling results (10 cycles) at different C-rates and silicon loadings

for electrodes with heights that ranged from 60 µm to ~200 µm. Of these, the electrodes with a
height of ~ 90 µm were compared previously to unencapsulated electrodes and found to behave
similarly. The results in Figure 5-2 show that electrodes with the same silicon volume fraction
had similar gravimetric capacities, independent of height. The lack of height-related performance
indicates that lithium transport along the tubes in the height direction (perpendicular to the current
collector) does not limit battery performance. This is especially significant when the aspect ratio
of the tube is taken into account. The typical silicon thickness is about 15 nm, while the tube
height is on the order of 100 µm, a difference of more than 4 orders of magnitude.
Yet, another observation from Figure 5-2 is that the electrodes with a higher Si volume
fraction had slightly higher gravimetric capacities when cycled at C/10. The average capacities in
Figure 5-2a are about 1,700 mAh/g while they are about 2,000 mAh/g in Figure 5-2b. When the
C-rate was increased from C/10 to C/2, electrodes had similar capacities, independent of electrode
heights and silicon loadings. The capacity difference at C/10 is probably associated with silicon
volume changes upon cycling, leading to different levels of lithiated silicon

[99]

. The same

observation was not seen for the electrodes that were cycled at C/2. When cycling at a higher Crate, the cell reaches the cut-off voltage more quickly than cycling at a low rate due to the increased
resistances. That leads to a lower capacity, indicating that only part of the Si is being used.
It is helpful to consider the results of Figure 5-2 in light of factors that may limit battery
behavior. For encapsulated cells, these factors include resistances that scale with the superficial
current density such as the separator resistance, the resistance to lithium transport through the
encapsulation layer, or resistance associated with the lithium metal counter electrode. For a given
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C-rate and silicon volume fraction, the resistance should be greater for the taller electrodes, which
have a higher superficial current density. This follows from the fact that the taller electrodes have
more silicon and, therefore, a greater absolute capacity and a higher current at a specified C-rate.
The observation that the taller electrodes do not perform less effectively (see Figure 5-2) indicates
that these “superficial” resistances do not limit battery performance under the conditions tested.

5.2.2

Same Current Density
Experiments were also performed at a constant superficial current density in order to

confirm the observations made at constant C-rate, and to provide additional insight into the factor(s)
that limit electrode performance. As illustrated in Figure 5-3, the superficial current density is the
applied current normalized by the entire cross-sectional area of an encapsulated electrode, which
was 1 cm2. In contrast, the interfacial current density is the applied current normalized by the total
surface area of silicon-coated nanotubes. Four different superficial current densities were
examined at different silicon loadings as shown in Figure 5-4. In general, performance improved
with decreasing current density as expected. However, in contrast to the previous results, tests
performed at the same superficial current density showed a clear increase in capacity with
increasing electrode height. In other words, the tall electrodes performed better than their shorter
counterparts. Of course, this was the opposite of what one would expect if transport along the
tubes were limiting, consistent with the results above.
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Figure 5-2: Performance of encapsulated Si-VACNT electrodes of various heights cycled at C/10 (a-b) and C/2 (c-d).
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Figure 5-3: Schematic diagram showing (a) the superficial flux and (b) the interfacial flux. The areas
that defined the corresponding fluxes are highlighted in red.

The improved performance of the tall electrodes at a given superficial current density can
be explained in terms of the surface area of the tubes, and is consistent with a process controlled
by radial transport between the inside and outside of the tubes. Let’s consider charging for the
moment, although similar arguments apply to the discharge process. Tests at a constant superficial
current density result in a constant absolute rate of lithium insertion into the Si electrode. The
surface area over which that insertion can take place is greater for the taller electrodes; therefore,
the insertion rate per tube surface area (interfacial area) is lower for those electrodes. This results
in better relative performance.
Since interfacial area is an important factor that determines the local rate of lithium
insertion into the electrode, it is necessary to quantify the interfacial surface area so that the
interfacial current densities can be obtained accurately. The key to the interfacial surface area is
the number of carbon nanotubes per area, which was estimated from the measured tube radii,
carbon and silicon masses along with their densities (i.e. 2.2 g/cm3 for carbon and 1.9 g/cm3 for
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amorphous silicon [88]). Tube diameters were measured from SEM images. Average tube diameters
for various growth conditions were the result of at least 20 measurements from SEM images. To
estimate the tube diameter, we used the measured carbon and silicon masses with the known
densities to obtain the corresponding carbon and silicon volumes. Then, we calculated the tube
radius by eliminating the difference between the measured tube diameter and the calculated values.
The equation to calculate one individual Si-VACNT tube radius is listed below:

𝑟𝑟𝑆𝑆𝑆𝑆/𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = ��

𝑚𝑚𝑆𝑆𝑆𝑆 𝑚𝑚𝐶𝐶/𝐶𝐶𝐶𝐶𝐶𝐶
1
+
�×
𝜌𝜌𝑆𝑆𝑆𝑆
𝜌𝜌𝐶𝐶/𝐶𝐶𝐶𝐶𝐶𝐶
𝜋𝜋ℎ𝑎𝑎

Equation (5-1)

where 𝑚𝑚𝑆𝑆𝑆𝑆 is measured silicon mass, 𝑚𝑚𝐶𝐶/𝐶𝐶𝐶𝐶𝐶𝐶 is the measured mass of carbon-coated carbon

nanotubes, 𝜌𝜌𝑆𝑆𝑆𝑆 is silicon density, 𝜌𝜌𝐶𝐶/𝐶𝐶𝐶𝐶𝐶𝐶 is the density of carbon-coated carbon nanotubes (which

is ~2.1 g/cm3 assuming CNTs only account for less than 10% of the total weight), h is the tube
height, and a is the number of tubes per area. The value of a was estimated by minimizing the
difference between the measured tube diameters and the calculated values. The measured tube
diameters are listed in Figure 5-5, where the diameter for one-minute carbon-infiltrated CNTs was
about 18 nm while the diameter for two-minute carbon-infiltrated CNTs was ~26 nm. The fitting
results are included in Appendix B.
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Figure 5-4: Cycling results for encapsulated Si-VACNT electrodes of various heights cycled at the specified superficial current densities
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Figure 5-5: Measured tube diameters from SEM images

Figure 5-6 summarizes the relationship between the gravimetric capacity and the interfacial
current density. The actual surface area of the nanotubes used for obtaining the interfacial current
density is from Equation (5-1). Tests were then performed at a variety of electrode heights ranging
from 40 µm to 170 µm as indicated in Figure 5-6a. No trend with height was apparent. However,
there was a clear and strong relationship between the capacity and the interfacial current density.
These tests also span a range of silicon volume fractions as shown in Figure 5-6b. Again, no clear
trend was observed with respect to the volume fraction, but the capacity was a strong function of
the interfacial current. The correlation of the capacity with the interfacial current density is an
important finding of the present study, and describes results for a range of electrode heights, silicon
volume fractions and C-rates. In all cases, the gravimetric capacity of the electrodes depends
strongly on the interfacial current density during charge, which is consistent with behavior that is
limited by radial transport into the tubes rather than transport along the length of the tubes.
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Figure 5-6: Dependence of electrode capacity on the interfacial current density for electrodes of different heights and silicon loadings. (a)
symbols indicate electrode height, and (b) symbols indicate silicon volume fraction
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Li Transport Rate
Encapsulation altered the transport of lithium in the Si-VACNT electrodes, and
experiments were performed to help understand the factors that govern lithium transport in the
absence of electrolyte. Two different transport directions and length scales are relevant—1) radial
transport of Li in/out of each silicon-coated nanotube (~50 nm diameter) and 2) lithium transport
along the length of the nanotubes (~100 µm height). Experimental results indicate that the height
of the Si-VACNT electrodes does not limit Li transport, even though that height was orders of
magnitude greater than the diameter of the tubes. In fact, taller electrodes exhibited a higher
normalized (gravimetric) capacity than shorter electrodes at a given current. The overall
performance of the electrodes scaled with the silicon surface area. These results have important
implications for a variety of encapsulation strategies.
In our geometry, if transport along the tubes were limiting, battery performance would be
expected to depend strongly on electrode height, and lithium would tend to fill the electrode from
the top down during charging. The higher superficial current associated with the taller electrodes
would further degrade performance and accentuate height-related performance limitations. In
contrast, if transport into the silicon were limiting, the lithium would essentially have equal access
to the silicon along the length of the tube and height-related performance degradation would not
be observed.

Under such conditions, the gravimetric capacity of the electrode would be

independent of height. The results shown in Figure 5-2 are consistent with limitation by transport
“into” the tubes.
The conclusion that transport into the tubes is limiting has important implications. Given
the very high aspect ratio of the tubes, the distance along the tubes from the top to the bottom of
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the electrode is orders of magnitude larger than the radial distance. Therefore, the rate of transport
along the tubes must be orders of magnitude faster than the rate of transport in the radial direction.
For that to be the case, the mechanisms by which lithium enters or leaves the silicon lattice must
be very different from the mechanisms that determine the transport rate along the tubes. It is likely
that surface diffusion dominates transport along the tube length.
The above experiments can be used to provide important insight into the speed at which
the lithium is able to move along the length of the silicon-coated nanotubes. In order to avoid
limitations due to transport in the height direction, consistent with our experimental observations,
lithium would, as a minimum, need to traverse the entire distance from the top to the bottom of the
electrode (e.g., the height) during the length of the experiment (e.g., time required to charge the
electrode). Considering just the tallest electrode (224 µm) and shortest charge time (3,621 s) to
estimate a minimum velocity, lithium must travel a minimum of 61 nm/s. This value is comparable
to results from the in-situ microscopic study of McDowell et. al [100], where an average rate of ~69
nm/s along silicon nanowires was observed. It is likely that the velocities in our system are
significantly higher than 60 nm/s, since lithium that just barely arrives at the bottom of the
electrode at the end of the experiment would not have time to be incorporated into the silicon, in
which incorporation is the slower process. Given the absence of height limitations in our
experiments, a more reasonable estimate of the speed would assume that the lithium was able to
traverse the entire electrode height in a fraction, say 10%, of the total charge time, yielding an
estimated velocity of ~600 nm/s. Thus, the lack of observed height limitations in our experiments
requires a minimum speed of ~60 nm/s, but is more consistent with speeds that are an order of
magnitude faster.
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Diffusion into the Silicon
So far, we have learned from the experiments that electrode height is not a limiting factor
for the transport of Li along the Si tubes in the axial direction. We also estimated the time required
for Li to travel along the tube to be a few minutes, assuming a travel time that takes about 10% of
the total charging time. Now we continue to determine if diffusion into the silicon radially is a
slow process relative to Li transport along the tube. Specifically, the unique geometry of the
encapsulated Si-VACNT electrodes provides an opportunity to decouple the charge-transfer and
lithiation/de-lithiation processes. The charge-transfer process (i.e. Li+ + e- → Li) occurs at the
carbon encapsulation layer/electrolyte interface rather than at the silicon surface as it does for
unencapsulated electrodes. When a carbon encapsulation layer is directly deposited on a SiVACNT electrode, charge-transfer preferentially takes place on carbon, which has a higher
exchange current density than Si and is exposed to the liquid electrolyte. The measured exchange
current densities for the faradaic reaction of lithium on carbonaceous materials range between 1
and 2.3 mA/cm2

[101]

while the exchange current density for the reaction on silicon is about 0.1

mA/cm2 [102]. After the charge-transfer step takes place on the surface of the carbon encapsulation
layer, Li atoms diffuse through the carbon layer to the underlying silicon. It is unlikely that Li-ions
diffuse through the carbon encapsulation layer and transfer charge at the silicon surface since
reduction must take place in order for Li atoms to be inserted into the carbon. The diffusion of Liions alone is not probable as such diffusion would involve the separation of charge, which requires
a great amount of energy. Therefore, the traditional way to evaluate a charge-transfer reaction at
the electrolyte/electrode interface with the use of the Butler-Volmer equation will be applicable
on the carbon surface rather than on the silicon surface.
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Since it is unlikely that the lithium that is transported along and into the silicon nanotubes
in our system is charged, there should be no significant impact of the electric field on lithium
transport in the silicon. Since we know that lithium transport along the length of the tube is fast,
the question we are trying to answer is whether or not diffusion limits lithium transport into the
silicon nanotubes. The literature almost exclusively attributes the limiting behavior in Si anodes
to diffusion into the silicon. Yet, in our Si-VACNT geometry, the deposited Si layer has a thickness
of only about 20 nanometers, and it is unclear if diffusion will limit behavior in such a thin
electrode. The objective of the work described in this section was to investigate whether or not Li
diffusion into the silicon is slow relative to transport along the tube since we know that transport
along the tube is not limiting. Two approaches were used: (1) we applied short constant-current
pulses to the encapsulated electrodes and observed the voltage changes both during and after the
pulse. (2) We used a simple model to simulate the diffusion behavior of lithium during a constant
current pulse and the subsequent relaxation period. A comparison of results from the model with
experimental data provided an opportunity to closely evaluate Li diffusion into the silicon and to
determine whether bulk radial diffusion impacted electrochemical performance.

5.4.1

Analytical Diffusion Model
To examine whether Li diffusion into the tubes was the factor that limited lithium transport,

a diffusion model was used as described below. We treated each Si-VACNT tube as a long cylinder
into and out of which lithium could diffuse. We ignored the carbon at the center of the tubes,
assuming that the entire cylinder is comprised of Si. Volume changes and SEI formation were also
ignored because the silicon layer was only a few nanometers thick and the silicon tubes were not
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exposed to electrolyte due to the encapsulation layer. Although these simple analytical solutions
do not account for volume expansion or stress-induced effect

[103]

, they serve as a useful

comparison to help us better understand our data. The analytical model was based on Fick’s second
law where the concentration was a function of the radius r and time t:

𝜕𝜕𝜕𝜕 1 𝜕𝜕
𝜕𝜕𝜕𝜕
=
�𝑟𝑟𝑟𝑟 �,
𝜕𝜕𝜕𝜕 𝑟𝑟 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

Equation (5-2)

and D was assumed to be constant. First, we sought to understand the behavior of Li diffusion
during a constant current pulse. Assuming that there was a uniform initial concentration, C0, in the
cylinder and a constant flux of the diffusing species, F0, at the surface, equivalent to applying a
constant current:

−𝐷𝐷

𝜕𝜕𝜕𝜕
= 𝐹𝐹0 ,
𝜕𝜕𝜕𝜕

Equation (5-3)

𝑟𝑟 = 𝑎𝑎

where F0 is negative when the flux goes into the cylinder. Then, the analytical solution can be
written as [104]:
𝑟𝑟𝛼𝛼𝑛𝑛
∞
−𝐹𝐹0 𝑎𝑎 2𝐷𝐷𝐷𝐷
𝑟𝑟 2
1
𝛼𝛼𝑛𝑛2 𝑡𝑡 𝐽𝐽0 � 𝑎𝑎 �
𝐶𝐶 − 𝐶𝐶0 =
� 2 + 2 − − 2 � exp �−𝐷𝐷 2 � 2
�
𝐷𝐷
𝑎𝑎
2𝑎𝑎
4
𝑎𝑎 𝛼𝛼𝑛𝑛 𝐽𝐽0 (𝛼𝛼𝑛𝑛 )

Equation (5-4)

𝑛𝑛=1

where 𝐽𝐽0 is a zero order Bessel function of the first kind and 𝛼𝛼𝑛𝑛 represent the nth positive root of
an order-one Bessel function of the first kind:
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Equation (5-5)

𝐽𝐽1 (𝛼𝛼𝑛𝑛 ) = 0

Second, the analytical model used for describing the Li concentration distribution during
relaxation assumed a zero flux at the outer boundary where r = a. The initial concentration
distribution, f(r), for the relaxation was the calculated concentration profile at the end of the
constant current pulse. The analytical solution for the concentration profile during relaxation is
[104]

:
∞

𝑎𝑎
2
𝐽𝐽0 (𝑟𝑟𝛽𝛽𝑛𝑛 ) 𝑎𝑎
𝐶𝐶 = 2 �� 𝑟𝑟𝑟𝑟(𝑟𝑟)𝑑𝑑𝑑𝑑 + � exp(−𝐷𝐷𝛽𝛽𝑛𝑛2 𝑡𝑡) . 2
� 𝑟𝑟𝑟𝑟(𝑟𝑟)𝐽𝐽0 (𝑟𝑟𝛽𝛽𝑛𝑛 )𝑑𝑑𝑑𝑑�
𝑎𝑎 0
𝐽𝐽0 (𝑎𝑎𝛽𝛽𝑛𝑛 ) 0

Equation (5-6)

𝑛𝑛=1

where the 𝑎𝑎𝑎𝑎𝑛𝑛 is the nth positive root of the first order Bessel function:
𝐽𝐽1 (𝑎𝑎𝛽𝛽𝑛𝑛 ) = 0

5.4.2

Equation (5-7)

The Impact of Li Diffusivity
Before proceeding with the simulation, it was necessary to determine the appropriate value

for the Li diffusivity, which greatly impacts the rate of Li diffusion in the silicon. As reviewed in
Section 2.2.5, the Li diffusivity in amorphous silicon is reported to range from 1×10-15 cm2/s to
3.69×10-8 cm2/s [60], which is a very wide range. The most commonly accepted values are between
10-14 cm2/s

[62]

and 10-12 cm2/s

[60]

. Here, we examine concentration profiles using the analytical

solutions with two selected diffusivity values—10-14 cm2/s and 10-12 cm2/s—to understand whether
or not transport is limiting at the given thin Si radius. Equations (5-3) to (5-5) were used in this
section. The silicon radius was assumed to be 20 nm (as the radius of coated tubes ranged from 13
nm to 23 nm). The superficial current density was 0.5 mA/cm2 (equivalent to C/10 for this
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particular cell). The interfacial surface area of this Si-VACNT electrode was 1,800 cm2. With the
given current density and surface area, the surface flux was calculated as 5.6×10-12 mol/cm2-s for
this case.
In Figure 5-7, Li concentration profiles are plotted against the normalized radius for the
two designated diffusivity values. The simulation time ranged from 10 seconds to 2,000 seconds
as labeled. As shown in Figure 5-7a and b, when the Li diffusivity value was at a constant D =
10-14 cm2/s, the resulting Li concentrations at the core and at the surface increased as time steps
increased. Figure 5-7b shows the concentration ratios of the core to the surface as a function of the
corresponding time steps in Figure 5-7a. It took approximately 2,000 seconds (~33 minutes) for
the Li concentration at the core to reach 95% of the Li concentration at the cylinder surface. In
contrast, when the Li diffusivity was 10-12 cm2/s (Figure 5-7c and d), the Li concentration profiles
in the silicon were essentially flat.
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Figure 5-7: Concentration profiles (a,c) of a constant Li flux coming into a 20-nm thick of silicon
layer. (b,d) show the ratio of Li concentration at the core to Li concentration at the surface as a
function of time. The diffusivity used in (a-b) is 10-14 cm2/s while the diffusivity used in (c-d) is 10-12
cm2/s.

In Figure 5-7d, the concentration ratios of the core to the surface indicated that it only took
20 seconds for the inner core to reach 95% of the surface concentration when D = 10-12 cm2/s.
Based on these simulation, the time required for Li diffusing into the silicon ranged from 20
seconds to 33 minutes. Additionally, the time required for the lithium to travel from top to bottom
of a tube was estimated to be in the range of 100 seconds (60 µm) to 5 minutes (200 µm) when
using the value of 600 nm/s from Section 5.3. As a result, at the given silicon layer thickness (~20
nm) and with diffusivities in the reported range (D = 10-14-10-12 cm2/s), the time required for Li to
diffuse into the silicon is comparable to the diffusion along the tube, in contrast to experimental
results that show that behavior is limited by the rate at which lithium enters the tube.
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5.4.3

Experimental Data from Constant-Current Pulse
To better understand the processes that control the insertion of lithium into the silicon,

experiments were performed by applying a short constant-current pulse followed by a longer
period of relaxation. The voltage changes that take place in these experiments can be taken as
proportional to concentration changes at the electrode surface owing to the very small changes in
the SOC that take place during the experiment. Since it is challenging to measure the Li
concentration of a cell directly, voltage is often measured against time. When the voltage changes
are within a few ten mV, the voltage is proportional to the surface concentration. For the analysis,
because the surface concentration changes under a constant flux experiment, at short times, the
concentration is linearly proportional to √𝑡𝑡 when the process is diffusion-controlled

[105, 106]

.

Hence, the measured voltage during the pulse is plotted against √𝑡𝑡 in order to show whether the

process is limited by diffusion. If diffusion does not limit, then the concentration will be essentially
uniform throughout the silicon and, at constant current, the resulting concentration or voltage will
vary linearly with time. Hence, a plot of voltage vs. √𝑡𝑡 would be a curve if not limited by diffusion.
Three different pulse times were used: 200 milliseconds, 5 seconds, and 100 seconds. The

measured voltages are plotted vs. √𝑡𝑡 as shown in Figure 5-8. Surprisingly, all the experimental

data indicated that that the process appeared to be limited by diffusion due to the linear relationship

between the measured voltage and √𝑡𝑡, regardless of the pulse time and the direction of lithium
movement (lithiation or delithiation).
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Figure 5-8: Experimental data of encapsulated Si-VACNT electrodes pulsed at 200 milliseconds (a,b),
5 seconds (c,d) and 100 seconds (e, f). Both lithiation and delithiation data shown as labeled.

5.4.4

Comparison between Experimental Data and Simulation Results
Based on the experimental data, the Li transport into silicon appeared to be a diffusion-

limited process. However, the simulation results from Section 5.4.2 suggested that at the given
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silicon radius (~20 nm) and the reported diffusivity values from the literature, the time required
for diffusion into the silicon was expected to be similar to that required for Li transport along the
tube. In this section, the objective is to understand the Li transport into the silicon by comparing
the experimental data with the simulation results. We will estimate the diffusivity range for cells
under different pulse times as well as the diffusivity during relaxation. The measured voltages
from the experimental data are plotted against √𝑡𝑡 and compared with the simulated surface
concentration as a function of time.

We are also interested in the relaxation behavior. In fact, the voltage changes during
relaxation represent an additional evidence for a diffusion-limited process. When the current is
interrupted, several phenomena occur during the relaxation period of the cell, including doublelayer relaxation (the time constant is on the order of milliseconds) and re-distribution of Li in the
solid electrode

[107]

. During relaxation, if a concentration gradient exists within the silicon, Li

diffusion occurs. When the diffusion is not limiting during pulsing, the resulting concentration
gradient in the silicon is relatively small and Li diffusion will not be important.
Here, three cases are studied to estimate the diffusivity range and to understand the
relaxation behavior under various pulse times. The experimental data from Figure 5-8 are further
compared with simulated results. In the first case, a cell was pulsed for 200 ms followed by 5
minutes rest. The second cell was pulsed for 5 seconds followed by 30 minutes rest. The third cell
was pulsed for 100 seconds followed by 30 minutes rest. Both lithium transport directions
(lithiation or delithiation) were performed.
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200-millisecond pulse followed by 5 minutes of relaxation. The applied current density
was 4.6 mA/cm2. The total surface area of this cell was 1,860 cm2 and the tube radius was about
18 nm. The voltage vs. √𝑡𝑡 and the simulation results during lithiation are shown in Figure 5-9;

while the voltage vs. √𝑡𝑡 and the simulation results during delithiation are shown in Figure 5-10.

From both figures, the experimental data (Figure 5-9a and Figure 5-10a) showed a linear

relationship between the voltage (proxy for concentration) and √𝑡𝑡, an indication of a diffusionlimited behavior. Notice that the simulated curves are presented differently than the experimental

data. When lithium enters the silicon, the voltage decreases but the concentration increases. The
voltage increases when lithium leaves the silicon. Since the voltage changes during the pulse
experiments are small, the voltage is proportional to the concentration at the surface; thus, we can
compare the shape of the experimental curves directly with that of the simulation curves.
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Figure 5-9: (a) Voltage vs. √𝒕𝒕 of a cell that was lithiated at a constant current pulse of 4.6 mA/cm2 for
200 milliseconds. (b-d) Simulated surface concentrations vs. √𝒕𝒕 with various diffusivity values as
labeled.

The simulation results from Figure 5-9 and Figure 5-10 show that diffusion does not appear
to be limiting when the diffusivity is greater than 10-11 cm2/s as evidenced by the curved lines.
When the values of the diffusivity value was 10-12 cm2/s, a value commonly used in the literature,
the variation of the concentration vs. √𝑡𝑡 was linear. Thus, the estimated maximum diffusivity
under these conditions was between 10-12 and 10-11 cm2/s, although the actual value may be lower

than this.
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Figure 5-10: (a) Voltage vs. √𝒕𝒕 of a cell that was delithiated at a constant current pulse of 4.6 mA/cm2
for 200 milliseconds. (b-d) Simulated surface concentrations vs. √𝒕𝒕 with various diffusivity values as
labeled.

The relaxation data after lithiation and delithiation pulses are displayed in Figure 5-11.
Figure 5-11a and c represent an overview of the pulse/relaxation process, while Figure 5-11b and
d are the zoomed-in views of the relaxation portion. After the interruption of the lithiation pulse,
the voltage continued to increase throughout the 5-minute relaxation period. In contrast, the
voltage after the delithiation pulse did not change significantly during the 5-minute relaxation.
Based on the relaxation data, there appeared to be a significant difference in the relaxation behavior
for the lithiation and the delithiation processes.
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Figure 5-11: Cell potential vs. time of a cell that was lithiated (a-b) and delithiated (c-d) with a
constant current pulse of 4.6 mA/cm2 for 200 milliseconds, followed by a 5-minute relaxation period.
(b) and (d) show the zoom-in voltage changes vs. time during relaxation.

The simulated relaxation behavior is plotted in Figure 5-12 with different diffusivity values.
When the diffusivity value is high, such as 𝐷𝐷 = 1 × 10−13 cm2/s, the concentration drops

immediately after the current interruption. As the diffusivity decreases, it takes longer to relax the
Li surface concentration. During relaxation, the maximum diffusivity for lithiation ranged between
10-16-10-15 cm2/s, while it was between 10-15-10-14 cm2/s for delithiation. Such a difference was not
observed during the pulse. A detailed discussion will be presented in Section 5.4.5.
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Figure 5-12: Simulated surface concentration vs. time with different diffusivity values as labeled. All
the parameters correspond to the experimental data in Figure 5-11.

5-second pulse followed by 30 minutes of relaxation. The applied superficial current
density was 0.0017 A/cm2 (C/2) and the resulting molar flux at the silicon surface was 7.7×10-12
mol/cm2-s. First, we examine the voltage changes during the constant current pulse. The
experimental and simulated data are plotted against √𝑡𝑡 in Figure 5-13 and Figure 5-14. Figure 5-13

shows the lithiation results, while Figure 5-14 shows the delithiation results. The experimental
data for lithiation and delithiation are shown in Figure 5-13a and Figure 5-14a, respectively, both

of which indicate a linear relationship between the measured voltage vs. √𝑡𝑡. The simulated surface

concentrations are displayed in Figure 5-13b-d (lithiation) and Figure 5-14b-d (delithiation) with
various diffusivity values (𝐷𝐷 = 1 ×10-12, 1 ×10-13, and 1 ×10-14 cm2/s).
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Figure 5-13: (a) Voltage vs. √𝐭𝐭 of a cell that was lithiated at a constant current pulse of 1.67 mA/cm2
for 5 seconds. (b-d) The simulated surface concentrations vs. √𝐭𝐭 with various diffusivity values as
labeled.

When the diffusivity was 1×10-13 cm2/s, the shape of the simulated curves on the voltage
vs. √𝑡𝑡 plot were not straight. When a diffusion process is relatively fast, concentration increases

linearly with time. When plotting the concentration against √𝑡𝑡, the linear line becomes a curved

line. The lines shown in Figure 5-13b and Figure 5-14b are curved, suggesting that the diffusion is
not limiting. The data shown in Figure 5-13 and Figure 5-14 indicate that the maximum diffusivity
into the silicon tube was in the range between 1×10-14 cm2/s and 1×10-13 cm2/s, an order of
magnitude lower than the estimated maximum value for the 200 ms pulse.
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Figure 5-14: (a) Voltage vs. √𝒕𝒕 of a cell that was delithiated at a constant current pulse of 1.67 mA/cm2
for 5 seconds. (b-d) Simulated surface concentrations vs. √𝒕𝒕 with various diffusivity values.

The experimental and simulated data during relaxation were also compared. Figure 5-15
displays the measured cell voltage as a function of time. Figure 5-15a and b represent the lithiation
results; Figure 5-15c and d represent the delithiation results. Figure 5-15a, c show the entire voltage
changes during the pulse and relaxation. Zoomed-in views of the voltage changes during relaxation
are shown in Figure 5-15b and d. It is apparent that the relaxed voltage changed more significantly
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Figure 5-15: Cell potential vs. time of a cell that was lithiated (a-b) and delithiated (c-d) with a
constant current pulse of 1.67 mA/cm2 for 5 seconds, followed by a 30-minute relaxation period. (b)
and (d) show the voltage changes vs. time during relaxation.

for lithiation (Figure 5-15b) than for delithiation (Figure 5-15d), similar to the results from the 200
ms pulse. The voltage difference from the beginning of the current interruption to the end of the
relaxation was about 100 mV for lithiation, but it was only about 30 mV for delithiation. Such
behavior is very interesting and suggests that a different limiting factor, such as a type of surface
resistance, may exist for lithiation and delithiation, or that the diffusivities depend on the transport
direction, lithiation or delithiation. The diffusivity may be concentration-dependent since the Li
distribution is different for lithiation and delithiation.
The simulated concentrations at the surface during relaxation are plotted against time as
shown in Figure 5-16 for a range of diffusivity values. As expected, the concentration drops
quickly as the diffusivity becomes larger. Compared to the experimental results in Figure 5-15, the
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diffusivity for delithiation appeared to be greater than that for lithiation. Specifically, the time
required for the concentration to relax after the lithiation pulse was longer than 30 minutes (Figure
5-15b), corresponding to a maximum diffusivity value close to Figure 5-16d (D~10-16 cm2/s). In
contrast, the time required for delithiation relaxation was between 10 and 15 minutes. Therefore,
the estimated maximum diffusivity value for lithiation was less than 1×10-16 cm2/s; the estimated
maximum diffusivity for delithiation was between 1 × 10-16 and 1 × 10-15 cm2/s, an order of
magnitude lower than the 200-ms pulse case.

Figure 5-16: Simulated surface concentration vs. time with different diffusivity values. All the
parameters correspond to the experimental data in Figure 5-15 (lithiation).
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100-second pulse followed by 30 minutes of relaxation. The third case involved a longer
pulse time (100 seconds). The applied superficial current density was 0.05 mA/cm2 (~C/20) and
the resulting molar flux at the silicon surface was 2.6×10-13 mol/cm2-s. We wanted to know if
pulsing a cell at a longer time impacted the diffusivity and the relaxation behavior. First, the
voltage changes against √𝑡𝑡 are shown in Figure 5-17a (lithiation) and Figure 5-18a (delithiation).

A less significant voltage change before and after the pulse was observed compared to the results

in Figure 5-13a due to a smaller amount of lithium that entered the silicon. Also, both voltage
changes vs. √𝑡𝑡 during lithiation and delithiation show a straight line, indicating a diffusion–limited

process.

Figure 5-17: (a) Voltage vs. √𝒕𝒕 of a cell that was lithiated at a constant current pulse of 0.05 mA/cm2
(corresponding to C/20) for 100 seconds. (b-d) Relative simulated surface concentrations vs. √𝒕𝒕 with
various diffusivity values.
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Compared with the simulated curves, the maximum diffusivity values for lithiation and delithiation
were likely in the range of 1×10-15 cm2/s and 1×10-14 cm2/s, less than the maximum values from
the first and second cases that were studied previously.

Figure 5-18: (a) Voltage vs. √𝒕𝒕 of a cell that was delithiated at a constant current pulse of 0.05
mA/cm2 (corresponding to C/20) for 100 seconds. (b-d) Relative concentrations vs. √𝒕𝒕 with various
diffusivity values.

The relaxation behavior for lithiation and delithiation is recorded in Figure 5-19. Figure
5-19a and c represent the entire pulse and relaxation period. The relaxed voltage changes for
lithiation and delithiation are in Figure 5-19b and d, respectively. Similar to the results in Figure
5-15, the time required for the lithiation process was longer than that for delithiation. The time
required for lithiation was longer than 30 minutes, while that for delithiation was less than 10
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minutes. The geometry might have an impact on Li diffusion into the silicon. In a cylinder, the
surface area normal to diffusion in the radial direction decreases as a diffusing species enters into
the silicon. That results in an increased local flux, leading to higher diffusion-induced stresses
within the silicon [108]. That mechanical stress tends to retard diffusion into the silicon. On the other
hand, diffusion out of the silicon becomes a relatively easy step since the stresses are released.

Figure 5-19: Cell potential vs. time of a cell that was lithiated (a-b) and delithiated (c-d) with a
constant current pulse of 0.05 mA/cm2 (corresponding to C/20) for 100 seconds, followed by a 30minute relaxation period. (b) and (d) show the voltage changes vs. time during relaxation.

The simulated Li surface concentrations during relaxation are shown in Figure 5-20. The
simulated surface concentration at different diffusivity values are arranged in order from high to
low. The time required for Li diffusion appears to be greater than 30 minutes at D = 1×10-16 cm2/s;
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it is about 20 minutes at D = 1×10-15 cm2/s. Thus, the estimated diffusivity under this pulse
condition is similar to the previous case. The maximum diffusivity for lithiation appears to be
approximately 1×10-16 cm2/s while the maximum diffusivity for delithiation is in the range of
1×10-15 cm2/s and 1×10-14 cm2/s. In all three cases, the estimated maximum diffusivity values
during relaxation are different for lithiation and delithiation.

Figure 5-20: Simulated surface concentration vs. time with different diffusivity values. All the
parameters correspond to the experimental data in Figure 5-19.
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Comparison of unencapsulated and encapsulated electrodes. To understand whether or
not Li diffusion into the silicon is similar to that into an unencapsulated electrode, the pulse and
relaxation steps were also performed on two unencapsulated Si-VACNT electrodes. The voltage
changes as a function √𝑡𝑡 are shown in Figure 5-21a and b. The experimental data for the

unencapsulated electrode also exhibited a downward trend during a lithiation pulse. Voltage vs.
√𝑡𝑡 is plotted in Figure 5-21c and d, where the experimental data from the two types of electrodes

during the pulse are compared. Interestingly, both plots show non-linearity relative to the results

of the encapsulated electrodes. Those non-linear curves might be due to the involvement of SEI
formation and potential kinetic limitations at the silicon surface since both SEI formation and
charge-transfer reaction occur on the Si electrode surface without the carbon encapsulation layer.
Additionally, voltage vs. time data for the first 20 cycles of two unencapsulated electrodes
and three encapsulated electrodes are displayed in Figure 5-21c. All the cells were repeatedly
lithiated at C/10 for 200 milliseconds, followed by 5 minutes of relaxation. According to the
results from Figure 5-21c, a significant difference exists between the encapsulated and
unencapsulated electrodes during the pulse/relaxation process. The voltage dropped more
significantly when there was no carbon encapsulation layer. SEI formation is most likely the cause
of the abrupt voltage drop since the encapsulated electrodes were protected by the carbon layer.
A further analysis of differences between the two types of cells is shown in Figure 5-21d.
As shown in this figure, in a single pulse step, the voltage change at the beginning and at the end
of a pulse was more significant for the unencapsulated electrode, consistent with the results in
Figure 5-21c. After the constant-current pulse, the voltage of these two types of electrodes did not
reach the same voltage. It could be that the cells were not fully relaxed in only 5 minutes since
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silicon required a longer time to relax [63]. Or, kinetic limitations might affect the relaxed voltage
[65]

.
.

Figure 5-21: (a-b) shows the voltage vs. √𝒕𝒕 of unencapsulated Si-VACNT electrodes during a constant
current pulse. (c) Cell voltage vs. time between encapsulated and unencapsulated electrodes with
several pulse and relaxation periods. (d) Cell voltage vs. time of two cells in a single pulse step.

5.4.5

Discussion
The encapsulated cells in the previous three cases had a wide range of pulse times (i.e. 200

ms, 5 s and 100 s), and the experimental results indicated that they all appeared to be diffusionlimited. Due to observations from the experiments, we performed an analysis based on diffusion92

control. Table 5-1 summarizes the three cases. The total charge passed during the pulse, the surface
molar flux, and the estimated range for the maximum diffusivity are included. The total charge,
surface molar flux, and the pulse time all have influences on the estimated maximum diffusivity.
To accurately describe the absolute diffusivity values, it would require knowledge of the absolute
concentration rather than just the concentration difference, which is beyond the scope of this work.
Thus, we estimated the maximum diffusivity values, which helped to analyze the diffusion-limited
experimental data. From Sections 5.4.2-5.4.4 and the table below, we observed two things: (1) the
estimated maximum diffusivity values decreased as the pulse time increased and the surface molar
flux decreased; (2) the estimated maximum diffusivity values were different for lithiation and
delithaition during relaxation. The second observation was not seen during the pulse.

Table 5-1: Summary of the three cases using different pulse times during the pulse

In the first observation, the lowest estimated maximum diffusivity values are most likely
to be in agreement with the experimental data. In Section 5.4.2, when using D = 10-14 cm2/s to
simulate the concentration profiles, it takes about 33 minutes for the Li concentration at the Si core
to reach 95% of that at the Si tube surface. Thus, when the diffusivity value is lower by an order
of magnitude, the time required for Li to diffuse into the silicon will be at least a few hours. Under
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such a condition, the process is limited by diffusion, consistent with the observed behavior.
Apparently, diffusion into the silicon is slow in our case. Diffusivity values lower than the most
commonly accepted values (10-14-10-12 cm2/s) may be the result of diffusion-induced stress or/and
the concentration-dependent diffusivity in our thin Si layer [61, 99, 108].
In the second observation, there was a difference observed in the Li transfer rate for
lithaition and delithiation during relaxation. However, such a phenomenon was not observed
during the pulse. Since concentration gradients were in the same direction during and after the
pulse, the direction of the transport cannot be the cause for the differences observed for lithiation
and delithiation during relaxation. It is possible that the voltage relaxation is influenced by a
process other than the diffusion of Li into or out of the silicon.

Conclusion
Thanks to the unique geometry of the encapsulated Si-VACNT electrodes, we were able
to study the Li transport in the electrode without the presence of the liquid electrolyte and the SEI
formation. The high aspect ratio of the Si-VACNTs provided an opportunity to investigate the
limiting factors, such as electrode height, that affected the cycling performance. The designed
experiments revealed that electrode height did not limit Li transport from top to bottom when the
same C-rate (at C/10 and C/2) was applied. Moreover, when applying the same superficial current
density, the tall electrodes behaved better than the short electrodes due to a much lower local flux
into the silicon. In other words, the specific capacity strongly depended on the interfacial current
density, regardless of electrode height and silicon volume fraction.
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Li diffusion into the silicon was studied with the aid of a diffusion-based mathematical
model, and simulated results were compared with the experimental data. Experimental data
indicate that Li transport in the radial direction was diffusion controlled. At silicon radius of ~20
nm and for the reported diffusivity range (D = 10-14 -10-12 cm2/s

[61]

), the simulated results were

not consistent with the experimental data. Specifically, the experimental data indicate that
diffusion into the silicon was significantly slower than diffusion along the tube. The maximum
diffusivity for radial diffusion was estimated to be one to two orders of magnitude lower than the
literature value, consistent with the observed diffusion limitations. Moreover, the lithiation and
delithiation processes exhibited different diffusivity values during relaxation, which was not
observed during the pulse, and therefore cannot be simply due to the direction of transport. Finally,
a comparison of the experimental data between the unencapsulated and encapsulated electrodes
pulsed at 200 ms showed that the encapsulated electrodes exhibited a linear relationship between
the measured voltage vs. √𝑡𝑡. But, this was not seen in the unencapsulated electrodes. Also, the
unencapsulated electrodes also exhibited more significant voltage changes due to SEI formation
and kinetic limitations.
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6

HALLOYSITE NANOTUBE SOLID-POLYMER ELECTROLYTES

Introduction
This chapter describes the efforts to evaluate the impact of HNT addition on the physical
and electrochemical properties of solid polymer electrolytes (SPEs). In order to understand and
characterize the influence of HNT on SPE performance, two main objectives are presented here.
The first objective is to identify how each processing step affects the polymer properties,
as well as the importance for developing a high-performance solid polymer electrolyte. Polymer
properties of interest include physical characteristics, such as crystallinity, and transport properties
like the ionic conductivity. The surface morphology, crystal structure, and HNT dispersion of the
SPE were examined via an optical microscope, scanning electron microscopy (SEM), and energydispersive x-ray spectroscopy (EDS). Other transport properties including the cationic transference
number and the diffusion coefficient for HNT-SPEs with various Li salt concentrations and HNT%
were also measured.
The second objective is to investigate how the physical properties and electrochemical
behavior are connected in order to evaluate the viability of HNT for enabling practical batteries
with SPEs. Lithium stripping/plating tests were performed to help assess the electrochemical
stability of the HNT-SPE films under various operating conditions. The key question that we are
seeking to understand is whether HNTs can benefit SPEs for advanced Li-ion battery applications.
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HNT-SPE Fabrication Process
When fabricating solid polymer electrolytes, the processing steps consisted of dispersing
HNT/LiTFSI in acetonitrile by ultrasonication, adding the PEO powder to the LiTFSI/HNT
mixture, and ball milling as illustrated in Figure 6-1. In the following section, ultrasonication
methods, mechanical stirring, and ball milling will be discussed in terms of ionic conductivity and
crystallinity in order to understand how those processing steps impact the HNT-SPE properties. In
addition to that, the influence of a heat treatment before testing the HNT-SPE films and the
presence of a polymer stabilizer will also be examined.

Figure 6-1: Schematic diagram of the HNT-SPE fabrication process

6.2.1

The Impact of Different Fabrication Processing Steps
First, the purpose of using ultrasonication was to uniformly disperse HNTs and LiTFSI in

an acetonitrile (CH3CN) solvent before adding the PEO powder. In this process, two ultrasound
methods were used, either by a water bath or a homogenizer probe. Different ultrasound methods
have a unique influence on the SPE properties. Both ultrasonic tools were operating at 40 kHz.
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The ionic conductivity of HNT-SPE films fabricated via the two ultrasound methods were
measured as a function of temperature. All the HNT-SPE films used in this comparative study
were only fabricated by ultrasonication and mechanical stirring. The results are displayed in Figure
6-2a. Both samples shown in Figure 6-2a contained 10% HNT by weight and had an EO:Li molar
ratio of 15:1. The ionic conductivity values suggested that there was no significant difference
between results obtained with the ultrasonic probe or the ultrasonic bath.
After adding PEO powder, the next processing step was mixing by mechanical stirring in
order to blend the HNT, LiTFSI and PEO to produce a homogenous mixture. Two questions were
of importance: (1) how did the length of the mixing time affect HNT incorporation into the PEO
matrix? and (2) what was the optimized length of the mixing time? To answer these questions,
HNT-SPE films were prepared by mechanical stirring with various mixing times (1.5 hours, 4
hours, 12 hours, and 17 hours) and each group had several samples to show the reproducibility.
The ionic conductivity of the HNT-SPE films was measured as shown in Figure 6-2b. Mixing for
a longer time, such as 17 hours, did not appear to improve the ionic conductivity significantly. The
resulting ionic conductivity values were similar, regardless of the length of the mixing time. There
appeared to be no advantage to mixing the polymer solution mechanically for a longer time if
mixing for a shorter period of time could give the same or better outcomes. For a more homogenous
polymer mixture, we chose four hours as the standard mechanical mixing time prior to the ballmilling step.
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Figure 6-2: Arrhenius plots of the HNT-SPE films: (a) comparison of the HNT-SPE films prepared
by ultrasonic probe and ultrasonic bath; (b) comparison of the HNT-SPE films prepared by various
mechanical stirring times.

However, the ionic conductivity values reported in Figure 6-2 were still low by half an
order of magnitude compared to the values reported in Section 2.3.3, in which ball milling was
employed after mechanical mixing. In the literature, ball milling was found to be a more effective,
unconventional technique to incorporate nano-fillers into a polymeric matrix

[109]

compared to a

simple mixing technique. A simple mixing did not provide adequate energy to incorporate the
nano-fillers into the polymer matrix. Here, we attempted to understand what really caused the
improved ionic conductivity of SPEs. Three possible factors were considered, namely the ballmilling process, the addition of HNTs, and the combination of the two. A comparative study was
designed using four different types of samples—(1) mechanically stirred PEO/LiTFSI/ HNT, (2)
ball-milled PEO/LiTFSI/HNT, (3) mechanically stirred PEO/LiTFSI, and (4) ball-milled
PEO/LiTFSI. The ionic conductivity as well as the crystallinity of those four types of SPE films
were measured. The conductivity results and XRD patterns are shown in Figure 6-3.
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In Figure 6-3a, the ball-milled HNT-containing SPE film had higher ionic conductivity
values among the four samples at the entire temperature range. Importantly, the conductivity
values at room temperature were in the 10-4 S/cm2 range. The combination of adding HNTs and
ball milling improved the ionic conductivity the most and could be observed in Figure 6-3a, in
which the effect of HNTs was more pronounced in the ball-milled samples than their mechanically
stirred counterparts.

Figure 6-3: (a) Arrhenius plot of the SPE films with and without HNTs prepared by mechanical
stirring and ball milling, (b) XRD patterns of the SPE films from (a). All the SPE films used for the
conductivity measurement were heated at 60°C for one hour and quenched to room temperature,
whereas SPE films for the XRD test were not treated with heat.

The impact of ball milling was less significant for HNT-free SPE films (blue symbols in
Figure 6-3a). In fact, the conductivity of the ball-milled HNT-free SPE film was similar to that of
the HNT-SPE films prepared by mechanical stirring only, except at the lower temperatures
examined. According to the ionic conductivity results, three things were significant: (1)
incorporating HNTs into the PEO matrix using ball milling helped to enhance the ionic
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conductivity the most, (2) the ball-milling process improved the ionic conductivity of the HNTfree films only to some extent, and (3) adding HNTs to PEO matrix showed more significant
improvement than ball milling alone, although both factors appeared to be important in
determining the SPE properties.
To further understand how different fabrication steps and the addition of HNT influenced
the crystallinity of the SPE films, the crystallinity of the four SPE films was measured via X-ray
diffraction (XRD). XRD patterns of the four different types of SPE films are displayed in Figure
6-3b. Two strong diffraction peaks at 2θ = 19° and 23.5° were observed, an indication of semicrystalline nature of PEO below the melting temperature

[110]

. As seen from Figure 6-3b, the

mechanically stirred HNT-free SPE film (the magenta line) had the highest peak intensities. In
contrast, the ball-milled HNT-SPE film (the red line) had the lowest peak intensities compared to
other SPE samples. The enhanced ionic conductivity was evidently associated with the loss of
crystallinity due to the thorough introduction of HNTs by ball milling. Similar to the ionic
conductivity results, the ball-milled SPE films had a dramatic reduction in peak intensities relative
to the mechanically stirred SPE films. The crystallinity of the SPE films prepared by mechanically
stirring only appeared to decrease slightly even after blending with HNTs; but the impact of HNTs
on crystallinity was more pronounced when ball milling was involved.
Moreover, in Figure 6-3b, although the peak intensities of the ball-milled HNT-free SPE
film (the green line) were substantially lower than those of the mechanically stirred HNT-SPE (the
blue line), the ionic conductivity values were still similar. In other words, without the presence of
HNTs, ball milling SPEs decreased the crystallinity, but was only able to increase the ionic
conductivity incrementally. The results implied that introducing nano-fillers (i.e. HNTs) into the
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PEO matrix via ball milling was essential for enhanced SPE properties. A further investigation of
the microstructure of the HNT-SPE films is found in Section 6.3.
The ionic conductivity and XRD results from Figure 6-3 are consistent with literature that
states that the combination of mechanical effects, such as shear, compressive, and impact forces is
effective to induce radial chain scissions within polymer particles and to alter both crystal structure
and microstructure

[111]

. High-energy ball milling was found to be particularly helpful in

incorporating the nano-scaled particles into the polymeric matrix, which is difficult to achieve to
the same extent by other conventional techniques [109, 112-114]. Hence, ball milling is by far the most
effective method to improve the ionic conductivity and to reduce the crystallinity of HNT-SPEs.
However, one has to be cautious while fabricating the polyether films. PEO is very
sensitive to thermal, photochemical, and ultrasonic degradation [115]. Both ultrasonication and ball
milling generate a great amount of heat that may lead to a local increase in temperature and thermal
degradation, even when the temperature is controlled. Intense shear stresses from ultrasound and
ball milling may break the polymer chains. The operating time and frequency used for ultrasound
and ball milling are important factors in maintaining the structural integrity of the PEO-based SPEs.
In our study, we did not ultrasonicate the mixture once the PEO powder was added. From our
experimental results, ball milling the polymer solution for longer than 15 minutes without stops
gave a very runny polymer solution that failed to form a solid thin film after drying.

6.2.2

The Impact of Heat Treatment
In order to see the impact of heat treatments on the properties of the HNT-SPE films, the

films were heated up in an oven at 60°C for one hour, after which the HNT-SPE films were
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quenched to room temperature in order to prevent further recrystallization of the PEO. An ionic
conductivity measurement was performed on the HNT-SPE films with and without heat treatment
from low to high temperatures. Figure 6-4 shows the results of the ionic conductivity and XRD
measurements. The ionic conductivity values of a heat-treated HNT-SPE and XRD data of a HNTSPE film without heat treatment were taken from Figure 6-3. In Figure 6-4a, a heat-treated HNTSPE film had an ionic conductivity in the range of 1.3×10-4 S/cm at 25°C. Without heat treatment,
the HNT-SPE films had much lower ionic conductivity values throughout the entire temperature
range. The conductivity values of the un-heat-treated HNT-SPE film were up to five times less
when temperatures were below the crystalline/amorphous phase transition temperature

[116, 117]

,

which was determined to be ~42.3°C .
To further explain what might cause the observed difference in the room-temperature ionic
conductivity of HNT-SPE films due to heat treatment, we have to understand the difference
between the glass transition temperature (Tg), the melting temperature (Tm), and the phase
transition temperature. As mentioned in Section 2.3, Tm of a pure PEO is about 65°C and Tg is 67°C. Adding HNTs to the PEO matrix appears to alter Tm, Tg, and thus the phase transition
temperature. This particular crystalline/amorphous phase transition temperature is different from
the glass transition temperature. The melting temperature, Tm, of HNT-SPE films is found to be
greater than 105°C from the previous work [11].
The glass transition phase between Tm and Tg is a complex phenomenon that is impacted
by a number of factors, including heating rate, quenching rate, and molecular weight

[116]

. In

general, polymers stay in a semi-crystalline phase when the temperature is kept above the glass
transition phase. When the temperature is above the crystalline/amorphous phase transition
temperature but below the Tm, most of the polymer segments become amorphous, but the polymers
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themselves do not melt. A quenching step helps the polymer to maintain the amorphous structure.
Polymer chains exhibit

Figure 6-4: (a) Arrehnius plot of the HNT-SPE films with and without the heat treatment at 60°C for
one hour prior to ionic conductivity measurement and (b) XRD patterns of the HNT-SPE films from
(a).

high mobility in the amorphous phase, thus increasing ion movement. The data shown in Figure
6-4b are consistent with the above description. The sample with heat treatment demonstrated a
reduced peak intensity at 2θ = 19°. Because of that, the heat treatment process was essential in
order to decrease the crystallinity of the HNT-SPE film while the quenching step helped the
polymer stay in the amorphous state.
Additionally, the role of HNT in the heat treatment can also be examined from Figure 6-4a.
The ionic conductivity values of both types of the HNT-SPE films were expected to have similar
ionic conductivity values above the amorphous/crystalline phase transition temperature.
Apparently, an anomaly between the ionic conductivity values existed, indicating that HNTs
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possibly facilitated amorphization during the heat treatment. Croce et al. [117] claimed that when
SPE films were heated at temperatures above the phase transition temperature, ceramic additives
(i.e. HNTs) inhibited PEO chain reorganization with the result of freezing a high degree of disorder
into the PEO chains. The resulting amorphous phases are consistent with reduced crystallinity and
increased ionic conductivity as expected.

6.2.3

The Impact of the Stabilizer in PEO
Butylhydroxytoluene (BHT) is a commonly used antioxidant found in fluids (e.g. fuel, oil)

and other consumer products (e.g. cosmetics, pharmaceuticals) where free radicals are a concern.
In polymer manufacturing processes, BHT is used as a stabilizer (> 0.5 ppm) to preserve the
freshness of the chemical. Since BHT is for retarding free radical reactions in a chemical
compound, it is interesting to see how BHT influences the properties of HNT-SPE films. So far,
no literature studies have shown the impact of BHT on PEO-based polymer electrolytes, except
Edman et. al [118] who mentioned removal of BHT prior to fabricating SPE. A comparative study
between the HNT-SPE films with and without BHT was performed. All the films were prepared
by mechanical stirring followed by ball milling. As displayed in Figure 6-5a, both of the HNTSPE films had the same ionic conductivity values at 25°C. However, the ionic conductivity values
started to deviate as the temperature increased. The HNT-SPE film with BHT only reached
1.2×10-3 S/cm at 100°C, whereas the HNT-SPE film without BHT had an ionic conductivity of
2.8×10-3 S/cm at the same temperature. These results are most likely due to the restrained polymer
chain movement under the influence of BHT and suggest that BHT should be removed prior to
fabricating polymer films.
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Figure 6-5: Arrehnius plot of HNT-containing SPE films with and without BHT.

Characterization of HNT-SPE Films
From Section 6.2, we learned how HNTs, ball milling, and heat treatment influenced the
ionic conductivity and polymer crystallinity. Here, we sought to understand the impact of different
mixing methods (mechanical stirring vs. ball milling) and heat treatment on the microstructure
(morphology) and crystal structure of HNT-SPE via microscopy. More importantly, it was of
interest to know the role of HNT in the surface morphology of the SPE films and to connect the
known physical property to the surface morphology. With use of an optical microscope, SEM and
EDS analyses, the morphology of the top surfaces and cross-sections of the desired HNT-SPE
films were characterized and compared.
First, HNT-SPE films prepared by mechanical stirring and ball milling were examined by
SEM and an optical microscope equipped with bright-field and cross-polarizing-light modes in
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order to observe the surface morphology and crystal structure. Both types of HNT-SPE films were
not treated with heat prior to the microscopic examination. A heat-treated ball-milled HNT-SPE
film was also studied to see how the morphological changes were impacted by heat treatment. The
heat-treated HNT-containing SPE film was quenched and kept at ambient temperature overnight.
The micrographs are shown in Figure 6-6.
In Figure 6-6, the difference in the morphology of these three HNT-SPE films was
pronounced, with spherulites observed in the samples without heat treatment (Figure 6-6a, b, d, e,
g, and h), but not seen in the heat-treated HNT-SPE film (Figure 6-6c, f, and i). The heat treatment
was carried out at a temperature above the crystalline/amorphous phase transition temperature and
then the sample was quenched to an ambient temperature. By doing so, it reduced the
crystallization of PEO and helped the polymer films maintain amorphous phases. By definition,
spherulites are an aggregation of lamellae (folding of macromolecular polymer chains) that grow
from a nucleation center and form a spherical volume by polymer branching

[119]

. Typically,

spherulites are observed on the top surface of flexible polymers in spite of the diversity in chemical
compositions and chain architectures. Since spherulites are a semi-crystalline structure, the
absence of spherulites on the top surface of a heat-treated HNT-SPE film (Figure 6-6f) suggests
that the heat-treated HNT-SPE film preserved more amorphous phases than the untreated HNTSPE films (Figure 6-6d,e).
The contrast between the amorphous and crystalline phases is most easily seen under crosspolarizing light, under which the morphological contrast becomes significant (Figure 6-6g, h, and
i). The dark regions are the amorphous phases, and are important for improving the inter- and intrachain ion movement in the polymer [120] while the bright regions represent crystalline phases. The
order of amorphous phases in the HNT-SPE films from high to low was: heat-treated ball-milled >
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un-heat-treated ball-milled > un-heat-treated mechanically stirred. As expected, the heat-treated
HNT-SPE film had the most amorphous phases, consistent with previous XRD and ionic
conductivity results. Marzantowicz et al. [119] explained that, for a certain type of thermal treatment,
PEO/LiTFSI electrolytes formed a metastable state, in which it halted spherulite formation,
inducing favorable, amorphous pathways for the ionic transport. The presence of HNTs in the SPE
after the heat treatment was more likely to help induce additional amorphous phases for Li
transport.
Additionally, for those HNT-SPE films (mechanically stirred or/and ball-milled) without
heat treatment, the spherulitic morphology varied with the mixing strategy used. The mechanically
stirred HNT-SPE film showed coarse-grained and imperfect spherulites (Figure 6-6a, d), which
are a characteristic of pure PEO films

[119, 121]

. In contrast, the ball-milled HNT-SPE film

demonstrated regular-shaped spherulites (Figure 6-6b) with the maltese cross patterns (Figure
6-6e). The addition of nano-inorganic fillers was previously shown to inhibit crystallization
because it promoted amorphous polymer conformations in the vicinity of the fillers [122]. If that is
true for HNTs, the difference in the observed spherulitic structures as well as the ionic conductivity
formed with mechanically stirred and ball-milled HNT-SPE films implied that the HNT behavior
depends to some extent on the preparation methods. In other words, the extent to which HNT are
dispersed in the polymeric matrix (either prepared by mechanical stirring or ball milling) is
probably a key to ensuring enhanced SPE properties.
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Figure 6-6: SEM and optical micrographs of the HNT-SPE samples prepared by mechanical stirring
(a, d, g) and ball milling (b, e, h), both of which were not heat treated. Images (c, f, i) were taken from
a heat-treated ball-milled HNT-SPE film. (a-c) are SEM micrographs, (d-f) are bright-field
micrographs, and (g-i) are crossed-polarizing light micrographs. All the optical images are under the
same magnification (200x) and the scale bars represent 20 µm as labeled. The red boxes in (b,e,h)
indicate the spherulites.

Cross-sectional SME images of HNT-SPE films are provided in Figure 6-7, in which a
comparison is made between mechanically stirred (Figure 6-7a,c) and ball-milled (Figure 6-7b,d)
HNT-containing SPE films. The primary purpose of examining the cross-sections of the HNTSPE films was to see how well the HNTs were dispersed in the polymeric matrix, which might
have a significant impact on the SPE properties. As seen from Figure 6-7a and b, HNT
aggregations were observed in the mechanically stirred HNT-SPE film. In Figure 6-7c, the tubular109

shaped HNTs can be seen and appear to pile up in an agglomeration. In contrast, the ball-milled
sample had much fewer HNT aggregations and also exhibited a better HNT dispersion in the
polymeric matrix (Figure 6-7d).
These observations may explain differences in the ionic conductivity and spherulitic
morphology between the mechanically stirred and ball-milled samples. Although small nodules of
HNTs were still observed in the ball-milled HNT-SPE sample, the ball-milling method was, again,
an effective method to incorporate HNTs into the PEO matrix. HNT dispersion in the polymer
matrix appears to be critical to enhancement of SPE properties. The properties of HNT-containing
SPE films could possibly be improved even more by completely dispersing the HNTs or aligning
the HNTs in a certain direction.
The results from the cross-sectional SEM images of the HNT-SPE films (Figure 6-7) were
also reflected in optical images. Additional microscopic analyses were performed on the HNTSPE films prepared by the two previously mentioned methods. For the bright-field analyses, two
types of HNT-SPE solutions were cast on a transparent glass substrate and ensured to have the
same film thickness. As displayed in Figure 6-8, the mechanically stirred HNT-SPE film (Figure
6-8a) showed more dark regions than the ball-milled HNT-SPE film (Figure 6-8b). Under
transmitted light, thicker regions and heavier elements scatter incident lights more effectively,
leading to darker regions in the images. Since the PEO matrix is transparent and HNTs are not,
dark regions in an optical microscopic image are most likely due to HNT agglomerations.
Additionally, as drawn in Figure 6-8, spherulites for the mechanically stirred sample (Figure 6-8a)
were larger than those for the ball-milled sample (Figure 6-8b). The results indicate that HNT
dispersion affects the PEO crystal structure, extent of crystallinity, and spherulitic morphology,
and thus the physical properties of the SPE.
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Figure 6-7: SEM micrographs of cross-sectioned HNT-SPE films prepared by mechanical stirring
(a,c) and ball milling (b,d). The cut appeared in (b) was incurred during handling. Micrographs (c)
and (d) represent morphology of HNT aggregation and well-dispersed HNT, respectively.

Figure 6-8: Optical bright-field images of (a) mechanically stirred and (b) ball-milled HNT-SPE films
without heat treatment. All the optical images are under the same magnification (400x) and
transmitted light. The scale bars represent 10 µm as labeled. The drawings illustrate the spherulitic
boundary.
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In order to further confirm whether the aggregates seen on the mechanically stirred and
ball-milled HNT-SPE films were really HNTs, EDS mapping analyses were carried out to identify
the HNT based on composition. The analyses were performed on the top surface of the sample
instead of on the cross-sections due to beam shifting and inaccuracy caused by charging when
analyzing the cross-sections. Multiple locations were analyzed on HNT-SPE films prepared by the
two methods (mechanical stirring vs. ball milling). Figure 6-9 shows SEM images of the specific
locations where the EDS mapping was performed, along with the Si and Al element maps. As
mentioned previously, the mechanically stirred sample had coarse-grained spherulites, indicating
more crystalline phases present in the PEO; whereas the spherulites in the ball-milled sample were
regular-shaped. The same morphologies were observed under the SEM as shown in Figure 6-9a
and d. The Si and Al maps in Figure 6-9 appear to indicate better HNT dispersion for the ballmilled sample, consistent with the information presented above. Although the EDS analyses were
performed on the top surfaces, the results are still in agreement with the SEM images shown in
Figure 6-7. Based on the results from SEM and optical microscopy, HNTs did change the
morphology and crystal structure (i.e. spherulites) by retarding crystallization and inducing more
amorphous phases, leading to enhanced SPE properties. The impact of HNT appears to be
connected to its dispersion in the polymer.
The last SEM characterization was to see how the stabilizer, BHT, affected the morphology
of the HNT-containing SPE films. In Figure 6-10, a significant disparity between the two types of
HNT-SPE films was noted. Since BHT has been used for inhibiting free radical reactions, the
decrease of ionic conductivity was expected when BHT is present. The SEM image in Figure 6-10a
indicated that no clear grain boundaries or spherulites were seen on the surface of a BHT-
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Figure 6-9: EDS results of the HNT-SPE films prepared by mechanical stirring (a-c) and ball milling
(d-f). (a) and (d) represent the SEM micrographs of the target areas. (b) and (e) show Al K mapping
results. (c) and (f) show Si K mapping results. The scale bars on all the micrographs are the same (20
µm).

containing HNT-SPE film and that the surface was relatively rough; whereas, a BHT-free HNTSPE film possessed microstructures on the top surface. From the previous discussions in Section
6.2.3 and the image from Figure 6-10a, BHT hindered amorphization and retarded ion movement
in the polymer chains; therefore, it should be avoided when processing SPEs.

Electrochemical Tests
Up to this point, we have studied the physical properties and the ionic conductivity of the
HNT-containing SPEs. The objective in this section is to combine the known physical properties

113

Figure 6-10: SEM micrographs of the HNT-SPE films with (a) and without (b) the stabilizer, BHT.

with the electrochemical performance in order to evaluate the potential use of HNT-SPE films for
commercial battery applications. Transport properties, such as the transference number and
lithium-ion diffusivity in the HNT-SPE films, were determined. Lithium stripping-plating tests
were performed to help evaluate whether HNT addition can improve SPE cycling performance
under various conditions including elevated temperatures and relatively high current densities.

6.4.1

Li Transport Properties in HNT-SPE Films
Lithium Transference Number (t+)
The lithium ion transference number, t+, is an important parameter for solid polymer

electrolytes as described in Section 2.3.2. The measurement of t+ was carried out by the modified
Bruce & Vincent method, which involves measurement of the AC impedance of a Li/SPE/Li
symmetric cell before and after chronoamperometry (CA). Due to the assumptions of this method,
we refer to the measured transference number as an apparent t+, which can be calculated by
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Equation (3-2). Figure 6-11 shows the change in current with time across a symmetric cell
polarized by a small DC perturbation voltage of 10 mV at 25°C. The inset in Figure 6-11 is the
EIS spectra of the cell before and after the polarization. The HNT-containing SPE film had a molar
ratio of EO:Li = 15:1 and 5% HNT by mass. In an EIS spectrum, the first intercept of the data at
a high frequency is related to the ohmic resistance, which was about 54 Ω in Figure 6-11. The
diameters of the semi-circles in the medium frequency range represented the initial interfacial
resistance (824 Ω) and the steady-state interfacial resistance (870 Ω). The initial current was about
7 µA and the steady-state current was 3.8 µA after four hours of polarization. The resulting
apparent t+ was 0.35 for this cell.

Figure 6-11: Chronoamperometry of a HNT-SPE film (5%HNT/EO:Li = 15:1) cell at a small
potential perturbation of 10 mV at 25°C. Inset: the EIS spectra of the same cell before and after the
potentiostatic polarization.
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Lithium transference numbers of other SPE films with various Li salt concentrations and
HNT% were also measured using the same method at ambient temperature in order to study the
influence of Li salt concentration and HNT content on Li transference number. All the apparent t+
values of the SPE films with various LiTFSI concentrations and HNT% are summarized in Table
6-1 with the error ranges that represent 95% confidence intervals. Some combinations of salt
concentrations and HNT% were not measured. Only the HNT-free, 10% HNT-SPE with various
salt concentrations, and EO:Li = 15:1 with 10% HNT SPE films were of interest. As seen from
Table 6-1, when the EO to Li molar ratio was fixed at 15:1, the apparent t+ values increased as the
HNT% increased. This is a strong indication that the HNTs were able to facilitate Li+ transport by
possibly immobilizing the anions [11] as reviewed in Section 2.3.3. Since the cationic transference
number is to measure how much current is carried by the cations across the electrolyte film, a high
t+ value (i.e. t+ ~ 1) will ensure an adequate supply of Li-ions under a high current density. Salt
depletion tends to occur when t+ is relatively low (i.e. t+~0.1). Due to the positively-charged inner
surface and negatively-charged outer surface, HNT improves the interaction between polymer
chains and Li-ions while mitigating the influence of the mobile anions. In Table 6-1, when there
was no HNT addition, the apparent t+ values were in the range of 0.1-0.2, which was consistent
with the literature [11, 123, 124]. With the addition of HNTs, t+ values were improved by a factor of
two.
On the other hand, when HNT% was fixed at 10%, the apparent t+ increased monotonically
with decreasing Li salt concentration. Increased Li salt concentration may cause aggregation of
ionic species in the polymer, leading to a reduced t+

[125, 126]

. If ion-ion interaction becomes

dominant, Concentrated Solution Theory should be considered in order to further investigate the
transport phenomena between the HNTs and LiTFSI in the PEO matrix.
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Table 6-1: Apparent lithium-ion transference number (t+) of
HNT-SPE films at room temperature
No HNT

5% HNT

10% HNT

15% HNT

EO:Li = 8:1

0.10±0.004

-

0.22±0.01

-

EO:Li = 15:1

0.23±0.01

0.35±0.05

0.40±0.02

0.41±0.03

-

0.42±0.04

-

EO:Li = 20:1

0.24±0.02

Up to this point, we have learned that transference number is strongly related to Li salt
concentration and HNT%. We further confirmed the influence of HNT on the measured apparent
t+ values by comparing with the reported values in literature. However, before we proceed, one
thing needs to be mentioned: t+ values reported in the literature were measured over a wide range
of temperatures. For example, Gorecki et al.

[127]

reported that the t+ values measured with the

pulse-field gradient NMR method between 60°C and 100°C were independent of temperature.
Despite the different techniques, most groups reported t+ values at a single temperature. Pozyczka
et al. [124] summarized values of t+ obtained for PEO:LiTFSI system by different research groups.
It appears that the Li salt concentration has a more important impact than temperature and is not
strongly dependent on temperature.
In order to see how HNT addition impacts the t+, the apparent t+ values in our study were
compared with data from the literature

[124]

which were also determined by the same modified

Bruce & Vincent method. Although the temperatures at which the tests were performed were
different (Pozyczka et al. measured the t+ at 100°C, while we tested the cells at 25°C), the t+ values
did not depend on temperature as stated previously. Pozyczka et al. had LiTFSI/PEO films with
LiTFSI mass fraction (WLiTFSI) ranging from 0.1 to 0.8. Our SPE samples had molar ratios of
EO:Li at 8:1, 15:1, and 20:1, corresponding to WLiTFSI as 0.45, 0.30, and 0.25, respectively. The t+
comparison between Pozyczka et al.’s and our SPE films is illustrated in Figure 6-12. The t+ values
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presented by Pozyczka et al. showed a decreasing trend as the LiTFSI mass fraction increased in
the range of 0.1-0.5 and the t+ values increased for electrolytes with more than 50% of WLiTFSI.
Both our SPE films with and without HNTs appeared to show a similar trend in that the apparent
t+ values decreased as the Li salt concentration increased. The apparent t+ values of our SPE films
were also greater than those of Pozyczka et al., except for the HNT-free SPE film at the highest
WLiTFSI. This discrepancy in t+ might be attributed to several factors, such as the SPE preparation
methods, in which we ball-milled our samples and Pozyczka et al. only mixed the polymer solution
[124]

. Despite the different SPE preparation methods, the comparison shown in Figure 6-12

indicated how various LiTFSI concentrations and the addition of HNTs impacted the resulting t+
values. HNT is proven to facilitate Li transport as reflected on the enhanced ionic conductivity and
transference number.

Figure 6-12: Cationic transference number comparison with the data reported by Pozyczka et al. [124]
who also used the modified Bruce & Vincent method.
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Li Salt Diffusion Coefficients under Various Conditions
The salt diffusion coefficients of SPE films with various Li salt concentrations and HNT%
were also determined using the restricted diffusion method (as reviewed in Section 3.4.2). The
results are plotted in Figure 6-13 along with the 95% confidence intervals based on a statistical
analysis of the data. The measured diffusion coefficients increased as the temperature increased as
shown in Figure 6-13; the diffusivities measured for the HNT-SPE films were, in general, higher
than those measured for the HNT-free films. It was not a surprise that the diffusion coefficients
increased with rising temperatures as the Li-ions became more mobile in the amorphous phases.
The enhanced diffusivities of the HNT-SPE films is evidently attributed to HNT addition as the
ionic conductivity values were also improved as temperature increases.
In Figure 6-13a, at 25°C, the 10%HNT-SPE film with EO:Li = 15:1 had the highest
diffusion coefficient, D = 1.9×10-7 cm2/s, about an order of magnitude greater than the value
measured for other SPE films at the same temperature. At 60°C, the diffusion coefficient values of
HNT-SPE films were found to be in the range of 4x10-7-7.5×10-7 cm2/s, whereas the diffusivity of
the HNT-free SPE films were a factor of two less. As shown in Figure 6-13a, the 10% HNT-SPE
film with EO:Li = 15:1 had the highest diffusion coefficient at 100°C, D = 8.8×10-7 cm2/s,
followed by D = 6.1×10-7 (10%HNT-SPE with EO:Li = 20:1) cm2/s and D = 4.6×10-7 cm2/s
(10%HNT-SPE with EO:Li = 8:1).
One interesting thing to note is that the diffusion coefficients of PEO-LiTFSI [128] or PEONaTFSI [74] were reported to increase as the salt concentration decreased at elevated temperatures.
This was true for the HNT-free SPE films tested at 100°C in our study as the diffusivity values
from the highest Li salt concentration to the lowest were 3.6×10-7 cm2/s, 2.0×10-7 cm2/s, and
1.8×10-7 cm2/s, respectively. Increasing the salt concentration could lead to increased polymer
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chain entanglement and likely ion aggregation, thus decreasing ion mobility, especially at
temperatures greater than the amorphous/crystalline transition temperature

[74]

. However, the

HNT-containing SPE films did not show this trend. The diffusivities of HNT-SPE films from the
highest Li salt concentration to the lowest at 100°C were 4.6×10-7 cm2/s, 8.8×10-7 cm2/s, and
6.1×10-7 cm2/s, respectively. The HNT-SPE film that had the highest ionic conductivity possessed
the highest diffusion coefficients at elevated temperatures, suggesting that the introduction of
HNTs into PEO films was able to improve Li transport in the polymer matrix regardless of the Li
salt concentration.

Figure 6-13: Diffusivity coefficients of the SPE films with various Li salt concentrations and HNT%
as labeled. (a) SPE films with and without 10% HNT and EO:Li = 8:1, 15:1, and 20:1 at 25°C, 60°C,
and 100°C. (b) SPE films with various HNT% and a fixed EO:Li = 15:1.
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Next, SPE films with various HNT% and a fixed molar ratio of EO:Li at 15:1 were
fabricated, and their diffusion coefficients were determined at three designated temperatures.
Results are plotted in Figure 6-13b as a function of temperature. The 10% HNT-SPE film had the
highest D values while the 5% and 15% HNT-SPE films had similar D values that were less than
those of the 10%HNT-SPE film. The HNT-free SPE film had the lowest D values throughout the
entire temperature range. Apparently, there was an optimal amount for HNTs to interact with the
PEO matrix. The 10% HNT-SPE films turned out to have the highest diffusivity values.
The measured diffusion coefficients were also compared with the values reported in the
literature using the restricted diffusion method. Pesko et al. reported diffusion coefficients for
PEO/LiTFSI SPE films at 90°C with a wide range of salt concentrations

[126]

. Our diffusion

coefficients of the SPE films with and without HNTs were tabulated using the Arrhenius relation,
𝐷𝐷 = 𝐷𝐷0 exp(

−𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑅𝑅𝑅𝑅

), to get the estimated values at 90°C since we measured the D values at three

other different temperatures. The data for the diffusion coefficients are plotted in Figure 6-14 as a

function of the molar ratio of Li+ to the oxygen in EO. Evidently, both our diffusion coefficients
of HNT-free and HNT-SPE films appeared to be much greater than those of Pesko et al. by at least
one order of magnitude. HNT addition apparently enhanced the performance pf LiTFSI in the PEO
matrix. Although different SPE preparation methods were used, the diffusivity values of our HNTfree SPE films were still higher than those films of Pesko et al.by a few factors. It is possible that
ball milling SPE films affects the transport properties by inducing amorphous phase, which in
turns promotes the mobility of ionic species in the polymeric matrix.
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Figure 6-14: Diffusion coefficient comparison with the literature [126] at 90°C. The measured D values
were tabulated using the Arrhenius equation.

6.4.2

Lithium Metal Symmetric Cell Studies
Previous sections have shown that HNTs reduce the crystallinity of the PEO and promote

Li mobility, diffusivity, and ionic conductivity. Hence, it is of particular interest to see how these
physical properties of the HNT-SPE films connect to the electrochemical performance in a cell.
The purpose of this section is two-fold: (1) to enhance our understanding of how HNTs influence
the cycling performance of SPE films, and (2) to investigate the factors other than HNTs that
influence the cycling performance of the HNT-SPE films. Here, the HNT-SPE films were
sandwiched between two Li metal disks to form a Li/SPE/Li symmetric cell for testing. A
conditioning step was employed to improve the electrochemical stability of the SPE films during
cycling as recommended by Howlett et al. [96] The rationale behind conditioning is that application
of a low current density(i.e. 0.03 mA/cm2 at 60°C) across the Li symmetric cell at an elevated
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temperature can be used to establish a passive layer at the electrode/electrolyte interface.
Electrochemical Impedance Spectroscopy (ElS) was performed to measure impedance before,
during, and after cycling. Li/SPE/Li symmetric cells were cycled galvanostatically to assess the
potential use of HNT-SPE for advanced LIB applications.

The Impact of HNTs on the Performance of HNT-SPE Films
Two types of SPE films were used in this Li symmetric cell study—an HNT-free SPE and
10% HNT-SPE—both of which had a fixed molar ratio (EO:Li) of 15:1. This composition was
chosen because the 10% HNT-SPE films demonstrated the highest ionic conductivity. A total of
eight cells from each group were evaluated in this study. Galvanostatic conditioning involved
sequence of one hour of charging followed by one hour of discharging at 0.03 mA/cm2 and 60°C
for 36 hours. The conditioning results are displayed in Figure 6-15, where the data from four
cells—two cells from each group—are plotted to show the stability and reproducibility upon
cycling. When cycled at such a low current density, both types of SPE films showed stable cycling
performance for 36 hours. However, the voltage change (overpotential) during cycling appeared
to be different under the same current density. The overpotential of HNT-SPE films during
polarization was approximately 12 mV (Figure 6-15a, b), while it was 24 mV for the HNT-free
SPE films (Figure 6-15c, d). Based on Ohm’s law, a resistance is proportional to voltage when a
constant current is applied. These cycling results implied that HNTs made a significant difference
in the resistances, which could be from the ohmic resistance or a combination of charge-transfer
and interfacial resistances. Impedance information of individual cells was measured by EIS in
order to sort out what type of resistances caused the difference in the overpotential.
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Figure 6-15: Galvanostatic cycling (0.03 mA/cm2) of symmetric lithium cells with HNTs (a,b) and
without HNTs (c,d) at 60°C.

In order to explain what caused the overpotential difference, the impedance spectrum of
each Li/SPE/Li cell was measured every 12 hours using EIS. A comparison of the different spectra
is provided on the Nyquist plot as shown in Figure 6-16a. The ohmic resistance (R1), chargetransfer resistance (R2), and interfacial resistance (R3), which was merged with the constant phase
element (CPE) to account for an imperfect capacitor. The charge-transfer and interfacial
resistances were obtained by fitting the data with the equivalent circuit illustrated in Figure 6-16b.
The resistance data are also summarized in Figure 6-16b. The ohmic resistances of the HNT-SPE
films were less than half those of the HNT-free SPE films. This was not surprising owing to the
difference in the ionic conductivity of the two types of SPE films. Specifically, the ionic
conductivity of the HNT-SPE films was at least an order of magnitude higher than that of the HNTfree SPE films, and was expected to impact the measured resistance. The combination of R2 and
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R3 for the HNT-free SPE films was twice that of the HNT-SPE films. The measured impedances
were at their lowest level after heat treatment for one hour at 60°C and before applying any current.
After 12 hours of conditioning, the (R2+R3) impedances of the HNT-SPE films stayed constant at
around 105 Ω and did not change significantly. In contrast, the (R2+R3) impedances of the HNTfree SPE films were significantly higher and showed more variability. Evidently, the impedance
data indicated that HNTs did reduce the interfacial resistance, thus decreasing the overpotential.
In order to validate whether the obtained impedance data were consistent with the
polarization data, the overpotential values of the HNT-free and HNT-SPE films were estimated
from the EIS data in Figure 6-16 using Ohm’s law. The total resistance (R1+R2+R3) of the HNTSPE films was about 110 Ω, which corresponded to an overpotential of about 7 Ω. The total
resistance of the HNT-free SPE films was 275 Ω, which corresponded to an overpotential of 17 Ω.
The calculated overpotentials were close to the overpotential data reported in Figure 6-15.

Figure 6-16: (a) EIS results of HNT and HNT-free SPE films before and after the conditioning
process at 60°C. The HNT-SPE sample corresponds to the sample in Figure 6-15(a) and the HNTfree SPE sample corresponds to the sample in Figure 6-15(c). The data in (b) is from the entire
population used in this study.
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After conditioning for 36 hours and achieving stable resistances at a low current density,
the next step was to evaluate how the addition of HNTs to SPE films impacted cycling at high
current densities. Particularly, since there was a significant difference in the combined chargetransfer and interfacial resistances of the HNT-free and HNT-SPE films during conditioning, the
question of interest would be whether HNTs would improve cycling at higher current densities
such as 0.1 and 0.5 mA/cm2. First, conditioned cells—some with HNTs and others without HNT—
were cycled at 0.1 mA/cm2 and 60°C for 40 hours. Each cycle included four hours of charging and
four hours of discharging, based on the specific capacity of LiFePO4, a commonly used cathode
material in LIBs. As shown in Figure 6-17a and b, the HNT-SPE film exhibited stable cycling up
to 40 hours without failing. In contrast, the HNT-free SPE film did not successfully sustain the
high current density and the potential began to drop after four hours of polarization. The potential
of the HNT-free SPE film stayed close to zero until the 24th hour, and then there was a sudden
potential jump that lasted about one hour. Such an abrupt change of overpotential was not expected
and may be attributed to disruption of the passive layer on the Li metal surface as seen in other
polymer electrolyte systems [129-131].
In order to test whether the abrupt voltage changes were due to disruption of the passive
layer at the interface, impedances of the cells before, during, and after cycling were measured
using EIS. These data are shown in Figure 6-17c. As the impedance data demonstrate, the
resistances of the HNT-SPE film stayed around 110 Ω, slightly greater than the values after
conditioning (~100 Ω), but did not change significantly before, during, and after cycling at 0.1
mA/cm2. In contrast, the measured impedances of the HNT-free SPE films were three times greater
than those of the HNT-SPE films and increased by almost 100 Ω relative to the post-conditioned
impedance values reported in Figure 6-16. Furthermore, to validate the consistency of the cycling
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Figure 6-17: Polarization results of SPE films with (a) and without (b) HNTs cycled at 0.1 mA/cm2 at
60°C. The impedance data after certain periods of time are recorded in (c).

data shown in Figure 6-17a and b with the measured impedance, the overpotential was estimated
by Ohm’s law. For example, if the total resistance of a HNT-free SPE film was taken as 350 Ω,
the calculated overpotential would be about 70 mV, which was close to the initial overpotential
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and the sharp overpotential at the 25th hour as shown in Figure 6-17b. As for the HNT-SPE film,
based on the EIS data, the calculated overpotential at 0.1 mA/cm2 was about 20 mV, close to the
cycling results in Figure 6-17a. Apparently, HNTs not only mitigated the interfacial resistance and
overpotential but also stabilized the cycling performance at this current density.
The current density was then raised to 0.5 mA/cm2 to proceed with our investigation of the
influence of HNTs on cycling performance. After 36 hours of conditioning, symmetric cells were
cycled for 80 hours, including 20 cycles of two-hour charging and two-hour discharging.
Impedances of the SPE films were measured after heat treatment at 60°C, after 36 hours of
conditioning, and after 80 hours of cycling at 0.5 mA/cm2. The cycling and impedance spectra
results are illustrated in Figure 6-18. Interestingly, both types of SPE films exhibited overpotential
fluctuations for almost 40 hours as shown in Figure 6-18a and b. After 40 hours, the overpotential
of both SPE films became stable and again a smaller overpotential was observed for the HNT-SPE
film. The final overpotential for the HNT-SPE film was 28 mV and it was 86 mV for the HNTfree SPE film, both of which were in reasonable agreement with the corresponding impedance
measured before the 80 hours of cycling (Figure 6-18c). The fluctuation of overpotential did not
appear to be caused by the formation of electrical shorts in the cell as indicated by the impedance
data, which still showed the expected shape and a significant resistance.
One interesting thing to note was the post-cycled impedances, which decreased by a factor
of ten relative to the impedances measured before cycling at 0.5 mA/cm2 as indicated in Figure
6-18d. The strong decrease of the semicircles in Figure 6-18d was more likely associated with
dynamic changes of the passive layer at the lithium/polymer electrolyte interface upon
galvanostatic cycling [131]. A plausible hypothesis might be that when a high current density was
applied across a film, a passive layer formed at the Li/electrolyte interface that was less resistive
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Figure 6-18: Polarization results of the SPE films with (a) and without (b) HNTs cycled at 0.5 mA/cm2
at 60°C. The impedance data after certain periods of time are recorded in (c). (d) shows a zoom-in
view of the impedance measured in (c) after 80 hours of cycles at 0.5 mA/cm2.

than the layer formed during cycling at a low current-density. The formation of such layers is an
area where additional fundamental work is needed. In particular, in situ monitoring of interfacial
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resistances and properties during galvanostatic cycling may be a valuable complement to
postmortem analysis of the SPE films.
Up to this point, we have learned some interesting facts about cycling SPE films containing
HNT. First, the combined effects of HNTs and cell conditioning improved the electrochemical
stability of the SPE films during cycling at 0.1 mA/cm2 and 60°C. Sond, as the current density
increased, both the HNT-free and HNT-SPE films appeared to show unstable voltage behavior for
a while, but the resulting impedances did not indicate shorting in the cell. We did, however,
observe a significant decrease in the impedance. Since high current-density cycling was able to
decrease the interfacial resistance by a factor of ten, would it not be more effective to cycle the
SPE films directly at high current without low current-density conditioning?

The Impact of Conditioning on the Interfacial Resistance
In order to test whether the low current-density conditioning step was important, a separate
experiment was designed. Several Li/HNT-SPE/Li symmetric cells were fabricated. All the
symmetric cells were heat treated at 60°C for one hour prior to subsequent testing. Two cells were
not treated with the conditioning step (labeled as cell 1) and others experienced the 36 hours of
conditioning at 0.03 mA/cm2 and 60°C (labeled as cell 2). The symmetric cells were then cycled
galvanostatically at 0.5 mA/cm2 and 60°C for 24 hours. The impedance of the cells after heat
treatment, after 12 hours cycling, and after 24 hours cycling were recorded. Figure 6-19 displays
both the cycling and EIS results. The cycling performance shown in Figure 6-19a and b was
consistent with the results from Figure 6-18, where the fluctuations of the overpotential were
observed during the first 12 hours. No substantial voltage/overpotential was observed for cell 1
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after 6 cycles, and the corresponding EIS data showed a strange-looking circle on a Nyquist plot.
Cell 2 could be cycled for up to 24 hours and the impedances data showed semi-circles after heat
treatment, after 12 hours of cycling, and after 24 hours of cycling as provided in Figure 6-19c, d.
In Figure 6-19c, the collected EIS data of cell 1 after 24 hours became a straight line on
the imaginary axis of the Nyquist plot. Such a phenomenon typically means that a very high
capacitive impedance is found on a metal covered with an undamaged coating [132]. The intercept
of the line with the real axis in a Nyquist plot gives an estimate of the electrolyte resistance. In our
case, it would refer to a thick passive layer that was formed at the Li/electrolyte interface. If the
capacitive impedance is considerably large, the cell will not get charged to a noticeable voltage in
a given finite time, identical to a short (or zero voltage regardless of a finite current). This
elucidates why the cycling performance in Figure 6-19b dropped to zero and the straight line
appeared around the imaginary axis of the Nyquist plot in Figure 6-19c. The strange-looking circle
on the Nyquist plot in Figure 6-19c might be an indication of the growing capacitive impedance.
Another similar cell that was not conditioned at a low current-density prior to being cycled at 0.5
mA/cm2 also exhibited similar cycling performance and a similar EIS spectra.
On the other hand, cell 2 continued to be cycled for another 12 hours and the EIS data
shown in Figure 6-19d indicated that the resistances decreased significantly as the cycling
continued, from 100 Ω to 5 Ω. The results from Figure 6-19 strongly suggest that the low current
density conditioning was a necessary step for stabilizing the cycling performance, especially when
the film had to experience subsequent high current-density cycling.
An interesting finding was also observed in Figure 6-19d. The conditioned Li/HNTSPE./Li cell after being cycled under 0.03 mA/cm2 and 0.5 mA/cm2 at 60°C (denoted as cell 2)
was quenched down to 25°C. The impedance of this particular cell was measured every 20 minutes
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Figure 6-19: Polarization results of HNT-SPE films without (a) and with (b) the conditioning at 0.03
mA/cm2 at 60°C prior to being cycled at 0.5 mA/cm2. The impedance data after heat treatment, and
after 12 hours and 24 hours of the high current density cycling at 60°C are recorded in (c). (d) show
a zoom-in view of the impedance data measured in (c) after 12 hours and 24 hours. The impedance
data of the conditioned cell 2 after cooling to 25°C were also recorded after 20 minutes, 40 minutes,
and 60 minutes.

after quenching as indicated in Figure 6-19d. Compared to the impedance data measured at 60°C
after 12 hours and 24 hours of cycling, the impedance data of this cell after quenching shifted to
the right on a Nyquist plot, suggesting that the ohmic and interfacial resistances increased after
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quenching. However, in Figure 6-19d, the radii of the semi-circles measured at 25°C became
smaller than the semi-circles measured at 60°C, which was an indication of reduced charge-transfer
resistance. This discovery of low interfacial impedances found in a conditioned Li/HNT-SPE/Li
symmetric cell measured at 25°C was very exciting and room-temperature cycling should be
possible. An investigation continues in the next section.

Room Temperature Cycling Performance
In Figure 6-19d, a conditioned Li/HNT-SPE/Li cell was found to have a relatively low
impedance. In order to show the potential use of HNT-SPE films at room temperature, additional
cycling experiments were performed. Each cycle included two hours of charging, followed by two
hours of discharging at 0.5 mA/cm2 and 25°C. Several other Li/SPE/Li cells with and without
HNTs were also cycled at the same current density at 25°C in order to show reproducibility. All
cells were conditioned at 0.03 mA/cm2 for 36 hours, followed by application of a current of 0.5
mA/cm2 for 12 hours at 60°C. Before cycling, impedances were measured at 25°C as shown
inFigure 6-20a. According to the EIS data shown in Figure 6-20a, there was a significant difference
in the impedance data between the HNT-SPE and HNT-free SPE films after being quenched to
25°C. HNTs appeared to help decrease the interfacial resistance by a factor of five relative to the
resistance of the HNT-free film. Such a great reduction of resistances suggests that HNTs did make
a significant impact on the interfacial properties.
Next, the quesection of interest was whether quenching the SPE films that only had 36
hours of cycling at 0.03 mA/cm2 and 60°C would still show low impedances at 25°C. Cells with
and without the HNTs were first conditioned at 60°C and then were quenched down to 25°C. The
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Figure 6-20: (a) EIS data of the conditioned SPE films before cycling at 25°C. Both cells experienced
36 hours of conditioning at 0.03 mA/cm2 and then 12 hours of cycling at 0.5 mA/cm2 60°C. (b) EIS
data of the SPE films after 36 hours of conditioning at 0.03 mA/cm2 and 60°C and quenched to 25°C.
Both cells did not experience 12 hours of cycling at 0.5 mA/cm2 and 60°C.

EIS data for these cells are displayed in Figure 6-20b. The measured impedances were much
greater than those cells that underwent high current-density cycling at 60°C (Figure 6-20a). The
charge-transfer and interfacial resistances changed from 10Ω to 1,200Ω for the HNT-SPE film and
from 40Ω to 2,600Ω for the HNT-free SPE film. The EIS data shown in Figure 6-20 reveal two
facts: (1) cycling the SPE films at 0.5 mA/cm2 and 60°C was a key to reducing the impedance,
even after being quenched to room temperature, and (2) HNTs did decrease the charge-transfer
and interfacial resistances of SPE films.
Since the SPE films exhibited low impedances at room temperature after being cycled at
0.03 mA/cm2, followed by 0.5 mA/cm2 at 60°C, cycling the films at 0.5 mA/cm2 and room
temperature is expected to help evaluate the practical use of HNT-SPE films. Li/SPE/Li cells with
and without HNTs were cycled for 80 hours of two-hour charging and a subsequent two-hour
discharging at 0.5 mA/cm2 and 25°C. The cycling results are shown in Figure 6-21. In Figure 6-21a,
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the cycling performance indicated a stable voltage profile and the overpotential of the HNT-SPE
film stayed around 8 mV. Based on the EIS data from Figure 6-20a, the calculated overpotential
was 9 mV, which was consistent with the reported value in Figure 6-21a. In Figure 6-21b, the
HNT-free SPE film had an initial potential jump to 0.2 V, which was likely due to interruption of
the passive layer as described previously, and then the potential dropped down to 30 mV until the
end of the polarization period. The calculated overpotential was about 35 mV from the EIS data,
consistent with the experimental value in Figure 6-21b. The reduced overpotential in the HNTSPE film was consistent with previous results.

Figure 6-21: Polarization results of SPE films with (b) and without (c) HNTs that were cycled at 0.5
mA/cm2 and 25°C for 80 hours.
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Impedances of the cells after cycling were also measured. Cells were relaxed for several
hours prior to the EIS measurement. The impedance data are displayed in Figure 6-22. In Figure
6-22a, impedance data of the HNT-SPE film before and after being cycled were compared. The
post-cycled data showed a shifted semi-circle, indicating an increased total resistance from about
10 Ω to 80 Ω. In Figure 6-22b, the HNT-free SPE film had a much greater impedance after 80
hours of cycling. The charge-transfer and interfacial resistances changed from 40 Ω to about 2,300
Ω. Such a behavior was most likely due to a change at the interface during the relaxation period.
The results suggest that HNTs did stabilize interfacial resistances and mitigate interfacial changes
during relaxation. In addition, we learn that not only the improved ionic conductivity but also the
decreased interfacial resistance is of paramount significance for SPE films to operate at ambient
temperatures.

Figure 6-22: (a) EIS data of the HNT-SPE film before and after cycled at 25°C. (b) EIS data of the
SPE film before and after cycled at 25°C. The EIS data of the SPE films before cycled were already
reported in Figure 6-23a.
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Conclusion
The physical properties of HNT-containing solid polymer electrolyte films were
characterized using XRD, optical microscopy, SEM, and EDS mapping techniques. The impact of
the processing steps, heat treatment prior to measurements, and a polymer stabilizer (BHT) on the
ionic conductivity and crystallinity were investigated. The results revealed that ball milling was a
more effective than mechanical stirring for incorporation of HNTs into the PEO matrix. HNT
addition increased the ionic conductivity and enhanced other properties due to the reduction of the
crystallinity of the PEO. Microscopic characterization indicated that HNT dispersion determined
not only the morphology and crystal structure, but also the improved ionic conductivity, diffusivity,
and the apparent transference number of the HNT-SPE films. Heat treatment at 60°C appeared to
create more amorphous phases in the HNT/PEO/LiTSFI matrix. Also, quenching the SPE films
after heat treatment helped the polymer to maintain the amorphous phases when operating at room
temperature. The influence of the processing steps—ultrasonication, mechanical stirring, and ball
milling— was reflected on the improved ionic conductivity and reduced crystallinity of the HNTSPE films. In addition to the ionic conductivity, other transport properties, such as transference
numbers and diffusion coefficients of Li-ion in the SPE films with various salt concentrations and
HNT%, were determined. The transference number and diffusion coefficient were enhanced by at
least a factor of two with the addition of HNTs. Lithium stripping-plating tests were carried out to
assess the practical use of HNT-SPE films for commercial Li-ion batteries. The 10%HNT-SPE
films with a molar ratio of EO:Li = 15:1 were tested. The cycling and EIS spectra results
demonstrated that the combination of low current-density conditioning and the presence of HNTs
impacted the interfacial resistances and stabilized cycling at 60°C. An interesting finding in this
study was that the interfacial resistances were decreased by a factor of ten after a duration of 24
137

hours cycling at 0.5 mA/cm2 and 60°C. Such impedances were found to stay even at room
temperature. SPE films that experienced 36 hours of a low current density (0.03 mA/cm2)
conditioning followed by 12 hours of high current-density (0.5 mA/cm2) cycling showed the ability
to be cycled at room temperature at 0.5 mA/cm2 for up to 80 hours. The addition of HNTs helped
decrease the interfacial resistance not only at elevated temperatures but also at ambient
temperatures. These findings were very encouraging and showed a potential usage of HNT-SPE
films for high current densities at ambient temperatures.
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7

CONCLUSIONS AND FUTURE WORK

Encapsulated Si-VACNT Electrodes
Extended from my thesis work [89], several topics were studied including (1) assessment of
the carbon encapsulation layer, (2) the impact of FEC on SEI formation and cycling performance,
and (3) different methods to reinforce the electrode stability. A comparison of encapsulated and
unencapsulated electrodes revealed significant differences in the morphology and composition of
the electrodes due to encapsulation. Capacitance data also supported that the encapsulation layer
was able to prevent penetration of the liquid electrolyte. Although the encapsulation layer reduced
SEI formation on the Si-VACNTs, cycling performance was similar between the unencapsulated
and encapsulated electrodes, suggesting that SEI formation was not the primary cause for capacity
decay. Moreover, cycled FEC-containing electrodes were characterized by SEM and the results
indicated that FEC did reduce unstable SEI formation on Si-VACANTs (see Figure 4-7). Cycling
data for encapsulated electrodes showed stable cycling at ~2,000 mAh/g for up to 20 cycles prior
to depletion of FEC. However, cycling results for an FEC-containing/heavily loaded electrode still
showed capacity degradation. SEM characterization revealed that electrode degradation due to
irreversible and cumulative volume changes was problematic, even with the presence of the carbon
encapsulation layer. Different materials (i.e. Al2O3, Si3N4) were deposited on top of the carbon
encapsulation to resolve the issue caused by silicon expansion. In the carbon encapsulated Si139

VACNTs, electrode disintegration was observed when the silicon volume fraction was above 8%.
Si3N4 appeared to provide a more rigid mechanical support but a thinner layer (i.e. < 500 nm) of
Si3N4 should be used in order to reduce the film resistance for practical cycling.
The use of an encapsulation layer not only prevented SEI formation on Si-VACNTs but
also provided a platform to study Li transport. The presence of the carbon encapsulation layer
allowed us to decouple the charge-transfer reaction and the lithiation process in the Si-VACNT
electrodes. Experiments were performed to help understand the factors that govern lithium
transport in the absence of electrolyte. Two designated experiments were carried out to determine
whether the tube height was a limiting factor for Li transport. Li diffusion into the silicon was
studied by use of the analytical solutions and the transient data (involving pulse and relaxation
steps). Two significant contributions in this silicon anode study were: (1) Diffusion along the tube
was shown to be a fast process and electrode height did not prevent Li atoms from traversing along
the Si-VACNTs. (2) Bulk diffusion into a few ten nanometers thick of silicon layer was a slow
process. Simulated results using the reported diffusivity from the literature (D~10-13 cm2/s) were
not consistent with the experimental data. Hence, the observed behavior indicated that the
diffusivity values were significantly lower than expected. The impact of diffusion-induced stress
may play a significant role in the diffusion of Li into a thin, amorphous silicon layer.

Solid-Polymer Electrolytes
A systematic study of the role of HNT in solid polymer electrolytes was established. The
relationship between the crystallinity, physical, and electrochemical properties were analyzed.
Characterization of HNT-containing solid polymer electrolytes was performed using XRD, SEM,
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EDS, and a transmitting-light optical microscope. The addition of HNTs into PEO increased the
ionic conductivity owing to the reduction in crystalline phases in the SPE films. HNTs altered the
morphology as well as the microstructure of PEO films. The results are consistent with the
literature that amorphous SPE films had improved ionic conductivity. However, regarding the SPE
processing steps, mechanical stirring alone was not adequate to incorporate HNTs into the PEO
matrix. Ball milling was an essential step to improve HNT dispersion in the PEO matrix.
Spherulitic structures showed a discrepancy between the mechanically stirred HNT-SPE films and
the ball-milled films. EDS mapping analysis revealed that ball milling was a more effective way
to disperse HNTs than mechanical stirring. The results also implied that the enhanced properties
of HNT-SPE films were strongly associated with HNT dispersion in the polymeric matrix.
Furthermore, heat treatment was another necessary step to maximize the amorphous
fraction of the SPE. No spherulites were found on the films heat-treated at 60°C for one hour prior
to any measurement. HNTs were also proven to influence the SPE properties during heat treatment.
The understanding of morphological changes and ionic conductivity results further confirmed the
strong correlation between the crystallinity and physical properties. Besides the ionic conductivity,
other transport properties, such as the apparent transference numbers and salt diffusion coefficients
of SPE films were also determined at various salt concentration and HNT%. Transference numbers
and salt diffusion coefficients were improved by increasing HNT% at ambient temperatures.
Transference numbers were not temperature sensitive but were mostly impacted by Li salt
concentrations and the addition of HNTs. The apparent transference number was improved by a
factor of two at room temperature with an addition of HNTs, suggesting the salt diffusion
coefficients were increased by an order of magnitude relative to LiTFSI/PEO films when HNTs
were present at elevated temperatures. The enhanced diffusion coefficient was mainly due to the
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addition of HNTs. The increased salt diffusivity by the use of HNTs improved the Li ion movement
in the polymer films and, thus, will have a potential application for manufactured batteries.
Lithium stripping and plating tests were carried out to assess the potential use of the HNTSPE films for commercial Li batteries. The HNT-SPE films at a molar ratio of EO:Li = 15:1 and
10% HNT by weight were used for the Li/SPE/Li test, due to their improved ionic conductivity. A
conditioning procedure was introduced, which consisted of a one-hour charge and one-hour
discharge at 0.03 mA/cm2 and 60°C repeated for 36 hours. The conditioning procedure was found
to be important, because it established the cycling stability. Specifically, HNT-SPE films that were
conditioned were able to sustain higher current densities. Without the conditioning procedure,
HNT-SPE films were prone to be electrically shorted. During conditioning, the impedance values
for HNT-SPE films were about three times less than those of HNT-free SPE films. However, even
with the employment of the conditioning procedure, HNT-free SPE films did not show a stable
cycling at 0.1 mA/cm2 and 60°C when compared to the HNT-SPE films. Moreover, when cycled
at 0.5 mA/cm2, both HNT-free and HNT-SPE films showed unstable voltage changes for the first
36 hours, after which the overpotential became steady. The HNT-free SPE films had greater
overpotentials than the HNT-SPE films due to the higher resistances. EIS data indicated that the
unsteady overpotential was not caused by short-circuits. The unsteady voltage changes were most
likely by the disruption of the passive layer at the electrolyte/electrode interface. The cycling
results implied that HTNs did help reduce the interfacial resistance.
Another interesting point was that the SPE films that experienced high-current density (0.5
mA/cm2) cycling at 60°C were able to be cycled at 25°C. The total resistances measured at 60°C
were kept even after quenching down to 25°C, allowing the SPE films to perform steadily at room
temperature. However, the post-cycled impedance of the HNT-free films became extremely huge,
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~2,000 Ω, after a few hours of rest at room temperature; while the post-cycled impedance of the
HNT-SPE films still remained low. The finding in the reduced resistance for the cycled HNT-SPE
film is very exciting and important for the practical usage of SPE at ambient temperatures. Overall,
HNTs are prominent nano-fillers for not only enhancing transport properties of SPE but also
mitigating the interfacial resistance between a Li metal and the SPE film.

Future Work

7.3.1

Silicon Anode
Silicon is a promising anode material due to its high specific capacity and abundance in

nature. However, the severe volume changes of silicon should be better accommodated. Ideas like
(1) constructing different geometries of Si anodes using the micro-fabrication process with the
combination of the encapsulation technique, (2) filling the void space with solid polymer
electrolyte (see Figure 7-1) to mitigate SEI formation and to reduce the volume changes, and (3)
developing a more sophisticated model to account for limiting factors other than diffusion are
worth trying. First, the micro-fabrication process developed by Dr. Davis’ group provides a way
to design an electrode geometry that can be used for accommodating silicon volume changes. The
addition of an encapsulation layer on the silicon electrodes can help reinforce the structural
integrity. Besides, the hierarchical structure of VACNTs can be implemented with different
electrode materials, such as Sn and S, for high energy density batteries. Second, the combination
of SPEs and Si-VACNT can be used for eliminating SEI formation since there are no organic
solvents in SPEs. The details of the SPE/Si-VACNT electrodes will be discussed further in Section
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7.3.2. Last, given the complexity of Li transport, there is a need to develop a systematic model to
describe the stress-related limitations and other possible limiting processes in the silicon in order
to accurately predict the experimentally observed behavior.

Figure 7-1: A schematic of the combination of SPE and Si-VACNTs.

7.3.2

HNT-SPE Films
There are several opportunities for future work associated with HNT-SPE films. The

opportunities include: (1) analyzing what caused the HNT-SPE films to have low impedances at
room temperature after being cycled at a high current density at 60°C, (2) combining the HNTSPE films with electrode materials other than Li metal, and (3) cycling the SPE with electrodes at
room temperature for potential high energy density batteries. First, it will require a careful analysis
on the post-cycled SPE films to determine what really caused the low impedance after being cycled
at 0.5 mA/cm2 and 60°C. Freeze fracturing of the post-cycled SPE films could be a possible
approach. Another alternative is to dissolve the SPE and examine the morphology of the Li metal;
but, doing so may possibly destroy the passive layer. Secondly, applying the HNT-SPE to different
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electrode chemistries, such as LiCoO2 or LiFePO4, or even Si-VACNTs, has the potential to
improve the cell performance. For example, the combination of HNT-SPE and Si-VACNTs may
have the potential to eliminate the SEI formation and possibly accommodate volume changes to
avoid electrode degradation. However, the contact between the solid polymer electrolyte and the
Si-VACNTs will be an issue if the solid polymer electrolyte only accesses portions of the electrode.
A different electrolyte preparation method may be required. For example, the solid polymer
electrolyte solution will need to be cast directly onto the Si-VACNT electrode in order to fill the
void space. Last, since we have demonstrated that HNT-SPE films can be cycled steadily at room
temperature without shorting, room temperature cycling with potential for high energy density
batteries could be a great contribution for future battery technology.
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APPENDIX A. COMPUTATIONAL CODES

Constant flux F0 at the surface (cylindrical coordinate)
import matplotlib.pyplot as plt
import numpy as np
import scipy.special as sp
Rg = 8.314

# universal gas constant, unit: J/mol/K

T = 300

# room temperature, unit: Kelvin

cmax = 3.125*10**5

# maximum concentration of Li in Si, mol/m^3

a = 20*10**-9

# tube radius, unit: m

Npt = 1000
D = 1*10**-16

# diffusion coefficient, m^2/s

F = 96485

# Faraday constant

ks = 1*10**(-13)

# surface diffusion coefficient related to surface resistance

C0 = 0

# initial concentration

i = 0.0001

# applied current, unit: Ampere

ISA = 1836

# total surface area, unit: cm^2

F0 = -i/F/(ISA/10**4)

# Li molar flux at the surface, unit: mol/m2/s

x = np.linspace(0,a,Npt)
roots = sp.jn_zeros(1,50)

# roots from Bessel function of the first kind

def C_C0(r,t,F0):
ans = 0.0
for ii in range(0,50,1):
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ans += np.exp(D*roots[ii]**2*t/a**2)*sp.j0(r*roots[ii]/a)/(roots[ii]**2)/sp.j0(roots[ii])
return(-F0*a/D*((2*D*t/a**2)+(r**2/2/a**2)-1/4-2*ans)+C0)
plt.figure(1)
plt.plot(x/a,C_C0(x,100,F0),label='100 s')
plt.plot(x/a,C_C0(x,1800,F0),label='30 min')
plt.plot(x/a,C_C0(x,3600,F0),label='1 hour')
plt.plot(x/a,C_C0(x,18000,F0),label='5 hours')
plt.plot(x/a,C_C0(x,36000,F0),label='10 hours')
plt.xlabel('r/a')
plt.ylabel('Concentration, mol/m^3')
plt.hold(True)
plt.legend(bbox_to_anchor=(1.05, 1), loc=2, borderaxespad=0.)

Impermeable surface
yy = C_C0(a,t55,F0,D1)
roots2 = sp.jn_zeros(1,Npt)/a #roots from Bessel function of the first kind
spln = interp1d(x,yy, kind='cubic')
def f1(x):

# define the first integrant

return(x*spln(x))
def f2(x,i): # define the sond integrant
return(f1(x)*sp.j0(roots2[i]*x))
def crelax(r,tr):
ans = 0.0
for j in range(0,50):
ans += np.exp(-D1*roots2[j]**2*tr)*sp.j0(r*roots2[j])/(sp.j0(a*roots2[j]))**2*(
integrate.quad(f2,0,a,args=j)[0])
return(2./a**2*(integrate.quad(f1,0,a)[0]+ans))
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plt.figure(2)
plt.plot(x/a, crelax(x,t1)[-1]-crelax(x,t1),label='5 s')
plt.plot(x/a, crelax(x,t2)[-1]-crelax(x,t2),label='1 min')
plt.plot(x/a, crelax(x,t3)[-1]-crelax(x,t3),label='5 min')
plt.plot(x/a, crelax(x,t4)[-1]-crelax(x,t4),label='10 min')
plt.plot(x/a, crelax(x,t5)[-1]-crelax(x,t5),label='20 min')
plt.hold(True)
plt.xlabel('x/a')
plt.ylabel('C-C0, mol/m^3')
plt.legend()
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APPENDIX B. REGRESSION RESULTS FOR ESTIMATING TUBE RADIUS

Figure B- 1: Excel spredsheet containing the fitting of the silicon tube radius and the resulting surface
area.
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APPENDIX C. CYCLING PROCEDURES

SPE Conditioning
Step
1

Type
Rest

2

Do1

3

Advance C

4

Charge

End Type Op
Step Time =

Value
00:00:30

Goto
002

Report TypValue
Step Time 00:00:10

Options
ANNN

5.7E-5

Step Time =
>=
Voltage

01:00:00
4.8

005
006

Step Time 00:01:00

ANNN

5.7E-5

Step Time =
<=
Voltage

01:00:00
-4.8

006
006

Step Time 00:01:00

ANNN

Loop Coun =

18

007

Mode

Value

Current

5

Discharge Current

6

Loop1

7

End

Limit

Value

Figure C- 1: Cycling procedure of 36 hours conditioning.
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SPE cycling at 0.5 mA/cm2
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Figure C- 2: Cycling procedure of 36 hours charge/discharge at 0.5 mA/cm2.
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