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SUMMARY

High performance is a major concern for the practical employment of advanced batteries
including high energy/power densities associated with smart Internet of Things (IoTs)
devices and electric vehicles (EVs). Previous studies provide critical clues for battery
electrodes having superior performance. That is the electron and ion transporting behaviors
that primarily determine the battery performance. Enhancing the electron/ion transport may
result from the perspectives of rational consideration of materials and their systematic,
structural design. In this research, systematic approaches to Li-ion battery electrodes
considering both factors—electron and ion transport-that enable high electrochemical
performance are described. In addition, conjugated polymers were studied as an effective
polymeric binder or an electrical linker that facilitates the creation of electronic conduction
pathways, coupled with carbonaceous conducting materials such as carbon blacks and

carbon nanotube (CNT) networks.

This research comprises four parts: oleic acid capped Fe3Os4 and P3HT-based
electrodes (Study 1), PEG-coated Fe3O4 and water-soluble carboxylate polythiophene-
based electrodes (Study 2), CNT web electrodes with carboxylated polythiophene (PPBT)
‘assist’ (Study 3), and SWNT-anchored high-capacity electroactive materials with PPBT

‘links’ (Study 4).

The background research, Study 1, pertaining to the use of the semiconducting
polymer, poly(3-hexylthiophene) (P3HT) in Fe;Os-based electrodes to enhance electrode
electrical properties, provided fundamental insights into a battery electrode. The results

pointed to the necessity that electron transfer as well as ion transport must be considered
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in the design of a composite electrode. Study 2 includes methodical consideration for both
ion and electron transport by introducing water-soluble, carboxylate polythiophene binder,
poly[3-(potassium-4-butanoate) thiophene] (PPBT), and facile polyethylene glycol (PEG)
surface treatment. The enhanced performance could prove decisive in consideration of both
factors for the electrode design. Study 3 more focuses on the electrode structure design
associated with CNT web frame linked by the carboxylated polythiophene (PPBT), which
can afford the fast electron and ion transport during electrochemical testing. This study
results demonstrated benefits derived from the rational consideration of electron/ion
transport coupled with the surface chemistry of the electrode materials components. Finally,
Study 4 explores the material surface design with respect to high-capacity electroactive
particles with SWNT electrical networks anchored/connected by carboxylated
polythiophene (PPBT) links. This architecture facilitated the effective capture of
cracked/pulverized particles derived from their extensive volume change that occurs during
repeated charging-discharging process, consequently, leading to excellent electrochemical

performance.
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CHAPTER 1. INTRODUCTION

1.1 General understanding of lithium-ion (Li-ion) batteries'”’

An electrochemical cell including Li-ion batteries interfaces the external world
through two metallic posts: one contacts a negative electrode (the anode) and the other a
positive electrode (the cathode). During cell discharge, electrons pass from the anode to
the cathode through an external load of resistance and ions flow inside the cell to convert
chemical energy into electrical energy. The electronic current delivered by the cell to the
external circuit is matched by the ionic current within the cell. During cell charge,
electronic current is forced in the opposite direction by an externally applied voltage to
convert electrical energy back into chemical energy. The ionic current within an
electrochemical cell is carried between the electrodes by an electrolyte, which is ideally an
electronic insulator and a good conductor of the working ion of the cell. If a liquid
electrolyte is used, a separator is also needed to maintain an even spacing between
electrodes while blocking electronic current and passing the ionic current. Common
separators are porous electronic insulators permeated by a single liquid electrolyte. The
chemical at the anode that is consumed on discharge or produced on charge is the reductant
of the chemical reaction; the chemical consumed on discharge or produced on charge at
the cathode is the oxidant. The reductant and the oxidant are the two reactants of the cell;
the energy of their reaction divided by the electronic charge passed in the reaction gives
the maximum discharge voltage available between the positive and negative posts of the

cells; it is the minimum voltage required to charge the cell. Therefore, the electrochemical



cells including Li-ion batteries obtain the electrical energy using voltage difference

between anode and cathode.

1.1.1 Li-ion Batteries

discharge
e et
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cathode Li* conducting anode
(LiCoO,) electrolyte (graphite)

Figure 1.1. Schematic diagram of a Li-ion cell. During charging, lithium ions flow to the
negative electrode through the electrolyte and electrons flow from the external circuit. During
discharge the directions are reversed, generating useful power to be consumed by the device.?
Published by The Royal Society of Chemistry.

Li-ion batteries use a solid reductant as the anode and a solid oxidant as the cathode.
On discharge, the anode supplies Li" ions to the Li" ion electrolyte and electrons to the
external circuit; the cathode is an electronically conducting host into which Li" ions are
inserted from the electrolyte as guest species and charge-compensated by electrons from
the external circuit. The chemical reactions at the anode and cathode of a lithium secondary
battery must be reversible; on charge, removal of electrons from the cathode by an external
field releases Li" ions back to the electrolyte to restore the parent host structure and the

addition of electrons to the anode by the external field attracts charge-compensating Li*



ions back into the anode to restore it to its original composition. Simply to explain, Li-ion
batteries are charged and discharged through the transport of Li” ions between anode and
cathode, with electron exchange as a result of Li" insertion and extraction. Typically, both
anode and cathode materials are layered compounds, as a result, the battery reaction is very

simple because only Li" ions participate in the charge/discharge reactions.

Specifically, Figure 1.1 shows a representative example of the battery system
comprising a graphite (C) anode and LiCoO> cathode where porous polymer film (i.e.,
separator) separate them to avoid an internal short circuit, contained in a non-aqueous
liquid electrolyte, typically LiPFs salt in an carbonate-based organic solvent. The electrode
reactions during discharge can be written

Anode: LiyCe(s) — xLi"(soln) + 6C(s) + xe~

Cathode: Li;—+CoOx(s) + xLi'(soln) + xe~ — LiCoOx(s)
During charging, a voltage applied across the electrodes forces lithium ions to be extracted from
the layered LiCoO: crystal. These diffuse through the electrolyte, and are intercalated between
the graphite sheets in the anode material. During discharge, Li" ions return to the cathode via the
electronically insulating electrolyte, with electrons passing around the external circuit providing

useful power for the device.
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Figure 1.2. Galvanostatic charge-discharge voltage profiles of (a) a graphite anode, (b)
LiCoO; cathode, and (c) full cell* comprising the graphite anode and LiCoO> cathode.



When these electrochemical reactions occur, the anode and cathode show different
electrochemical behaviors: during discharging, in each half-cell using a Li metal counter
electrode vs anode (or cathode) as a working electrode, the voltage of anode tends to elevate
(Figure 1.2a) and that of cathode reduces (Figure 1.2b) by following their intrinsic voltage
pathways. As a result, the full cell consisting of the graphite anode and LiCoO; cathode exhibits
the decreased voltage profile which results from voltage difference between the cathode and the
anode (Figure 1.2¢), leading to the generation of electrical energy to operate electronic devices.

Charge process occurs vice versa.

1.1.2  Battery Configuration
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Figure 1.3. Schematic illustration of various Li-ion battery configurations: (a) Cylindrical
cell, (b) prismatic cell, (c) coin cell, (d) thin and flat cell (or pouch cell).” Adapted by
permission from Springer Nature: Nature ref.5 Copyright 2001.



Li-ion batteries can be typically divided into four types of configurations:
Cylindrical-, prismatic-, coin-, and thin/flat (or pouch)-cell (Figure 1.3). Despite their
various configurations, the battery basically consists of an anode, cathode, separator,
electrolyte, and packaging unit. As shown in Figure 1.4, the electrode such as the anode
and cathode comprises electroactive material (e.g. graphite, Si, Fe3O4 for anode; LiCoO»,
LiFePOs4 for cathode), conductive agent (e.g. carbon black, carbon nanotube), polymeric
binder (e.g. polyvinylidene fluoride (PVdF), carboxymethyl cellulose (CMC), poly(acrylic
acid) (PAA)), and metallic current collector (Cu foil for anode; Al foil for cathode). Thus,
regardless of the battery configurations, the research focusing on battery electrodes is likely
to be the first step toward developing practical, high-performance, high-capacity battery

electrode systems.
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Figure 1.4. Schematic illustration of battery electrodes.®

In this thesis, we mainly used a coin-type half-cell to evaluate battery electrode
performance because of its simplicity and convenience (particularly, in Chapter 5, a pouch-
type full-cell was fabricated to demonstrate a commercial viability of our

concepts/approaches introduced in the dissertation). The specific component of coin-type



half-cell is presented in Figure 1.5. A Li metal was used as a counter/reference electrode
and placed in the anode position of the coin-type full-cell (Figure 1.3c), while an electrode
of interest (e.g. anode or cathode) was a working electrode and placed in the anode position

of the coin-type full-cell.
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Figure 1.5. Coin cell assembly of the electrode half-cells.’

1.2 Research Motivation

High performance has been a challenge for high energy Li-ion batteries which
enable a transition of our imaginations into reality such as smart IT devices, electrical
vehicles (EVs), and even flexible/wearable electronics.®® The high energy/power density
serves as a driving force for intensive research related to high capacity anode materials.
The main obstacles which retard the practical employment of high-capacity
electrochemically active particles including Si, Sn, metal oxide and their derivatives, stem
from large volume changes associated with Li insertion/extraction and the resultant
electrical contact loss, thereby leading to poor cycling performance.'%!* Efforts have been

made to circumvent the breakdown of their electron pathways through the introduction of



12-18

electrically conducting functionalities such as carbon coatings and conductive

11,19,20

polymeric binders onto the surface of the active materials; or the fabrication of stable

battery anodes using an electrically inactive polymeric binder that facilitates retention of

electrode integrity.?!~>*

In addition, flexible batteries require the flexible constituents to keep their integrity
during mechanical stress.>> ?® In general, flexible components in the electrode primarily
comprise polymeric materials being an electric insulator, deteriorating battery performance
in a high rate testing condition due to its increased resistance. To enhance the
electrochemical behavior with flexibility, research associated with flexible frame/structure
in combination with electrically conductive materials has been investigated: cellulose
matrix incorporated with carbon nanotubes (CNTs),?’? three-dimensional interconnected

3031 and CNT/conductive polymer composites.” Their resultant high

graphene networks,
performance is attributed to the fast electron conduction from the carbon material
connectivity and the facile ion accessibility through high porous framework. Therefore,
that indicates high performance of Li-ion batteries, including high capacity or/and

flexibility, would be closely connected to ion and electron transport in their electrode

environment.

A standard preparation procedure of Li-ion battery electrode is followed:
electroactive powders are mixed with carbon additives and a polymeric binder dissolved
in a solvent, and then the as-produced slurry is coated onto the metal current collector, and
finally dried. The resultant electrode is composed of electroactive materials, conductive
agents, polymeric binder, and current collector. Among them, polymeric binder is typically

an electro-inactive insulator. To improve the battery performance, conjugated conductive



polymers appear to be one of the promising solutions to replace an electronically inactive
binder component. Additionally, they are of significance in the electronic conductivity
enhancement of active materials by forming the conductive layer onto their surface.
Apparently, these efforts are quite effective in the battery performance. The important part

overlooked, however, is ion conduction within the porous entity of a composite electrode.

In principle, the electrochemical reactions that occur in the electrode when a Li*
ion encounters an electron inside an active site reveal its intrinsic energy capacity.® Both
electron and ion transport are critical factors that determine the battery performance.
Despite their importance, research that considers both factors is rarely reported. Our recent
studies (Chapter 2) pertaining to the use of the semiconducting polymer, poly(3-
hexylthiophene) (P3HT), in conjunction with Fe3O4-based electrodes to enhance electrode
electrical performance, pointed to the necessity that not only electron transfer, but

significantly, ion transport must be considered in the design of a composite electrode.>?

There would be a trade-off: ion transfer generally occurs in the open structure such
as pores which allow penetration, whereas electron movement prefers a closely packed
structure to maintain the connection of electrode materials. That is, ion transport is
associated with the formation of electrode pore structure, while electron conduction is
mainly affected by materials’ connectivity. Therefore, understanding both factors from the
perspective of materials and electrode structures is necessary. This thesis seeks to explore
how methodical and structural consideration for both ion and electron transport can
contribute to high battery performance, enabling the realization of high capacity and further

flexible batteries.



1.3 Thesis Overview

This thesis describes systematic approaches to Li-ion battery electrodes enabling
high electrochemical performance through adopting conjugated polymers as a conductive
binder or an electrical linker, based on materials’ surface chemistries. In the beginning
research (Chapter 2), simple but crucial fundamental criteria have been found while
investigating the basic, electrochemical characteristics of the representative conjugated
polymer, poly(3-hexylthiophene) (P3HT): both electron and ion transport are critical
factors that determine the internal resistance of electrodes, which is the primary influence
on electrochemical performance. Two factors must be all considered in the design of a
composite electrode. Based on this idea, conjugated polymer electrodes were studied by
introducing a water-soluble, carboxylate substituted polythiophene (i.e., poly[3-
(potassium-4-butanoate) thiophene] (PPBT)). In particular, the specific molecular
interactions originating from PPBT molecular attributes having m—conjugated backbone
and carboxylate moieties substituted to its alkyl side chains, played an important role of
enhanced battery performance. Those interactions coupled with materials’ surface
chemistries led to the successful improvement of electrochemical characteristics for
following research. Chapter 3 describes the introduction of PPBT as a new polymeric
binder for the formation of a stable battery electrode associated with Fe3;O4 electroactive
particles. PPBT with relatively high electrical conductivity further underwent
electrochemical doping, which enabled the formation of effective electrical bridges
between the carbon and Fe3O4 components, allowing for more efficient electron transport.
Additionally, the PPBT carboxylic moieties afforded a porous structure, and stable

electrode performance. Chapter 4 describes the electrode design of a carbon nanotube



(CNT) web structure comprising Fe3O4 spheres (sFe304) and few-walled carbon nanotubes
(FWNTs) linked by the carboxylated conjugated polymer (PPBT). The approach
introduces monodispersed spherical Fe3O4, owing to structural advantages that lessen the
impact of volume changes and facilitate effective particle dispersion; thus supporting
uniform Li" ion diffusion during the electrochemical reaction, and a FWNT web electrode
frame that affords characteristics of long-ranged electronic pathways and porous networks.
Chapter 5 introduces the high-capacity active materials integrated with single-walled
carbon nanotube (SWNT) electrical networks that were securely anchored by PPBT links.
Given the promising results obtained from SWNT-sFe304 electrodes, the concept was also
expanded to alternate high-capacity active materials including silicon nanoparticles (Si

NPs) and carbon-coated silicon monoxide (c-SiOy).
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CHAPTER 2. OLEIC ACID CAPPED FE;04 AND P3HT-BASED

ELECTRODES

2.1 Introduction

Identification of effective strategies to reduce electrode resistance and elevate the energy
capacity of Li-ion batteries, which are commonly used in mobile devices and electric
vehicles (EVs), is of significant interest.>*? Nanomaterials are considered to be one
promising approach to achieve these goals. Specifically, the use of nanomaterials offers
the advantages associated with a short Li" diffusion path that can facilitate the charge

transfer process and enhance the utilization of active sites even at high power rates.>*3%

Despite demonstration of desirable characteristics, the anticipated benefits
associated with the use of nanometer-scale materials have yet to be fully realized, and in
some cases, composite battery electrode performance has been shown to be inferior for
nanomaterials vs their bulk couterparts.®® Aggregation and materials dispersion have been
suggested as leading factors that impact the performance of composite electrode materials.
For instance, it has been shown that more uniformly dispersed materials exhibit improved
performance attributes.**#! Specifically, nano-sized conductive additives tend to readily
agglomerate during battery electrode processing, thereby hindering homogeneous current

distribution over the electrode and negatively influencing electrochemistry.**? In fact,

Adapted with permission from “Kwon, Y. H.; Huie, M. M.; Choi, D.; Chang, M.; Mar
schilok, A. C.; Takeuchi, K. J.; Takeuchi, E. S.; Reichmanis, E. Toward Uniformly Di
spersed Battery Electrode Composite Materials: Characteristics and Performance. ACS
Appl. Mater. Interfaces 2016, 8, 3452-3463.” Copyright 2016 American Chemical
Society.
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mesoscale modeling has shown that both the size of the parent particle (crystallite) and the
size of the aggregate must be considered to accurately describe battery performance.*’
Closer inspection of electrode structure offers additional insight. Battery electrodes are
generally composite materials, wherein the active materials are mixed with conductive
additives to create an interconnected, percolated conductive network. An inactive
polymeric binder provides for structural integrity.®*® The interconnected conductive
pathways are expected to be related to particle dispersion within the polymeric medium

which may in turn impact electrochemical performance.

To realize the full potential afforded by nanomaterials, it is necessary to fabricate
and characterize composite electrodes with varying degrees of dispersion at the nano-
through mesoscales. Here, two approaches are used to gain important perspectives on the
impact of dispersity and morphology on composite electrode performance. Investigations
focus on 1) how to enhance materials dispersity in the battery electrode and ii) how

morphological differences link to their electrical properties and performance.

The high surface area and attractive forces (van der Waals) associated with
nanomaterials are known to impede their dispersion and from a thermodynamic
perspective, facilitate agglomeration. Thus, simple physical techniques such as ultra-
sonication may be insufficient to achieve stable, homogeneous nanomaterial dispersions
and chemical routes may be required.>® To date, efforts to enhance dispersivity of battery
electrode materials have been limited; however, extensive efforts associated with the

uniform dispersion of nanomaterials used in photovoltaic devices*®*

and potential
biomedical applications**~° have been reported. It has been found that the propensity of

nanoparticles such as Au, CdSe, SiO, ZnO, TiO», and Fe;O4 to agglomerate can be reduced
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by coating them with suitable capping agents.**~>*> Carbon nanomaterials, including carbon
nanotubes (CNTs) and carbon nanofibers (CNFs), can be dispersed effectively by judicious
choice of solvent, use of surfactants, surface functionalization, and/or wrapping with
conjugated polymers such as poly(9,9-dialkylfluorene) (PF) or regioregular poly(3-
alkylthiophene) (P3AT). In the latter case, interactions between the n-conjugated chains

and carbon surface, and the presence of alkyl side chains both assist effective dispersion.>*

57

Thus, to inhibit the agglomeration process and achieve stable nanomaterials
dispersions, surfactant-like moieties can be introduced onto their surface with physical or
chemical means. This same fundamental principle may also provide for improved materials
dispersion in the case of battery electrode composite materials. To evaluate the impact of
nanomaterials dispersion in electrode applications, Fe3O4 nanoparticles (8nm) capped with
oleic acid (OA-Fe304) and poly(3-hexylthiophene) (P3HT) were chosen as the active
material and conjugated polymer, respectively. Oleic acid (OA) and P3HT provide for
surfactant-like functionality for Fe3O4 and carbon additives. Hansen Solubility Parameter
(HSP) analysis suggests that OA-Fe304 and carbon/P3HT will be well-mixed in the final

electrode.

To investigate electrode materials morphology, a spin-coating technique was used
to prepare the composite thin-films. Typical coating methods such as blade coating, dip
coating, and drop casting form dense, thick film layers that are inappropriate to adequately
visualize distinctive morphologies and differentiate the degree of material dispersity in the
electrode. The spin coating method affords a thin, uniform film layer, and morphological

differences can be easily detected even by optical microscopy (OM) at low magnification.
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While battery electrode performance cannot be directly measured using the spin-coating
technique, the method is a facile approach to visualize more distinct images of the electrode
components in order to judge materials distribution, and help interpret the impact of
materials size and distribution on electrical and electrochemical behavior in a dense

electrode.

Poly(3-hexylthiophene) (P3HT) is an interesting conductive polymer for a battery
cathode material because polythiophenes have relatively small band gaps and high
conductivities.’® Additionally, P3HT has a low reduction potential (0.5 V vs Li/Li")*
which suggests that this conductive polymer should remain conductive at operating
voltages above 0.5 V. Block copolymers of P3HT and poly(ethylene oxide) (P3HT-b-PEO)
have been investigated for Li-ion batteries. P3HT-b-PEO block copolymers phase separate
to form a lamellar phase which combines the high intrinsic electronic conductivity of P3HT
with regions of PEO which are conducive for Li* ion diffusion.®® P3HT-b-PEO has been
used as a binder with several cathode materials.®!®* The block copolymer displayed high

60.6465 a5 well as mechanical stability.®> However,

electronic and ionic conductivities
electronic conductivity of the LiFePO4/P3HT-b-PEO cathode dropped from 10 S/cm to
10”7 S/cm when the operating voltage dropped below 3.3 V during discharge.®! P3HT has
also been copolymerized with sulfur for use as an additive (not as a binder) in Li-S
batteries.%® The addition of sulfur-P3HT copolymer to the electrode improved battery cycle

life and high rate performance which was attributed to the inhibited dissolution of

polysulfides.

The dispersing agent used here was oleic acid (CisH3402), a long organic chain

with a carboxylic acid functional group which has been used as a surfactant to promote
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nanoparticle formation and reduced nanoparticle agglomeration. Reducing agglomeration
is important for electrode performance as it shortens diffusion pathways for ions to reach
the crystalline active material. There are some studies of oleic acid-coated active materials,
but the electrochemical impact of the coating is still unclear. Oleic acid coated Fe;O3 in a
Li-ion battery displayed better capacity and high rate performance compared to uncoated
Fe»03.%7 This result was attributed to the capacitive nature of oleic acid which formed a
surface double layer inducing a pseudo-capacitance interfacial charging event. Guo et al.
used oleic acid to coat Mn3O4 for a capacitor and found the oleic acid helped form uniform

t.%% The interaction of oleic acid with

microspheres with a capacitance improvemen
conductive polymers is not broadly researched, but one study of oleic acid-stabilized silver

nanoparticles with polythiophenes in organic thin-film transistors,® found that the

presence of oleic acid with polythiophene improved electrical conductivity.

Through investigating the role of an oleic acid capping agent introduced on the
magnetite surface in the performance with both conductive and nonconductive polymer
binders, the approach presented here aims to provide fundamental insights into the
mechanistic foundation for efforts associated with uniform dispersion in battery electrode
applications, especially for the efficient incorporation with electroactive nanomaterials

components.

2.2 Experimental Section

Materials. Fe3O4, magnetite, was synthesized using a previously reported
coprecipitation approach, using aqueous solution of iron(III) chloride hexahydrate, iron(II)

chloride hexahydrate, trimethylamine.”®’! For preparation of Fe;O4 nanoparticles capped
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with oleic acid (OA-Fe;04),>® 4 mL of oleic acid was added to 0.3 g Fe;O4 nanoparticles
prepared above and followed by stirring the solution for 24 h. The OA-Fe304 powder was
extracted after sonication by centrifuge separation with 15 mL acetone with speed of 9000
rpm for 2 min for 3 times. P3HT was purchased from Rieke Metals Inc. The molecular
weight of P3HT (M, of 19.6 kDa and M,, of 43.7 kDa) used for the study was measured by
gel permeation chromatography (GPC). The head to tail regioregularity (RR) was
estimated to be approximately 96% (Bruker DSX 300 'H NMR in deuterated chloroform

solution at 293K).

Composite Electrode Fabrication. The slurries for the P3HT-based electrode
were prepared by mixing of OA-Fe3zO4, Super-P carbon additive, and P3HT in a solvent of
chloroform, and in case of PVDF-based electrode, NMP solvent was used with the same
composition of P3HT-based electrode. The only carbon content was changed with OA-
Fe3O4 and Super-P kept constant. Super-P/polymer composite followed the previous
procedure, except for OA-Fe3O4. The solid content was 3.4 wt% for spin coating and mold
casting, and 27 wt% for blade coating. The electrodes for the measurements of OM, AFM,
FE-SEM, and electronic conductivity were prepared by spin-coating (WS-6500MZ-
23NPP, Laurell) the slurries onto substrates at the spin rate of 1500 rpm for 60 sec in air.
The electrodes for FE-SEM measurement and electrochemical evaluation were produced
by blade coating (doctor blade, MTI corp). Mold casting was conducted using a rectangular
mold being put onto the substrate for measuring the electronic conductivity. These prepared
electrodes were pre-evaporated at 70 °C for 1 h and completely evaporated at 130 °C for

12 h in a vacuum oven.
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Morphology Characterization. The optical microscopy (OM) measurements were
conducted on the composite films spin-coated on the glass substrate using Olympus MX61
Microscope. The atomic force microscopy (AFM) images were obtained with an ICON
dimension scanning probe microscope (Bruker) using tapping mode with a silicon tip
(RTESP, Bruker). The field emission-scanning electron microscopy (FE-SEM) images

were observed on the top view of the electrodes using Zeiss Ultra-60 FE-SEM.

Hansen Solubility Parameter (HSP) Characterization. Polymer (10 mg) such as
P3HT and PVDF, Super-P carbon particles (0.5 mg) and OA-Fe30O4 nanoparticles (10 mg)
were placed into a vial with 3 mL of a test solvent, respectively.”>""* The vial was heated
at 70 °C for 3 h and sonicated for 60 min and after then the vials were permitted to stand
and observed for 6 h in ambient temperature. The dispersion stability was examined by
these solutions via visual observation. In case of polymer, solvents would be considered as
poor if they were unable to dissolve the polymer after dissolving process and good if they
were able to dissolve it.”* For the particles including OA-Fe3O4 and Super-P, solvents
would be classified as poor when they were completely deposited on the vial bottom after
60 min sonication, and solvents would be good when sedimentation on the vial bottom
required more than 6 h after the sonication step.”” Based on the visual examination, Hansen
solubility parameters (Jp, op and Jy) and the radius value (R,) of the sphere of interaction
were calculated and fitted by HSPiP software (Hansen Solubility Parameters in Practice

third edition).

Electronic Conductivity Measurement. The electrode devices with two bottom
contacts (channel width = 10 um and length = 50 um) were used for electrical

characterization, where composite film was deposited via spin coating or mold casting on
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a silicon wafer with a 300 nm thick SiO.. The characterization process is as follows”: Au
was used for the source and drain contacts which were fabricated using a standard
photolithography based on lift-off process, followed by Denton Explorer E-beam
evaporation of 3 nm thick Cr as the adhesive layer and sequentially Au contact with 50 nm
thickness. Before coating, all devices were exposed in a UV-ozone cleaner (Novascan
PSD-UV) for 15 min to completely remove any organic containments. The prepared
composite electrodes described in previous section were tested in nitrogen ambient using

a semiconductor parameter analyzer (Agilent 4155C).

Electrochemical Characterization. Stainless steel coin cells were constructed
with Li anodes, polymeric separators and cathodes comprised of composite coatings (15%
Super P, 14% polymer binder and 71% Fe304) on copper (Cu) foil. Electrodes used in coin
cells were created by coating a slurry mixture onto Cu foil with a doctor blade. After the
solvent evaporated, 0.5 inch diameter electrodes were punched from the coating and
pressed. Electrolyte consisted of 1 M LiPFs salt in a mixture of ethylene carbonate
(EC):dimethyl carbonate (DEC) in a volume ratio of 30:70. Coin cells were tested by
lithiating Fe3O4 to 0.3 V and then delithiating to 3.0 V at rates of 20 mA per gram of Fe3O4
in the electrode coating at 30°C. After reaching 3.0 V cells were held at constant voltage
for 1 h. AC Impedance spectroscopy was measured using a Bio-Logic potentiostat over a
frequency range of 1.0 mHz and 1 MHz. Three coin cells were built with each electrode
type. All cells showed similar trends in capacity and impedance with respect to electrode

type. One representative cell of each electrode type is reported here.

2.3 Results and Discussion
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2.3.1 Materials Morphology

In general, the dense morphology of battery electrodes inhibits the ability to
differentiate the degree of materials dispersion within the composite. Using a spin coating
technique, well-known but unfamiliar in the battery field, battery electrode materials
dispersion was analyzed and evaluated. While indirect, the method enables deposition of a
thin, uniform layer of electrode material, which facilitates characterization of the
distribution of the individual electrode components. Poly(vinylidene difluoride) (PVDF)
and P3HT were used as the binder materials. PVDF is widely used as the binder in Li-ion
battery electrodes due to its good electrochemical stability and high binding adhesion to
the electrode materials and current collectors.’® Thus, the PVDF system was used as
standard reference; N-methyl-2-pyrrolidone (NMP) was the solvent. P3HT is a potentially

attractive conducting polymer binder alternative.

Uncapped

Capped

17 % 37 % 62 % 83 %
Fe,0, content (wt %)

Figure 2.1. (a) Dispersion state in different solvents. Capped Fe3O4 is well-dispersed in
chloroform and chlorobenzene. (b) OM images of uncapped Fe3O4/P3HT composites and
OA-capped Fe3;O4/P3HT composites. Samples were prepared by spin coating on glass
substrates using chloroform solvent.
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To minimize agglomeration effects and promote the uniform distribution of active
material, Fe3O4 nanoparticles were capped with oleic acid. Oleic acid was selected because
previous studies showed that the OA —COOH moieties readily bind to surface -OH
functionalities present on many inorganic materials thereby improving their dispersion
characteristics.”?>* The dispersion state of OA-capped and uncapped Fe3O4 nanoparticles
was evaluated in a range of solvents known to dissolve the conjugated polymer, P3HT;
namely, chloroform (CF), chlorobenzene (CB), dichlorobenzene (DCB), and
trichlorobenzene (TCB). As shown in Figure 2.1a, the uncapped nanoparticles failed to
disperse and simply precipitated, whereas the OA-capped nanoparticles were well-
dispersed in CF and CB. Subsequent studies related to the conjugated polymer-based

electrode system focused on chloroform because it solubilizes P3HT more effectively.

To visualize the dispersion state of the capped vs uncapped Fe3Os4, FesO4/P3HT
composite films were coated onto glass substrates by spin-coating (1500 rpm, 60 sec) and
the resultant thin-film morphologies were observed by optical microscopy. Aggregates
were observed in all films prepared with uncapped Fe3O4 and aggregate size increased with
increased Fe3O4 content. For the proportions investigated here, aggregate size ranged from
approximately 2 to 40 um. Aggregation was not observed for the oleic acid capped
materials: OA-Fe3O4 appears uniformly distributed regardless of the proportion of active
material. Both OA-Fe3;0O4 and P3HT are expected to be hydrophobic and may have similar

physical affinities, which may in turn facilitate uniform dispersion.

Figure 2.2 presents the observed thin-film morphologies for P3HT- vs PVDF-based

composites formulated with the respective polymers, carbon and magnetite where the
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carbon content of each film was changed. The absolute amount/weight of OA-Fe304 and
Super-P carbon additives were fixed. The volume percent of carbon was determined from
the weight percent using the material density (Fe3O4: 5.0 g/cc, Super-P carbon additive:
1.85 g/cc, P3HT: 1.10 g/cc, PVDF: 1.78 g/cc). The composite thin-films were prepared by
spin-coating (1500 rpm, 60 sec) from chloroform and NMP for the P3HT and PVDF
systems, respectively. Coating parameters (i.e., spin speed, colloidal concentration) are
known to affect the density and morphology of resultant films; higher spin speeds and
lower colloidal concentrations generally afford thinner films that are spread out and have
more sparsely dispersed nanoparticles.”””’”® From this perspective, the processing
parameters (spin coating: 1500 rpm for 60 sec, solid content: 3.4 wt%) adopted here to
explore thin film morphology are expected to provide for the appropriate degree of
materials dispersion to be discernible. Furthermore, while substrate and solvent properties
(i.e., vapor pressure, boiling point, and evaporation rate) may also affect the evolution of
thin-film morphology, the effects will be minimized due to centrifugal forces associated
with the spinning process; the deposited material spreads rapidly and solvent quickly
evaporates, thereby suppressing solvent evaporation effects and adequately enabling

visualization of the physical affinities among component materials.
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Figure 2.2. (a) OM images of OA-Fe3Os/carbon/polymer composites according to
different carbon content. The absolute amount of OA-Fe3Os and polymer was kept
constant. The volume percent of carbon content was converted by material density. (b) OM
images of carbon/polymer composites with different carbon content. P3HT system shows
much more favorable uniform dispersion than PVDF system. (¢) Tapping mode AFM
height and phase images of 49 vol. % of carbon/P3HT composite film, demonstrating the
conductive percolation networks.

Figures 2.2a and 2.2b present optical microscopic images of OA-
Fe3Os/carbon/polymer and carbon/polymer composite thin-films, respectively. Distinct

morphological differences can be discerned between the P3HT and PVDF-based systems.
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In PVDF, OA-Fe304 nanoparticles appear as brown-colored aggregates and the carbon
additive appears black. When the carbon content is increased incrementally, carbon
aggregate size also increases and appears to cover the region occupied by OA-Fe3;0s.
Further, the desired conductive network appears to be disconnected due to nanoparticle
agglomeration. The resulting morphology might be expected to interfere with effective
current distribution throughout a PVDF-based composite electrode. In contrast, the P3HT-
based system presents a uniformly dispersed morphology irrespective of carbon content.
By augmenting the proportion of carbon additive, an apparently percolated, interconnected
conductive network was produced. The percolation network formed by the spherical
carbon additives (~50nm, 49 vol. %) was readily visualized by atomic force microscopy
(AFM) (Figure 2.2c). Moreover, AFM observation (Figure 2.3) provides for the well-
connected, electronic carbon additive networks, together with OA-Fe304 nanoparticles.
The results strongly suggest that the OA-surface treatment of Fe3O4 nanoparticles might
also influence the interactions between OA-Fe304 and the conductive network due to their

similar physical affinities.

arbon region

Phase

-224°

3136 nm 697.0 nm

Height

1331 nm -192.7 nm -279.50m

0.0 Height Sensor 5.0 ym

Height Sensor 5.0 ym 0.0 Height Sensor 5.0 ym Height Sensor 5.0 ym Height Sensor 5.0 ym

0 % 5% 15 % 22 % 28 %
Carbon content (vol %)

Figure 2.3. AFM images of OA-Fe3Os/carbon/P3HT composites according to different
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carbon content. AFM images exhibit the network formation of carbon additives connected
with OA-Fe;O4 nanoparticles by the change of carbon content.

Figure 2.4. SEM images of OA-Fe3O4/carbon/polymer composite electrodes (Top view).
(a) P3HT-based electrode (blade coating). (b) PVDF-based electrode (blade coating). (c)
P3HT-based electrode (spin coating, inset: carbon/P3HT). (d) PVDF-based electrode (spin
coating, inset: carbon/PVDF). The spin coated material shows the distinct morphology
associated with the material dispersion state.

Figure 2.4 shows field emission-scanning electron microscopy (FE-SEM) images
of OA-Fe3O4/carbon/P3HT and OA-Fe3O4/carbon/PVDF battery composite electrodes
fabricated by doctor blade (Figure 2.4a, b) and spin coat (Figure 2.4c, d) processes,
respectively. Morphological differences between the two systems are difficult to observe
from the doctor blade samples (Figure 2.4a, b) due to their thick, dense nature.

Alternatively, distinct morphological differences are apparent with the thinner, spin-coated
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alternatives (Figure 2.4c, d): the components appear better dispersed within P3HT vs

PVDF, which supports the optical imaging results (Figure 2.2).

As shown in Figure 2.2b and the inset image of Figure 2.4c, the spherical,
nanosized carbon additives appear relatively well-dispersed within P3HT. Presumably, the
n-conjugated regioregular P3HT backbone interacts with carbon n-electrons residing at the
surface, while the solubilizing alkyl side chains help to maintain their dispersion state.>
The dispersion of OA-Fe3O4nanoparticles in P3HT is likely influenced by similar physical
affinities between the hydrophobic tail of the capping agent and the P3HT side chains. The
morphology results suggest that in order to achieve uniform and stable battery electrode
nanomaterials dispersions, consideration should be given to materials surface physical
affinities/interactions. In addition, introduction of a surfactant-like species on the
respective nanomaterial surfaces, whether through use of a capping agent or wrapping by
a polymer chain, to manipulate that physical affinity in an advantageous manner is

especially important.

2.3.2  Physical Affinity Relationship

Physical compatibility between materials that comprise a battery electrode is
expected to greatly influence the materials interfacial properties, as will the degree of
material dispersion. One approach to examine the physical affinity between different
materials uses Hansen solubility parameter (HSP) analysis. Typically, materials with
similar HSP values exhibit high physical affinities or rather, compatibility.” The extent of

the similarity can serve as a measure of the extent of interaction. Thus, a comparison of
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electrode composite material HSPs can provide insight into the physical interactions

between the components and thereby provide a quantitative view of materials dispersion.

Using the solubility and/or dispersivity of the component materials in a range of
solvents with known HSPs, materials HSPs can be calculated by Hansen software (Hansen
Solubility Parameters in Practice third edition). HSPs (dp, dp and o) and the radius (R,) of
the sphere of interaction for the materials can be obtained, wherein solvents within R, can
be expected to dissolve/disperse the solute. The parameters, dp, dp and Jp, are related to
the (atomic) dispersion forces, (molecular) permanent dipole-permanent dipole forces and
(molecular) hydrogen bonding, respectively.’?’*” Furthermore, to evaluate whether or not
a solvent belongs to a sphere of high physical affinity, the distance R, between the solvent

and the material is calculated by Eq. 1,

(Re)* = 4(8p1 — 8pz)* + (8p1 — 8p2)* + (81 — 6u2)” (1)

where the subscripts 1 and 2 represent the solute and solvent, respectively. The relative
energy difference (RED=R./R,) provides an estimate of whether two materials will be
miscible (miscible when RED < 1, partially miscible when RED = 1 and immiscible when
RED > 1).7* In this investigation, nanoparticles were judged to be dispersible when RED

was less than 1.

As shown in Figure 2.5, RED was calculated for OA-Fe304 and Super-P carbon
additives with respect to PVDF and P3HT. For OA-Fe304, the RED of PVDF and P3HT is
1.86 and 1.04, respectively; for Super-P, the PVDF value is 0.82 and that of P3HT is 0.85.
The calculated OA-Fe3O4 RED values support the optical microscopy observations (vide

supra). The RED value calculated for Super-P with PVDF is unexpected, and suggests that
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carbon additives should be dispersible in PVDF. Examination of the RED with different
solvents, chloroform has a value of 0.63 for Super-P, whereas NMP exhibits an RED of
1.00 (note: OA-Fe304: chloroform 1.04, NMP 1.86). Thus, solvent-electrode component
interactions during electrode processing also play an important role in determining the
material dispersion state. In other words, the carbon aggregates seen in the PVDF system
(Figure 2.2) might be ascribed to poor/inferior physical affinity between the Super-P
carbon additive and NMP solvent inducing poor dispersion, even though carbon and PVDF
have good physical affinity. On a cautionary note, this investigation is limited to estimating
the physical interaction between just two materials; the gross physical interactions present
among active nanoparticles, carbon additives, polymeric binder, and even solvent could
significantly impact final processed morphology.

‘ Supé;QF N
: (Carbon)

] 5 5 5 R %V, 1)
Material (Mp:nz) (Mp:m) (Mp31r2) (Mp:nz) Data fit Material W
OAFe.0, 125 457 1642 5.7 0.992 oAFe.0, % i6a
Super-P 1287 242 1763 114  1.000

PVDE 914 1105 1757 57  1.000 Super-P 80 464
P3HT 3.49 3.39 18.8 3 1.000 1 98 Vint= Vint! Vpotymer ¥ 100

Figure 2.5. Hansen solubility parameter (HSP) spheres of interaction for (a) OA-
Fe304/carbon/P3HT and (b) OA-Fe3O4/carbon/PVDEF. Tables show HSPs of the composite
battery electrode components and superimposed volume portions (% Vi) for each polymer
volume (Vporymer).
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The Hansen spheres in Figure 2.5 show the regional relationship of interactions
for OA-Fe3O4/carbon/P3HT and OA-Fe3Os/carbon/PVDEF. Generally, when regions of
affinity/solubility for different materials are superimposed, the components are expected
to experience very high physical attraction.””> Together with the RED value, in order to
confirm the extent of overlap between two spheres of interaction, the sphere intersection
volume (Vi) was calculated and the superimposed volume portion (%Vi,) for each
polymer volume (Vponmer) was obtained by Viu: / Vpoiymer as shown in the table in Figure
2.5.80 The results of this analysis strongly suggest that OA-Fe3;O4 and Super-P carbon
additives have more favorable physical affinity with P3HT vs PVDF. The insights gained
from evaluation of the sphere intersection volume appear more suitable than RED to predict

the dispersivity of battery electrode materials.

o b | OA-COOH

P3HT film

| \Hydrophobic P3HT

PVDF film = = so
Sp - - =
Material L op Sp R R, (MPa'?2) RED
(MPa'2) (MPa'2) (MPa'2) (MPa'2) pP3HT PVDF P3HT PVDF
OA-Hydrophobic 1 4 31 169 578 384 956 066  1.64
OA-COOH 1 1.4 03 165 788 966 1119 123 142
OA 2 143 34 143 - 14.07 1152  4.69  2.02

" Calculated by Hansen software®?
2 Value form Hansen's 1971 parameters listed in Handbook of Solubility Parameters?!

Figure 2.6. Surface physical affinities between oleic acid (OA) and polymer (P3HT &
PVDF): (a) contact angle measurement (OA droplet on polymer film) and (b) HSP spheres
of interaction. Table represents the values of HSP, R, and RED. The RED of unsaturated
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hydrocarbon part of OA (OA-Hydrophobic) with P3HT is less than 1, predicting they are
miscible.

The propensity of OA-Fe3O4 to disperse uniformly within P3HT might also result
from surface interactions. The contact angle of an OA droplet on the surface of the polymer
film provides one measure of the physical interactions between the two materials.
Typically, the contact angle decreases when the extent of physical attraction increases.®!
As shown in Figure 2.6a, OA exhibits a lower contact angle on PVDF than P3HT, which
implies good physical affinity with PVDEF. These results concur with estimates of RED for
OA with P3HT (4.69) and PVDF (2.02) (see table in Figure 2.6; a smaller RED suggests
better miscibility); however, they contradict experimental OA-Fe3;Os-based composite

observations.

Considering OA-Fe3;0O4 nanoparticle structure, only the hydrophobic OA tail is
relevant, because the capping agent’s -COOH groups would be chemically bound to the
Fe304 surface. Accordingly, the measured contact angle may not be a fully reflective
measure to judge the physical affinity between the capped nanoparticles and polymer
binders. Alternatively, the HSP approach may be predictive. As illustrated in Figure 2.6b,
OA exhibits two HSP spheres®?; one associated with the unsaturated hydrocarbon tail (OA-
Hydrophobic), the second for the carboxylic acid moiety (OA-COOH). For OA-
Hydrophobic, the RED and intersection volume portion (% Vix:) for PVDF and P3HT are
1.64/4.2% and 0.66/87.5%, respectively. In the case of OA-Hydrophobic and P3HT, the
two spheres are almost superimposed indicating the close nature of the HSP regions.

Consequently, their physical affinities towards other materials are expected to be
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comparable.”? Thus, in order to effectively evaluate the physical affinities/interactions
between materials comprising a composite, all aspects of molecular structure must be
considered. HSP analysis provides an effective strategy to evaluate interactions between
components which can then suggest approaches to modify relevant surfaces. Taken
together, the approach might prove powerful to aid identification of strategies to improve

materials dispersity in battery electrodes.

2.3.3  Electrical Properties

It has been demonstrated that composite materials morphology influences electrode
performance.®® In particular, the dispersion of active materials and carbon additives can
affect the current distribution over the composite electrode during electrochemical testing.
The current distribution directly impacts battery performance. Thus, it would be anticipated
that the material dispersion state would also be connected to battery electrode electrical
properties such as electronic conductivity. The development of reliable and robust
experimental techniques that can directly measure electronic conductivity without
interference from the metal foil substrate, however, is a challenge. Existing techniques such
as electrochemical impedance spectroscopy (EIS) and point probe measurement have some
limitations. For instance, for EIS, it is difficult to separate electronic and ionic resistances
in the presence of electrolyte, while for the point probe method, it is difficult to maintain
sufficient contact with porous, composite films without damage as well as to keep the
applied pressure of the probe constant.®®%” Hence here, a newly designed electrode device
for measuring electronic conductivity of composite battery electrode materials is

introduced; the device is similar to a field-effect transistor (FET).”>8
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Figure 2.7. (a) Schematic structure and photo-image of bottom contact electrode device.
(b) Schematic diagram of mold casting process showing fabrication of the electrode
devices for measuring the electronic conductivity. The respective composite slurries were
mold-casted onto the device substrates (channel width = 10 um and length = 50 um). The
thickness of composite films was approx. 4~10um.

For the electrical measurements, we adopted the newly designed configuration
(channel width = 10 pm and length = 50 um) (Figure 2.7a) with two bottom contacts,
allowing for measurements of contact resistance. Composite electrode electronic
conductivity is measured simultaneously at three different points, thereby providing insight
as to the uniformity of the distribution of the electronically conductive channels. Two
voltage probes between the source and drain electrodes monitor the potential along the
conductive channel, consequently inducing mobile charge carriers.®® The resulting

electronic conductivity was calculated by Eq.2

o= —2 )

WXxtVp

where W (10 um), L (50 pm) and ¢ are the channel width, length and film thickness,

respectively. Vp is the drain voltage, and Ip is the drain current.
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Figure 2.8. Electronic conductivities of (a) carbon/polymer composites (spin-coating
method): inset figures showing the OM images of 45 vol. % of carbon/P3HT and 57% vol.
% of carbon/PVDF which are considered the percolation threshold concentration in spin-
coated electrodes, (b) carbon/polymer composites (mold-casting method) and (c) OA-
Fe3zO4/carbon/polymer composites (mold-casting method) with constant amount of OA-
Fe304 and polymer. The graph has the sphere symbols expressing the average conductivity,
together with the upper bar for the largest value and the lower bar for the smallest value.

The composite film layers were prepared by spin coating and mold casting. The
electronic conductivity associated with spin coating, as shown in Figure 2.8a, correlates
with the OM observation results in Figure 2.2b; P3HT with uniformly dispersed carbon
additives exhibits electronic conductivities having no deviation, whereas carbon obviously
aggregates in the PVDF counterpart and large deviations are observed, notably at about 57
vol. % carbon. The results strongly suggest that the improved electrical properties derive
from the more uniformly dispersed P3HT system. The electronic conductivity of devices

fabricated by the two methods, however, differs (Figure 2.8a, b), particularly for the
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percolation threshold concentration. Although the electrode prepared by spin coating has
the advantage of facilitating differentiation of the material dispersion state via readily
accessible techniques such as optical microscopy and accurately representing the enhanced
electrical properties associated with the respective morphologies, the percolation networks
generated between two channels (10 um) vary from the more representative dense
electrodes. Most likely, this results from the spread-out morphology of spin-coated
electrodes (inset images in Figure 2.8a). Thus, mold casting was used as the electrode
fabrication method, whereby a rectangular mold was used to make the dense electrode, as
depicted in Figure 2.7b. Specifically, after a mold is placed on the patterned electrode
device, the as-prepared slurry was cast into the mold and then solvent was evaporated. The
photo-image in Figure 2.7a represents the electrode device coated by mold casting (green
rectangle). For the carbon/polymer composite electrodes (Figure 2.8b), the P3HT system
exhibits a conductive percolation threshold at about 26 vol. % carbon, while that for the
PVDF counterpart is about 45 vol. %. In addition, the P3HT system conductivity shows
almost no deviation, whereas PVDF requires over 48 vol. % carbon and the composite has
many fewer conductive regions despite exhibiting percolation behavior. For the OA-
FeszO4/carbon/polymer composites (Figure 2.8c), even though both systems have similar
percolation thresholds, the electronic conductivity of the PVDF-17 vol. % carbon electrode
exhibits the same small value, ~10® S/cm, as that prepared with under 7 vol. % carbon.
These results provide further evidence that the dispersion state of the electrode materials
has a significant effect on properties such as electronic conductivity; more well-dispersed
battery materials provide for enhanced electrical characteristics. Accordingly, it might be

expected that P3HT-based electrodes will experience more homogeneous current
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distribution over the uniformly dispersed components of a composite electrode vs PVDF-

based counterparts with uneven current distribution.

2.3.4 Electrochemical Evaluation

Four combinations of electrode components were tested in an experimental two
electrodes coin cell configuration vs lithium metal: 1) P3HT with uncapped Fes3Os, 2)
PVDF with uncapped Fe3O4, 3) P3HT with OA-Fe304 and 4) PVDF with OA-Fe30a4. Each
electrode was lithiated from open-circuit potential to 0.3 V then delithiated to 3.0 V vs
Li/Li". The lithiation and delithiation voltage profiles for each electrode type are shown in
Figure 2.9. During lithiation, electrodes with uncapped Fe3;O4 produced 1,334 mAh/g with
P3HT binder and a similar 1,300 mAh/g with PVDEF. Samples with uncapped Fe3O4 with
either binder operated at similar operating voltages with plateaus of 1.63, 1.18 and 0.90 V.
The sample with uncapped Fe3Os4 and PVDF demonstrated 830 mAh/g on delithiation
while the capacity for the P3HT sample was 739 mAh/g. Cells with OA-Fe304 and PVDF
binder delivered 600 mAh/g and those with P3HT binder delivered 125 mAh/g.
Additionally, the cell with P3HT and oleic acid-capped magnetite showed a lower lithiation

voltage (~0.5 V).

Electrodes fabricated with oleic acid-capped Fe3Os4 showed better particle
dispersion and worse electrochemical performance than cells with uncapped Fe3Os. It was
hypothesized that evenly distributed particles would expose more surface area of the active
material to the electrolyte and shorten Li" ion diffusion pathways. There can be slow
diffusion paths to the center of large particle agglomerates which limit gravimetric capacity

as some active material is isolated in the agglomerate center and inaccessible to Li"
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ions.***% Ag depicted in Figure 2.9, both P3HT and PVDF displayed significant
agglomeration with uncapped Fe;Os but they outperformed electrodes with OA-capped
Fe304. These results suggest that oleic acid has an additional, significant impact on
electrochemical performance beyond particle dispersivity. The use of oleic acid decreased
capacity which is likely due to poor electron transport or Li" ion diffusion through the layer
of oleic acid surrounding the active particles. It is possible that oleic acid acted as an
insulating shell around the active material. Poor electron or ion transport through the
electrode can be visualized as an increase in electrode electrical resistance. AC impedance

was measured to investigate differences in resistances of the assembled coin cells.
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Figure 2.9. Voltage profiles for Fe3O4 half-cells.

AC impedance spectroscopy of the coin cells was performed prior to operation, as
shown in Figure 2.10. AC impedance spectroscopy can be used to measure a battery’s ionic
and electronic conductivities. P3HT/uncapped Fe3Os4, PVDF/uncapped Fe3Os and

PVDF/OA-Fe304 samples displayed AC responses showing a depressed semicircle at
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higher frequencies followed by a long linear tail at lower frequencies. This type of Nyquist
plot can be fit with the equivalent circuit shown in Figure 2.10d. In this model, Ry is the
ohmic series resistance, R is related to the charge-transfer resistance the Warburg element
is related to ionic diffusion. The P3HT and OA-Fe3Os4 showed significantly larger
impedance. Absolute impedance Z’ is plotted against frequency in Figure 2.10c. All
samples responded similarly to higher frequencies, but differed greatly at low frequencies.
At 0.01 Hz the absolute impedance of P3HT/OA-Fe3041s more than 100 times greater than
both samples with uncapped magnetite while the sample with PVDF/OA-Fe304 had an
absolute impedance more than 15 times the impedance of the uncapped samples. Results
from the equivalent circuit fits are displayed in Figure 2.10e. The Warburg coefficient was
taken as the slope of the relationship between absolute impedance (Z’) and the inverse

square root of angular frequency (") at low frequencies.

Each cell showed similar R, values as expected. Comparing the two samples with
uncapped Fe3O4 show that the electrode with P3HT exhibited nearly double the charge-
transfer resistance and a larger Warburg coefficient compared to PVDF. The electrodes
with PVDF indicate that the presence of oleic acid increases charge-transfer resistance and
significantly increases the Warburg coefficient. The Warburg coefficient in the P3HT/OA-

Fe304 sample is large which indicates that ion diffusion is limited in this electrode.
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Figure 2.10. Electrochemical Impedance Spectroscopy (EIS) results for coin cells before
cycling. (a) Nyquist plot of EIS results, (b) Nyquist plot of EIS results with smaller axes
values, (c) Bode plot of EIS results, (d) equivalent circuit used to fit EIS data, and (e) results
from fitting EIS with equivalent circuit.

The delivered capacities of uncapped magnetite (Fe3Os) electrodes prepared with
P3HT or PVDF binders were similar. These results are consistent with the impedance
results for the two systems, which are also similar. The capacities of the electrodes
containing OA-Fe;04 were significantly lower than those using pristine Fe3O4. As oleic
acid coats the Fe3O4 particles it interferes with the electrochemical activity of magnetite in

the electrode coating. Oleic acid as a capping agent improves particle dispersion, but
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capping agents can also negatively influence electrochemical results by restricting ion and
possibly electron transport. The cells containing P3HT and OA-capped Fe3O4 displayed
the poorest electrochemical performance of the group. This cathode combination produced

the lowest capacity and lowest operating voltage.

Previously, oleic acid capped Fe3Os nanoparticles dispersed on a glassy carbon
electrode surface were evaluated electrochemically.”® Cyclic voltammetry of the coated
electrodes was performed in acidic aqueous media and demonstrated that while the Fe3O4
was electrochemically active, the delivered current was lower than anticipated based on
estimates from the film thickness. It was noted that a significant fraction of magnetite was
not electrochemically accessible; the cause was broadly assigned to nanoparticle
aggregation, limited transport through the Nafion film that was used or the presence of

oleic acid.

The electrochemical results here provide several findings. In comparison to the
performance of cells prepared with PVDF and uncapped magnetite, the P3HT counterparts
exhibit somewhat higher charge-transfer resistance. The similar lithiation and lower
delithiation capacity of the P3HT cells are consistent with the impedance results. The
combined EIS and constant current cycling results indicate that the electrochemical
behavior of uncapped Fe3zOy4 is superior to that of OA-Fe3O4. The presence of the oleic acid
capping agent increases the charge-transfer resistance in both polymeric binder
environments. The impact on electrochemistry of oleic acid is much more significant when
P3HT serves as the binder vs PVDF. As evidenced by the increased Warburg coefficient,
oleic acid appears to severely limit ion transport in both systems. The effect is more

significant in the P3HT environment.
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The results presented in this investigation show that capping agents can effectively
stabilize and promote improved nanoparticle dispersion; however that dispersivity is highly
system dependent. With respect to composite battery electrodes, the active material,
conductor and binder all play a role in performance. Through studies using capped and
uncapped Fe304, and two alternative binder polymers, it was demonstrated that materials
dispersivity cannot be used in isolation to predict electrochemical performance. For
instance, separate previous studies strongly suggested that oleic acid coated active
materials would positively impact electrode performance and/or conjugated polymer
electronic conductivity. Here, it was shown that capping agents can be detrimental to
electrochemical performance. Electronic conductivity, electron transfer as well as ion
transport impact electrochemical behavior and must all be considered in the design of
active material environments. This report provides insight for future studies pertaining to
dispersion of active nanomaterials, surface modifications, and compatibility with

polymeric binders.

2.4 Conclusion

Surface modification of nanoparticles used for composite battery electrode
applications has been shown to be an effective strategy to achieve remarkably enhanced
materials dispersivity. Effective approaches include the introduction of surfactant-like
functionalities onto electroactive materials via organic capping agents and wrapping of
carbon additives with conjugated polymers. In addition, deliberate consideration of particle
surface physical affinities/interactions aided by Hansen solubility parameter analysis helps
to illuminate component surface characteristics, and thereby facilitate the design of

compatible architectures. A simple spin coating process which affords a thin-film can
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simplify characterization of the component materials dispersion state via optical, atomic

force and scanning electron microscopies.

It is anticipated that the use of physical affinity relationships will enable the design
and fabrication of more uniformly dispersed composites for battery electrode applications;
improved dispersion characteristics are expected to enhance both electrical and
electrochemical properties. Notably, electronic conductivity, electron transfer as well as
ion transport impact electrochemical behavior and must all be considered in the design of
active material environments. The approaches described herein are expected to provide
fundamental insights into the mechanisms and impact of uniform dispersion in battery
electrode applications, especially for the effective incorporation and utilization of

electroactive nanomaterials components.
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CHAPTER3. ELECTRON AND ION TRANSPORT ENHANCER:
PEG-COATED FE3;04 AND PPBT WATER-
SOLUBLE CARBOXYLATE POLYTHIOPHENE-

BASED ELECTRODES

3.1 Introduction

The high energy/power density associated with Li-ion batteries serves as a driving
force for intensive research related to high capacity anode materials. The main obstacles
which retard the practical implementation of high-capacity electrochemically active
particles including metal oxides, Si, Sn and their derivatives (Table 3.1), stem from large
volume changes associated with Li insertion/extraction and the resultant electrical contact
loss, thereby leading to poor cycling performance.!®!> Efforts have been made to
circumvent the breakdown of electronic pathways through the introduction of electrically

12-18

conducting functionalities such as carbon coatings and conductive polymeric binders

onto the surface of the active materials;'"'%%°

or the fabrication of stable battery anodes
using an electrically inactive polymeric binder that facilitates retention of electrode

integrity.?!>* While these approaches are quite effective, consideration should also be

given to ion transport. In that regard, a composite electrode designed with porous ion

Adapted with permission from “Kwon, Y. H.; Minnici, K.; Huie, M. M.; Takeuchi, K. J.;
Takeuchi, E. S.; Marschilok, A. C.; Reichmanis, E. Electron/lon Transport Enhancer in
High Capacity Li-lon Battery Anodes. Chem. Mater. 2016, 28, 6689—6697.” Copyright
2016 American Chemical Society.
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transport channels in addition to electron transport pathways should afford improved

performance.

Table 3.1. Comparison of electroactive anode materials for Li-ion batteries

. Theore.“cgi‘l Reaction potential® Volume change®
Material capacity ey o
(mAh g!) (V vs. Li/Li") (%)
Graphite 372 0.05 - 0.25% 10%4
Si 4200 0.05-0.5" 420%
Sn 994 0.4-0.8” 2607
Metal oxides 500 — 1000 - -
(Fe304) (926) (0.5 - 21517 (20038:95:%6)

“ Based on lithiation/delithiation peaks in the cyclic voltammetry.
b Volume change during lithiation/delithiation processes.

In principle, the electrochemical reactions that occur in an electrode when a Li ion
encounters an electron within an active site determine the electrode’s intrinsic energy
capacity.® Both electron and ion transport are critical factors that determine the internal
resistance of electrodes, which is the primary influence on electrochemical performance.

Despite their importance, research that considers both factors is rarely reported.

Here, we report a facile strategy to enhance both electron and ion transport within
high capacity anode systems. Magnetite (Fe3O4) was used as the electroactive component
because it is readily available and has a high theoretical capacity (~926 mAh g!), which
derives from the possibility to induce the transfer of multiple electrons from the lithiation
and conversion processes.”””® Fe;O4 also exhibits low conductivity that induces poor
cycling.'® Further, studies pertaining to the use of the semiconducting polymer, poly(3-

hexylthiophene) (P3HT), in conjunction with Fe3O4-based electrodes to enhance electrode
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electrical performance, demonstrated that in addition to electron transfer, consideration of

ion transport in the design of a composite electrode was essential.>?

The approach presented here introduces poly[3-(potassium-4-butanoate)
thiophene] (PPBT) — a water-soluble, carboxylate substituted polythiophene — as a
binder component and a polyethylene glycol (PEG) surface coating for the active material.
Conjugated polythiophenes have relatively high electronic conductivity (102 —10* S cm”
I: i.e., P3HT)* and undergo electrochemical doping — provided that the applied potential
drives the reduction of the conjugated polymers within the operating voltage of anode

applications®-$1%°

— enabling more rapid electron transport and developing electrical
bridges between the active materials and carbon additives. Additionally, the side chain
carboxylic moieties present in PPBT could facilitate the formation of porous, stable
electrodes. PPBT is soluble in water, which has high surface tension and thus may be
expected to inhibit perfect coverage of the material surface.'® In turn, this may support
pore formation during the evaporation process. Chemical interactions between the PPBT
COO- moieties and metal oxide surface (—OH) are expected to favorably impact electrode
stability.?!2*1%! The PEG coating on the Fe3;Os surface is likely to reduce the size of
aggregates, improve their dispersion,'? and thereby shorten the Li ion diffusion path and

enable homogeneous current distribution over the electrode.** In addition, PEG is expected

to facilitate Li ion conduction to the active sites from the surrounding electrolyte.!*?

The introduction of PPBT as a binder and PEG as a coating on the Fe3O4 active
particle surface demonstrates the opportunities afforded by consideration of both electron
and ion transport processes in the design of high performance composite electrode

materials. Synergetic effects derived from using a conjugated polymer for enhanced
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electron transport with the PEG surface coating that supports ion transport lead to reduced

electrode resistance, stable cycling performance and improved rate capabilities.

3.2 Experimental Section

Materials. Fe3;O4 nanopartcles (~10 nm) were synthesized by a previously reported
co-precipitation process, using aqueous solution of iron (III) chloride hexahydrate, iron (II)
chloride hexahydrate, and triethylamine.’”®’! For preparation of Fe3O4 particles coated with
PEG (PEG-Fe304), 1 g of FesO4 powders in 10 g water were sonicated for 1.5 min at room
temperature with an ultrasonic probe (3 pulse of 30 sec each, operated at around 3—5 W).
2 mL of PEG 1500 solution (50 % w/v, Sigma-Aldrich) was added with sonication for 30
sec, and this process was repeated four times until that the total amount of PEG 1500 is 8
mL. The PEG-Fe;04 powders were washed and extracted by centrifuge separation using
acetone with speed of 6000 rpm for 5 min for 3 times. PPBT (M,: 16 kDa, polydispersity:

2.2, the head to tail regioregularity: 89%) was purchased from Rieke Metals Inc..

Electrode Fabrication. The slurries for the PPBT-based electrode were prepared
by mixing of Fe3O4 (or PEG-Fe304), carbon additives, and PPBT in a solvent of water, and
in case of PVDF-based electrode, N-methyl-2-pyrrolidone (NMP) solvent was used
(weight ratio of Fe3O4:carbon:polymer = 71.4:14.3:14.3). The solid content was 3.4 wt%
for spin coating, and 27 wt% for blade coating. The composite films for the measurement
of optical microscopy (OM) were prepared by spin-coating (WS-6500MZ-23NPP, Laurell)
the slurries onto substrates at the spin rate of 1500 rpm for 60 sec in air. The electrodes for
field-emission scanning electron microscopy (FE-SEM) measurement, electrochemical

evaluation and spectroscopy characterization were produced by blade coating (doctor blade,
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MTI corp). These prepared electrodes were pre-evaporated at the room temperature for 2
h and completely evaporated at 110 °C for 12 h in a vacuum oven. In case of PVDF-based
electrode, NMP solvent was pre-evaporated at 70 °C for 1 h, and the other fabrication

procedures were the same as that of PPBT-based electrodes.

Electrochemistry. 2032-type coin cells were used for electrochemical
measurements. Lithium metal was used as a counter electrode and 1M LiPF¢ in ethylence
carbonate (EC) and diethylene carbonate (DEC) (1:1 by volume) was adopted as electrolyte.
Before electrochemical testing, all the coin cells were charging and discharging with the
current density of 40 mA g (~0.05 C) to confirm their capacity. The tests were then
proceeded for cycling and rate capability. Cyclic voltammetry (CV) was performed in the
potential range of 0.01-3 V at the rate of 0.5 mV s and elecrochemical impedance
spectroscopy (EIS) measurements were conducted in the frequency range from 1 MHz to

0.1 Hz.

Microscopic Characterization. OM measurements were conducted on the
composite films spin-coated on the glass substrate using Olympus MX61 Microscope. FE-
SEM images were observed on the surface/cross-sectional view of the electrodes using
Zeiss Ultra-60 FE-SEM with an accelerating voltage of 5-10 kV using the high vacuum

mode at room temperature.

Spectroscopic Characterization. The electrode samples for the spectroscopic
measurements were prepared by scraping powder samples from the prepared electrodes to
closely investigate the chemical interactions between Fe3O4 and PPBT inside the electrodes.

Fourier transform infrared (FT-IR) spectra were recorded using KBr pellets of the materials
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and a Nicolet 8700 FTIR spectrometer. X-ray photoelectron spectroscopy (XPS)
characterization was preformed using a Thermo K-Alpha XPS system. The instrument was
equipped with a monochromatic Al-K X-ray source (1468 eV). Spectra were collected
using the flood gun and an X-ray spot size of 400 um. Survey scans were collected with
pass energy of 200 eV with 1 eV increments. High resolution scans (for specific elements)

were collected with pass energy of 50 eV with 0.1 eV increments

Solubility tests for Hansen solubility parameter (HSP). 5 mg of polymer such as
PEG and PPBT were placed into a vial with 2 mL of a test solvent. The vial was heated at
70 °C for 3 h and sonicated for 60 min and after then the vials were permitted to stand and
observed for 6 h in ambient temperature. The solubility was examined by these solutions
via visual observation. In case of polymer, solvents would be considered as poor if they
were unable to dissolve the polymer after dissolving process and good if they were able to
dissolve it. Based on the visual examination, HSPs (dp, dp and o) and the radius value (R,)
of the sphere of interaction were calculated and fitted by HSPiP software (Hansen

Solubility Parameters in Practice third edition).

3.3 Results and Discussion

3.3.1 Electrochemical properties of PPBT

To characterize the basic electrochemical behavior of poly[3-(potassium-4-
butanoate) thiophene] (PPBT), cyclic voltammetry (CV) experiments were performed in
the potential window of 0.01 V to 3 V vs Li/Li" (Figure 3.1a). An electrode fabricated with
a thin polymer film for electrochemical testing was prepared by spin coating the solution

onto a Cu foil substrate. Thick polymer films tend to respond more slowly due to ion
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transport limitations, which lead to resultant lower capacities and energy/power
density.> Poly(vinylidene difluoride) (PVDF) was used as the standard reference, owing
to its wide utilization as a binder in Li-ion battery electrodes. The first CV profile of PPBT
shows two distinctive reduction peaks at 0.32 V and 1.1 V and two oxidation peaks at about
1.1 V and 2.2 V. After the 2nd cycle, one reduction peak at ~1.5 V and broad reduction
region below 1 V in contrast with PVDF were observed, and one oxidation peak appears
at ~1.1 V. This result indicates electrochemical doping could take place within the
operating potential window, possibly boosting electron transport along the PPBT backbone
and building the requisite electrical bridge between active particles, carbon additives, and

current collector.
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Figure 3.1. Electrochemical characterization of PPBT binder. (a) CV profiles of PPBT
binder in the potential window of 0.01 to 3 V vs Li/Li* collected at the rate of 0.5 mV s7!
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(inset: PPBT vs PVDF at the first cycle). (b) Trend of charge-transfer resistance with the
change of applied voltage measured by EIS in the frequency range from 1 MHz to 0.1 Hz.
(c) Comparison of electronic conductivity between PVDF and PPBT system. (d)
[Mustration of electrochemical doping: PPBT electronic and chemical structure changes
during reduction (n-doping).

As shown in Figure 3.1b, electrochemical impedance spectroscopy (EIS) studies
were performed with different applied voltages to confirm the possibility of
electrochemical doping of PPBT. Typically, the semi-circle in the EIS response profile
corresponds to the charge-transfer resistance (R.;) at the electrode/electrolyte interface. The
electronic resistance and ionic resistance have direct influence on the behavior of R..!*
The electronic resistance reflects the resistance to bring electrons to the surface reaction
sites and the ionic resistance is associated with the transfer of ions across the
polymer/electrolyte interface. The investigation of R, with a change of applied voltage
might suggest the existence of electrochemical doping in the PPBT backbone during
electrochemical testing. In Figure 3.1b, applied potential was sequentially lowered from 3
V to 0.01 V, and then sequentially increased to 1.5 V and 3 V. When the applied voltage
decreased, R.; of both PPBT and PVDF decreased. Notably, the hysteresis in R; at 1.5 V
and 3 V was distinctly different for PPBT and PVDF. R, of PVDF almost recovered to the
initial value at each applied voltage step, whereas R., of PPBT showed large hysteresis,
with a difference of 672 Q at 1.5 V and 926 Q at 3 V between the initial and final
measurements at those voltages. PVDF itself is an electronic/ionic insulator (~10® S cm™,
Figure 3.1c), but well-known to possess high ionic conductivity in the electrolyte
environment (~102 S cm™).!% Considering R.: recovery and low initial resistance at 3V in

the PVDF system, ionic conducting properties would be a dominant factor for determining
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its R value. PPBT, however, might be primarily governed by the electronic characteristics

and its distinctive behavior could be ascribed to electrochemical doping.

In addition, PPBT and PPBT composites with carbon exhibit relatively high
electronic conductivity compared to the PVDF system (Figure 3.1¢). Though PPBT binder
is not intrinsically conductive in a pristine state, electrochemical doping enables the
formation of electron pathways along its backbone, therefore leading to enhanced electron
transport under the reducing environment for anodes. Figure 3.1d illustrates a proposed
PPBT doping mechanism during reduction (n-doping).” In the case of electrochemical
doping, an applied potential induces reduction of the conjugated polymer. Diffusion of a
dopant counterion (Li") into PPBT from the surrounding electrolyte compensates for the
formal negative charge (negative polaron) created on the polymer backbone.®! Furthermore,
the formation of a lamellar structure via n-m interchain stacking of polythiophenes could
facilitate intermolecular charge transport, leading to enhanced electron conduction within

the PPBT binder in the composite electrode.'%®1%7

3.3.2 Effect of PEG coating on the Fe3O4 surface

In an effort to reduce aggregate size and improve particle dispersion within the
electrode, polyethylene glycol (PEG) was physically introduced onto the Fe3O4 particle
surface (Figure 3.2a). PEG was selected as a coating material because it is known to be
permeable to ions and it has high physical affinity to the PPBT binder. Hansen solubility
parameter (HSP) analysis and estimation of the Hansen spheres of interaction provided
supporting evidence®?: 98.3% of the intersection volume portion (% Vi) indicates high

physical compatibility between the two components (Figure 3.2b). Closer physical affinity
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induces better mixing or dispersion. It is anticipated that the resultant electrodes may
experience more homogeneous current distribution over the composite electrode during

electrochemical testing.
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Figure 3.2. Effect of PEG coating on the Fe3O4 surface (a) Schematics of PEG 1500
coating on the Fe3;O4 surface through an ultrasonic probe. (b) Hansen solubility parameter
(HSP) spheres of interaction for PEG and PPBT. (c¢) SEM images of PEG-Fe3;04 particles
compared to bare Fe3O4 (inset). (d) Optical microscopy (OM) images of PEG-Fe3O4/PPBT
and Fe3O4/PPBT composites (inset) prepared by spin coating on the glass substrate. (e)
SEM images (cross-sectional view) of PEG-Fe3Os/carbon/PPBT electrode and
Fe3O4/carbon/PPBT electrode (inset). (f) SEM image (surface view) of PEG-
Fe;O4/carbon/PPBT electrode exhibiting well-dispersion Fe3O4 particles in the carbon
mixture.

As illustrated in Figure 3.2a, Fe3O4 particles were coated with PEG 1500 in aqueous
medium via a simple probe-type ultra-sonication process without any stringent control over
the conditions.!”® The sonication-assisted PEG coating process limited the growth of

aggregates (Figure 3.2¢) which is expected to facilitate access to active sites by both Li

50



ions and electrons. Thermogravimetric analysis (TGA) showed that the PEG-Fe3O4
particles were comprised of 10 wt% PEG, and dynamic light scattering (DLS) analysis
demonstrated that the average particle size was ~303 nm (Figure 3.3). To visualize PEG-
Fe3O4 particle dispersion within the PPBT binder, optical microscopic (OM)
characterization was performed as shown in Figure 3.2d. The uniform morphologies
induced by spin-coating demonstrate that the PEG-Fe;O4 particles with smaller aggregate

dimensions were well-dispersed in the PPBT binder medium with no apparent re-

aggregation.
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Figure 3.3. PEG-Fe;04 particles: (a) TGA profile of PEG coating, which is carried out in
nitrogen in the temperature range of 25—600 °C at a heating rate of 20 °C/min. (b) Dynamic
light scattering (DLS) particle size distribution of PEG-Fe3;Os particles. DLS was
performed using a Malvern Zetasizer NANO ZS instrument (Malvern instruments). PEG-
Fe304 particles were dispersed in aqueous medium through bath-type sonication for 30 min
(1mg particles/1 mL deionized water).

A standard electrode preparation procedure was followed: Fe3O4 powders were
mixed with carbon additives and a polymeric binder dissolved in a solvent, and then the
as-produced slurry was blade-coated onto the Cu foil current collector, and finally dried.

The resultant electrodes were characterized with field-emission scanning electron
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microscopy (FE-SEM) to confirm materials dispersion in a vertical/horizontal direction.
The SEM images (Figure 3.2e,f) show that PEG-Fe304 with relatively small aggregate size
(~0.5-1 um) was well mixed and connected with the carbon additives in the PEG-
Fe304/carbon/PPBT electrode, compared to a Fe3Os/carbon/PPBT electrode with large
aggregates over ~5 um (the inset of Figure 3.2¢). The PVDF-based electrode exhibits
similar morphology to the PPBT-based system with no PEG coating (Figure 3.4). In
addition, SEM characterization demonstrates that the water-soluble PPBT binder system
might be favorable to pore formation within the electrode during solvent evaporation,

which is expected to facilitate ion transport from the liquid electrolyte environment.

mn/wm |

Carbon/PPBT

Figure 3.4. PVDF binder system. The SEM images of (a) surface view and (b) cross-
sectional view of Fes3Os/carbon/PVDF electrode. (c) OM image of carbon/binder
composites (50:50 in a mass ratio) prepared by spin coating on the glass substrate.

3.3.3  Electrochemical Performance

To evaluate the electrochemical performance, coin cells with a Li metal counter
electrode were utilized and all of the electrodes were prepared with Fe3Os-based active
particles, carbon additives, and a polymeric binder in a 71.4:14.3:14.3 mass ratio. The
Fe;04 mass loading in the present study was typically 2-3 mg cm™. The electrolyte was a

solution of 1 M LiPFs in EC/DEC (1 : 1 by volume).
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Figure 3.5. Electrochemical performance of Fe3Os-based electrodes. (a) CV profiles of
PEG-Fe304/carbon/PPBT electrode in the potential window of 0.01 to 3 V vs Li/Li"
collected at the rate of 0.5 mV s’ (the inset shows the galvanostatic charge-discharge
profiles in the potential window of 0.01 to 3 V vs Li/Li" at a constant current density of 80
mA g!, comparable to CV profiles). (b) Cycling performance (=capacity retention as a
function of cycle number) collected for the current density of 240 mA g™! (~0.3 C) between
0.3 and 3 V. (open circles: Li-insertion capacity, filled circles: Li-extraction capacity) (c)
The impedance spectra measured at 3 V before cycling (bottom graph) and at open-circuit
voltage (OCV) after 50 cycles (upper graph) in the frequency range from 1 MHz to 0.1 Hz.
(d) Cycling performance between 0.01 and 3 V. (e) Delithiation rate capability, where cells
were lithiated at a constant current density of 80 mA g™ and delithiated at different current
densities between 0.01 and 3 V. (open symbols: capacity retention, filled symbols: Li-
extraction capacity) (f) Cell polarization as a function of the applied current density during
the delithiation process.

CV analysis was performed to elucidate electrochemical behavior of the PEG-
Fe;04/PPBT binder-based electrode (Figure 3.5a). In the reduction process at the first cycle,
the cathodic peaks at 1.47 V and 0.79 V correspond to the structure transition induced by
lithium intercalation (Fe3O4 + xLi" + xe~ — LixFe304) and the cathodic peak at 0.5 V is
attributed to further reduction by the conversion reaction (LixFe304 + (8 — x)Li" + (8 —x)e~

— 3Fe” + 4Li,0) along with formation of the SEI layer.!®!%1%-11% The region below 0.5 V
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has a significant contribution from lithiation of the carbon additives.!!! The subsequent
oxidation process at the first cycle shows a broad anodic peak at ~1.72 V, ascribed to
oxidation of Fe to Fe?*/Fe**. In the subsequent cycles, a broad peak between ~0.72 V and
~1.83 V appeared during the reduction and oxidation process, respectively, due to the
electrochemical redox reaction (Fe3;O4 <> Fe?) through Li insertion/extraction.'® The results
obtained for the PEG-Fe304/PPBT binder-based electrode are in close agreement with

previous studies for Fe3O4/PVDF systems.'%%!%

Charging-discharging cycling (Figure 3.5b) at the current density of 240 mA g’
(~0.3 C) demonstrated that the PPBT binder system allowed for noticeably improved
capacity retention, and that the PEG coating on the Fe3;O4 surface afforded more stable
cycling than that obtained with only PPBT as a binder. These results are in contrast to
Fe304 anodes fabricated with either PVDF or carboxymethyl cellulose (CMC) binders. EIS
analysis in Figure 3.5c supports this observation. The coin cells used in the EIS study
correspond to those cycled between 0.3 V and 3 V as shown in Figure 3.5b. This impedance
test was performed in the frequency range of 1 MHz to 0.1 Hz before cycling at 3.0 V and
after 50 cycles at their open-circuit voltage (OCV). The superior battery performance
associated with the PEG coated active material and PPBT binder system may originate
from decreased electrode resistance: in comparison to the PVDF standard, PEG
coating/PPBT binder system charge transfer resistance (R. =~ estimated diameter of the
semicircle) was effectively reduced both before cycling and after 50 cycles. This strongly
points to positive synergistic effects associated with using both the PEG coating and
conjugated polymer binder to improve electron and ion transport phenomena in the

electrode. Coating the Fe3O4 active material surface with PEG to limit growth of aggregates
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and facilitate their dispersion is expected to enhance ion transport. With respect to electron
transport, the semiconducting PPBT binder may function as an ‘electrical bridge’ between
Fe304 active particles and carbon additives (or current collector), thereby facilitating
electron transport via the PPBT pathway induced by electrochemical doping during battery

cycling (Figure 3.1d).

In order to investigate PPBT binder electrochemical doping effects, newly
fabricated coin cells were further lithiated by lowering the cut-off voltage from 0.3 V to
0.01 V. In other words, the cycling test was performed between 0.01 V and 3 V. Figure
3.5d presents the charging-discharging performance at a current density of 240 mAh g!
(~0.3 C). Despite the harsher lithiation conditions, both PEG-Fe304/PPBT binder- and
PPBT binder-based electrode capacity retention appeared more stable than observed under
the 0.3 V cut-off conditions. The PEG coating/PPBT binder system, in particular, exhibited
91.2 % capacity retention at 50 cycles, compared to the PVDF control showing only 25.9 %

retention.

Conceivably, electrochemical doping positively impacts the low voltage region —
recall the PPBT CV profile which exhibited a broad reduction peak at about 0.32 V that is
believed to be due to electrochemical doping (Figure 3.1a). Moreover, the beneficial effect
of the PEG/PPBT approach was also seen in the rate capability experiments (Figure 3.5¢).
Under a constant lithiation current density of 80 mA g' (~0.1 C), a PEG-Fe;04/PPBT
binder-based electrode shows much higher delithiated capacity than the PVDF control over
a wide range of delithiation current densities (80—1600 mA g!) at a voltage range of 0.01—
3 V, which conveys its superior rate capability. Figure 3.5f summarizes a quantitative

analysis of the ohmic polarization as a function of the applied current density, where the
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polarization was examined by measuring the difference in initial voltage between the
current density of 80 mA g! (~0.1 C) and a given current density.”® A comparison of
voltage profiles provides for a cell polarization which provides an indication of the
electrochemical kinetics taking place in the electrode. Specifically, in the PEG/PPBT
system, PPBT and conductive carbon-mediated electron networks and PEG-induced Li ion
accessibility are, presumably, the crucial factors determining the kinetics. The PEG/PPBT
approach exhibited a polarization value that was noticeably lower than that of the control,

resulting in improved battery performance.

3.3.4  Surface Analysis
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Figure 3.6. Spectroscopy characterization of the Fe3O4, PEG-Fe304, PPBT and electrodes
prepared by mixing PEG-Fe3;O4 (or FesO4) with PPBT binder. (a) FT-IR spectra of
materials (bottom lines: Fe3Os, PEG-Fe3Os4, PPBT) and electrodes (upper lines:
Fe304/PPBT, PEG-Fe;04/PPBT). (b) The possible binding modes of complexes on the
Fe304 surface. (¢, d) XPS spectra of materials (Fe3Os, PEG-Fe304, PPBT) and electrodes
(Fe3s04/PPBT, PEG-Fe;04/PPBT).
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From a mechanistic perspective, molecular interactions between the PPBT carboxyl
group and either Fe3O4 or PEG-Fe3O4 particles may enable electron and ion transport.
Fourier transform infrared (FT-IR) spectroscopy studies (Figure 3.6a) revealed sharp C—H
and C-O stretching bands at 1105 cm™ and 2860 cm™, respectively for PEG-Fe;04
powders, which confirmed Fe;Os surface modification with PEG.!®> PPBT carboxylic
moieties exhibit peaks at 1556 cm™! and 1400 cm™ which correspond respectively to O-C-
O asymmetric and symmetric stretching.?* After electrode formation, FT-IR test samples
were prepared by scraping powdered samples from the electrodes. In comparison to the
raw materials, all PPBT-based electrodes, fabricated with either Fe3Os or PEG-Fe304
particles, showed strong bands centered at 1556 cm™ and 1400 cm™' associated with free
carboxylate anions. In addition, new, lower intensity peaks that were not apparent in the
parent samples were observed at 1530 cm™ and 1766 cm™'. As depicted in Figure 3.6b, the
peak at 1766 cm™! is associated with Fe-carboxylate bond C=O stretching. The shoulder
observed at about 1530 cm™ (split from the 1556 cm™ band) suggests coordination of
carboxylate functionalities with Fe3O4 surface: the shift to lower frequency arises from
weakening of the O—C—O vibration due to Fe-carboxylate bonding.!°!"!1-114 The FT-IR
results provide evidence of PPBT-Fe3O4 chemical interactions. Spectroscopically, the
PEG-Fe304/PPBT and Fe3O4/PPBT electrodes are very similar, strongly suggesting that
the PEG coating on Fe3Os is readily displaced by PPBT carboxylate groups which can
chemically bond with Fe;O4 surface hydroxyl functionalities.!!>!' While such strong

interactions between a binder and the surface of high capacity active materials have been
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reported to be one of the most critical factors influencing electrode stability, previous

experimental results have been limited to Si anodes.?'%*

The X-ray photoelectron spectroscopy (XPS) spectra of the C 1s and Fe 2p core
levels further substantiate the presence of chemical interaction between PPBT and the
Fe304 surface. In Figure 3.6c, the C 1s peaks at ~285 eV are ascribed to carbon atoms
associated with the C-O bond; note the chemical shift to lower binding energy with an
increase in interatomic distance which results from additional bonding between PPBT and
Fe;04.!''"118 The C 1s peak at 287.88 eV for PPBT is indicative of a C=O bond. The
remaining C 1s peaks for PPBT at 293.48 eV and 295.88 eV are associated with satellite
peaks, which result from the extended delocalized electrons in the sample and provide
evidence of interchain PPBT n-n* stacking.!!” This molecular packing formation may
induce charge transport along the m-m stacking direction and improve the electrical
properties of the PPBT binder system. C 1s peaks at 288.78 eV for Fe304/PPBT and PEG-
Fe;04/PPBT are attributed to carboxylate (COO-),!'7 as seen in the proposed chemical
structure in Figure 3.6b. When analyzing the Fe 2p core-level peaks (Figure 3.6d), the
binding energy shifts to about 712 eV and 724 eV for Fe304/PPBT and PEG-Fe;04/PPBT
might be attributed to the Fe-carboxylate bond.!?° In addition, the Fe*" associated with both
systems exhibits a distinct satellite peak at ~718 eV.'?! Their absence for Fe;O4 and PEG-
Fe304 confirms a pure magnetite phase. The presence of the satellite peak for Fe;O4/PPBT
and PEG-Fe;O4/PPBT, further illustrates the chemical interaction between PPBT

carboxylic moieties and the hydroxylated Fe3O4 surface.

3.3.5 Proposed Mechanism
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Figure 3.7. Schematic illustrations depicting electron and ion transport in the electrode.

Figure 3.7 presents a schematic diagram that elucidates the electron and ion
transport phenomena associated with the PEG/PPBT based electrode vs its PVDF
counterpart. Within the PVDF control, the individual components (including active
materials, carbon additives, and even the PVDF binder) comprising the electrode are
expected to exhibit a significant level of aggregation due to their different physical
affinities®? (Figure 3.4). PVDF is an electronic insulator, thus blocking electron transport
between active materials and carbon additives (or current collector). The PEG/PPBT
system, however, enables the creation of electron and ion pathways in the Fe3Os
surroundings to enhance the conducting characteristics which help battery performance.
Moreover, the smaller-sized aggregates arising from the introduction of PEG onto the
Fe304 surface are also expected to contribute positively to the electrochemical processes,
which may be facilitated by improved dispersion between the active material and carbon

additives.'?
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Importantly, however, when considering materials dispersion within a polymer
composite electrode, a porous structure must be maintained if a given binder is not
permeable to electrolyte molecules.?* In other words, a binder should either cover only a
portion of active material surface or remain permeable to Li ions. In this work, since PPBT
is not permeable to Li ions, polymer wrapping on a carbon or active particle through the
use of chemical or physical methods, may expedite the process whereby pores become
blocked, yielding poor electrochemical results (Figure 3.8 and Figure 3.9). Therefore, it is
critical to consider transport processes in conjunction with molecular/chemical structure
and possible physical or chemical interactions. Here, the possible synergies obtained from
the combined use of the semiconducting polymer, PPBT as a binder and PEG as a surface
coating for Fe;O4 active particles were considered in terms of the above requisites,

effecting improved electrochemical behavior.
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Figure 3.8. Effects of material dispersion using chemical/physical dispersion process. (a)
OM image of PEG-Fe3O4/carbon /PPBT composites spin-casted on the glass substrate after
probe-type ultra-sonication (physical dispersion). (b) Hansen solubility parameter analysis
of PEG 1500, PPBT and carbon: physical affinity of carbon additives were deviated from
Hansen sphere of PEG 1500 and PPBT. SDBS surfactant was used for the carbon
dispersion (chemical dispersion). (¢) Cycling performance (= capacity retention as a
function of cycle numbers) of PEG-Fe;04/carbon/PPBT, PEG-Fe304/carbon /SDBS/PPBT,
and PEG-Fe304/carbon/PPBT prepared by probe-type ultra-sonication. (d) EIS results of
coin cell measured before cycling and after 50 cycles. The chemical/physical dispersion
process both has largely increase in R.; before cycling, which affects the resulting poor
cycling, especially for the sonication dispersion process.

Figure 3.9. Surface veiw SEM images of (a) PEG-Fe3O4/carbon/PPBT, (b) PEG-Fe304/
carbon/SDBS/PPBT and (c) PEG-Fe3O4/carbon/PPBT prepared by probe-type ultra-
sonication. The electrodes with no treatment show the well-constructed porous structure,
whereas the electrodes with SDBS surfactant and the electrodes prepared by ultra-
sonication appear covered with PPBT binder. These morphologies might be attributed to
substantially high degree of reaction of PPBT carboxylic moieties with hydroxyl group of
Fe304 and carbon, inducing the polymer wrapping/covering. This strongly indicates the
material dispersion by polymer wrapping on the surface of Fe3;O4 active materials enables
the prevention of the pore formation during the solvent evaporation, which rather hinders
ion and electron transport.

3.4 Conclusion

We demonstrated methodical consideration for both ion and electron transport by

introducing a carboxylated PPBT binder and facile PEG surface treatment, which
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remarkably enhanced the performance of Fe3;O4 high-capacity anodes. PPBT with pendant
carboxylic moieties facilitated electron transport along the polymer backbone via
electrochemical doping, building necessary electrical linkages between carbon and Fe3O4
particles. Additionally, Fe-carboxylate bonding positively affected high-capacity anode
stability. Generally, the poor cycling performance of high-capacity electrode materials lies
in difficulties related to substantial volume changes in the active material and resultant loss
of electron transport pathways. The results and mechanistic insight presented here suggest
a new approach that can provide for high-capacity energy materials with feasible process

methodologies for their practical use in the near future.

62



CHAPTER 4. CARBON NANOTUBE WEB WITH
CARBOXYLATED POLYTHIOPHENE “ASSIST”
FOR HIGH-PERFORMANCE BATTERY

ELECTRODES

4.1 Introduction

Achieving close to theoretical performance is an ongoing challenge for high energy
Li-ion batteries, which enable a transition from our imagination into reality for
technologies such as smart Internet of Things (IoT) devices, electrical vehicles (EVs), and
even flexible/wearable electronics.®* In theory, electrochemical performance is largely
dominated by electrode resistance during operation, coupled with electron/ion transport in
the electrode.® In the case of high-capacity anode materials which undergo conversion upon
electrochemical (dis)charge including metal oxides, Si, Sn, and their derivatives, however,
severe volume changes can occur that lead to crack formation and pulverization resulting
in electrical contact loss during electrochemical testing, thereby exacerbating electrode
resistance and degrading battery performance.”® Thus, designing electrode materials and/or
materials architectures to alleviate those properties is the first step toward developing high

performance battery systems.

Adapted with permission from “Kwon, Y. H.; Park, J. J.; Housel, L. M.; Minnici, K.;
Zhang, G.; Lee, S. R.; Lee, S. W.; Chen, Z.; Noda, S.; Takeuchi, E. S.; Takeuchi, K. J.;
Marschilok, A. C.; Reichmanis, E. Carbon Nanotube Web with Carboxylated
Polythiophene “Assist” for High-Performance Battery Electrodes. ACS Nano Article
ASAP DOI: 10.1021/acsnano.7b08918.” Copyright 2018 American Chemical Society.
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A typical electrode comprises electroactive materials, conductive carbon additives
and a polymeric binder that are blade-coated onto a metal foil substrate. Among those
components, most studies have been focused on the electroactive powders, including

investigations related to controlling their morphology!'®!12%124

or modifying their
surface'®!>12 to benefit Li" ion diffusion or electron transfer. Also, new polymeric binders
have been introduced that facilitate the formation of a stable electrode.?*!2612” While these
material-oriented approaches were quite effective, the resultant electrodes continued to
have inherent limitations originating from the inorganic/organic composite matrix.

Specifically, discontinuities in electron pathways and blockage of porous ion transport

passages by the polymeric binder can impede electron/ion movement.

To address these obstacles, systematic approaches that introduce three-

dimensionally (3—D) interconnected porous electrode designs in conjunction with highly

20,128-130

electrical conductive functionalities including conductive polymers, carbon

nanotubes (CNTs),282%132133 graphene,’*3! or even metallic ingredients,'**!3°> have been
suggested. The resultant electrodes possessed high porosity and well-developed electrical
channels, which positively influenced their performance. Interestingly, a CNT network-
based concept demonstrated high-rate capability, without sacrificing performance

associated with losses of volumetric and gravimetric electrode capacity; and a 3-D

30,31

interconnected architecture using either a graphene— or electrodeposited Ni—

134,135

frame exerted less impact on these same characteristics owing to a large inner pore

volume. Still, the expected performance enhancements were not fully realized. For
instance, the CNT networks required a mechanical support in the form of an integrated

28,29,133

electrically inert polymer, or an underlying metal foil substrate.!*? Further, the
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networks were simply physically interconnected with electrode components. In the absence
of interactions facilitated by surface chemistry, intimate contact between components was
likely absent, thereby adversely impacting electrical conductivity/connectivity and
electrode stability. To date, efforts to develop CNT network-based electrodes have not fully
considered materials dispersion; neither have mechanisms to ensure effective electrical
connectivity between electroactive particles and those networks been contemplated.

Notably, current distribution and charge transfer kinetics are critically dependent on both.

Here, we report that carbon nanotube web electrodes, assisted by a carboxylate
substituted polythiophene yielded stable, high-performance battery electrodes. To
maximize electron/ion transport, the conjugated, carboxylate bearing polymer was
introduced as a physical/chemical linker to render the electroactive spheres and CNT
networks well-connected through molecular interactions. The approach uses poly[3-
(potassium-4-butanoate) thiophene] (PPBT) as a water-soluble, carboxylated
polythiophene, polyethylene glycol (PEG) coated monodispersed Fe3Os spheres (PEG—
sFe304), introduction of carbon nanoparticles (e.g. carbon black) to assure inner pores due
to their bulky attributes, and few-walled carbon nanotubes (FWNTs)!*¢!37 having sub-

millimeter length for building a porous, self-standing web as a long-chain CNT component.

High-capacity Fe;O4 powders (~925 mAh g') — readily synthesized in spherical
form with controlled size allowing for uniform Li" ion diffusion — were used as a model
metal oxide active material: the metal oxide surface (—OH) presents a well-defined
chemistry that is easily probed.'®!3® PPBT, having a conjugated backbone and carboxylated
side chain moieties, plays a very important role, whereby it contributes both to effective

FWNT dispersion and to bond formation between the carboxylate substituent and available
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surface —OH moieties present on the sFe3Os active material. The n—conjugated
polythiophene backbone physically interacts with the two-dimensional, graphene-like n—
electron rich nanotube surface; and the solubilizing carboxylated alkyl side chains assist in
FWNT debundling and effective dispersion in water.”> Chemical interactions between
PPBT carboxylic moieties and the hydroxylated sFe3O4 surface favorably affected
electrode stability, and facilitated electron transport by creating electrical linkages between
the FWNTs and Fe;O4 spheres through electrochemical doping during battery operation. '’
Thus, unlike typical electrodes where the polymer simply acts as a binding component, the
carboxylated polythiophene supports facile formation of substantial electrical pathways
through both physical and importantly, chemical interactions. To allow for PPBT COO-
functionalities to deliver FWNTs onto the sFe304 metal oxide surface, the physical affinity
between the carboxylated polymer and the sFe3O4 surface is of importance. By introducing
a PEG coating on the metal oxide, the carboxylated polythiophene is attracted to the active
component drawing FWNTs along to successfully bring the nanotubes into intimate contact

with the metal oxide while still dispersed in the aqueous solvent prior to electrode

fabrication.

Successful fabrication of a high-performance FWNT web electrode using PPBT
that assists not only with physical but importantly, chemical coupling between the active
material and nanotube surface demonstrates the significant need to consider surface
chemistry and surface chemical interactions in the design of composite electrodes.
Appropriate choice of surface chemistry can provide for effective dispersion of the
components and induce formation of critical electrical transport pathways. Here, binding

between PPBT carboxylate and sFe3;Os surface hydroxyl groups, m—electron surface
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interactions (FWNT and PPBT backbone), and the physical affinity between the materials
surfaces (PEG and PPBT) were considered advantageously. Consequently, stable
connections between electrode materials were successfully created through linkages with
the carboxylated polythiophene, which led to reduced electrode resistance and enhanced
charge transfer kinetics. In turn, electrode specific capacity even at a high rate was

improved, as were cycle stability and rate capabilities.

4.2 Experimental Section

Materials. Monodispersed spherical Fe;O4 particles (~500 nm in diameter) were
synthesized by a solvothermal method reported by Fan et al.'*® The precursor solution was
prepared by dissolution of FeCl3-6H>0 (2.16 g) and CH3COONa-3H>0 (5.76 g) into 40 mL
of ethylene glycol (EG) to form a homogeneous solution with stirring for 24 h. The
resultant solution was then sealed in a Teflon lined stainless steel autoclave (45 mL
capacity), in which the concentration of FeCl3-:6H20 was 0.200 mol L!. The autoclave was
heated to 200 °C for 8 h, and then cooled to room temperature. After sequentially washing
several times with deionized water and ethanol using a centrifuge, monodispersed Fe3O4
spheres (sFe304) were produced. For the preparation of sFe3O4 particles coated with PEG
(PEG-sFe304), 1 g of sFe304 powders in 10 g ethanol adding 8 mL of PEG 1500 solution
(50 % w/v, Sigma-Aldrich) were sonicated for 30 min in an ice bath with an ultrasonic
probe. The PEG-sFe;04 powders were washed and extracted by centrifuge separation using
acetone at a speed of 6000 rpm for 10 min. The process was repeated 3 times. FWNTs with
submillimeter length were synthesized using fluidized-bed chemical vapor deposition

method, as a conductive substrate owing to its high electrical conductivity and high aspect
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ratio.**!37 PPBT (M,: 16 kDa, polydispersity: 2.2, head to tail regioregularity: 89%) was

purchased from Rieke Metals Inc..

Electrode Fabrication and Characterization. For the fabrication of the FWNT
web electrode, the mixture of FWNT (3.5 mg) in PPBT solution (7 mg of PPBT, 4mL of
deionized water) was sonicated for 15 min in an ice bath with an ultrasonic probe. After
adding PEG-sFe;04 (25 mg) and carbon black (CB, 5mg) into the FWNT dispersion, the
suspension was subjected to ultrasonication for 3 min. The FWNT suspension for a
mechanical support layer was prepared by dispersing FWNT (2 mg) with probe-type
ultrasonication in 10 mL of SDBS solution (concentration = 1.0 wt % in water). The
resultant FWNT suspension and the electrode slurry were sequentially vacuum-filtrated
onto a membrane filter (PVDF membrane filter with pore size of 0.22 um, EMD Millipore).
To remove residual SDBS surfactant and excessive PPBT, the electrode was washed by
vacuum filtration adding sufficient water. To promote the development of a porous
structure in the FWNT web electrode, the wet-state electrode was subjected to vacuum
filtration by pouring ethanol (20 mL) followed by acetone (20 mL) through the electrode
and it was then placed in a freeze dryer (Labconco, Freeze drying system/Freezone 4.5 L)
overnight (solvent exchange-assisted freeze-drying method). The electrode was finally
vacuum-dried overnight at 110 °C, eventually fabricating self-standing FWNT web
electrodes. The SDBS surfactant-assisted FWNT web electrodes were prepared by the
same process mentioned above, except for the electrode slurry preparation using SDBS
surfactant solution (concentration = 1.0 wt % in water) instead of PPBT solution. The
electrode of sFe;O4/FWNT (SDBS) was produced from 25 mg of sFe3O4 and 3.5 mg of

FWNT in 10 mL of SDBS solution, and sFe304/CB/FWNT (SDBS) electrode for 25 mg of
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sFe304, 5 mg of CB, and 3.5 mg of FWNT in 10 mL of SDBS solution. The reference
electrode including PEG-sFe3;O4/CB/PPBT and sFe3;O4/CB/PVDF (weight ratio =
71.4/14.3/14.3) was blade-coated on the Cu foil substrate.’>!* These prepared electrodes
were pre-dried at 65 °C for 3 h and completely dried at 110 °C for 12 h in a vacuum oven.
The electronic conductivity of the electrodes was measured using a standard four-point
probe configuration (Signatone). For measuring the electronic conductivity of the
FWNT/PPBT composite film (Figure 4.1g), mold casting was conducted using a
rectangular mold being put onto the substrate. These prepared electrodes were pre-dried at
65 °C for 1 h and completely dried at 110 °C for 12 h in a vacuum oven. The porosity of
the electrodes was calculated by measuring the thickness and mass loading (mg cm™) of
each electrode disc (1 cm in diameter) and using the density of each materials component

(sFe304: 5.17 g cm™'; FWNT: 2.1 g cm™'; carbon black: 1.89 g cm™'; PPBT: 1.1 g cm™).!4

Electrochemistry. 2032-type coin cells (MTI corp.) were used for electrochemical
measurements. Lithium metal was used as a counter electrode and 1.2 M LiPFg in ethylene
carbonate (EC) and diethyl carbonate (DEC) (1:1 by volume) with 10 wt % fluoroethylene
carbonate (FEC) for long cycle stability, was utilized as an electrolyte. Before
electrochemical testing, all the coin cells were charged and discharged with the current
density of 0.1 C (~90 mA g!) to confirm their capacity and initial Coulombic efficiency.
The tests then proceeded for cycling performance and rate capability. Cyclic voltammetry
(CV) was performed in the potential range of 0.01-3 V at the rate of 0.5 mV s and
electrochemical impedance spectroscopy (EIS) measurements were conducted in the

frequency range from 1 MHz to 0.1 Hz.
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Spectroscopic Characterization. The electrode samples for spectroscopic
measurements were prepared by grinding powder samples from the as-prepared FWNT
web electrodes to closely investigate the chemical interactions between sFe3;O4 and PPBT
inside the electrodes. Fourier-transform infrared spectroscopy (FT-IR) spectra were
recorded using KBr pellets of the materials and a Nicolet 8700 FTIR spectrometer. X-ray
photoelectron spectroscopy (XPS) characterization was performed using a Thermo K-
Alpha XPS system. The instrument was equipped with a monochromatic Al-K X-ray
source (1468 eV). Spectra were collected using the flood gun and an X-ray spot size of 400
um. Survey scans were collected with pass energy of 200 eV with 1 eV increments. High-
resolution scans (for specific elements) were collected with the pass energy of 50 eV with
0.1 eV increments. For XPS analysis of the electrodes after 200 cycles, the delithiated
electrodes were extracted from cycled coin cells and carefully rinsed with DEC three times
(5mL in total) to remove residual electrolyte and then dried in a vacuum oven (80 °C, 10

h).

Microscopic Characterization. The optical microscopy (OM) measurements were
conducted using an Olympus MX61 Microscope. The composite films optical microscopy
(OM) were prepared by spin-coating (WS-6500MZ-23NPP, Laurell) the slurries onto
substrates at the spin rate of 1500 rpm for 60 sec in air.>? The field-emission scanning
electron microscopy (FE-SEM) images were observed in surface and cross-sectional view
of the electrodes using a Zeiss Ultra-60 FE-SEM with an accelerating voltage of 10 kV
using the high vacuum mode at room temperature. Ion milling system (IM4000, Hitachi)

was used for preparing the cross-sections of the electrodes.

4.3 Results and Discussion
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4.3.1 Materials Preparation
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Figure 4.1. Materials preparation: effect of PEG coating and PPBT assist on materials dispersion
and sFe304~-FWNT connection. (a) Schematics of the formation of Fe-carboxylate complex. (b)
SEM image of monodispersed Fe3O4 spheres (sFe3O4). (c) Size distribution of sFe;O4 particles,
counted from SEM images. (d) Hansen solubility parameter (HSP) spheres of interaction for PEG
and PPBT having 98.3% of the intersection volume portion (% V). Adapted with permission
from ref. 139. Copyright 2016 American Chemical Society. (e) Optical microscopy (OM) images
of PEG-sFe;04/PPBT and sFe;O4/PPBT composites (inset) prepared by spin coating on the glass
substrate. (f) FWNT dispersion state after probe-type sonication (top: OM images prepared by spin
coating onto a glass substrate, bottom: corresponding suspension images). (g) Electronic
conductivities of FWNT and PPBT composite film. The effective weight ratio of FWNT and PPBT
was found as 1 to 2 having higher conductivity and good dispersion. (h) SEM and TEM (inset)
images demonstrating the dispersion/connection of PEG-sFe304 and FWNTSs through a PPBT assist
in the electrode slurry. The SEM/TEM characterizations were conducted after evaporating water
solvent.
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An effective, stable link between magnetite based electroactive materials and CNT
surfaces enables rapid electron transport, possibly contributing to a battery electrode that
exhibits high performance. To build such stable networks, understanding the surface
chemistry, which dominates effective materials dispersion through physical/chemical
interactions, is imperative. This approach, which introduces a PEG coating onto the surface
of sFe304 and uses PPBT as an electrical linker connecting the metal oxide with the carbon
nanotube surface, relies primarily on the materials’ surface chemistries; the PEG coating
induces favorable molecular interactions between the carboxylate moieties of PPBT to
attract the coated magnetite into a water medium, while the PPBT conjugated backbone
physically interacts with FWNT surfaces. Those interactions led to the formation of a Fe-

carboxylate complex at the interface, which positively impacted electrode stability (Figure

4.1a).
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Figure 4.2. Monodispersed Fe3O4 spheres (sFe304). (a) XRD pattern. (b) Galvanostatic
charge-discharge profile of Cu foil electrode (sFe304/CB/CBC binder) in the potential
window of 0.01 to 3 V vs Li/Li" at a constant current density of 0.1C (~90 mA g™). (c)
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Cycling performance of monodispersed Fe3O4 spheres (sFe3O4)-based electrode, compared
with random-shaped Fe;O4 particles (0.5C rate). The sFe3O4 particle system shows much
improved capacity retention. (d) Cycling performance of Cu foil electrodes. Half coin cell
includes no FEC additive in the electrolyte. PEG coating-PPBT binder system represents
higher enhanced electrochemical performance in the Cu foil electrode system.

The electrode system described herein used monodispersed spherical FezO4
particles (sFe304) that have structural advantages to facilitate particle dispersion and thus
support uniform Li" ion diffusion during the electrochemical reaction. Monodispersed
sFe3O4 with tunable particle size ranging from 100 to 400 nm were readily fabricated
through a solvothermal method by varying the concentration of a single iron source,
FeCl3-6H20."*® We targeted a particle size over 400 nm to acquire a large interstitial
volume to facilitate ion transport within inner pores. Figure 4.1b presents scanning electron
microscope (SEM) images of as synthesized sFe3O4 particles having an average size of 498
nm. The X-ray diffraction (XRD) pattern (Figure 4.2a) indicates that the particles possess
a typical spinel structure composed of a well-crystallized cubic magnetite phase (Fe2.93304
in JCPDS No. 86-1354),'*8 with a crystallite size of 71 nm. This result implies that sFe304
is a cluster of small Fe3O4 crystallites. While the large crystallite structure might be
expected to negatively impact sFe;O4 electrochemistry,’® studies pertaining to the use of a
PEG coating to reduce Fe;Os aggregate size suggested that aside from crystallite size,
perhaps more importantly, secondary particle size (or agglomerate size) significantly
influenced battery electrode performance.!* In addition, spherical nanoparticle clusters
experience less exposure to the electrolyte, due to their effectively reduced surface area
compared with randomly agglomerated nanoparticles. In turn, decreased exposure to the

electrolyte is expected to contribute to formation of a stable solid-electrolyte interphase
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(SEI) layer, leading to enhanced Fe;O4 electrochemical behavior.!!! Notably, results from
coin cell testing (Figure 4.2c) demonstrated that sFe3O4 exhibited more favorable cycling

70139 comprised of 8nm

performance than uncontrolled Fe3Os4 aggregated particles
crystallites, which supports the premise that overall aggregate surface area is a critical
determining factor to be considered in the design of composite electrodes. Given the
positive coin cell results, monodispersed sFe3O4 was adopted here as a model high capacity

metal oxide in the design of an ideal geometric configuration for battery electrodes to have

high electrochemical characteristics.
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Figure 4.3. Dynamic light scattering (DLS) particle size distribution of sFe3;O4 particles
and PEG-sFe;04 particles dispersed in water solvent, and sFe3O4 particles and PEG-sFe3;04
particles dispersed in PPBT solution. DLS was performed using a Malvern Zetasizer
NANO ZS instrument (Malvern instruments). The particles were dispersed through bath-
type sonication for 30 min (1mg particles/ImL deionized water).

Since PEG has a high physical affinity to PPBT (Figure 4.1d), it was anticipated

that their physical attraction might drive the formation of sFe304—FWNT linkages through

Fe-carboxylate chemical bonding. Optical microscopic (OM) characterization (Figure
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4.1e), however, shows that the presence of a PEG coating on the sFe30O4 surface induced
the growth of aggregates in the water solvent. Dynamic light scattering (DLS) supported
this observation (Figure 4.3): for dispersion in water, the average size of sFe304 aggregates
is 0.76 um, whereas PEG-sFe304 exhibited bimodal peaks with 1.25 and 5.21 pum (for
dispersion in PPBT solution, sFe3O4 aggregates were 0.65 and 4.99 um, while the PEG-
sFe3O4 counterparts were 1.37 and 4.54 um in average aggregate size). Counter to the
expectation that PEG would facilitate particle dispersion, the PEG coating induced an
increased level of sFe304 aggregation, which might derive from a decrease in their surface

energy in the aqueous solvent.

The dispersion of FWNTs into the aqueous PPBT solution was readily
accomplished because of the carboxylate substituent: m—m interactions between the
polythiophene n—conjugated backbone and the n—electron surface of the carbon nanotubes
promoted wrapping of PPBT around the FWNTs, while the side chain carboxylate moieties
efficiently debundled and helped disperse the FWNT aggregates in the water medium.>>!4!
Despite these favorable properties, the conjugated semiconducting polymer, PPBT is
intrinsically an electronic insulator, and thus addition of too large a quantity of PPBT
during FWNT dispersion was expected to negatively impact electrode electronic
conductivity. To identify the optimal PPBT:FWNT ratio that allows for effective
dispersion while maximizing electrical properties, the materials dispersion state of spin
coated samples was examined using OM characterization (Figure 4.1f) and electronic
conductivity of drop cast electrodes was measured (Figure 4.1g) for different weight ratio

of the two components. When the weight ratio of FWNT to PPBT was 1 to 2, the electrode

components appeared well dispersed, and comparable to FWNT dispersion (Figure 4.1f)
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using sodium dodecylbenzensulfonate (SDBS), a well-known surfactant.?%2%132
Importantly, drop cast films of PPBT dispersed FWNTs at this ratio also exhibited higher

conductivity.

As confirmed by SEM and TEM characterization, using the combination of PEG
and PPBT to enable the dispersion of sFe3O4 and FWNT, respectively, in the aqueous
medium, coupled with subsequent chemical interactions facilitated interconnectivity
between the electroactive components. Figure 4.1h presents SEM and TEM images of a
well dispersed dried electrode slurry comprising PEG—sFe304 and FWNT dispersed in
PPBT solution on an as-prepared TEM grid. The TEM image (inset image of Figure 4.1h)
suggests that PEG-sFe3;04 and FWNT are well-connected at their interface, most likely due
to the role of the carboxylated conjugated polymer (PPBT) linking the two components

through chemical/physical interactions at their respective surfaces.

4.3.2 Fabrication of FWNT Web Electrode

The FWNT web electrode was fabricated via a vacuum-assisted filtration process
followed by a solvent exchange-assisted freeze-drying method that allowed for well-
dispersed materials and well-developed porous electrode structure.?®?’ First, as illustrated
in Figure 4.4a, the electrode slurry was prepared by a sonication process using an ultrasonic
probe to sequentially disperse (1) FWNTs, and (i1) carbon black (CB)/PEG-sFe3O4 particles
in PPBT solution. PPBT helped to effectively disperse FWNTSs and carbon particles in the
aqueous solution, thereby ensuring a well-dispersed electrode slurry (Figure 4.4b). Prior to
depositing the slurry, a FWNT mechanical support layer was prepared by dispersing

FWNTs with probe-type ultrasonication in water using SDBS surfactant (concentration =
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1.0 wt % in water). The resultant FWNT suspension was poured onto a membrane filter
(pore size ~0.22 um) and then subjected to vacuum filtration. Subsequently, the electrode
slurry consisting of PEG-sFe304, carbon black and FWNT in PPBT aqueous solution was
placed on the top surface of FWNT support layer using the same filtration process. To
remove residual SDBS surfactant and excess PPBT assumed not to be involved in
carboxylate bonding with the metal oxide surface, the as prepared electrode was washed
with water by vacuum filtration. Then, a solvent (ethanol followed by acetone) exchange-
assisted freeze-drying treatment?® was employed to facilitate development of a more porous
structure within the electrodes in order to compensate for residual PPBT that surrounds the
FWNT surface that could cover inner porous structures. Finally, the electrode was vacuum-
dried overnight at 110 °C to afford the self-supported FWNT web-electrode (Figure 4.4c,

d.

As indicated in Figure 4.4c, in comparison to a multi-walled carbon nanotube
(MWNT) CNT web, sub-millimeter, long-chain FWNTs (diameter: 6—10 nm, length: ~0.4
mm)'¥7 afforded a free-standing web with high mechanical strength and long-range
conducting networks, while that derived from MWNTs with a diameter < 8nm and length
of 10-30 um failed to produce free-standing web electrodes, because of electrode shrinkage
after solvent evaporation (inset Figure 4.4c). Similar to previous observations,’ super-long
CNTs are essential to secure mechanical superiority of a CNT web-based electrode. Also,
the resultant FWNT system presented improved electronic conductivity and higher
porosity than a corresponding Cu foil electrode consisting of PEG-sF304, carbon black
(CB), and PPBT binder control (Figure 4.4e). While the Cu foil reference electrodes

exhibited electronic conductivity of 0.99 S cm™ and 64.9 % porosity, FWNT web electrode
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conductivity and porosity were 25 S cm™ and 77.8 %, respectively. These improved values
ensured higher electron/ion transport properties, which may contribute to battery electrodes
with higher performance attributes. The results most likely derive from the well-developed
electronic networks associated with FWNTs intimately connected with electrode active
materials through PPBT linkages, and removal of excess PPBT not involved in Fe-

carboxylate bonding which could block pores.
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Figure 4.4. Fabrication of FWNT web electrode. (a) A schematic representation of the
overall fabrication procedure for FWNT web electrode, composed of
PEG-sFe304/CB/FWNT/PPBT. (b) Photographs of FWNT dispersion and electrode slurry
in water solvent after probe-type sonication. (c) Comparison of fabricated electrodes
having long-chain FWNTs (sub-mm length) vs short-chain MWNTs (inset). (d) A
photograph of a self-standing, flexible FWNT web electrode. (e) Electronic conductivity
and porosity of FWNT web electrode, compared with Cu foil -electrode
(PEG-sFe304/CB/PPBT). (f, g) Cross-sectional and (h) surface-view SEM images of
FWNT web electrode.
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SEM images (Figure 4.4f~h) confirmed the well-constructed FWNT web electrode
morphology, comprised of a FWNT web composite layer (~25 um) and FWNT mechanical
support layer (~7 um). Although the observation of small sFe3O4 particle aggregates (~1.7
um) points out that each magnetite particle (~500 nm in diameter) was not perfectly
dispersed, overall, the electrode presented a well-dispersed structure with well-developed
carbon/FWNT channels which can enhance electron/ion transport. The carbon particles
(CB) attached along the FWNT surface in particular, allowed for more porous attributes of
carbon/FWNT channels owing to their spherical, bulky structure. When designing Li-ion
batteries, apparently, those aspects including the high porosity of the FWNT web
electrodes could adversely influence critical battery characteristics such as a volumetric
energy density (Wh L), despite their advantageous effect on a gravimetric energy density
(Wh kg!) owing to the metallic current collector-free system. Thus, for the practical
standard, considering/finding an optimum porosity by controlling electrode thickness

would be further necessary.
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Figure 4.5. TGA profiles (a) sFe304 and PEG-sFe304, (b) carbon black and FWNT, and
(c) PPBT powders and FWNT web electrode, which were carried out in air in the
temperature range of 50-900 °C at a heating rate of 10 °C/min. Table represents the weight
change of materials in FWNT web electrode and the remained amount of PPBT after
filtration that was calculated by TGA results. sFe3O4 particles were oxidized by 4.3 %
during TGA and had acetate—an electrostatic stabilization agent and reduction assistant
agent for sFe;O4 synthesis—on their surface with the amount of ~8.3 %. PEG-sFe304
particles were composed of 3.7 % PEG that starts decomposition at 164 °C and 6.1%
acetate on them. Based on the fact that FWNT web electrode exhibits no decomposition at
164 °C, it was assumed that PEG was completely exchanged with PPBT component during
the electrode fabrication. As a result, the amount of PPBT remained as the form of Fe-
carboxylate complex was calculated into 3.44 mg (9.05 %).
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Figure 4.6. EDS mapping showing the existence of PPBT component, but no potassium
element. This gives more clear evidence that PPBT was attached on the sFe3O4 surface
through the Fe-carboxylate bonding.

To calculate the specific capacity (mAh g') based on the active material content,

the precise weight of PPBT remaining in the FWNT web electrode through Fe-carboxylate
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bonding is necessary. Thermogravimetric analysis (TGA) demonstrated that the electrode
was composed of 9.0 wt % PPBT, which in turn results in 63.3 wt % of electroactive
particles (sFe304) (Figure 4.5). According to TGA analysis, no PEG component remained
in the FWNT web electrode, which implies that PEG was completely exchanged with
PPBT and removed during vacuum filtration. In addition, elemental mapping using energy-
dispersive X-ray spectroscopy (EDS) (Figure 4.6) illustrated that while sulfur (S) was
present in the composite electrode, the element potassium (K) was absent. These results
further support the premise that PPBT remained in the FWNT web electrode through Fe-
carboxylate complex bond formation and is involved in providing connective pathways

between the sFe3O4 and FWNTs.

4.3.3 Surface Analysis
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Figure 4.7. Spectroscopy characterization. (a) FT-IR spectra of materials (sFe3Os,
PEG-sFe;04, PPBT, FWNT) and FWNT web electrode. Peaks were normalized with a
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peak at 575 cm™! associated with the vibration of Fe—O lattice of sFe304.!® (b) XPS survey
spectra of FWNT web electrode with filtration process, in comparison with not-filtrated
electrode (solution casting process). (c, d) XPS spectra of materials (sFe304, PEG-sFe3;0s4,
PPBT, FWNT) and FWNT web electrode.

Fourier transform infrared (FT-IR) spectroscopy (Figure 4.7a) provided evidence
for the formation of an Fe-carboxylate complex where carboxylate moieties were
chemically bound to hydroxyl groups on the metal oxide surface.'** The FWNT web
electrode exhibited peaks at ~1699 cm™ and ~1517 cm™! corresponding to C=0 stretching
and O—C—-O asymmetric stretching (the shoulder was split from ~1560 cm™ band),
respectively, which are associated with an Fe-carboxylate bond. Vibrational bands at
~1560 cm™ and ~1397 cm™ correspond to PPBT O-C—O asymmetric and symmetric

stretching, respectively.

X-ray photoelectron spectroscopy (XPS) provided further evidence for chemical
interactions between the PPBT carboxylate functionalities and the metal oxide surface. In
Figure 4.7b, the disappearance of the K 2p peak at 293.1 eV which appears in the
unwashed/filtered composite, in the FWNT web electrode indicates that only PPBT
chemically interacting with sFe3O4 —OH groups remained in the fabricated material. In
addition, O 1s spectrum of the FWNT web electrode displayed a peak at 531.6 eV for C=0,
substantiating the existence of PPBT in the form of carboxylate. C 1s peaks at 284. 68 eV
and 288.8 eV corresponding to C—O and C=0 bonds, respectively were retained by sFe3Os.
These are carboxylate bonds originating from sodium acetate placed on the sFe3O4 surface
and used as an electrostatic stabilization and reduction assistant agent for sFes;Os

synthesis.!3® TGA analysis indicated that 8.3 wt % of acetate remained in the sFe3O4
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powders (Figure 4.5) prior to coating the active material with PEG. When the PEG coating
was introduced onto the sFe3O4 surface, a C—OH peak associated with PEG was observed
in XPS at 286.7 eV, while the acetate bands were not visible. Based on TGA analysis
(Figure 4.5), however, PEG only partially displaced with acetate: the weight of acetate was
6.1 wt %, while that of PEG was 3.7 wt %. This suggests that the PEG coating relies more
on physical interactions and that acetate chemically bonded onto the sFe3O4 surface
impedes the approach of PEG onto its surface, leading to insufficient coverage with PEG.
This may, in turn, stimulate sFe3O4 aggregation in order to reduce particle surface energy
in water (Figure 4.3). Furthermore, the absence of an O 1s peak at 533.1 eV associated
with the C-O bond of PEG-sFe304 in XPS spectra of the FWNT web electrode (Figure
4.7d), suggest that PEG detached from the metal oxide surface during the filtration process.
Thus, in this study, PEG most likely contributed to attracting the PPBT component of the
conjugated polymer wrapped FWNTs, thereby helping to disperse and connect sFe3O4
hydroxyl groups with the FWNT surface via PPBT carboxylate linkages, rather than

assisting in the uniform dispersion of sFe3O4 particles.

4.3.4 Electrochemical Evaluation

To evaluate the electrochemical performance, coin cells with a Li metal counter
electrode and a solution of 1.2 M LiPFs in ethylene carbonate (EC)/diethyl carbonate
(DEC) (1/1 by volume) with 10 wt % fluoroethylene carbonate (FEC) as electrolyte were

fabricated. The sFe;04 mass loading in the present study was typically 2.1-2.5 mg cm™.
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Figure 4.8. Electrochemical characterization of FWNT web electrode. (a) Cyclic
voltammetry (CV) profiles of FWNT web electrode, Cu foil electrode
(PEG-sFe304/CB/PPBT) and FWNT in the potential window of 0.01 to 3 V vs Li/Li"
collected at the rate of 0.5 mV s™. (b) Galvanostatic charge-discharge profiles in the
potential window of 0.01 to 3 V vs Li/Li" at a constant current density of 0.1C (~90 mA g
1, comparable to CV profiles. (c) Cycling performance (=capacity retention as function of
cycle number) collected for the current density of 0.5C (~450 mA g™!') between 0.01 and 3
V. (open circle: Coulombic efficiency of FWNT web electrode). (d) Variation of electrode
internal resistance (Ronm, Rser, Rer) after cycling, fitted by EIS results. EIS characterization
was conducted at open-circuit voltage (OCV) after 50 and 200 cycles. (e) XPS spectra (C
Is, 0 1s, F 1s) of FWNT web electrode and Cu foil electrode (PEG-sFe3O4/CB/PPBT) after
200 cycles. (f, g) Cycling performance of FWNT web electrodes demonstrating the effect
of (f) PEG coating on the sFe3O4 surface, and (g) carbon addition into the electrode to
acquire more inner pores.

Cyclic voltammetry (CV) characterization was performed to investigate the
lithiation and delithiation behavior of the FWNT web electrode, compared to a Cu foil

reference electrode and pure FWNT electrode (Figure 4.8a). The Cu foil electrode was
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comprised of PEG-sFe304, CB, and PPBT that were blade-coated onto the Cu foil
substrate. For electrochemical testing, a pure FWNT electrode was prepared by vacuum
filtration after dispersion in an aqueous solution with 1.0 wt % SDBS surfactant. In
principle, Fe3O4 is known to follow two reaction steps: (1) lithium intercalation that
induces structure transition, considered to be irreversible (Fe304 +xLi" + xe~ — LixFe304),
and (2) conversion reaction, responsible for the theoretical reversible capacity of ~925
mAh g! (LixFe;04 + (8 —x)Li" + (8 —x)e” — 3Fe’ + 4Li,0).'%!813 Figure 4.8a shows CV
results with three initial cycles at the scan rate of 0.5 mV s™\. The FWNT web electrode has
similar CV behavior to the Cu foil electrode, except for increased peak current and double
layer capacitance (non-Faradaic reaction), ascribed to FWNT characteristics. At the first
cycle, the cathodic peak at 0.81 V corresponds to lithium intercalation, the cathodic peak
at 0.23 V is attributed to further reduction by the conversion reaction including SEI layer
formation, and the broad anodic peak at 1.82 V is associated with oxidation of Fe to
Fe?*/Fe*". In the subsequent cycles, the cathodic Li* insertion mainly occurs at 1.17 V and
0.72 V, and the anodic Li" extraction takes place at 1.90 V, appearing highly reversible,

due to the electrochemical redox reaction (Fe3O4 <> Fe®) through Li insertion/extraction. '

CNTs tend to undergo non-Faradaic reaction at their interface where Li" might be
accumulated, which points out the double layer capacitance in the CV profiles.?®13%142 At
avoltage below 1.0 V (vs Li"/Li), Li" intercalation/deintercalation may arise in CNTs. They
behave as electrochemically active materials, which enable the improvement of battery
capacity, although their contribution is not large. Having a large surface area, however,

CNTs tend to be more involved in the formation of the SEI layer associated with Li" loss,

impacting their low Coulombic efficiency and large irreversible capacity at the first cycle.
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This behavior was observed at 0.60 V, the cathodic peak in the pure FWNT electrode
(Figure 4.8a). Galvanostatic charge-discharge profiles (Figure 4.8b) show FWNT has a
specific capacity of 413 mAh g™! with an initial efficiency of 24.8 % at a constant current
density of ~20 mA g!. This attribute is directly reflected in the electrochemical
characteristics of the FWNT web electrode, which results in increased electrode capacity
(1031 mAh g vs. 944 mAh g! of Cu foil electrode) but reduced initial efficiency (60.2 %

vs 73.0 % of Cu foil electrode) at the low rate condition, current density of 0.1C (~90 mA

gh.

Despite this drawback, with respect to battery performance, the FWNT web
electrode is very effective. Figure 4.8c demonstrates the superiority of the FWNT web
electrode in cycling performance at the constant current density of 0.5C (~450 mAh g!) in
a potential range of 0.01-3 V (vs Li'/Li), as compared to Cu foil electrodes including PEG
coating/PPBT binder system and no PEG coating/PVDF binder system as control
experiments. The FWNT web electrode reveals higher capacity even at the high rate
condition, a gain in energy capacity of approximately 120-230 mAh g'! vs the Cu foil
electrode having PEG-sFe3O4 and PPBT binder. After 200 cycles, the reversible capacity
of the FWNT web electrode was 880 mAh g! vs 921 mAh g at the 1st cycle, and the
electrode exhibited a very stable capacity retention of 95.5 %, while the Cu foil counterpart
with PEG-sFe304/CB/PPBT retained only 81.2 % of its capacity (793 mAh g™! at 1st cycle

to 644 mAh g’ at 200th cycle).
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Figure 4.9. EIS fitting results. The impedance spectra were measured at open-circuit
voltage (OCV) in the frequency range from 1 MHz to 0.1 Hz.

Although the PEG coating-PPBT binder system improved electrode
electrochemical performance (Figure 4.2d), consistent with previous studies,'** the FWNT
web electrode provides for further enhancement. The improved -electrochemical
performance in the present case might be attributed to improved electrochemical kinetics
associated with the interconnected, stable FWNT electron networks having carboxylated
polythiophene (PPBT) linkages connecting the FWNT and sFe3O4 surfaces, coupled with
a well-developed porous structure that ensures facile Li" ion accessibility from the
surrounding electrolyte. During cycling, the internal resistance is effectively reduced,
especially charge transfer resistance, which provides supporting evidence for improved
kinetics (Figure 4.8d and 4.9). Moreover, XPS spectra of the FWNT web electrode after
200 cycles, Figure 4.8e, showed distinctly different features from that of the Cu foil
electrode consisting of PEG-sFe3;04 and PPBT binder; specifically, the former exhibited a

substantially larger amount of LiF component. The XPS points to the formation of a
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thinner, more dense SEI layer, reflecting the enhanced stability of the SEI layer of the

FWNT web electrode system. 2”143

Figure 4.10. SEM images of web electrodes of (a) sFe;O+4FWNT/PPBT, (b)
PEG-sFe3;04/FWNT/PPBT, (c) sFe;O4/FWNT (SDBS), and (d) PEG-sFe304/FWNT
(SDBS). SDBS surfactant helps effectively connect sFe3O4 particles and FWNT, and PPBT
for PEG-sFes;04 particles and FWNT.

The introduction of PEG and carbon particles (i.e., carbon black), in particular,
contributed to the high performance of the FWNT web electrode (Figure 4.8f, g). The
physical affinity between PEG and PPBT is so similar that the attractive forces probably
lead to the PEG coated sFe3O4 moving to interact with PPBT covering the n—conjugated
FWNT surface, which facilitated successful materials dispersion (Figure 4.10) and
consequently induced Fe-carboxylate bond formation between the PPBT carboxylate

moieties and the sFe304 hydroxyl group. Meanwhile, addition of carbon into the electrode
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composite is also key to the observed improvement in electrochemistry. In the absence of
added carbon, the FWNT web electrode exhibited poor cycling performance. Also,
increasing FWNT content that enhanced the electronic conductivity, provoked degradation

in cyclability.
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Figure 4.11. FWNT web electrodes without carbon addition. Increase in FWNT content
of the electrodes affected their improved electronic conductivity, but had negatively impact
on cycling performance. That might be attributed to covering the pores, thereby preventing
ion transport inside electrode.

Based on SEM characterization (Figure 4.11), the FWNT-PPBT component
covered the inner pores and the top surface of the electrode, impeding electrolyte
accessibility. Supposedly, this observation is ascribed to strong physical interactions
between the PPBT conjugated backbone and readily available FWNT surface, that is able
to then build the thick blanket. Carbon particles, however, help to alleviate these issues.

The carbon surface is itself able to interact with the PPBT n-conjugated backbone thereby
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reducing the degree of physical interactions taking place between the PPBT and FWNT
surfaces. As a result, the pores created in the web electrode are less likely to be blocked. In
addition, the morphology (Figure 4.4h) where carbon particles were attached along the z-
axial direction of FWNT surface confirmed that they facilitate formation of a more porous

structure.
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Figure 4.12. Rate capability and corresponding electrochemical properties. (a) Lithiation
rate capability, where cells were delithiated at a constant current density of 0.1C (~90 mA
g’!) and lithiated at different current densities (0.1-3C, 1C rate = 900 mA g'!) between 0.01
and 3 V. (b) Delithiation rate capability, where cells were lithiated at a constant current
density of 0.1C (~90 mA g!) and delithiated at different current densities (0.1-3C, 1C rate
=900 mA g') between 0.01 and 3 V. (c) Ohmic polarization, and (d) charge transfer
polarization as a function of the applied current density during the lithiation and delithiation
process. (e, f) Tafel plots: In (Zappiiea) vs AE, which were plotted from the results of charge
transfer polarization in the range from 0.1C to 2C.

Rate capability experiments demonstrate the beneficial effects of the FWNT web

electrode system. For the lithiation rate capability (Figure 4.12a), under a constant
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delithiation current density of 0.1 C (~90 mA g™'), the cells were lithiated over a wide range
of current densities of 0.1-3.0 C (~90-2700 mA g™') in a voltage range of 0.01-3 V. In the
delithiation test (Figure 4.12b), the cells were lithiated at a constant current density of 0.1
C (~90 mA g!) and delithiated in the range of 0.1-3.0 C (~90—-2700 mA g') between 0.01—
3 V. Both conditions illustrate that the FWNT web electrode retains a much higher capacity
than its Cu foil control, presenting its superior rate capability. From the perspective of
capacity retention which is normalized with the lithiated, or delithiated capacity at the 1st
cycle, however, while the FWNT web electrode still shows improvement at the different
delithiation rate conditions, surprisingly, the lithiation rate capability appears very similar
to the control: seemingly, the electrode configuration does not affect performance during
the lithiation process. This result implies that the poor sFe3Os electroactive material
electrochemistry most likely originates from the delithiation process rather than the
lithiation process. Those are closely associated with the intrinsic properties of metal oxides
following a conversion reaction: large voltage hysteresis in charge/discharge profiles,
which results from different electrochemical reaction paths related to respective lithiation
and delithiation process.'* The additional formation of an intermediate phase that only
occurs during the delithiation might delay the electrochemical reaction by lowering ionic
mobility among interdiffusing species in a metal oxide compound. Those lead to slow
reaction kinetics and resultant inferior electrochemistry in the delithiation process. Thus,
the results obtained for the different delithiation rate conditions support the structural

superiority of the FWNT web electrode.

A comparison of lithiation/delithiation voltage profiles at the different current

densities, which provides for a cell polarization, is of importance for understanding the
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electrochemical behavior in the electrode. As depicted in Figures 4.12¢ and 4.12d, the
FWNT web electrode with improved electrochemistry exhibited polarization values that
were noticeably lower than the reference, except for showing a similar value in ohmic
polarization during the lithiation process. Ohmic polarization (Figure 4.12¢) as a function
of the applied current density was examined by measuring the difference in initial voltage
between the current density of 0.1 C (~90 mA g!) and a given current density.?® In addition,
measuring the voltage difference in the middle of the sloping plateau between the current
density of 0.1 C (~90 mA g') and a given current density can determine the cell
polarization that includes ohmic and charge transfer polarization.'?* In electrochemically
active materials such as Fe3O4 that undergo a conversion reaction, the charge transfer
process (occurring at the interface of the active material and electrolyte) is the rate-
determining step for the conversion reaction.!?®> Thus, assuming that the effect of ohmic
polarization becomes negligible at a relatively low rate, this cell polarization can be
approximated into the charge transfer polarization as summarized in Figure 4.12d. The
value for the charge transfer polarization was plotted according to a Tafel plot (In Zuppiied vs
AFE), resulting in a quasi-linear correlation which accounts for the electrochemical kinetics:
FWNT web electrode having a larger slope is indicative of improved kinetics, compared
to the control. From a mechanistic perspective, the Fe-carboxylate linkages resulting from
chemical interactions between PPBT COO- functionalities and —OH on the electroactive
particle surface, serve to electrically connect FWNTs to the sFe304 surface and in turn very
positively impacting electrode electrical connectivity and stability, thereby assisting in the

enhanced kinetics. Thus, this result demonstrates that PPBT-mediated FWNT porous
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networks allowing for better electron and ion transport are, presumably, the decisive factor

for determining the enhancement in kinetics.

4.3.5 Comparison with SDBS Surfactant-Assisted Electrode System
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Figure 4.13. Electrochemical characterization: comparison with SDBS surfactant-assisted
electrode system of sFe3;O4/FWNT (SDBS) and sFe3O4/CB/FWNT (SDBS). (a)
Galvanostatic charge-discharge profiles in the potential window of 0.01 to 3 V vs Li/Li" at
a constant current density of 0.5C (~450 mA g'). (b) Cycling performance (=capacity
retention as function of cycle number) collected at the current density of 0.5C (~450 mA
g’!) between 0.01 and 3 V. (c) Electrode internal resistance (Roim, Rses, Rcr) after 200
cycles, fitted by EIS results. (d) Rate capability (close circles: lithiation rate capability,
open circles: delithiation rate capability). (e, f) Tafel plots: In (Zappiied) vs AE, which were
plotted from the results of charge transfer polarization in the range from 0.1C to 2C.

A comparison of the current FWNT web electrode with a previously reported
SDBS surfactant-assisted electrode system including sFe;O4/FWNT (SDBS)!* and
sFes04/CB/FWNT (SDBS) shows the importance of considering carboxylated

polythiophene (i.e., PPBT) and carbon particle (i.e., carbon black (CB)) addition, which
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are expected to build stable electron pathways between the FWNT and sFe3O4 surfaces and
facilitate formation of a more porous morphology, respectively. A PEG coating that
prevented Fe3O4 particle dispersion in SDBS solution (Figure 4.10) was not introduced in
the SDBS surfactant-assisted system. The fabrication of the surfactant-assisted electrode
followed the same process as that of FWNT web electrode, except for the use of SDBS
(concentration = 1.0 wt %) to disperse electrode materials rather than PPBT solution. The
resultant electrode exhibited a well-dispersed structure, observed in the surface-view SEM

images (Figure 4.14).

Figure 4.14. Surface view SEM images of SDBS surfactant-assisted electrodes of (a)
sFe;04/FWNT (SDBS), and (b) sFe;04/ CB/FWNT (SDBS).

Figure 4.13a presents the galvanostatic charge-discharge voltage profiles at the 1st
cycle of the cycling performance as described in Figure 4.13b, where the cells were
lithiated/delithiated at a constant current density of 0.5 C (~450 mAh g™") in the potential
range of 0.01-3 V. To our surprise, the FWNT web electrode shows a much higher
delithiated capacity at a rate of 0.5 C, presenting the specific capacity of 920 mAh g™! at
the 1st cycle, as compared to 742 mAh g! for sFe;04/FWNT (SDBS) and 780 mAh g'! for

sFe304/CB/FWNT (SDBS). Note, when comparing only SDBS-assisted electrodes, carbon
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addition favorably impacted the capacity aspects and retention during cycling. Electrode
internal resistance (Figure 4.13¢) including ohmic, SEI, and charge-transfer resistance
(Rowm, Rser, Rcr), fitted by EIS results after 200 cycles (Figure 4.9), supports this
observation, where the FWNT web electrode and surfactant-assisted system with carbon
particles tend to have similar resistance while Rser and Rer in the system with no carbon
addition remained much larger. Rate capability (Figure 4.13d) and Tafel plots that account
for the electrochemical kinetics (Figure 4.13e,f), also show comparable tendencies to the

above electrochemical testing results: FWNT web electrode > sFe304/CB/FWNT (SDBS)

> sFe304/FWNT (SDBS).
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Figure 4.15. Analysis of SDBS surfactant-assisted electrode system. Cross-sectional SEM
images of (a) sFesO4/FWNT (SDBS) and (b) sFe3;O4/CB/FWNT (SDBS). (c¢) Size
distribution of sFe3O4 aggregates observed in the SEM images of each electrode cross-
section. (d) Electronic conductivity and porosity. () The impedance spectra measured at
open-circuit voltage (OCV) before battery testing in the frequency range from 1 MHz to
0.1 Hz. (f) XPS analysis of SEI layer after 200 cycles.
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Insights into the origins of the differences in electrochemistry can be derived from
the cross-sectional SEM images depicting morphologies of electrodes with different
sFe304 aggregate size (Figure 4.4f and Figure 4.15a—). Aggregate size within FWNT web
electrodes assisted by PEG and PPBT carboxylic groups was ~ 1.71 um, whereas that for
sFe3s04/CB/FWNT (SDBS) and sFe3;O4/FWNT (SDBS) was 2.31 and 3.08 pm,
respectively, demonstrating the ability of PEG and PPBT to improve materials dispersion.
Interestingly, the addition of carbon particles also appears to facilitate reduction in the size
of sFe304 aggregates. Moreover, although electronic conductivity and porosity (Figure
4.15d; 33.7 S cm! and 81.3 %) of sFe;04/CB/FWNT (SDBS) electrodes exhibit no
difference from those of sFe;04/FWNT (SDBS) (34.5 S cm™ and 80.5 %), CB/FWNT web
(porosity = 83 %) exhibited improved porosity vs the pure FWNT web (porosity = 76%),
which might help to explain why CB/FWNT networks appear to possess more facile ion
transport channels. This hypothesis is consistent with EIS results (Figure 4.15¢), where
only the sFe3;O4/FWNT (SDBS) electrode system exhibits a much larger semi-circle,
indicating larger charge-transfer resistance. Conceivably, the physical characteristics of
carbon particles (i) are more favorable to dispersion than FWNTs and prone to placement
at the interspace between sFe3O4 particles, thereby preventing sFe3O4 aggregation, and (ii)
are attached on FWNT surfaces to restrict their bundling, both of which contribute to more

porous FWNT networks.

As presented in Figure 4.15f, XPS analysis of the electrodes after 200 cycles
provides additional evidence that PPBT-assisted FWNT web electrode stability was
derived from formation of a stable SEI layer having a higher fraction of LiF.'*3

Specifically, when the FEC additive — a source for LiF in the stable SEI layer — was
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excluded from the electrolyte, SDBS surfactant-assisted systems experienced substantial
cycle degradation, whereas the FWNT web electrode exhibited relatively stable cycling

performance (Figure 4.16).
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Figure 4.16. Cycling performance comparing FWNT web electrode with SDBS surfactant-
assisted electrode system including sFe;Os/FWNT (SDBS) and sFe;O4/CB/ FWNT
(SDBS). The electrolyte was a solution of 1.2 M LiPF¢ in EC/DEC (1/1 by volume) without
FEC additive. After 200 cycles, EIS measurement was performed in the frequency range
from 1 MHz to 0.1 Hz.

Thus, FWNT web electrode SEI layer stability appears positively influenced by
the stable connections formed between the electrode components by PPBT linkages, and
the smaller sFe3Os4 aggregates that result in smaller volume changes during the
charging/discharging process. Meanwhile, as evidenced by the C 1s and O1s XPS spectra,
sFesO4/FWNT (SDBS) manifested a relatively larger proportion of organic compounds
within the SEI layer than sFe;O4/CB/FWNT (SDBS), which may explain the dramatic
increase in SEI resistance (Rsg;) for the former during cycling (Figure 4.13c). This
observation also demonstrates the effectiveness of carbon particle introduction into FWNT

web electrode systems.

4.4 Conclusion
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We demonstrated that FWNT web electrodes fabricated with carboxylate
substituted polythiophene (PPBT) ‘assists’ enabled the formation of electrical bridges
between FWNT and sFe3O4 surfaces. These bridges improved electrode electrochemical
kinetics and reduced electrode resistance with respect to control electrodes, which directly
translated into significantly improved battery performance. The effort to design a
composite electrode structure that facilitates electron/ion transport, took advantage of an
electrode frame composed of a FWNT web having long-range electron pathways and a
network of porous passages, and monodispersed electroactive spheres (i.e., sFe3O4)
possessing uniform Li" diffusion paths. The latter were integrated into the FWNT web by
means of an electrical linker (i.e., PPBT) using chemical/physical interactions that took
advantage of the materials’ surface chemistries. Introduction of the PEG coating on sFe3O4
enabled favorable physical attraction to PPBT carboxylic moieties, consequently
stimulating the formation of a Fe-carboxylate bond at their interface that contributed to
formation of a stable connection. Notably, the addition of carbon particles into the web
electrode proved effective for improving battery performance through creation of added
porosity and impeding further sFe;O4 aggregation. The approach mediated by electrode
component surface chemistries led to significant performance improvements associated
with the FWNT web electrodes. The results and fundamental insight described herein
suggest a feasible approach — inspired by consideration of surface chemistries in
conjunction with electron and ion transport — that can provide for practical, high-

performance, high-capacity battery electrode systems.
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CHAPTERS. SWNT ANCHORING ON HIGH-CAPACITY
ANODE MATERIALS WITH CARBOXYLATED

POLYTHOPHENE ‘LINKS’

5.1 Introduction

High-capacity electroactive materials that assure high performance are a
prerequisite for ubiquitous adoption of technologies that require high energy/power density
lithium (Li)-ion batteries, such as smart Internet of Things (IoT) devices and electric
vehicles (EVs).®33 While high-capacity anode materials including Si, Sn, metal oxide and
their derivatives have been identified; they undergo massive volume changes and resultant
poor electrochemistry, which is arguably the major impediment delaying their practical

3 Specifically, crack formation and pulverization during volume

implementation.’
expansion contribute substantially to breakage of electronic pathways in electrodes and in

turn degradation of battery performance.

Efforts have been made to suppress the electrical breakdown through introduction

12,13,15.23 carbon nanotubes

of electrically conducting functionalities (e.g. carbon coatings,
(CNTs),'*7147 or graphene!**15%) onto the active material surface. Despite improvements

in performance, these approaches are not solely capable of maintaining electrical

connectivity between cracked/pulverized active particles during repeated charge-discharge

Adapted with permission from “Kwon, Y. H.; Minnici, K.; Park, J. J.; Lee, S. R.; Zhang,
G.; Takeuchi, E. S.; Takeuchi, K. J.; Marschilok, A. C.; Reichmanis, E. SWNT Anchored
with Carboxylated Polythiophene ‘Links’ on High-Capacity Li-lon Battery Anode
Materials. J. Am. Chem. Soc. DOI: 10.1021/jacs.8b00693.” Copyright 2018 American
Chemical Society.
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cycles because of weak van der Waals interactions between carbon and active material
surface. Thus, it is imperative to link the carbonaceous conducting agent with the high-
capacity active particles with a binding component. Studies pertaining to new polymeric
binders that impact electrode stability pointed to the importance of surface chemistry
stimulating desirable molecular interactions. For instance, formation of a carboxylate bond
between a carboxylate substituted polymeric binder and the hydroxylated surface of
electroactive particles led to highly enhanced cycle life.?*24127:139.15L152 Thege fundamental
insights provide critical clues for the design of high-capacity anode materials with superior
electrochemical performance. Specifically, introducing electronically conductive carbon
nanotube (CNT) networks onto the active material surface, in conjunction with the
formation of carboxylate bonds to afford stable links between the CNT networks and active
materials via a binding component might be favorable. Such a construct may allow for
dimensional stability and electrical continuity in the active materials during volume
expansion, thereby leading to improved performance. Identification of a polymeric binding
component able to connect the CNT networks with the electroactive material surface,
nevertheless, remains a challenge. Polymers bearing carboxylic moieties including
poly(acrylic acid) (PAA) and sodium carboxymethyl cellulose (CMC), utilized as binders
in Li-ion battery electrodes, are intrinsically electrical insulators and would be expected to
eventually increase electrode resistance. Furthermore, since PAA and CMC have poor
affinity with the CNT surface, it would additionally be necessary to effectively disperse

and debundle the CNTs.

Alternatively, carboxylate substituted polythiophenes, such as poly[3-(potassium-

4-butanoate) thiophene] (PPBT), have apparently impressive potential to serve as a
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polymeric binder or physical/chemical linker to render electroactive particles and carbon
additives well-connected through specific molecular interactions, thereby yielding stable,
high-performance battery electrodes.!*>!°1152 The carboxylate bearing conjugated
polymer, PPBT, has relatively high electronic conductivity of ~10~ S cm™ when compared
with polyvinylidene fluoride (PVDF; conductivity ~10® S cm™); and further,
electrochemical doping where the conjugated polymer undergoes reduction within the
operating voltage of anode applications, enables more rapid electron transport.>61%13% In
addition, PPBT, with its conjugated backbone and side chain carboxylic moieties, has been
shown to contribute to CNT dispersion and the formation of carboxylate bonds through
interactions with surface —OH groups on the electroactive particles. In particular, the n—
conjugated polythiophene backbone physically interacts with the two-dimensional,
graphene-like electron rich nanotube surface while the solubilizing carbosylate substituted
alkyl side chains support CNT debundling and dispersion in water.”>!>? Covalent
interactions between PPBT COO- functionalities and —OH on the electroactive particle
surface are presumed to provide for electrode stability and the ability to withstand severe
volume changes. These factors in turn, facilitate electron transport through electrical

linkages between the CNTs and the electroactive particles.!3%1°1:152

Here, we introduce the use of carboxylated polythiophene to fabricate anchored,
single-walled carbon nanotube (SWNT) - high-capacity active anode materials. To explore
the proof of concept and its feasibility for anchoring SWNTs with PPBT links,

monodispersed Fe;Os spheres (sFe;Ou, theoretical capacity: 925 mAh g, volume

) 139
b

expansion: 200 % silicon nanoparticles (Si NPs, theoretical capacity: 4200 mAh g’!,

volume expansion: 420 %)** and carbon-coated silicon monoxide (c-SiOx with x = 1,
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theoretical capacity: 2600 mAh g!','* volume expansion: ~200 %'>%) were used as

representative high-capacity active materials.

Initially, Fe3O4 spheres (sFe3Os) were utilized as a model high capacity metal
oxide active material owing to their well-defined chemistry with surface hydroxyl (—OH)
functionalities that facilitate elucidation of molecular interactions.!3%!13-151.152 Thjg
preliminary study provided supportive evidence for the importance of surface chemistry,
whereby interfacial interactions between the metal oxide surface and SWNT networks
could be enabled through incorporation of PPBT. Specifically, the polythiophene
carboxylate group can chemically bind to the metal oxide surface to impart stability and
robust electronic connectivity of the sFe3O4 surface with the SWNT networks, providing
improved rate capabilities and long-term cycle life performance. To further demonstrate
the superiority of SWNT anchoring via PPBT linkages, we expanded the concept to other
electroactive materials with much higher capacity, such as silicon nanoparticles (Si NPs)
and carbon-coated silicon monoxide (c-SiOx) that are more susceptible to pulverization
during volume expansion. Consequently, the design presented here allowed for exceptional
advances in electrochemical performance that can be ascribed to improved electrode
stability and robust electrical connections enabled by PPBT =n-m interactions and
carboxylate linkages. The physical and chemical interactions led to effective capture of
cracked/pulverized particles, contributing to suppressed thickness change of electrodes,
formation of stable solid electrolyte interface (SEI) layers, reduced electrode internal

resistance and enhanced electrode kinetics.

5.2 Experimental Section
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Materials. Monodispersed spherical Fe3O4 particles (~500 nm in diameter) were
synthesized by a solvothermal method reported by Fan et al.'*® The precursor solution was
prepared by FeClz-6H>0 (2.16 g) and CH3COONa-3H>O (5.76 g) dissolved in 40 mL of
ethylene glycol (EG) to form homogeneous solution with stirring for 24 h, and then sealed
in a Teflon lined stainless autoclave (45 mL capacity), in which the concentration of
FeCl3-6H>0 was 0.200 mol L. The autoclave was heated to 200 °C for 8 h, and then cooled
to room temperature. After sequentially washing several times with deionized water and
ethanol using a centrifuge, monodispersed Fe3O4 spheres (sFe3Os) were produced. As
synthesized sFe3Os particles, composed of small Fe;O4 crystallites (~71 nm), have an
average size of 498 nm.!>? For the preparation of sFe;Os particles coated with PEG (PEG-
sFe304), 1 g of sFe304 powders in 10 g ethanol adding 8 mL of PEG 1500 solution (50 %
w/v, Sigma-Aldrich) were sonicated for 30 min in the ice bath with an ultrasonic probe.
The PEG-sFe;Os powders were washed and extracted by centrifuge separation using
acetone with speed of 6000 rpm for 10 min for 3 times. PPBT (Mw: 16 kDa, polydispersity:
2.2, the head to tail regioregularity: 89%) was purchased from Rieke Metals Inc.. For the
preparation of SWNT-sFe304, the mixture of SWNT (10 mg, Sigma-Aldrich) in PPBT
solution (20 mg of PPBT, 4mL of deionized water) was sonicated for 15 min in the ice bath
with an ultrasonic probe. After adding PEG-sFe304 (100 mg) into the SWNT dispersion,
the mixture suspension was subjected to further ultrasonication for 3 min. The resultant
SWNT/PEG-sFe;04 suspension was vacuum-filtrated onto a membrane filter (PVDF
membrane filter with pore size of 0.22 um, EMD Millipore) adding sufficient water,
ethanol and acetone for washing. As-filtrated powders were finally vacuum-dried at 110

°C for overnight, eventually producing SWNT-sFe304 electroactive particles. The SWNT-
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sFe304 particles assisted by SDBS surfactant (no PPBT linkage sample) were prepared by
the same process mentioned above, except for the SWNT suspension preparation using
SDBS surfactant solution (concentration = 1.0 wt % in water) instead of PPBT solution. In
case of Si NPs (50—70 nm, US Research Nanomaterials, Inc.) and c-SiOx (KSC1064, Shin-
Etsu Chemical Co., Ltd.), material preparation for SWNT anchoring with PPBT links

followed the same procedure with SWNT-sFe3O4 preparation.

Electrochemical Characterization. Working electrodes were made by blade-
coating electrode slurry on the Cu foil substrate with active material (sFe3O4, SWNT-
sFe304, Si NPs, SWNT-Si NPs, c-SiOx, SWNT-c-SiOx, c-SiOy/graphite blend, SWNT-c-
SiOy/graphite blend), carbon black (CB) and binder (PPBT, sodium carboxymethyl
cellulose (CMC), CMC/styrene butadiene rubber (SBR)). The electrode comprising
SWNT-sFe304 (or sFe304), CB, and binder (CMC or PPBT) was 71.4:14.3:14.3 in a mass
ratio, whereas 52:34:14 for the electrode consisting of active material (Si NPs, SWNT-Si
NPs, ¢-SiOx, SWNT-c-SiOx), CB, and binder (CMC or PPBT). In the graphite-blended
systems with PPBT or CMC binder, the mass ratio of SWNT-c-SiOx/graphite blend, CB,
and binder was 52:34:14. When fabricating CMC/SBR binder-based electrodes, active
material (c-SiOx/graphite blend, SWNT-c-SiOx/graphite blend), CB, CMC, and SBR were
95.8:1.7:1.5:1 in a mass ratio. In the graphite-blended system, the active material was
prepared by blending SWNT-c-SiOx with graphite in a mass ratio of 30:70. These prepared
electrodes were pre-evaporated at 65 °C for 3 h and completely evaporated at 110 °C for
12 h in a vacuum oven, and then pressed until the density of the electrode became ~0.7—
0.9 g cm™. 2032-type coin cells (MTI corp.) were used for electrochemical measurements.

Lithium metal was used as a counter electrode and 1.2 M LiPFg in ethylene carbonate (EC)
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and diethyl carbonate (DEC) (1:1 by volume) with 10 wt % fluoroethylene carbonate (FEC)
for long cycle stability, was utilized as an electrolyte. When testing coin cells comprising
sFe304-based electrodes, only constant current (CC) condition was used (i.e., lithiated to
0.01 V and delithiated to 3.0 V at the set value of current density), whereas when measuring
coin cells comprising Si NPs (or c-SiOx)-based electrodes, a constant current (CC)—
constant voltage (CV) technique was applied: the coin cell was lithiated to 0.01 V at the
set value of current density under constant CC condition and then maintained at CV of 0.01
V until the current density became 0.05 C. In turn, the cell was delithiated to 1.5 V at the
set value of current density under CC condition. Before electrochemical testing, all the coin
cells were charging and discharging with the current density of 0.1 C to confirm their
capacity and initial efficiency. The tests were then proceeded for cycling performance and
rate capability. Cyclic voltammetry (CV) was performed in the potential range of 0.01-3
V for sFe;0s-based electrodes (0.01-1.5 V for Si NPs and ¢-SiOx-based electrodes) with
various scan rates. Electrochemical impedance spectroscopy (EIS) measurements were

conducted in the frequency range from 1 MHz to 0.1 Hz.

Full-Cell Fabrication and Characterization. A prototype full cell sealed with an
aluminumized polymer pouch was fabricated with a negative/positive (n/p) ratio of ~1.08;
the anode and cathode areal capacities were 3.15 mAh cm™ and 2.93 mAh cm™. The
cathode was prepared by blade-coating electrode slurry on an aluminum (Al) foil substrate
with commercialized lithium cobalt oxide (LiCoO», or LCO), CB, and polyvinylidene
difluoride (PVDF) binder in a mass ratio of 94:3:3 using N-methyl-2-pyrrolidone (NMP)
as the solvent and dried at 110 °C for 1 h, and then pressed until the density of the electrode

became ~3.8 g cm™. The aluminumized polymer pouch-type full cells, composed of a
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porous polyethylene (PE) separator sandwiched between anode and cathode, were
assembled. The electrolyte comprising 1.2 M LiPF¢ in EC/DEC (1:1 by volume) with 10
wt % FEC was injected and the pouch was completely sealed. The pouch-type cells were
fabricated in a globe box filled with argon gas. The prepared full cells were pre-cycled in
the first three cycles over the potential range of 2.5—4.25 V at 0.05 C under CC/CV mode
for charging to 4.25 V and maintained 4.25 V until the current density became 0.03 C, and
then CC mode for discharging to 2.5 V. The tests were then proceeded for cycling

performance and rate capability.

Physicochemical Characterization. Fourier-transform infrared spectroscopy (FT-
IR) spectra were recorded using KBr pellets of the materials and a Nicolet 8700 FTIR
spectrometer. The field-emission scanning electron microscopy (FE-SEM) images were
observed on the surface view of the electrodes using Zeiss Ultra-60 FE-SEM with an

accelerating voltage of 10 kV using the high vacuum mode at room temperature.

5.3 Results and Discussion

5.3.1 Approach

Stable SWNT electronic networks on the surface of electroactive materials through
PPBT carboxylate links would provide fast electron transport and help seize
cracked/pulverized particles created during repeated charge-discharge cycling, thereby

delivering battery electrode stability which could impact electrochemical performance.

As depicted in Figure 5.1, successful introduction of a polyethylene glycol (PEG)

coating on the surface of an active particle coupled with PPBT as an electrical linker to
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connect the active particle to the SWNT surface critically depends on the materials’ surface
chemistries. The PEG coating induces attractive molecular interactions with PPBT
carboxylate moieties in water, while the PPBT conjugated backbone physically interacts
with the SWNT surface through noncovalent m—n interactions.!**!*2 Combined, those
interactions led to the successful preparation of structurally and electrically stable,
anchored SWNT - high-capacity electroactive materials through the formation of
carboxylate bonds, which influenced the ability of the active material to tolerate the

repeated volume changes that occur during battery operation.

Water

PEG1500
e —
Dispersion w/
PEG coating

Active particle Attraction [

N

Dispersion w/
PPETassist (f : ppar SWNT-anchored.,
SWNT bundle active particle

Figure 5.1. Schematic illustration of the preparation of the SWNT-anchored electroactive
material with PPBT links. Carboxylate bonds between hydroxylated active particle and
PPBT carboxyl substituent, and n—= interactions between SWNT and PPBT conjugated
backbone, provide for stable electrical linkages.

5.3.2  SWNT-Anchored sFe;O4 with Carboxylated Polythiophene (PPBT) Links.

Monodispersed spherical Fe3O4 particles (sFe304)!>

with an average size of ~500
nm was used as the high capacity iron oxide because of structural advantages that lessen
the impact of volume changes and facilitate effective particle dispersion; thus supporting

uniform Li" ion diffusion during the electrochemical reaction. Prior to SWNT anchoring

with PPBT links, a PEG coating on the sFe3O4 surface was introduced to increase the
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physical affinity of sFe;O4 particles to PPBT component.'3® Then, anchored SWNT-sFe3O4
particles (denoted as SWNT-sFe3O4) were prepared by a probe sonication process to
sequentially disperse SWNTs and PEG-coated sFe3O04 (PEG-sFe304) particles in PPBT
solution, followed by a vacuum filtration step to collect the as-prepared SWNT-sFe304
powders. Figure 5.2a presents scanning electron microscope (SEM) images of SWNT-
sFe304, confirming that SWNTs are well-connected at the PEG-sFe304 surface, most likely
due to the role of the carboxylated conjugated polymer (PPBT) linking the two components

through chemical/physical interactions at the respective surfaces. >
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Figure 5.2. SWNT-anchored sFe3O4 with carboxylated polythiophene (PPBT) links. (a)
SEM images of SWNT-sFe304 particles. (b) FT-IR spectra and (c) XPS spectra of sFe3Os,
PEG-sFe30s4, PPBT, SWNT and SWNT-sFe3;04. (d) Galvanostatic charge-discharge
profiles in the potential window of 0.01 to 3 V vs Li/Li" at a constant current density of 90
mA g! (0.1 C). (e) Cycling performance (=capacity retention as a function of cycle
number) collected at the current density of 450 mA g™ (0.5 C) between 0.01 and 3 V (open
circle: Coulombic efficiency of SWNT-sFe3O4 with CMC binder). Inset shows the
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electrodes’ thickness change after 100 cycles as compared with electrodes before cycling.
(f) The impedance spectra measured at open-circuit voltage (OCV) after 100 cycles in the
frequency range from 1 MHz to 0.1 Hz, and (g) corresponding Warburg plots. The inserted
figures are a slope, presenting Wargburg coefficient (Q s'’?) associated with ion diffusion
resistance in the electrode. (h) Delithiation rate capability, where cells were lithiated at a
constant current density of 90 mA g (0.1 C) and delithiated at different current densities
between 0.01 and 3 V. (i) Galvanostatic charge-discharge profiles with different
delithiation rates of SWNT-sFe304 with CMC binder in the potential window of 0.01 to 3
V vs LI/Li".

Fourier transform infrared (FT-IR) spectroscopy (Figure 5.2b) provides strong
evidence of the specific interactions between the PPBT carboxylate group and sFe3O4
particles, namely, the formation of a Fe-carboxylate complex where PPBT carboxylate
substituents were chemically bound to hydroxyl groups present on the metal oxide
surface.!*>151152 SWNT-sFe;04 presents a peak at ~1716 cm™ for C=0 stretching and a
peak at ~1520 cm™! for O-C—O asymmetric stretching where the shoulder was slit from
~1558 cm! band, associated with the Fe-carboxylate bond. A peak of SWNT-sFe304 at
~1558 cm™ and ~1396 cm™! corresponds to O—C—O asymmetric and symmetric stretching
of PPBT, respectively. The X-ray photoelectron spectroscopy (XPS) spectra (Figure 5.2¢)
of the C 1s and O 1s core levels further substantiate the presence of chemical interactions
between PPBT and the sFe3O4 surface. The C 1s peak of SWNT-sFe304 at 284.97 eV is
indicative of carbon atoms associated with the C-O bond of PPBT, shifted from a peak at
285.36 eV; note the chemical shift to lower binding energy with an increase in interatomic
distance which results from additional bonding between PPBT and sFe;O4.!'7-13 In
addition, the O 1s spectrum of SWNT-sFe3O4 displayed a peak at 531.1 eV for C=0 which

was slightly shifted to lower bonding energy from a peak at 531.5 eV for the C=0 bond of

PPBT, suggesting the existence of PPBT in the form of carboxylate.
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To evaluate electrochemical performance, coin-type half cells with a Li metal
counter electrode and electrolyte solution of 1.2 M LiPFs in ethylene carbonate
(EC)/diethyl carbonate (DEC) (1/1 by volume) with 10 wt % fluoroethylene carbonate
(FEC) were used. The sFe304 mass loading in the present study was typically ~1.9-3.0 mg
cm. Galvanostatic charge-discharge profiles (Figure 5.2d) show the electrode composed
of SWNT-sFe304 with either CMC or PPBT binder exhibited comparable initial
performance at a constant current density of 90 mA g™! (0.1 C), where the specific capacity
and efficiency were 831 mAh g and 71.8 % vs 850 mAh g! and 71.4 %, respectively.
The electrode fabricated with sFe304 and CMC binder presented with a specific capacity
of 862 mAh g! and initial efficiency of 74.5 %. The reduced initial efficiency associated
with the SWNT systems is attributed to intrinsic properties of CNTs; the large surface area
is more involved in SEI layer formation associated with Li" ion loss, leading to low

Coulombic efficiency and large irreversible capacity at the first cycle.!3%!>2

Excellent cycling stability and otherwise improved electrochemical behavior
compensate for the above drawbacks. A comparison of SWNT-sFe304 vs sFe3O4 control
electrodes where both are fabricated with CMC binder, aptly demonstrates that
introduction of PPBT carboxylate linkages to anchor the SWNTs to the active material
allowed for noticeably improved capacity retention with stable long-term cycling, and
superior rate capabilities. Figure 5.2e presents advantages of SWNT-sFe304 with CMC
binder in cycling performance at the constant current density of 450 mAh g! (0.5 C) in the
potential range of 0.01-3 V (vs Li'/Li). After 500 cycles, the reversible capacity of the
SWNT-sFe;04/CMC binder electrode decreased from 710 mAh g™! at the 1st cycle to 687

mAh g after 500 cycles, which represents very stable capacity retention of 96.8 %.
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Notably, PPBT carboxylate linkages that serve to anchor SWNTs to the sFe3O4 particle
surface contribute much favorably to electrochemical cycling (Figure 5.3a). After 100
cycles, the SWNT-sFe304/CMC binder electrode underwent a volume change of 25 %,
while the control electrode based on sFe304 with CMC binder underwent a relatively larger
volume change of 49 %. These differences may derive from the thick SEI layer observed
at the sFe304/CMC binder electrode surface, vs that observed for the SWNT-sFe304/CMC

binder system (Figure 5.3b, c).
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Figure 5.3. SWNT-anchored sFe3;O4 with carboxylated polythiophene (PPBT) links. (a)
Cycling performance (=capacity retention as function of cycle number) collected for the
current density of 450 mA g (0.5C) between 0.01 and 3 V, comparing SWNT anchoring
on the sFe3O4 surface with PPBT carboxylate linkages with SWNT introduction with no
PPBT linkages (prepared by sodium dodecylbenzensulfonate (SDBS) surfactant instead of
PPBT component). The electrodes were fabricated with CMC binder. The surface-view
SEM images of the electrodes (after 100 cycles) composed of (b) sFe304 with CMC binder,
and (c) SWNT-sFe3;04 with CMC binder.

Electrochemical impedance spectroscopy (EIS) analysis in Figure 5.2f supports
this observation: note the decreased size of the semi-circle (= reduced electrode internal
resistance including SEI and charge transfer resistance) of the of SWNT-sFe3;04/CMC
binder electrode compared to that of the sFe304/CMC control. The beneficial effect of
PPBT induced anchoring of SWNTs was also seen in the rate capability experiments

(Figure 5.2h, i). Under a constant lithiation current density of 90 mA g' (0.1 C), the
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SWNT-sFe304/CMC electrode exhibits much higher delithiated capacity over a wide range
of delithiation current densities of 90—2700 mA g™! (0.1 C-3 C) at a voltage range of 0.01—
3 V, which conveys its superior rate capability. Given that the PPBT binder provided for

stable electrodes,'?%1°1:12

improved cyclability was also anticipated. Contrary to that
expectation, the SWNT-sFe304/PPBT binder electrode exhibited poor cycling (Figure
5.2e) and inferior rate capability (Figure 5.2h). These results were not correlated with its
lower internal resistance (= small semi-circle size) observed in the EIS (Figure 5.2f) and
lower Warburg coefficient of 73 Q s (Figure 5.2g) vs the SWNT-sFe;04/CMC (139 Q
s72) and sFe;04/CMC (112 Q s72) counterparts. Specifically, the observed value points to
impedance in the low frequency range that can be attributed to ion diffusion resistance
within the electrode.!”” To gain fundamental insight into the observed differences in
electrode performance that derive from differences in binder chemistry, we investigated
the electrode reaction kinetics and apparent lithium ion diffusion coefficients in SWNT-

sFe304 and sFe3O4 fabricated with different binders including CMC and PPBT (Figure

5.4).

Cyclic voltammetry (CV) investigations provided information surrounding
electrode reaction kinetics.!>>!*® The kinetic data were characterized by analyzing the

voltammetric response of an electrode-active material at various scan rates according to
— b
Iye = av (1)

where the measured peak current (/,c) obeys a power-law relationship with the potential
scan rate (v). The value of b is positively correlated with the corresponding Li" diffusion,

which is determined from the slope of the plot of log (/,c) vs log (v) and provides insight
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into the charge storage mechanism. With respect to reaction kinetics, it also offers a means
to compare systems, where a higher b value suggests faster kinetics.!>® For a redox reaction
limited by semi-infinite diffusion, the peak current (I,.) varies by v'’? (b = 0.5); for a
capacitive process, it varies with v (b = 1). Over a wide range of sweep rates (v), it has been
demonstrated that well-known battery materials (e.g. LiFePOs, LiCoO;, LiMnyOs,
graphite) have b = 0.5, consistent with slow kinetics, whereas » = 1.0 for the
pseudocapacitor materials (e.g. MnO2, Nb,Os) showing fast kinetics.!>®!>” Therefore, low

b might imply sluggish kinetics.
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Figure 5.4. Electrode kinetics interpretation. Cyclic voltammetry (CV) profiles with
various scan rates (v) of the electrodes based on (a) SWNT-sFe304 with CMC binder, (b)
sFe304 with CMC binder, and (c) SWNT-sFe3;04 with PPBT binder. (d, €) Plots of log (Z,c)
vs log (v), which were plotted from the results of cathodic peak currents and anodic peak
currents of CV curves with different scan rates (v), respectively. (f) I,c vs v!/? plots, where
slopes are the apparent diffusion coefficient (cm? s™!).
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Table 5.1. Electrochemical kinetic parameters obtained from CV analysis with various
scan rates: transfer coefficient (o) and apparent lithium-ion diffusion coefficient (Dy;).

a Dy, (cathodic) [cm? s7'] Dy, (anodic) [cm? 5]
SWNT-sFe304/CMC binder 0.012 2.11x10° 2.57x 107
sFe304/CMC binder 0.010 2.88 x 107 2.75x 107
SWNT-sFe;04/PPBT binder 0.014 1.69 x 107! 1.73 x 107!

Figure 5.4d and 5.4e summarizes the fitting results to equation (1) for cathodic and
anodic peak currents, respectively. All b values appeared close to 0.5, which indicates that
the kinetics follow the diffusion-limited redox reaction. The SWNT-sFe304/CMC
electrode exhibited a slightly larger value of b than the control sFe304/CMC electrode,
suggesting that SWNT anchoring to the active material through PPBT n-r interactions and
carboxylate bonds enabled enhanced kinetics. Surprisingly, the SWNT-sFe3;04/PPBT
electrode exhibited a very low b value, ~0.3—0.4, possibly due to sluggish electrode
kinetics. Moreover, as shown in Figure 5.4f and Table 5.1, the apparent lithium-ion (Li-
ion) diffusion coefficient (Dy;) for the SWNT-sFe304/PPBT electrode is much lower than
that for the other systems, providing insight into the origins of poor battery performance,

specifically cycle life and rate capability.

The apparent Li-ion diffusion coefficient was estimated by using the results from

Figure 5.4a—c and considering the irreversible system using the following equations'?% 13-

161

Ipc = (2.69 x 10%)(an)/2AAC,; D} /*v1/? 2)
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1/2

- 0] = (A2) fore0+ 1 (%) ¢ 1m(22) )

where E), is the peak potential and E” is the formal potential. The values of |E, — E’| were
calculated as half of the difference between the peak potential values at the anodic and
cathodic sides, a is the transfer coefficient, » is the number of electrons in the charge-
transfer step (n = 8 for Fe3O4), F is the Faraday constant, R is the gas constant, 7 is the
absolute temperature, Dy; is the apparent Li-ion diffusion coefficient (cm? s™) in Fe;O4 at
298 K, k” is the standard rate constant, v is the scan rate (V s™), I, is the peak current (A),
A is the surface area of the electrode (cm?), and ACy; is the concentration of lithium ions
(ACLi=2.25x102 mol cm™).'%° The values of the apparent Li-ion diffusion coefficient (Dy;)
can be obtained from the slope of the plot where the peak current (/) is in linear response
to the square root of the scan rate (v'?) with the knowledge of a derived from equation (3)

using the plot of |E, — E?| vs In (v). The results are summarized in Figure 5.4f and Table 1.

The calculated average cathodic and anodic diffusion coefficients for the SWNT-
sFe304/CMC electrode were 2.11 x 10 and 2.57 x 10 cm? s\, respectively, which are
very similar to those found for the sFe304/CMC control (Dy; (cathodic) = 2.88 x 10 and
Dy (anodic) =2.75 x 10° cm? s™!). Dy;’s for the SWNT-sFe;04/PPBT counterpart are about
150 times lower: the average cathodic and anodic diffusion coefficients were 1.69 x 107!
and 1.73 x 107! cm? s°!, respectively. The CV and electrode kinetics studies revealed that
the SWNT-sFe304/PPBT binder-based electrodes suffered inferior electrochemical
performance due to slow lithium ion diffusion within the whole electrode and resultant
sluggish kinetics. Conceivably, the high affinity of PPBT to the carbon surface of SWNTs

anchored onto sFe3O4 leads to the full coverage of the active particle surface by the
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conjugated polymer binder. Consequently, lithium ion transport into electroactive sites
may be blocked, thereby negatively influencing Li-ion diffusivity and electrode kinetics.
Note that the density of the unpressed electrode fabricated with CMC as the binder was
0.50 g cm™, whereas in the presence of PPBT binder, the density was almost twice as high
(0.95 g cm™). Presumably, the high electrode density results from strong interactions
between PPBT and SWNT-sFe;O4 electrode active materials. Thus, the positive effect of
PPBT likely derives from its ability to both interact with SWNTs through its conjugated
backbone and then serve to anchor the nanotubes to the active material surface via
carboxylate linkages — features that very positively impacted electrode structural and
electrical stability, while electrode kinetics were only modestly affected (PPBT anchored
SWNTs exhibited slightly improved kinetics when CMC was used as the binder). These
aspects very effectively led to the observed suppressed volume change, stable SEI layer
formation, and reduced electrode resistance vs control electrodes, thereby significantly

improving battery performance.

5.3.3  SWNT-Anchored Si NPs with Carboxylated Polythiophene (PPBT) Links.
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Figure 5.5. SWNT-anchored Si NPs with carboxylated polythiophene (PPBT) links. (a)
SEM images of SWNT-Si NPs. (b) FT-IR spectra of PPBT, Si NPs, and SWNT-Si NPs.
(c) Cycling performance (=capacity retention as a function of cycle number) collected at
the current density of 1250 mA g™ (0.5 C) between 0.01 and 1.5 V (open circle: Coulombic
efficiency of SWNT-Si NPs with PPBT binder). (d) Galvanostatic charge-discharge
profiles with different delithiation rates of SWNT-Si NPs with PPBT binder in the potential
window of 0.01 to 1.5 V vs Li/Li". Inset presents charge-discharge profiles. (e) Plots of log
(Ipc) vs log (v), which were plotted from the results of cathodic peak currents of CV curves
with different scan rates (v). (f) Cycling performance at the current density of 1250 mA g-
(0.5 C) between 0.01 and 1.5 V. The electrode comprising SWNT anchoring on the Si
NPs surface with PPBT carboxylate linkages was compared with that of SWNT
introduction with no PPBT linkages (prepared by SDBS surfactant). The tested electrodes
were fabricated with PPBT binder.

Given the promising results obtained for SWNT-sFe3O4 electrodes, the concept
was expanded to alternate high capacity active materials. Using Si nanoparticles (Si NPs),
we demonstrated that PPBT could also effectively anchor SWNTs to Si NP surfaces and
enable the fabrication of highly stable Si anodes for high-capacity Li-ion battery
applications. The well-dispersed/connected morphology of the Si NPs anchored to the
SWNTs is presented in the SEM image of Figure 5.5a, and the presence of PPBT
carboxylate bonds linking Si NPs to SWNT surfaces was confirmed through FT-IR
investigations (Figure 5.5b). SWNT-Si NPs exhibited a broad Si—O-Si stretching vibration
at ~1000-1240 cm!,'%? which represents a peak shift and change in intensity relative to
pure Si NPs and indicates the creation of new chemical bonds. Peaks at 1547 cm™ and 1404

1

cm™ associated with the PPBT carboxylate group correspond respectively to O—-C-O

asymmetric and symmetric stretching. A newly observed strong peak at 1726 cm™ is
assigned to a C=O stretch, and is indicative carboxylate bond formation,!3151:152

Additionally, XPS spectra (Figure 5.6) support the presence of chemical interactions

between PPBT and the Si NPs surface.
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Figure 5.6. XPS spectra of SWNT-anchored Si NPs with carboxylated polythiophene
(PPBT) links. In the high-energy resolved XPS spectrum of Si 2p core-level spectrum, Si
NPs displays the deconvolution of Si 2p peak: first two peaks at ~100 eV (composed of
2p3/2 and 2pi2 due to spin—orbit coupling) assigned to bulk silicon (gray line) and a peak
at 102.7 eV assigned to surface oxide SiO> (red line).'®® The chemical shift to lower binding
energy of the bulk Si peaks reflects an increase in interatomic distance which results from
additional bonding between PPBT and bulk Si surface. The C 1s peak of SWNT-Si NPs at
285.22 eV is indicative of carbon atoms associated with the C-O bond of PPBT, shifted to
lower binding energy from a peak at 285.38 eV. Those peak shifts substantiate the presence
of chemical interaction between PPBT carboxylic moieties and hydroxyl surface of bulk
Si. No change in O 1s peaks at 533.3 eV with respect to SiO2!% further provides evidence
that the formation of carboxylate bonds would be involved in hydroxyl species on the bulk
Si surfaces.

Coin-type half cells were fabricated to evaluate the electrochemical performance
of Si NPs-based electrodes anchored to SWNTs using PPBT. The half cells were fabricated
with a Li metal counter electrode, 1.2 M LiPFs in EC/DEC (1/1 by volume) with 10 wt %
FEC electrolyte, and a Si NPs mass loading of ~0.8—1.9 mg cm™. The optimal composition
of Si-based electrode materials was determined by evaluating the performance of
electrodes fabricated with different weight ratios of SWNT-Si NPs and carbon black (CB)
while fixing the PPBT binder component at 14 wt %. The effective weight ratio of Si NPs,

CB, and PPBT was 52:34:14 (Figure 5.7a, b); and 10 wt % of SWNT per Si NPs weight
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was observed to be the optimal ratio of SWNTSs anchored to the Si NPs surface using PPBT

links for improved battery performance (Figure 5.7¢).
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Figure 5.7. Electrochemical characterization of SWNT-anchored Si NPs with
carboxylated polythiophene (PPBT) links. (a) Electronic conductivity of the electrodes
composed of Si NPs, carbon black (CB), and PPBT binder. The amount of PPBT binder
was fixed at 14 wt % and the electrodes were prepared according to different weight ratio
of Si NPs and CB. (b, ¢) Cycling performance at the current density of 1250 mA g™ (0.5C)
between 0.01 and 1.5 V, investigating the optimum composition of electrode materials
(SWNT-Si1 NPs/CB/PPBT = 52/34/14 wt%) and SWNT coating amount (10 wt%) realizing
better cycling performance. (d) Galvanostatic charge-discharge profiles with different
delithiation rates of SWNT-Si NPs with PPBT binder vs Si NPs with CMC binder in the
potential window of 0.01 to 3 V vs Li/Li". Si NPs with CMC binder was used as the
reference electrode, since the as-prepared electrode of Si NPs with PPBT binder showed
poor adhesive and inferior surface. (e) Cycling performance with different charge-
discharge rate conditions (0.5C vs 1C). (f) Effect of PPBT linkages for SWNT anchoring
on Si NP surfaces. SWNT introduction with no PPBT linkages was prepared by sodium
dodecylbenzensulfonate (SDBS) surfactant instead of carboxylate bearing PPBT
component. The electrodes were fabricated using CMC polymeric binder.

Examination of Figure 5.5¢ demonstrates that the SWNT-Si NPs electrode

exhibited far better cycling performance at 0.5 C (1250 mA g!') than its pure Si NPs
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counterpart. Further, distinct from the magnetite case, the PPBT binder facilitated
significantly improved cycling. Since Si undergoes a much larger volume change (420 %)
during Li-ion insertion, it is conceivable that volume change is sufficient to disrupt the
PPBT binder surrounding the Si NPs, leading to the creation of passageways that facilitate
ion transport into the electroactive material. The electrode comprised of SWNT-Si NPs and
PPBT binder exhibited reduced reversible capacity of 2604 mAh g™ and decreased initial
efficiency of 77.0% during pre-cycling at 0.1 C (30 mA g'), which is due to the large
irreversible electrochemistry associated with the SWNT component. Under the same
conditions, the Si NPs-CMC binder control electrode presented a reversible capacity of
3357 mAh g! and initial efficiency of 85.6%. Nevertheless, the approach using PPBT to
anchor SWNTs to the active material benefited the electrochemistry of the Si-based
electrodes. The SWNT-Si NPs/PPBT binder-based electrode with an initial capacity of
2600 mAh g! preserved 2003 mAh g! after 100 cycles, corresponding to 77.0% capacity
retention; whereas the initial capacity of the control electrode was 3108 mAh g™! faded to
only 887 mAh g after 100 cycles (28.5% capacity retention). Top-view SEM images of
the electrodes after cycling (Figure 5.8) are consistent with the cycling results. Due to the
inferior surface of the Si NPs/PPBT electrode, CMC binder-based electrodes were
characterized after cycling. While the Si NPs/CMC electrode suffered from the growth of
thick SEI layers with cracked surfaces, the SWNT-Si NPs/CMC electrode experienced less
SEI layer formation and the resultant electrode surface appeared less cracked. In other
words, the former is highly susceptible to volume changes during repeated charge-
discharge cycles, while the latter is much more stable. This observation suggests that PPBT

facilitated anchoring of SWNTs to the Si NP surface may provide for effective connectivity
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between cracked/pulverized particles, leading to improved electrode stability and relatively
stable SEI layer formation. In addition, the SWNT-Si NPs/PPBT system exhibited

significantly enhanced rate capability (Figure 5.5d and Figure 5.7d).

o Qi SWNT-SUNPs with CMCEWQ.

-

Figure 5.8. SEM images of the surface-view of the electrodes (after 100 cycles) composed
of (a) Si NPs with CMC binder, and (b) SWNT-Si NPs with CMC binder. The electrode
composed of Si NPs prepared by SWNT anchoring with PPBT carboxylate linkages
presents less SEI layer formation, which indicates that SWNT introduction with PPBT
links probably contributes to electrode stability that may enable capture pulverized/
cracked particles, consequently favorable to forming stable SEI layer.

Examination of electrode kinetics can provide further insight into electrode
performance characteristics. As depicted in Figure 5.5e, the calculated value of b for a
SWNT-Si NPs electrode fabricated with CMC as the binder is 0.41 vs only 0.33 for pure
Si NPs in CMC: note a larger b value indicates faster electrode kinetics. In addition, PPBT
facilitated SWNT anchoring to the Si NPs surface played a critical role. When the SWNTs

were dispersed using an aqueous solution of the well-known surfactant, sodium

121



dodecylbenzensulfonate (SDBS) rather than aqueous PPBT, the resultant SWNT-Si NPs
(SDBS) electrode with no PPBT anchoring exhibited much faster cycling degradation
(Figure 5.5f). This result emphasizes the importance of PPBT anchoring the SWNTs to the
Si NPs’ hydroxyl surface, which may be the predominant contributor to stable electrical

connection and electrode robustness.

5.3.4 SWNT-Anchored c-SiOx with Carboxylated Polythiophene (PPBT) Links.

For further demonstrate the advantages and broad applicability of anchoring
SWNTs to the surface of active materials via PPBT linkages, their impact on carbon-coated
silicon monoxide (c-SiOx, x = 1) based electrodes was evaluated. Silicon monoxide has
captured the interest of industry and has been recently adopted because of its relatively low
volume expansion (~200 %) originating from structural characteristics — SiOy (y = 2)
background matrix can buffer the volume expansion of embedded Si nanodomains.'>*164
SiOy particles, however, have low electronic conductivity, with low cycling efficiency and
large irreversible capacity due to the formation of fatal irreversible products (Li.O and
Li4Si04) affecting Li" loss. Thus, surface carbon-coating layers, which lead to fewer side
reactions with electrolytes and high capacity retention during electrochemical cycling, are
required.'%*1%7 Nevertheless, such approaches introducing amorphous carbon layers that
are not elastic but rather subjected to fracture!®® and resultant breakdown of electrical
passages during lithiation process, continue to present significant challenges. To suppress
the breakage of electrical pathways resulting from the pulverized particles during

charging/discharging, we introduce the use of a carboxylated polythiophene linker to

securely construct single-walled carbon nanotube (SWNT) electrical networks onto the

122



surface of the carbon-coated silicon monoxide (denoted as ¢-SiOy), ensuring the electrical

and structural stability of the silicon monoxide electrode (Figure 5.9).
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Figure 5.9. Proposed schematic illustration of the preparation of the ¢-SiOx comprising
SWNT electrical networks with PPBT links. Carboxylate bonds between hydroxylated
active particle and PPBT carboxyl substituent, and n—m interactions between SWNT/c-
SiOx’s carbon surface and PPBT conjugated backbone, provide for stable electrical
linkages.

Carbon-coated SiOx which retains a small portion of —OH on the carbon surface,
naturally oxidized, can be modified with SWNTs through the formation of carboxylate
bonds with the PPBT component. Figure 5.10a displays successful preparation of SWNT-
c-SiOx active particles and XPS analysis (Figure 5.10b) confirms the generation of
carboxylate bonds connecting SWNTs to c-SiOx surfaces through corresponding peak

shifts associated with C—O and C=0 bonds of PPBT.!**!31:152 [ detail, the C 1s peak of
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SWNT-c-SiOx at 285.05 eV indicates the C-O bond of PPBT; note the shift from the
corresponding PPBT peak at 285.38 eV to lower binding energy. O 1s spectrum of SWNT-
c-SiOx exhibited a peak at 531.27 eV for C=0 which was also slightly shifted to lower
binding energy from the PPBT C=0 bond at 531.44 eV. The observed peak shifts confirm
the development of chemical interactions between the PPBT carboxylate substituent and
hydroxylated c-SiOx. A broad peak at the binding energy of ~532.3 eV that corresponds to
hydroxyl species'® on the carbon-coated SiOx surface confirms the presence of surface —

OH species on c-SiOx that would be engaged in the carboxylate bonding.
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Figure 5.10. SWNT-c-SiOx with carboxylated polythiophene (PPBT) links. (a) SEM
images of SWNT-c-SiOy particles vs ¢-SiOx counterpart. (b) XPS spectra of ¢c-SiOx, PEG-
c-SiOx, PPBT, SWNT and SWNT-c-SiOx. (¢) Cycling performance (=capacity retention as
a function of cycle number) collected at the current density of 700 mA g™ (0.5 C) between
0.01 and 1.5V, and (d) corresponding Coulombic efficiency. (e) Surface view SEM images
of the electrode with c-SiOx (inset) and SWNT-c-SiOy active particles after 200 cycles. (f)
Delithiation rate capability, where cells were lithiated at a constant current density of 140
mA g (0.1 C) and delithiated at different current densities between 0.01 and 1.5 V. (g)
Cycling performance of the electrode composed of SWNT-c-SiOx and PPBT binder with
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different charge-discharge rate conditions (2 C vs 3 C). (h—j) Effect of carboxylated
polythiophene (PPBT) links: Cycling performance of (h) PPBT binder- and (i) CMC
binder-based electrodes at a current density of 700 mA g™ (0.5 C) between 0.01 and 1.5 V.
The electrode comprising SWNT networks on the c-SiOx surface with PPBT linkages was
compared with that of SWNT introduction with no PPBT linkages (prepared by SDBS
surfactant). (j) Plots of log (1,c) vs log (v), which were plotted from the results of cathodic
peak currents of CV curves with different scan rates (v).

Coin-type half cells were fabricated to evaluate electrochemical performance. The
half cells were fabricated with a Li metal counter electrode, 1.2 M LiPFs in EC/DEC (1/1
by volume) with 10 wt % FEC electrolyte. Each electrode consisted of active materials,
carbon black (CB), and binder in a mass ratio of 52:34:14. The c-SiOx mass loading of as-

prepared electrodes was typically ~1.3-2.0 mg cm™.

The introduction of SWNTs with PPBT links improved electrode performance and
the PPBT binder brought along the synergistic effects on much enhanced electrochemical
characteristics, although SWNTs caused a decrease in initial efficiency. Whereas the initial
efficiency of the c-SiOx/CMC binder system was 72%, that of the SWNT-c-SiOx/CMC and
SWNT-c-SiOx/PPBT binder electrodes were 66 % and 65 %, respectively. Nonetheless,
the cycling stability and corresponding Coulombic efficiency was much improved (Figure
5.10c, d): SWNT-c-SiOx/PPBT binder > SWNT-c-SiOx/CMC binder > ¢-SiOx/CMC
binder. After 200 cycles, the reversible capacity of the SWNT-c-SiOx/PPBT binder
electrode changed from 1284 mAh g at the 1st cycle to 1137 mAh g at 200 cycles,
leading to a far better capacity retention of 88.6 % (SWNT-c-SiOx/CMC binder and c-
Si0x/CMC binder electrodes retained only 66.5 % and 21.0 % of their initial capacity after
200 cycles, respectively). Importantly, Coulombic efficiency of the SWNT-c-SiOx/PPBT

system, close to ~99.8-99.9%, appeared pronounced, which might be attributed to the
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beneficial effects of stable SWNT networks securely connected onto the electroactive
particles being able to capture pulverized c-SiOx particles and suppress volume changes,
resulting in stable, thin SEI layer formation and excellent electrode integrity (Figure 5.10e¢).
Besides, the rate capability of electrode based on SWNT-c-SiOx and PPBT binder appeared
very stable even at the high rate condition of 5C (7000 mA g™') (Figure 5.10f). At the high
charge-discharge rates of 2C (2800 mA g!) and 3C (4200 mA g'!), as shown in Figure
5.10g, the SWNT-c-SiOx/PPBT electrodes presented cycling stability, even with similar

capacity with that of 0.5C (700 mA g™') charge-discharge condition.
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Figure 5.11. CV profiles with various scan rates (v) of the CMC binder-based electrodes
based on (a) SWNT-c-SiOx, (b) SWNT-c-SiOx (prepared by SDBS surfactant), and (c) c-
SiOx.

In addition, the effect of PPBT linking SWNT to the c-SiOx surface played a
critical role: When the SWNTs were dispersed in an aqueous solution using SDBS
surfactant instead of aqueous PPBT solution, the resultant electrode comprising SWNT
networks with no PPBT links showed much rapid cycle fading (Figure 5.10h, i). Figure
5.10j summarizes the fitting results for cathodic peak currents observed in the CV profiles
(Figure 5.11) to investigate electrode reaction kinetics: note that a higher b value indicates

faster kinetics. The CMC binder-based electrodes were characterized to minimize binder
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effect and maximize the effect of SWNT integration combined with PPBT electrical
linkages. The SWNT-c-SiOx with PPBT links electrode (b = 0.782) presented a slightly
larger value of b than that of the control c-SiOx electrode (b = 0.780), but much improved
b value than that of SWNT-c-SiOx (SDBS) with no PPBT links counterpart (b = 0.725),
substantiating that SWNT networks connecting to the active material through incorporation

of PPBT n—m interactions and carboxylate bonds enabled enhanced kinetics.
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Figure 5.12. Electrochemical evaluation of the electrode comprising c-SiOx and PPBT
binder. (a) Cycle performance at 700 mA g' (0.5C) between 0.01 and 1.5 V. (b)
Corresponding Coulombic efficiency, reflecting SWNT integrated system more stable
despite their similar electrochemical performance

Notably, high-capacity energy materials tend to critically depend on polymeric
binders to allow for electrode stability.?*2+!27-148 Similarly, using PPBT as a binder also
improved the cyclability of c-SiOx, almost to the level of the SWNT-c-SiOx system (Figure
5.12a), most likely due to the carbon coating, which might be analogous to SWNT
networks enabling electrical continuity and the PPBT binder providing electrode stability
sufficient to seize pulverized particles. Seemingly, the benefit of SWNT networks would
be negligible, unless its Coulombic efficiency appeared more stable (Figure 5.12b).

Nevertheless, the approach using SWNT electrical networks with PPBT linkages allows
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significant improvements when the practical implementation utilizing an electrode system
blended with graphite and adopting only a small amount of binding materials, less than 3
wt% of sodium carboxymethyl cellulose (CMC) and styrene butadiene rubber (SBR), is

taken into account.

5.3.5 SWNT-Anchored c-SiOy and Granphite Blended Electrode System.
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Figure 5.13. SWNT-c-SiOx and graphite blended system (in a mass ratio of 30:70). (a)
Cycling performance (=capacity retention as a function of cycle number) collected at the
current density of 300 mA g (0.5 C) between 0.01 and 1.5 V, and (b) corresponding
Coulombic efficiency. (c¢) Variation of electrode internal resistances (Roim, Rser, Rcr) after
cycling, fitted by EIS results. EIS characterization was conducted at open-circuit voltage
(OCV) after 50, 100, and 200 cycles. (d) Thickness change of electrodes based on the
CMC/SBR binder after 200 cycles. Inset image exhibits corresponding respective
electrode. (e) Delithiation rate capability, where cells were lithiated at a constant current
density of 60 mA g (0.1 C) and delithiated at different current densities between 0.01 and

1.5 V. (f) Charge-discharge profiles according to various rate conditions in the potential
window of 0.01 to 1.5 V vs Li/Li".

The electrode comprising SWNT-c-SiOx and graphite blend (in a mass ratio of

30:70) with the CMC/SBR binder provided unprecedented advances in the electrochemical
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performance including enhanced cycle life (Figure 5.13a), high Coulombic efficiency over
99.9 % close to that of graphite-based electrode (Figure 5.13b), and superior rate capability
(Figure 5.13e, f). In case of the CMC and PPBT binder systems, each electrode comprised
active material, CB, and binder in a mass ratio of 52:34:14. When fabricating CMC/SBR
binder-based electrodes, active material, CB, CMC, and SBR were 95.8:1.7:1.5:1 in a mass
ratio.!>* The active materials were prepared by blending SWNT-c-SiOx with graphite in a

mass ratio of 30:70, the mass loading of which was ~5.8-8.9 mg cm™.

Prior to a cycling test, coin-type half-cells comprising as-prepared electrodes were
precycled at 0.1 C for the formation of SEI layers. The CMC/SBR binder electrode retained
a higher initial efficiency. The CMC binder electrode with SWNT-c-SiOx/graphite blend
had a reversible capacity of 578 mAh g! with an initial efficiency of 72.3 %, while the
PPBT binder based SWNT-c-SiOx/graphite blend electrode exhibited a reversible capacity
of 609 mAh g'! with an initial efficiency of 68.7 %. CMC/SBR electrode fabricated with
SWNT-c-SiOy/graphite blend retained a reversible capacity of 586 mAh g! with an initial
efficiency of 78.9 %, while when used with a c-SiOx/graphite blend had a reversible
capacity of 650 mAh g! with initial efficiency of 81.9 % (an electrode comprised of only
graphite with CMC/SBR binder: 335 mAh g! capacity, 88.8 % initial efficiency). With the
half-cells cycled at 0.5 C (300 mA g') shown in Figure 5.13a and b, CMC/SBR binder
electrode with SWNT-c-SiOx/graphite blend with the initial capacity of 592 mAh g
preserved 549 mAh g after 200 cycles, showed 92.7 % capacity retention and 99.86 %
average Coulombic efficiency. In contrast, when measured under the same conditions,

CMC/SBR binder based electrode fabricated with the c-SiOy/graphite blend began to
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rapidly lose its capacity from the first cycle and exhibited only 15.8 % of'its initial capacity

after 200 cycles, presenting poor average Coulombic efficiency of 99.03 % (Figure 5.14).
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Figure 5.14. Cycle performance and Coulombic efficiency of c-SiOx/graphite blended
electrode with CMC/SBR binder.

Surprisingly, when characterizing SWNT-c-SiOx/graphite blend-based electrodes,
the cycling stability and Coulombic efficiency of the CMC/SBR binder system appeared
much improved in comparison to the electrodes using either CMC or PPBT binders, in
spite of using such a small amount of polymeric binder (< 3 wt %). Figure 5.13b
demonstrates that the concept of introducing SWNT electrical networks stably connected
onto the high-capacity active materials with PPBT linkages, led to a rapid increase of
Coulombic efficiency of greater than 99.5 % after only 8 cycles including the first
formation cycle. This is indicative of SWNT-c-SiOx benefitting from the mitigation of
electrolyte decomposition, such as the formation of the SEI layer, presumably due to less
area of lithium consumption.'?”!1>* Those results might be ascribed to SWNT electrical

networks securely linked on the c-SiOx surface through PPBT linkages which might tightly
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capture the pulverized particles, leading to reduced charge-transfer resistance (Figure 5.13c
and Figure 5.15) and suppressed volume change of the SWNT-c-SiOx particle. The
thickness change of the electrodes after 200 cycles was found to be only 20% for the
CMC/SBR binder electrode with a SWNT-c-SiOyx/graphite blend, whereas the c-

SiOx/graphite blend counterpart underwent change in thickness of 43 % (Figure 5.13d).

Additionally, the advantageous effect of the SWNT electrical networks with PPBT
links is also remarkable in rate capability experiments (Figure 5.13e, f). Under a constant
lithiation current density of 60 mA g™ (0.1 C), CMC/SBR binder electrode with SWNT-c-
SiOy/graphite blend exhibited almost no variation of delithiated capacity over a wide range
of delithiation current densities (= 60-1800 mA g'!) at a voltage range of 0.01-1.5 V, which

demonstrates its excellent rate capability performance.
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Figure 5.15. EIS fitting results of (a) c-SiO/graphite (3/7) blend with CMC/SBR binder,
and (b) SWNT-c-SiOy/graphite (3/7) blend with CMC/SBR binder. The impedance spectra
measured at open-circuit voltage (OCV) in the frequency range from 1 MHz to 0.1 Hz. (¢)
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Equivalent circuit used to fit EIS data, and (d) results from fitting EIS with equivalent
circuit.

5.3.6  Pouch-Type Full-Cell Evaluation

B e
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2cm

Figure 5.16. Aluminumized (Al) polymer pouch-type full cell. The cell is composed of a
porous polyethylene (PE) separator.
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Figure 5.17. Coin half-cell results of graphite and LCO. (a) The initial charge-discharge
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profiles of the electrode comprising graphite, CB, CMC, and SBR binder (95.8:1.7:1.5:1
in a mass ratio) when measured at 34 mA g™ (0.1 C), observing a reversible capacity of
335 mAh g and initial efficiency of 88.8 %, and (b) corresponding cycle performance
when measured at 170 mA g (0.5 C). (c¢) The initial charge-discharge profiles of the
electrode comprising LiCoO; (LCO), CB, and PVDF binder (94:3:3 in a mass ratio) when
measured at 15 mA g! (0.1 C), observing a reversible capacity of 158 mAh g™! and initial
efficiency of 96.0 %, and (d) corresponding cycle performance when measured at 75 mA
g!(0.50C).

A prototype full cell completely sealed with a battery-grade aluminumized
polymer pouch (Figure 5.16) was fabricated to demonstrate the commercial feasibility of a
high-energy Li-ion battery which was composed of a lithium cobalt oxide (LiCoO», or
LCO) cathode (half-cell data in Figure 5.17¢, d) and the SWNT-c-SiOx/graphite blend
anode including the CMC/SBR binder (SWNT-c-SiOx-Gr blend). The full cell was
designed with a negative/positive (n/p) ratio of ~1.08; the anode and cathode areal
capacities were 3.15 mAh cm™ and 2.93 mAh cm™. When tested at 0.05 C, the full cell
comprising SWNT-c-SiOx-Gr blend/LCO exhibited an areal capacity of 2.28 mAh cm™.
The SWNT-c-SiOx-Gr blend/LCO full cell was compared with a commercial graphite
anode (half-cell data in Figure 5.17a, b)/LCO full cell and c-SiOx-Gr blend/LCO full cell
in the potential range of 2.5—4.25 V at 25 °C at 0.05 C with three precycles for the formation
of stable SEI layers, and then 0.5 C for a cycling test (Figure 5.18a). The fabricated SWNT-
c-SiOx-Gr blend/LCO full-cell device demonstrated 85 % capacity retention after 100
cycles, comparable to the cycling performance of the graphite/LCO full cell (91 % capacity
retention), while ¢-SiOx-Gr blend/LCO full cell exhibited fast degradation of its capacity,
retaining an areal capacity of only 0.11 mAh cm™ after 100 cycles when observing the

capacity of 2.17 mAh cm™ in the first precycle at 0.05 C. In addition, the cell with SWNT-
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¢-Si0x-Gr blend/LCO showed a quickly stabilized efficiency with a rapid increase upwards
0f 99.5 % over only 3 cycles at a discharge rate of 0.5 C (not including the three precycles

at 0.05 C).
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Figure 5.18. Electrochemical comparison of a pouch-type full cell: graphite (Gr)/LCO,
SWNT-c-SiOx-Gr blend/LCO, and SWNT-c-SiOx-Gr blend/LCO. (a) Galvanostatic
discharge areal capacities for 3 precycles at 0.05 C and for 100 cycles at 0.5 C in the
potential range from 2.5 V to 4.25 V. (b) Capacity retention at various discharge rates from
0.2 C to 3 C with a constant charge rate of 0.2 C. (c, d) Voltage profiles for SWNT-c-SiOx-
Gr blend/LCO plotted (c) as a function of the number of cycles and (d) as a function of the
C-rate for the above cycle life and rate tests, respectively.

Capacity retention tests at various discharge rates from 0.2-3 C were performed
following the capacity normalization with an areal capacity at the first cycle (Figure 5.18b).
Surprisingly, at the high rate conditions of 2 C and 3 C, the measured values of the full cell

comprising SWNT-c-SiOx-Gr blend/LCO were much enhanced in comparison to the
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graphite/LCO full cell. Even though the rate capability is limited by the high areal capacity
mass loading (2.93 mAh cm™, or 18.4 mg cm™) of the LCO cathode,'>* the exceptional
performance decisively demonstrated the advantages associated with PPBT assisted
linkages of SWNT networks to the c-SiOy that allows for the formation of robust electrical

networks.

5.3.7 Proposed Mechanism
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Figure 5.19. Proposed schematic illustration depicting (a) the pulverization of the electrode
with the control electroactive particle and its resultant thick SEI layer formation, and (b)
the operation of SWNT electrical networks securely anchored/connected on the pulverized
particles through PPBT carboxylate bonds, which allows for structural, electrical stability
and resulting stable SEI layers.

Figure 5.19 presents a schematic diagram of the proposed mechanism to elucidate
the effect of SWNT electrical networks securely anchored/connected on a high-capacity
electroactive material through PPBT linkages vs a pristine counterpart. In principle, as
shown in Figure 5.19a, high-capacity energy materials experience large volume expansion

and subsequent pulverization during Li insertion, and pulverized active particles remain
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apart, thereby promoting the growth of SEI layers in the interparticle space.'?’” With
prolonged cycling, SEI layers become much thicker, resulting in breakdown of electron
pathways between the pulverized particles. However, stable electrical networks strongly
anchored on the surface of the high-capacity materials using PPBT with its carboxylate
substituent can accommodate for the volume expansion through PPBT-mediated
carboxylate bonds interconnecting between the pulverized particle and SWNT surface.
This connection may assist in strongly capturing the pulverized particles and allow for
suppressed volume change, improved electrical continuity, and the formation of stable SEI

layers, leading to reduced electrode internal resistance and even enhanced electrode

kinetics.
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Figure 5.20. SWNT-anchored Si microparticles (Si MPs) with carboxylated polythiophene
(PPBT) links. (a) SEM images of SWNT-Si MPs (the inset image shows the surface of
pristine Si MPs). (b) Cycling performance (=capacity retention as a function of cycle
number) collected at the current density of 1500 mA g™ between 0.01 and 1.5 V. Before
the cycling test at 1500 mA g, the electrodes were pre-cycled at 300 mA g! to measure a
reversible capacity and initial efficiency. Si MPs based electrode showed the reversible
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capacity of 3750 mAh g'! with the initial efficiency of 88.7 %, while the capacity of 2615
mAh g'! and the initial efficiency of 83.2 % for SWNT-Si MPs. Corresponding (c) capacity
retention normalized with the delithiated capacity at the first cycle, and (d) its Coulombic
efficiency.

Notably, this approach may have more impact on high-capacity electroactive
materials with relatively moderate volume expansion (~200 %), although we demonstrated
silicon nanoparticles with large volume change (420 %) were also effective in their
performance. When examined for Si microparticles (Si MPs) that are more susceptible to
pulverization during the volume expansion as compared with their nanoparticle
counterpart,'”’ SWNT-Si MPs showed enhanced cycling performance with better
Coulombic efficiency (Figure 5.20). However, the effect was not as significant as that for
Si NPs. After 10 cycles, the gradual decrease in Coulombic efficiency reflecting increased
irreversible lithium losses was observed, which indicates that additional electrode design

126.127 i3 necessary for practical Si MP anodes,

using binders with highly elastic properties
together with our approach using SWNT networks with PPBT links, which is capable of

sufficiently capturing the pulverized particles despite their repeated extremely large

volume change.

5.4 Conclusion

We demonstrated that high-capacity energy materials including sFe3O4, Si NPs, and
c-SiOx anchored by SWNT electrical networks using carboxylate substituted
polythiophene (PPBT) °‘links’ contributed to electrode stability and secure electron
transport pathways through capturing cracked/pulverized particles that can form during

repeated battery cycling, thereby resulting in suppressed volume change, formation of
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stable SEI layers, reduced electrode resistance, and enhanced electrode kinetics. This, in
turn, afforded the remarkable enhancement in the representative electrochemical cycling
and rate capability characteristics. Importantly, considering materials’ surface chemistries
to predict their attractive interactions led to the successful connection between electroactive
particles and SWNT surface through PPBT linkages. Introduction of the PEG coating on
the surface of high-capacity active materials allowed for favorable attraction to PPBT
carboxylic moieties, which encouraged the formation of carboxylate bonds at their
interface. PPBT conjugated backbone that physically interacts with SWNT n—electron rich
assisted in SWNTs debundling and their spontaneous anchoring onto the active material
surface. Surface analysis and following electrochemical results proved this concept to be
plausible, and showed its versatility that would be applicable to a variety of high-capacity
anode materials in improving battery performance. In particular, blending 30 wt % of c-
SiOx with graphite including CMC/SBR binder (< 3 wt %) in the full-cell system
demonstrated the commercial validity of the PPBT-mediated SWNT network integration

for advanced high-energy battery systems.
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CHAPTER 6. CONCLUSIONS

6.1 Summary

The primary objective of this thesis was to elucidate how methodical and structural
consideration for both ion and electron transport coupled with electrode materials’ surface
chemistries can contribute to high battery performance, enabling the realization of high-

capacity Li-ion battery applications.

At first, when considering that battery electrodes are complex mesoscale systems
comprised of electroactive components, conductive additives, and binders, we started our
investigation in Chapter 2 pertaining to methods for processing electrodes with dispersion
of the components. To investigate the degree of material dispersion, a spin coating
technique was adopted to provide a thin, uniform layer which enabled observation of the
morphology. Distinct differences in the distribution profile of the electrode components
arising from individual materials physical affinities were readily identified. Hansen
solubility parameter (HSP) analysis revealed pertinent surface interactions associated with
materials dispersivity. Further studies demonstrated that HSPs can provide an effective
strategy to identify surface modification approaches for improved dispersions of battery
electrode materials. Specifically, introduction of surfactant-like functionality such as oleic
acid (OA) capping and P3HT conjugated polymer wrapping, on the surface of
nanomaterials significantly enhanced material dispersity over the composite electrode. The
approach to the surface treatment on the basis of HSP study can facilitate design of
composite electrodes with uniformly dispersed morphology, and may contribute to

enhancing their electrical and electrochemical behaviors. In this study, it was anticipated
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that the use of physical affinity relationships will enable the design and fabrication of more
uniformly dispersed composites for battery electrode applications; improved dispersion
characteristics are expected to enhance both electrical and electrochemical properties. As
a result, however, material dispersion impacted on the improvement of electronic
conductivity of composite electrodes, but not resulting in electrochemical enhancement.
Through studies using capped and uncapped Fe;Os, and two alternative binder polymers,
it was demonstrated that materials dispersivity cannot be used in isolation to predict
electrochemical performance. Therefore, the study results strongly suggest the importance
of considering electronic conductivity, electron transfer as well as ion transport in the

design of environments incorporating active nanomaterials.

Based on the insights obtained from Chapter 2 study, Chapter 3 then investigated
the composite electrode design considering both electron and ion transport. The conjugated
polymer, poly[3-(potassium-4-butanoate) thiophene] (PPBT), was introduced as a binder
component, while polyethylene glycol (PEG) was coated onto the surface of Fes3O4
nanoparticles. The introduction of PEG reduced aggregate size, enabled effective
dispersion of the active materials and facilitated ionic conduction. As a binder for the
composite electrode, PPBT underwent electrochemical doping which enabled the
formation of effective electrical bridges between the carbon and Fe3;Os components,
allowing for more efficient electron transport. Additionally, the PPBT carboxylic moieties
effect a porous structure, and stable electrode performance. The methodical consideration
of both enhanced electron and ion transport by introducing a carboxylated PPBT binder
and PEG surface treatment led to effectively reduced electrode resistance, which improved

cycle life performance and rate capabilities. Importantly, Chapter 3 provided us with
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fundamental insights and clues for following studies to improve battery performance using

PPBT surface chemistries.

Chapter 4 explored the electrode structure design including a carbon nanotube
(CNT) web frame comprising magnetite spheres and few-walled carbon nanotubes
(FWNTs) linked by the carboxylated conjugated polymer, poly[3-(potassium-4-butanoate)
thiophene] (PPBT). This structure was devised to demonstrate benefits derived from the
rational consideration of electron/ion transport coupled with the surface chemistry of the
electrode materials components. To maximize transport properties, the approach
introduces monodispersed spherical Fe304 (sFe304) for uniform Li" diffusion and a FWNT
web electrode frame that affords characteristics of long-ranged electronic pathways and
porous networks. The sFe3O4 particles were used as a model high-capacity energy active
material, owing to their well-defined chemistry with surface hydroxyl (—OH)
functionalities that provide for facile detection of molecular interactions. Poly[3-
(potassium-4-butanoate) thiophene] (PPBT), having a m—conjugated backbone and alkyl
side chains substituted with carboxylate moieties, interacted with the FWNT n—electron
rich and hydroxylated sFe3O4 surfaces, which enabled the formation of effective electrical
bridges between the respective components, contributing to efficient electron transport and
electrode stability. Similar to Chapter 2, to further induce interactions between PPBT and
the metal hydroxide surface, polyethylene glycol (PEG) was coated onto the sFe3Oa4
particles, allowing for facile materials dispersion and connectivity. Additionally, the
introduction of carbon particles into the web electrode minimized sFe3O4 aggregation and
afforded more porous FWNT networks. As a consequence, the design of composite

electrodes with rigorous consideration of specific molecular interactions induced by the
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surface chemistries favorably influenced electrochemical kinetics and electrode resistance,

which afforded high performance electrodes for battery applications.

Finally, Chapter 5 demonstrated that conjugated polymers possessing polar
functionalities (i.e., PPBT) were shown to effectively anchor single-walled carbon
nanotubes (SWNTs) to the surface of high-capacity anode materials, and enable the
formation of electrical networks. Specifically, PPBT served as a bridge between SWNT
networks and various anode materials, including monodispersed Fe3O4 spheres (sFe304),
silicon nanoparticles (Si NPs), and carbon-coated silicon monoxide (c-SiOx, x=1). SWNT
anchoring onto the active material surface was also achieved through consideration of
materials surface chemistry and resultant physical/chemical bonding mediated by
favorable molecular interactions: The PPBT n—conjugated backbone and carboxylate
(COO-) substituted alkyl side chains, respectively, attracted the SWNT n—electron surface
and chemically interacted with active material surface hydroxyl (—OH) species to a form
of carboxylate bond. Beneficially, this architecture effectively captured cracked/pulverized
particles that typically form as a result of repeated active material volume changes that
occur during charging and discharging. Thus, changes in electrode thickness were
suppressed substantially, stable SEI layers were formed, electrode resistance was reduced,
and enhanced electrode kinetics was observed. Together, these factors led to excellent
electrochemical performance. Moreover, electrodes fabricated by blending 30 wt % of c-
SiOx with graphite using < 3 wt % binder material exhibited remarkable performance in
both coin-type half-cell and pouch-type full-cell systems to demonstrate its commercial

validity.
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In summary, this thesis explored systematic approaches to Li-ion battery electrodes
considering both factors, electron/ion transport, that provides for high electrochemical
performance. The approaches commonly introduced the carboxylate substituted
polythiophene as a new polymeric binder in a composite electrode, or an electrical linker
effectively connecting CNT networks to active material surfaces, coupled with materials’
surface chemistries. Apparently, this approach is, seemingly, very simple, but remarkably
effective and efficient in battery performance enhancement. In addition, the expansion of
the results obtained from Fe3O4 study to alternate high-capacity active materials including
Si NPs and c-SiOx further demonstrated the versatility of the concept introducing robust
SWNT electrical networks with PPBT carboxylate linkages. Consequently, the results and
fundamental insight described here suggest a feasible approach to achieving practical,
high-performance, and high-capacity battery electrode applications, which could be an

expected breakthrough for the next-generation electronic devices.

6.2 Future Works

6.2.1 Elastomeric components

As described in Chapter 5, SWNT-Si microparticles (Si MPs) showed enhanced
cycling performance with better Coulombic efficiency, but the effect was not significant,
since Si MPs are much prone to pulverization during the volume expansion when compared
with silicon nanoparticles. This indicates that additional electrode or material design

adopting highly elastic components!26-127

is imperative for practical Si MP anodes, which
is capable of sufficiently capturing the pulverized particles despite their repeated extremely

large volume change. In particular, the study associated with a new polymeric binder with
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highly stretchable and elastic networks pointed to the effectiveness of highly elastic
components that dissipates the stress during repeated volume change and keeps the
pulverized Si particles coalesced.!?” This, in turn, led to the remarkable enhancement of

battery characteristics such as cycle life and Coulombic efficiency (Figure 6.1).
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Figure 6.1. Polyrotaxane (PR)-polyacrylic acid (PAA) binder for Si MP anode.!?’ (a, b)
Proposed stress dissipation mechanism. (a) The pulley principle to lower the force in lifting
an object. (b) Graphical representation of the operation of PR-PAA binder to dissipate the
stress during volume changes of Si MPs, together with chemical structure of PR and PAA.
(c) Comparison of stress-strain curves of PR-PAA and PAA films. (d) Cycling performance
and corresponding Coulombic efficiency of coin half cell. From ref. 127. Reprinted with
permission from AAAS.

Based on this concept, two approaches will be introduced for a Si MP anode to
realize high battery performance. First, styrene-butadiene rubber (SBR) can be used as a
spherical elastomeric component in a PPBT binder matrix, which is similar to CMC/SBR

commercialized binder system. While PPBT retains relatively high electrical properties
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and renders electrodes much stable through the formation of carboxylate bonds, PPBT is
expected much susceptible to breakage during battery operation. SBR elastomer is likely
to provide PPBT binder matrix with highly elastic characteristics, contributing to more

effectively capturing the cracked/pulverized particles, which may result in stable Si anodes.

Second approach introduces an elastomeric component chemically integrated with
SWNT-PPBT networks that are securely connected/anchored on the surface of Si MPs
(Figure 6.2). The elastomeric unit also plays an important role in alleviating the collapse
of SWNT electrical networks with PPBT links. For doing this, we can utilize a well-
established method for the formation of chemical crosslinking through the reaction of
PPBT carboxylic group with amino group (-NHz) of the elastomeric component.'”® This
elastic networks, however, could completely wrap/cover around Si MP surface and rather
prevent Li" ion access to the active site, negatively impacting on their electrochemistry.
Thus, acquiring ion transport channels within the elastic networks is a further challenge.
Materials’ surface chemistries that determine molecular interactions can be an important
tool to start designing that structure. Specifically, based on similar physical affinities,
SWNT networks wrapping on the Si MP surface mediated by a PPBT physical/chemical
linker is of significance, but ‘partial miscibility’ (or ‘controlled miscibility’) of the
elastomeric component with the active material surface is also important to prevent the
elastomeric unit from completely covering the surface of active particles, and rather enable
the formation of pores on their surface that helps ion accessibility. This rigorous
consideration based on the materials’ surface chemistries, coupled with electron and ion

transport, will be our next works.
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Figure 6.2. (a) Proposed SWNT-PPBT networks crosslinked with amino (-NH>»)
terminated elastomer. (b) SEM image of SWNT-PPBT networks crosslinked with star PEG
terminated with NH».
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