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ABSTRACT

Finding new electrode materials for energy conversion and storage devices have
been the focus of recent research in the fields of science and engineering. Suffering from
poor electronic conductivity, chemical and mechanical stability, active electrode
materials are usually coupled with different carbon nanostructured materials to form
nanocomposite electrodes, showing promising electrochemical performance. Among
the carbon nanostructured materials, carbon nanotube (CNT) macrofilms draw great
attention owing to their extraordinary properties, such as a large specific surface area,
exceptionally high conductivity, porous structure, flexibility, mechanical robustness,
and adhesion. They could effectively enhance the electrochemical performance of the
incorporated active materials in the nanocomposites. In this dissertation, CNT
macrofilm-based nanocomposites are investigated for rechargeable lithium-ion batteries,
supercapacitors, and electrocatalysts of fuel cells.

The progressive research developed various nanocomposites from cathode
materials to anode materials followed by a general nanocomposite solution due to the
unique adhesive property of the fragmented CNT macrofilms. The in-situ synthesis
strategy are explored to in-situ deposit unlithiated cathode materials V2Os and lithiated
cathode materials LiMn20O4 nanocrystals in the matrix of the CNT macrofilms as
nanocomposites to be paired with metallic lithium in half cells. The presence of oxygen-
containing functional groups on the surface of the CNT macrofilms after purification
can enhance the association with the active materials to enable the facilitated transport
of solvated ions to the electrolyte/electrode interfaces and increase the diffusion kinetics,
consequently enhancing the battery performance in terms of high specific capacity, rate

capability, and cycling stability.
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It is also significant to demonstrate a reliable, low-cost, and effective route to
synthesize the family of metal oxides (MxOy (M=Fe, Co, Ni)) with CNT macofilms as
high performance anodes for rechargeable lithium-ion batteries and as catalysts for
oxygen reduction/evolution (ORR/OER). All MxOy-CNT macrofilm nanocomposites
inherit the high specific capacity and cycling stability for lithium-ion batteries.
NiO/SWNT and Co304/SWNT (200 °C) have their specialized high catalytic activities
for ORR and OER in alkaline solutions, respectively. NiO/SWNT also exhibits an
excellent electrochemical performance in asymmetric supercapacitors with a high
power and energy density. Experimental measurements on electrochemical kinetics
such as potentiostatic/galvanostatic intermittent titration techniques (PITT/GITT) are
depended to understand the underlying improved Li* diffusion behavior of
nanocomposites. Critical effects of the film thickness have been identified. The CNT
macrofilm with a thickness that is comparable to the characteristic diffusion length of
300~500 nm enables the nanocomposite with the highest Li* chemical diffusion
coefficient and thus an optimal electrochemical performance.

The adhesive characteristic of CNT macrofilms is noticed for the first time after
fragmentation by ultrasound that origins from irregular structures of laterally 2-D
distributed CNT segments. The fragmented CNT macrofilms (FCNT) as “bifunctional”
adhesive conductors promote a general approach to construct nanocomposite electrodes
with both cathode and anode materials for lithium-ion batteries. An in-situ tribology
method combining the wear track imaging and force measurement is employed to
evaluate the adhesion strength of the adhesive FCNT conductors. The results show that
the FCNT macrofilms have a higher adhesion strength than the conventional polymer

binder polyvinylidene fluoride (PVDF). It is confirmed that the fabricated

XXVIii



nanocomposite electrodes exhibit high rate and retention capabilities, superior to the
electrodes using PVDF and carbon black. Thus, FCNT is recognized to be a competent
substitute for polymer binders to maintain mechanical integrity and meanwhile to
improve electrical connectivity of active materials in the nanocomposite electrodes. In
addition, this new electrode manufacturing technique avoids the utilization of toxic

organic solvents and could provide a revolution to traditional battery industry.
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Chapter 1

INTRODUCTION

1.1 General

Since the industrial resolution, particularly with the advent of electric era and
the coming of contemporary information age, fossil fuels have been major energy
resources to generate electricity for human. However, the massive consumption of
irreproducible fossil fuels such as coals and natural gases leads to the dramatic increase
of CO2 emission, which is also the culprit of the global warming.[1] Thus, it is becoming
urgent to seek alternatively renewable and clean energy resources (including hydrogen,
wind and solar power) to alleviate the consumption of fossil fuels and even replace them.
To take advantage of new energy resources to generate electricity, developing new
energy conversion devices are also desired. Fuel cell is such a device that converts the
chemical energy from a clean fuel such as hydrogen into electricity through a chemical
reaction with oxygen.[2] Meanwhile, the increasing electricity productivity from these
new energy resources accelerates the exploration of energy storage devices such as
batteries and supercapacitors that serve as transducers with a reversible conversion
between stored chemical energy and electrical energy.[3] Therefore, both the energy
conversion and storage devices become attractive to global scientists and researchers.[4]
As predicted by scientists, fuel cells and batteries could be effective strategies to reduce
the carbon footprint if the inner combustion engines of the world’s 800 million cars

could be replaced by those electric “hearts”.[4,5]



Fuel cells, batteries and supercapacitors have the common structure that consist
of two electronically conductive electrodes and electrolyte as an inner, ionically
conductive media. Although they have different working mechanisms, their voltage is
limited by the potential difference and also the breakdown voltage of electrolyte. More
specifically, fuel cell and battery voltage is determined by the difference of chemical
potentials between the two electrodes (for fuel cell, they are H> and O2), which is
dictated by Nerst Equation AG=-nEF.[3] They all can supply power to the loadings such
as electric appliances by connecting them with the two electrodes through an external
circuit where electrons could spontaneously flow from the negative electrode to the
positive electrode. Meanwhile, the charged ions are transported through the electrolyte
via the inner circuit in the opposite direction to maintain the charge balance. Among all
types of batteries, lithium-ion batteries have attract extensive attention due to the
predominant advantage of high energy density (both gravimetric and volumetric, see
Figure 1.1).[6]

The emergence and fast development of electric vehicles (EVs), hybrid EVs
(HEVSs) or plug-in hybrid EVs (PHEVS) and smart energy grids over the last two
decades stimulate the increasing demand of these devices (fuel cells, lithium-ion
batteries and supercapacitors) with higher electrochemical performance in terms of
higher energy density, power density and long lifetime.[7,8] Electrode materials with
high capacity/capacitance, rate capability and cyclic stability play a vital role in boosting
the electrochemical performance[7,8]. Carbon-based nanomaterials have been
extensively studied and widely used as electrode materials, due to their high
conductivity, high surface area (up to 2000 m?/g)[9], excellent anti-corrosion property,

high temperature stability, controllable porous structure, compatibility in composite



materials, and relatively low cost.[10] They have structural diversity in different forms
such as activated carbons,[11] templated carbons,[12] carbide-derived carbons,[13]
activated carbon fabrics,[14] carbon fibers,[15] carbon aerogels,[16] carbon nanotubes
(CNTs), [17, 18] carbon nanohorns,[19] carbon onions,[20] and the emerging

graphene[21-23] or graphene composite[24-26] in recent research.
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Figure 1.1 Comparison of different batteries in terms of gravimetric energy density
and volumetric energy density. Reprinted with permission from reference
6 ©2008, Macmillan Publishers Limited.

Currently, they are the ideal substrates and electronically conductive additives to be
coupled with active materials to form nanocomposite electrodes for energy conversion

and storage devices.



1.2 Carbon Nanotube Macrofilms

Among those diverse nanostructured carbon materials, CNT is one of carbon
allotropes with a unique one-dimensional (1D) cylindrical nanostructure. CNTs are
members of the fullerene (OD structure) structural family. CNTs have a long and hollow
structure with two closed tips containing 12 pentagon carbon atoms and the walls
containing one-atom-thick sheets of carbon expanded by millions of hexagons tiles as
shown in the ball-stick models of Figure 1.2a. The closed tips are derived from
fullerenes. The typical fullerene (Figure 1.2b), also called buckyball, is a molecule with
60 carbon atoms (Ceo) in the form of a hollow sphere which consists of 20 hexagons and
12 pentagons. The one-atom-thick carbon sheets forming the CNT walls are recognized
as the basic constructive units called graphene with a 2D structure as illustrated in Figure

1.2c.

(b)

Figure 1.2  Structural models of (a) CNTs; (b) Ceo; (c) Graphene.



When the graphene sheets are stacked along the normal direction, they compose
graphite, a well-known carbon allotrope as anodes of lithium-ion batteries.[27] As for
CNTs, these sheets are rolled at specific and discrete (“chiral™) angles, and the
combination of chiral and radius dominates the properties of nanotubes; for example,
whether the individual nanotube shell is a metal or semiconductor.[28] Based on the
assembly of carbon patterns and number of rolled layers, CNTs are categorized as

single-walled nanotubes (SWNTSs) and multi-walled nanotubes (MWNTS).

Figure 1.3  Schematic of (a) SWNT and (c) MWNT; High-resolution TEM images of
(b) SWNT bundles; (d) individual MWNT showing multi-layers and a
closed tip.

SWNTs are visualized in Figure 1.3a and 1.3b with a cylindrical tube seamlessly

wrapped by a single graphene sheet. The diameter of the SWNTSs ranges from 1 to 5



nm.[29] MWNTs (Figure 1.3c and d) are composed of concentric tubes of graphene
layers with an interlayer distance of approximately 3.4 A. The outer diameter of the
MWNTSs ranges from 5 to 30 nm or even higher (~100 nm). Individual nanotubes (both
SWNTs and MWNTS) naturally align themselves into bundles being held together by
van der Waals forces via m-stacking.[30] Compared with other nanostructured carbon
materials and regular CNTs in a powder form, CNT macro-films, in particular SWNT
macro-films, with controllable web-like three-dimensional networks that are self-
assembled by CNTs as building blocks show unique properties in terms of mechanical
robustness, large specific surface area, thermal stability, and superior electrical
conductivity (10*~10° S/cm) in a more stable and flexible integrity, which is ideal as
free-standing electrodes for energy applications including next-generation energy
storage devices and electrocatalysts.[31] Large-scale fabrication of SWNT films with
homogeneous and controllable size and porous structure could be achieved by various
approaches including post-processing methods: LB technique,[32] vacuum
filtration,[33] drying drop,[34] and direct synthesis: arc-discharge.[35] However, the
complicated processing techniques and time-consuming shortcomings extremely limit
the large yield of the products for practical use, although the multi-step post-treatment
methods are usually capable of precisely controlling the desired orientation,
morphology, and pore sizes of the SWNT films, Therefore, a more direct, simple and

cost-effective strategy is highly needed and was successfully developed.[36]

1.2.1 Direct synthesis by chemical vapor deposition
Chemical vapor deposition (CVD) is the most versatile technique available for
large-scale fabrication of conformal CNTs compared with other available techniques

such as arc-discharge and laser ablation. So does it become the top choice method for



the direct production of the CNT macro-films. The experimental setup for the CVD
growth consists of a gas system to deliver the feedstock or create a desirable atmosphere
and a heating system which is a ceramic tube furnace shown in Figure 1.4. The typical
synthesis process is to use the solid volatile mixture of ferrocene/sulfur powders (atomic
ratio Fe: S =10: 1) as precursors by a modified floating CVD method. It has two separate
phases: deposition and growth. During the deposition, the ferrocene with a relatively
low sublimation point (~100 °C) is introduced with the carrier gas flow of argon (200
ml/min) into the central reaction zone of the furnace from the inlet of a ceramic tube.
The ferrocene then starts pyrolysis at a high temperature to generate a carbon source
and iron catalyst. The growth was carried out at 1150 °C with a mixed gas flow of argon
(1500 mL/min) and hydrogen (150 mL/min). The temperature is a key factor to control
nanotube growth by CVD. MWNTs are mainly produced at lower temperatures in
the range 500-800 °C, whereas SWNTs require higher temperatures in the range
of 600-1200 °C. Sulfur acts as an additive to promote SWNT growth as well as to
enhance the growth rate of SWNTSs. It was widely recognized that sulfur is predominant
in controlling the wall number of CNTs. It is found that large-area SWNT macro-films
(Figure 1.4) with uniformity (randomly homogeneous entanglement of SWNT bundles)
and conformability (distribution of the nanotube diameter ranges from 0.8 to 1.3 nm)
could be collected from the entire tube with a large diameter. This is the result of a
reverse gas flow generated from the central hot zone to the cold endings due to the
pressure difference between them. The thickness of the films can be tuned by controlling
the amount of the precursor mixtures, substrate position in the tube, and reaction time.
This direct deposition of SWNT macro-films outperformed other synthetic

methods with three advantages. First, the precursor only contains two solid state



components and no additional gaseous or liquid carbon source (e.g. methane,[37]
hexane,[38] and xylene[39]) and prepared metallic catalytic layers (e.g. Fe, Co or Ni)
on rigid substrates (e.g. SiO2, Al203) are required. Second, the films are demonstrated
that they can be deposited on various flexible substrates from metallic foils (e.g.
stainless steel etc.) to polymer films which could be placed at both cold endings of the

inner tube.

Substrate

SWNT macro-film,

SWNT growth  Film deposition

Ferrocene + Sulfur

&~ |
Ar+H,
1150 °C +°

Figure 1.4 lllustration of CVD growth process of SWNT macrofilms and the
photography of CVD products with SEM image showing the morphology
of entangled CNT networks. Reprinted with the permission from reference
36 ©2007, Royal Chemical Society

Last but not the least, the as-deposited SWNT macro-film with up to 200 cm? area is
easily peeled off from substrates without any damage and could also be transferred to
current collectors (e.g. Cu, Al, Ni) and further cut into any desired shapes and sizes or
maintained in a free-standing form when used as electrodes for electrochemical cells.

(Figure 1.5)



Figure 1.5 (a) SWNT macro-film on the metal substrates is cut to various shapes. (b)
Free-standing SWNT macro-films. (c, d) Disk electrodes punched by
SWNT macro-films on Cu foils.

1.2.2 Properties and energy application

The original SWNT macro-films without any treatment after production have a
porous structure with large specific surface area and contain impurities of amorphous
carbon and iron catalysts derived from the pyrolysis of ferrocene. These characteristics
make them a potential cathode catalyst for metal-air batteries. Meanwhile, the
hydrophobic surface property of films could prevent organic electrolyte and some metal
anodes such as lithium from deterioration by the water vapor in air and consequently

will enhance the lifetime of cells.



The following post purification towards these SWNT macro-films can remove
the impurities and transform the initial hydrophobic surface to hydrophilic by increasing
hydroxyl, carboxyl, and other functional groups without damaging the integrity of the
films. We have the purifying methods such as heat treatment in air at 450 °C for 0.5 ~1
h or slight oxidation by immersion in 30% H20- solution for 72 h and rinsing with acid
(37% HCI). The purified macro-films still maintain the porous structures. The presence
of oxygen-containing functional groups could enhance the adhesion of the SWNT
macro-films with current collectors and be coupled with other active energy
nanomaterials such as V.0s, [40] Fe203, [41] LiMn204, [42] LiNio.4sMng.4C00.20>, [43]
LiFePOg, [44] RuO., [45] MnO., [46] and sulfur [47] to form nanocomposite electrodes
for lithium-ion batteries, supercapacitors, and Li-S batteries. They could also be
combined with many active catalysts such as noble metals (e.g. Pt,[48] Pd,[48] Au[49])
and metal oxides/hydroxides (e.g. IrOz2, [50] C0304, [50] NiO [51] and Ni(OH)2 [52]) in
electrocatalysis reactions for fuel cells. The functionalization (oxidation) hardly impact
the high electrical conductivity of the films. The thinnest SWNT film (< 50 nm)
obtained with the extremely tunable growth rate of the CNT layers still has a sheet
resistance of ~45 Q/o with an optical transparency of as high as 80%.

When the films are chopped into tiny pieces under ultrasound, their intrinsic
properties of sticky surface and web-like morphology are unchanged, making them a
potential binder additive with high conductivity. In addition, SWNT macro-films
exhibit excellent stretchability up to 50% pre-strain, and it is also notable that the
electrical resistance experienced no remarkable change even under 50% tensile strain.

Combination of these unique properties including superior electrical

conductivity, adhesive surface, hydrophobic-hydrophilic transformation, functionality

10



into nanocomposites as well as the high flexibility and deformability, awards the SWNT
macro-films to open a promising field worth the investigation and research of their

potential for energy applications, especially for energy storage and electrocatalysis.

1.3 Rechargeable Lithium-lon Batteries

Rechargeable Li-ion batteries (LIB) involve a reversible insertion/extraction of
lithium ions, called the guest species, into/from a host matrix (electrode materials)
which is a lithium insertion compound, during the charge/discharge processes. The
brief history of LIB has experienced three major periods. [53] From 1972 to 1980, the
concept of reversible electrochemical intercalation gave the birth of lithium batteries
with layered dichalcogenides such as TiS; as a cathode, which serves the guest-host
intercalation reactions for insertion and extraction of lithium ions, proposed by
Whittingham et al. [54] The total electrochemical process is termed as the rocking-
chair process involving the cyclic transfer of lithium ions between the two electrodes
since the lithium ions “rock” from one electrode side to the other. [55] However,
the lithium dendrite formation during charging at the anodes composed of pure lithium
metal, inevitably caused a catastrophic failure of a battery by shorting circuit between
the two electrodes. Such a safety issue delayed the commercialization of LIB severely
and was not resolved until metallic lithium was substituted by an alloy with Al. [56] In
1977-1979, Exxon realized the first marketed button cells with LiAl anodes and TiS:
cathodes. Then the time moved to the era of layered oxides in 1980-1990 and the first
surge of large commercialization arrived. In this period, LiCoO; stood out with a similar
layered structure to that of the dichalcogenides and consequently recognized as an ideal
cathode candidate with the similar Li-intercalation mechanism by Goodenough et al.

[57] Meanwhile, with the discovery of the highly reversible, low voltage Li
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intercalation—deintercalation process in carbonaceous material, e.g. graphite, SONY
successfully made the first product of Li-ion battery by combining the LiCoO> cathode
with a graphite anode. [58] Despite the dominant role of these two electrode
combination choice promoted by SONY in the rechargeable lithium battery market, the
limited availability and high price of cobalt and also their limited capacity restrict its
applications. Seeking alternatives for large-scale applications is highly demanded,
especially as envisioned for EV or HEV. Since 1990 to present, the second-generation
Li-ion batteries have been extensively developed. Many electrode materials were
investigated including the spinels, e.g. LiMn2O4, as cathode,[42] LisTisO12 as the
anode;[59] layered mixed-metal dioxides such as LiNiyMnyCo1-2yO2, [43] transition
metal compounds in olivine phase such as LiIMPO4 (M=Co, Fe, Mn, Ni), and a big
family of metal oxides with the advantages of low cost, abundance and also

environmentally benignity. [60]

1.3.1 Principle

A typical structure of a commercial LIB consists of a graphite anode, a cathode
formed by lithium metal oxide such as LiCoOz, and a separator embedded in an organic
electrolyte containing a lithium salt (e.g. 1 M LiPFg in 1:1 of diethyl carbonate (DEC)
and ethylene carbonate (EC) by volume). The schematic in Figure 1.6 illustrates the
working principle of LIBs involving the electrochemical reactions at both electrodes in

Equations 1.1 and 1.2:

LiC00, %= i, C00,+XLi*+xe’

discharge Cathode 1.1

- charge .
6C +xLi" ————L.i C,
discharge

Anode 1.2
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Figure 1.6  The schematic illustration of the working principle of Li-ion batteries.

The anode and cathode is the source and sink of the lithium ions, respectively. The
electrolyte balances the charge transfer by promoting the ionic transport inside the cell,
which is separated from the electronic transport that happens in the external circuit via
electron flow for power supply. Throughout the charging process, lithium ions migrate
from the cathode (LiCoO: in this case) through the electrolyte and are intercalated into
the graphite anode (LixCs). During discharge, the movement of lithium ions is in a
reverse process: Li ions are extracted from the anode and intercalated into the cathode.

The open circuit potential Voc of a LIB is decided by the difference in the Li*
chemical potential between the cathode Pcathode and the anode Hanode 8s Nernst Equation
(Equation 1.3) mentioned in Section 1.1 indicates:

u —HU
Voc — cathode anode 13
F
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where F is the Faraday constant. The Vo is given by the Gibbs free energy involved in
both the electron transfer and the Li* transfer, which is related to the work functions of
the cathode and anode. It is further governed by the crystal structure and the
coordination geometry of the site for the Li* ions to be inserted and extracted back and

forth [61].

1.3.2 Nanocomposite electrodes

Since 2000, nanotechnology has been involved in the design of next-generation
LIB with electrode nanomaterials. [5] They have the potential to dramatically improve
the electrochemical performance because of many emerging novel properties and
reaction pathways under the nanoscale dimension. [5] As various morphologies and
structures have been successfully synthesized such as nanoparticles, nanowires,
nanotubes, and nanorods, the Li* diffusion length in these solid electrodes would be
shortened to achieve fast Li* transport and a high power density. [62,63] However, the
electrode kinetic issues including the low electronic and ionic conductivities related to
most of electrode nanomaterials, such as the nanostructured metal oxides, still remain
as the key challenge. [64] Thus, a concept of carbon-matrix nanocomposite has been
proposed to overcome the problem by combining the nanomaterials with a highly-
conductive carbon matrix in a nano-dimensional structure such as graphene, CNTs and
SWNT macrofilms described in Section 1.2. It is recognized that the electrical,
electrochemical, and mechanical properties of the nanocomposite will differ markedly
from that of the component materials. The carbon matrix as scaffolds or substrates to be
incorporated with electrode nanomaterials could exponentially enhance ionic and
electronic conductivities. The enlarged surface area also increases the contact area

between electrolyte and electrode and hence the number of active sites for
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electrochemical reactions. The increased active area of an electrode in turn can reduce
electrode polarization loss and improve energy density and efficiency. [5,63] The
carbon matrix can also store extra Li ions on the surfaces, interfaces, and in the
nanopores or tubes to boost the capacity. In addition, the nanocomposite electrodes also
have an improved mechanical strength and structural integrity, which can improve the
cyclic stability by efficiently accommodating irreversible volume or structural change
during cycling and minimizing the capacity fading with the help of carbon supports as

buffer layers. [65]

1.3.2.1 Cathode materials

Depending on the current anodes are whether carbonaceous such as graphitic
carbons or a metallic lithium/lithium alloy, modern cathode materials for LIB are
generally prepared in the lithiated state (source of Li* ions) paired with graphite anodes
or in delithiated state paired with a lithium metal (source to provide Li* ions ). It is worth
noting that the paired cathodes should have higher average potentials versus Li/Li* than
earlier materials such as TiS> for Li metal batteries to compensate for the graphite
anodes with a penalty of approximately 0.1 V compared to Li metal, and also to
maximize energy density. For ease of handling, it is desirable that the material be
reasonably air-stable at room temperature. Moreover, the requirement for high specific
capacity generally restricts our choices to compounds containing first-row transition
metals (usually Mn, Fe, Co, and Ni) and vanadate containing V materials. [55] Today’s
technologically significant cathodes fall into two broad categories: metal oxides (e.g.
LiMn2Os and V20s5) and polyanionic compounds (e.g. LiFePOs). [53] The

electrochemical performance of various cathode materials and their corresponding
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carbon-matrix nanocomposites reported in the literature are summarized in Tablel.1 as

follows:

Table 1.1  Electrochemical performance of some typical cathode materials and
nanocomposites

C ity(mAh
apacity(mAh/g) Current  Voltage Ref
. . After . ere
Electrode materials Function nitial  nth Density  versus ne
e (mA/g)  Lit/Li (V)
cycle
V205 nanofilms Cathode ~402 ~240 200 2-4 66
253 (200th)
V205 nanowire- ~250
graphene Cathode ~250 (50th) 200 2-4 67
nanocomposite
V20sCNT Cathode  ~a50 00 560 1.5-4 68
nanocomposite (20th)
. 85
LiMn204 nanorods  Cathode 110 (100th) 148 3.5-4.3 69
LiM NT
iMnz04/CNT Cathode 109 o0 148 3243 70
nanocomposite (50th)
LiMn,04/reduced 120
1 1 .5-4, 1
e o Cathode 37 (100th) 480 3.5-4.5 7

1.3.2.2 Anode materials

Most of the improvements in anodes actually implemented over the last two
decades have involved carbonaceous materials due to their extremely negative working
voltage close to lithium and high Coulombic efficiency in concert with lithiated cathode
materials. [55] The presence of them successfully solved the safety issues of lithium
metals. However, the well-understood maximum intercalation mechanism of graphitic
carbons to accommodate one lithium per six carbon atoms (x=1 in LixCs) fails to break

through the limitations of capacity. The short of satisfying needs for high power and/or
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capacities in practical applications becomes the driving force for people to recheck the
mechanism of lithium conversion reactions of interstitial-free 3d metal oxide structures
(Fe203, Co304, NiO, and so on), which are ever believed unsuitable for intercalation
chemistry. [55,64] Nevertheless they could exhibit large, rechargeable capacities in cells
with lithium. The specific capacities of these materials can be as high as 1000 mA h g
(about three times those of commonly used graphitic carbons). [64] They, together with
their corresponding carbon-matrix nanocomposites, are potential candidates for anode
materials. The electrochemical performance of various such anode materials reported in

the literature are summarized in the following Tablel.2.

Table 1.2 Electrochemical performance of some typical anode materials and
nanocomposites

C it Ah
apacity(mAh/g) Current  Voltage Ref
. . After . ere
Electrode materials Function initial  nth Density  versus ne
e (mA/g)  Li*/Li (V)
cycle
Cos0s Anode ~1230 20 100 0.005-3 72
nanoparticles (60th)
. " ~200
Co304 nanowires Anode 1300 (60th) 100 0.005-3 72
Co304/graphene N ~935
hybrid Anode 1097 (30th) 50 0.01-3 73
Mesorporous a- o ~1293
Fe,0s Anode 1730 (50th) 200 0.01-3 74
Fe203/single- ~950
walled carbon Anode ~1438 150 0.01-3 75
(100th)
nanohorns
Fe203/reduced ~1100
graphene oxide Anode ~1693 (30th) 100 0.005-3 76
nanocomposites
. ~638
NiO nanowall Anode ~1050 895 0.005-3 77
(85th)
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NiO-graphene ~1031

nanosheet Anode ~1056 71.8 0-3 78
. (40th)

composites

1.3.3 Battery assembly and electrochemical tests

LIBs have to be assembled into specific construction no matter for commercial
purpose or laboratory test use. Depending on various shapes available, they can
generally be divided into four types as depicted in Figure 1.7 with respective pros and
cons summarized in Table 1.3. [79] The coin cell, also known as button cell, with small-
size and compact design as well as low cost, is suitable for our research purpose in lab
use.

Without any specification, all the cells under test in the following chapters are
assembled in this type. Furthermore, the assembly of coin cells involves two
configurations for LIBs, i.e., the half-cell and the full-cell configurations. To analyze
the battery performance, it is also mandatory to have a preliminary knowledge of the
electrochemical characteristics of the cathode and anode materials such as specific
capacity and rate capability measured by employing a series of electrochemical testing

methods.
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Figure 1.7  Four major types of lithium-ion batteries: (a) schematic of cross section
for a cylindrical cell, inset: popular 18650 cell cores; (b) schematic of
cross section for a prismatic cell; (c) coin cells with schematic of cross
section; (d) pouch cell.

Table 1.3 Cell types with pros and cons for LIBs.

Cell Type Pros Cons Usage
Cylindrical good cycling ability; heavy; low packaging power tools,
withstand high density due to space medical
internal pressures cavities. instruments and
without deforming; laptops
economical
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Prismatic | improves space expensive to mobile phones,
utilization and allows | manufacture; less tablets and low-
flexible design efficient in thermal profile laptops

management and
shorter cycle life

Pouch simple; flexible and no design standard; consumer, military
lightweight to battery = safety risk when and automotive
design exposure to high applications;

humidity and hot laboratory or
temperature company for
research

Coin small size, compact not allow fast charging | cordless
and inexpensive telephones, small

medical devices;
laboratory or
company for
research

1.3.3.1 Cell components and tests set-up

A standard CR2032 coin cell in the half cell configuration is typically assembled
by a hydraulic assembly machine as illustrated in Figure 1.8 with the three primary
functional components: two electrodes and one separator saturated in electrolyte. The
working electrode could be either the cathode or anode material as positive electrodes
across metallic lithium. Li metal in the half cell is the common reference material as
negative electrodes to evaluate the Li* generation capability for the lithiated material
e.g. LiCoO; and Li* insertion/extraction capability for the delithiated material e.g.
graphite or V20s. Whereas in the full cell configuration, anode materials with lower
potential versus Li*/Li other than Li metal could also be used as negative electrodes by
being paired with cathode materials with both lithiated state and higher potential as
positive electrodes. The commercial batteries are all in full cell configuration. The Li-

containing cathode material is able to generate lithium ions to insert into the anode
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material via electrolyte upon charging. The reverse process occurs during the discharge.
The maximum capability of any specific cathode or anode materials that generate and
store Li" ions is usually determined in half cells under a constant current density testing
mode, which is called galvanostatic charge-discharge (GCD) test. The exact amount of
lithium ions that a cathode material generates for a given weight should match the
amount of an anode material that can store effectively all the generated lithium ions by
the cathode. For example, let us assume that the cathode material of LiCoO> will deliver

a charge capacity of 100 mAh/g in the half cell configuration across lithium metal.

__________

Positive case
Electrode
Separator
Lithium meta

Spacer

Spring

- ——————— ———

Figure 1.8  Assembly processes of a CR2032 coin cell in half-cell configuration
followed by a PC programmed galvanostatic charge-discharge test.

This means 1 unit (1 gram) of LiCoO can generate lithium ions pertaining to a
maximum of 100 mA of capacity in a time unit (1 hour). Similarly, assuming that
graphite anode material has a storage of the specific capacity of 372 mAh/g through Li*

insertion and extraction in the half-cell configuration across lithium, then just 100/372
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= 0.27 gram of the carbon anode material is required to match the 1 gram of LiCoO-
cathode material for the full cell construction in order to achieve the optimum

performance.

1.3.3.2 Electrochemical characteristics of batteries

As we emphasized in the last section, the reversible capacity of LIBs during
charge and discharge is determined by the reversible Li* transport between electrolyte
and electrode. The theoretical specific capacity of the active electrode materials is the
maximum Li* that can be stored in the matrix of the materials per unit mass calculated
by the maximum stoichiometry of the reversibly-lithiated products (e.g. the LixCe, X <
1). GCD is the most common method to evaluate the specific capacity, high-rate
capability, and cyclic stability of LIBs at various constant current densities.

However, there is a tremendous amount of electrode materials with a
considerable difference in theoretical specific capacity. Thus, in order to better
implement the GCD measurements, it is convenient to take the current density as a
reference rate denoted by 1C that enables one-time of charge or discharge completed
within 1 h when it is applied to an arbitrary material, assuming with the theoretical
specific capacity. For example, the theoretical specific capacity for SnO2 is 781 mAhg
1[80] so 1C is 781 mAg™ for the GCD test. This definition is widely adopted for both
academic and industrial use.

In addition, the performance of any LIB is also tested by carrying out GCD tests
at multiple current rates such as 0.1 C, 0.5 C, 1 C, 2C, 5C and even higher rates. The
rate capability determines the specific capacity of the batteries at specific rate, at which
they are charged and discharged. The LIB as power sources with better rate capability

signifies a faster charging/discharging. It is an important requirement for EV or HEV,
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of which the drivers can recharge their batteries as easy and fast as they refill their gas
tank of regular cars in a gas station. Apart from GCD, there are other two common
electrochemical methods called cyclic voltammery (CV) and -electrochemical
impedance spectroscopy (EIS), which are also relied on to evaluate the electrochemical
performance of LIB. CV and EIS are conducted on a multi-channel potentiostat with
necessary accessories such as coin cells, test cells, and rotating disk electrodes, which

will be introduced in the next section as shown in Figure 1.9.

Figure 1.9  Multi-channel potentiostat with a variety of accessories.

1.4 Catalysts for Oxygen Reactions

A fuel cell is also an electrochemical device, similar to a battery. The major
difference is that fuel cell inherently is an energy conversion device that generates an
electrical potential through the redox reaction of a fuel (e.g. H2) at an anode electrode
and an oxidant (e.g. O2) at a cathode electrode rather than an energy storage device like
LIB. While a variety of fuels may be available as fuels to provide electrons at the anode

(including hydrogen, methanol, and etc.), the abundance of oxygen in the Earth’s
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atmosphere and the large thermodynamic driving force of the oxygen reduction reaction
(ORR) make it the most appealing oxidant for fuel cell cathodes. [81] On the other hand,
in contrast to LIB that must be recharged when the electrical energy stored are
completely delivered or consumed, reactants are replenished or continuously supplied
in a fuel cell. Thus, production of reactants by water splitting, which is electrolysis of
water into oxygen and hydrogen, is vital to fuel cells too. [81] The oxygen generation
process is also called oxygen evolution reaction (OER), which is a reverse process of
ORR. It is well known that both ORR and OER catalyzed by enzymes are also the two
most important reactions in life processes such as biological respiration and
photosynthesis with a byproduct of hydrocarbons. [82] Similarly, for industry, the high
efficient catalysts for oxygen reactions (both ORR and OER) are at the heart of fuel

cells.

1.4.1 Principle of fuel cells

There are many types of fuel cells, but their construction structure are similar to
a battery: the anode and cathode are separated by an electrolyte that permits the mass-
transfer of ions between the electrodes. Direct current electricity is produced by electron
flows between the electron source (anode) and the acceptor (cathode) through an
external circuit. As the main discrimination among the different types is the electrolyte,
fuel cells are classified by the type of electrolyte followed by the difference in startup
time ranging from 1 second for proton exchange membrane fuel cells (PEM fuel cells,
or PEMFC) to 10 minutes for solid oxide fuel cells (SOFC). [83]

The working principle of a typical PEM fuel cell is illustrated in Figure 1.10. On
the anode side, H> diffuses to the catalyst layer (usually Pt/C) where it dissociates into

protons (H* ions) and electrons. These protons exchange and react with oxidants at the
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electrolyte interface, which is referenced as multi-facilitated proton membranes. The
protons are conducted through the membrane to the cathode while the electrons are
drawn in an external circuit to supply power because the membrane is electrically
insulating. On the cathode side with specific catalysts such as Pt/C or alternative metal
oxides, oxygen molecules react with the electrons (traveled from anode through external

circuit) and protons to form water eventually.

Figure 1.10 Schematic of a PEM fuel cell.

1.4.2 Oxygen reduction and evolution reactions

ORR in aqueous electrolytes occurs mainly by two pathways: the direct 4-
electron reduction from Oz to H20, and the 2-electron reduction from O to hydrogen
peroxide (H202). These two reaction equations with different thermodynamic electrode
potentials are listed in Equations 1.4 and 1.5. [84]
0, + 4H* + 4e~ > H,0 E%=1.23V 1.4

0, + 2H* + 2e~ > H,0, E%=0.67 V 15
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Although H20- can further react with H* protons to become water (H,0, + 2H* +
2e” - 2H,0,E° = 1.76 V), Equation 1.5 is less desirable than 1.4 because of the lower
efficiency and the generation of corrosive peroxide associated with it. When in non-
aqueous aprotic solvents and/or in alkaline electrolytes, a third reduction pathway, that
is 1-electron reducing O: to superoxide (O2"), may also occur. Their potentials are
strongly dependent on the solvent used. However, the ORR Kkinetics is normally very
slow. The sluggish kinetics of the ORR are attributed to the strength of the O=0 bond
(498 kJ/mol) that must be broken in the course of the reaction. In order to speed up the
ORR kinetics to reach a practical usable level in a fuel cell, a cathode ORR catalyst is
highly needed by lowering the activation energy of the reaction and reducing the
electrode overpotential. [84]

OER occurs in a reverse process of ORR via the electrocatalyzed oxidation of
water to molecular oxygen and can be written as the following simplified chemical
reaction (Equation 1.6): [85]
2H,0 = 4e~ + 4H* + 0, 1.6
The reaction requires the energy of four photons and electrons with a high activation
energy, limiting the kinetics too. Hence, the highly-efficient catalysts for OER is also

the current biggest bottleneck.

1.4.3 Nanocomposite catalysts

At the current stage in nanotechnology, Pt-based nanomaterials are the most
practical catalysts for ORR. However, because of the high cost and declining activity of
Pt-based catalysts for making commercially viable fuel cells, extensive research over
the past several decades has been focused on developing alternative catalysts to replace

or reduce Pt catalysts. [83] These catalysts include other noble metals and alloys, carbon
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nanomaterials or hybrid carbon materials e.g. commercial carbon-supported Pt catalyst
(Pt/C with 20wt% Pt on carbon Vulcan XC-72) [85] and transition metal oxides.

Although all carbon materials have a high stability and some electrocatalytic
activity towards ORR in alkaline solutions, the activity are far comparable to Pt and the
catalytic mechanisms vary widely depending on the type of carbon. For example, glassy
carbon (GC) and pyrolytic graphite normally catalyze a 2-electron transfer oxygen
reduction, producing H>O>. On an oxidized graphite electrodes, the H>O> can be further
reduced to water at more negative potentials. [86] On CNTs, the O reduction product
is H202 or a mixture of H2O2 and OH" , which is also dependent of the preparation
method and potential of the CNT-modified electrode [86]. In contrast to carbon
materials, the low cost transition metal (Fe, Co, Ni) oxide nanomaterials have a
preferred 4-electron ORR as desirable as Pt catalysts whereas their low electronic
conductivity limits charge transfer process and consequently the electrocatalytic
activity.[84] Similarly for OER, metal oxides such as RuO2 and Ir03 in acidic
conditions and first row spinel and perovskite metal oxides in alkaline conditions have
been recognized with high catalytic activity and moderate over-potentials (<
400mV).[50]

Therefore, development of carbon-based nanocomposites that combine metal
oxides with carbon nanomaterials such as CNT or graphene to optimize the ORR
reduction pathway (4-electron transfer) and transport of all reactants (O, OH", H*, and
electrons) is a key direction deserving many efforts. The new nanocomposites can
greatly increase catalytic active sites, enhance the electrode kinetics, and reduce
overpotentials of reactions by relying on the synergistic contributions from both high-

catalytic active metal oxides and carbon nanomaterials with a superior conductivity,
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large specific surface area and high chemical stability. A variety of common metal

oxides and their nanocomposites as catalysts for ORR and OER reported in the literature

are summarized in Tables 1.4 and 1.5, respectively as follows:

Table 1.4  Catalytic activity of some typical metal oxides and nanocomposites for

ORR
Current
ORR onset den5|ty_ Ref
Electrode . . (mAcm™ ere
. Function Electrolyte potential (V)
materials/catalysts Jat0.7 nc
vs. RHE
V vs. e
RHE
T ORR 1 M KOH 0.83 12.3 84
nanocomposite
Co304/N-rmGO ORR 1 M KOH 0.79 52.6 84
Fe;03 ORR 0.1 M KOH 0.85 2.77 87
Fe,03/CNT ORR 0.1 M KOH 0.88 3.89 87

Table 1.5  Catalytic activity of some typical metal oxides and nanocomposites for

OER

Curren

Electrode . Overpotentia . Refe
. Function Electrolyte densit renc

materials/catalysts 1(V)

y(mA e

cm?)
NiFe oxides OER 1 M NaOH 1.51 0.5 88
Core-ring NiCo204  OER 1 M KOH 1.545 100 89
NiFe(OH): OER 1 M NaOH 1.495 500 90
C0304/N-rmGO OER 1 M KOH 1.54 10 84
NiFe-LDH/CNT OER 1 M KOH 1.477 10 91
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1.4.4 Cell assembly and electrochemical tests

1.4.4.1 Rotating disk electrodes

The most frequently applied method among oxygen electrocatalysis studies is
rotation disk electrodes (RDE), which is used to analyze the catalytic activity of metal
oxides (MO)/SWNT macrofilm nanocomposites in Chapter 5. The RDE system (Figure
1.11) consists of a conductive disk-shape electrode embedded in an inert non-
conductive polymer or resin that can be attached to an electric motor with a panel that
has a fine control of the electrode's rotation rate. The disk, like any working electrode,
can be made of a noble metal or GC or any appropriate conductive material selected for
specific needs. When the disk turns as shown in the schematic of Figure 1.11, the
electrolyte solution in hydrodynamic boundary layer near the electrode surface is
dragged by the spinning disk and the resulting centrifugal force flings these part of
solution away from the center of the electrode. Then the solution underneath from the
bulk electrolyte flows up vertical towards the electrode to reenter the boundary layer.
The equilibrium result is forming a laminar flow of electrolyte towards and across the
electrode. The rate of the laminar flow can be controlled by the electrode’s rotating speed
and calculated in a precise mathematic model. A final condition of steady-state current
is achieved by the equilibrium flow rate. It has nothing with the diffusion. Thus, it is
easier to investigate specific electrochemical behavior under such a condition only
controlled by the amount of reactants supplied by the electrolyte flow with a certain rate
rather than diffusion. [92] For example, a multi-electron transfer, the kinetics of a slow
electron transfer, adsorption/desorption steps, and electrocatalysis mechanisms can be

studied by running linear sweep voltammetry at various rotation rates.
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Figure 1.11 RDE system with the schematic of the cell construction and simple
working mechanism.

1.4.4.2 Electrocatalytic activity

The difference between the real electrode potential (E) and the equilibrium
potential (E®= 1.23 V) of the electrode reaction (Equation 1.4 and 1.6) is known as the
overpotential, = E-E°. When the electrode has a large overpotentials (3 > 0.12 V), the
current of an electrochemical reaction is limited solely by the kinetics of reaction at the
electrode surface.[83] That means at large overpotentials the current eventually
becomes limited by Ohmic losses and by the mass-transport of oxygen to the electrode
surface. The relationship between the current (i) and the overpotential is described by

the Tafel equation (Equations 1.7 or 1.8: [83]

_anF

i =ipge RT 1.7
RT, . RT, .

orn =—lniy — —Ini 1.8
aF aF
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where ig is the exchange current, « is the transfer coefficient, T is temperature; R and F
are gas and Faraday’s constants. At potential of E°, a dynamic equilibrium exists where
the rate of the forward reaction (Equation 1.4) is equal to the rate of the reverse reaction
(Equation 1.5), the exchange current (io) describes the rate of these forward and reverse
reactions which are equal in magnitude. Their sum results in zero net flow of current.
The transfer coefficient () is the proportionality coefficient between the overpotential
and the activation barrier. It is found from Tafel equation that increasing the
overpotential lowers the activation barrier of the reaction linearly while at sufficient
overpotentials, the current increases exponentially as a function of the overpotential.
Electrocatalysts act to increase the exchange current and therefore the increase
current at the overpotentials where Tafel equation applies. Although the exchange
current may be extrapolated from a Tafel plot, a plot of Equation 1.8with correlation of
Ini versus 7, this extrapolation causes large uncertainties because the exchange current
is too smaller (normally several orders of magnitude) than the observed currents. In
practice, electrocatalysts are often compared in two ways: (1) comparing the observed
current densities of the oxygen reactions at a given potential for two similar
electrocatalysts, (2) comparing their onset potentials (Eonset) Or overpotential # versus
equilibrium potential at Eonset, Where the onset potential is the potential at which a given
(small) current density is reached, and that current density is chosen to roughly

correspond the lowest value readily distinguished from zero.[83]

1.5 Supercapacitor
Supercapaictor is also a significant energy storage device. The higher power
density than rechargeable lithium-ion batteries makes it more favorable for applications

requiring frequent and fast charge-discharge cycling rather than a long term compact
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energy storage.[93] They can be used in vehicles, heavy machinery and elevators for
recovery energy from braking, short-term or burst-mode power delivery. Smaller units
are applicable to memory backup such as static random-access memory.[94] A typical
supercapacitor, normally assembled in a cell configuration similar to LIB for practical
use (Figure 1.6), consists of two electrodes (positive and negative) immersed in
electrolyte and a separator that electrically isolates them.

According to different charge storing mechanisms, supercapacitors are classified
into two major types: electric double layer capacitors (EDLCs) and pseudo- or redox-
capacitors. The supercapacitor can also be constructed in a ‘“half-and-half”
configuration by pairing one EDLC electrode with one pseudo- electrode, which is
called asymmetric or hybrid supercapacitors, differing from the symmetric one with two
same electrodes. The hierarchical relation between these types of supercapacitor is

illustrated in Figure 1.12.

Electric Double-layer.
Capacitors (EDLC)

Charge storage:

Helmholtz Double Layer ssymetric/Hybrid

Supercapacitors supercapacitor

Pseudocapacitors

Charge storage:

Faradaic redox reaction

Figure 1.12 Hierarchical classification of supercapacitors.
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1.5.1 Principle

Unlike conventional dielectric capacitors, supercapacitors don't have a solid
dielectric that separates the charges. They rely on electric double-layer capacitance
(EDLC) or electrochemical pseudocapacitance (Pseudocapacitor) or a combination of
both (Asymmetric supercapacitor) instead. Based on the types of electrolyte, the
supercapacitors can be mainly classified to aqueous, including acidic solutions such as
H2S04,[95] neutral solutions (e.g. Na2SOs),[96] and alkali solutions (KOH),[83] and
nonaqueous, including organic solutions such as tetraethylammonium tetrafluoroborate
(TEABF34) in polycarbonate (PC),[97] and ionic liquids.[98] The voltage window of a
supercapacitor is determined by the electrolyte. The aqueous based supercapacitors
usually have a very narrow voltage window as low as about 1.23 V, while it can be

extended beyond 3 V by switching to an organic electrolyte.

1.5.1.1 Electric double layer capacitor

The EDLC is charged and discharged by the creation and release of the electrical
double layers through the accumulation of electrolyte ions at the electrode/electrolyte
interface. In EDLCs, the capacitance is contributed by electrostatic separation of charge
at interfaces of electrodes and electrolytes with a few angstroms (0.3-0.8 nm),
referenced as the Helmholtz double layer. [94] This order of separation is much smaller
than in a conventional capacitor. Applying a voltage across the two electrodes of a
supercapacitor will make both electrodes to generate double layers. Figure 1.13a shows
the double layer structure on one electrode (positive). It consists of two layers of ions.
One layer is of charge polarization in the surface lattice of the electrode. The other layer,
with opposite polarity, emerges from solvated ions in the electrolyte. Between the two

layers is a monolayer of solvent molecules, e. g. water molecules for aqueous electrolyte.
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The monolayer forms the inner Helmholtz plane (IHP) effects as a molecular dielectric
by physically adsorbing on the surface of the electrode and separating the oppositely
polarized ions from each other. The amount of charge polarization in the electrode is

matched by the magnitude of counter-charges in outer Helmholtz plane (OHP).
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Figure 1.13 Schematic of the structure of (a) EDLC, (b) pseudocapacitor, and (c)
asymmetric supercapacitor

The double layer capacitance, Cqi, at the electrode interface is given by Equation

1.9

Cdl = i 19

ant

where A is the interface area of the electrode with electrolyte, € the dielectric constant
of the charge space, and t is the thickness of the double layer. It is the large surface-area
(~2000 m?g* for carbon-based) and the extremely short distance between the double
layers that contribute to the high specific capacitance (50 Fg?). [99] This is a non-

Faradaic process, which means there is no charge transfer across the interface.
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1.5.1.2 Pseudocapacitor

Pseudocapacitors can deliver a capacitance 10-100 times that of EDLCs because
they not only store charges in the double layer but also take advantage of the charge
transfer through the fast and reversible Faradaic reactions. [94] It requires that electrode
materials have electrochemically redox activity with the electrolytes. This process is
similar to the charge and discharge of batteries where the passage of Faradaic current
occurs. In general, conductive polymers and the electroactive metal oxides are common
electrode materials for this type of supercapacitors. [94]

A faradaic pseudocapacitance still only occurs together with a static double-
layer capacitance. The value of pseudocapacitance is determined by material, structure
and the surface area of the electrodes. Taking the transition-metal oxide electrode on
the positive side for example, the pseudocapacitance can originate when specifically
adsorbed cations penetrate the double-layer, proceeding in several one-electron stages
as shown in Figure 1.13b. During the faradaic processes, the electrons are transferred to
or from valence-electron states (orbitals) of the redox electrode reagent. [100] When the
electrons flow through the external circuit from the negative electrode to enter the
positive electrode where a second double-layer with an equal number of cations has
formed. But these cations don’t “accept” the electrons. They remain on the electrode's
surface in the charged state, and the electrons remain without being “swallowed” in the
strongly ionized lattices of transition-metal ions of the electrode. [100] The storage
capacity of such pseudocapacitance is a linear function of the surface coverage of the
adsorbed cations which is potential-dependent. [100] The faradaic charge transfer as
described involves three specific types: reversible redox system, electrosorption
(underpotential deposition of metal adatoms) or intercalation system. [101] The

adsorbed ions have no chemical reaction with the atoms of the electrode. No chemical
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bonds forms but only a charge-transfer take place. When discharging pseudocapacitance,
the charge transfer is reversed and the ions or atoms leave the double-layer and distribute

randomly into the electrolyte. [100, 101]

1.5.1.3 Asymmetric supercapacitor

More recently, asymmetric supercapacitors have been found to be an effective
alternative approach to increase the energy density of supercapacitors. Figure 1.13c
shows that these asymmetric supercapacitors consist of a battery-like pseudo-type
electrode (e.g. metal oxides as the energy source) and an EDLC-type electrode (e.g.
activated carbon as the power source). The asymmetric supercapacitors can make full
use of the different potential windows of the two electrodes to extend the operation
voltage across the maximum breakdown potential (~1.23 V) of aqueous electrolyte in
the cell system, accordingly resulting in a greatly enhanced specific capacitance and
significantly improved energy density (up to 10-20 Wh/kg). [102] Therefore, they
simultaneously bears the advantages of both supercapacitors (high rate capability,

extremely long life cycling stability) and LIB (high energy density).

1.5.2 Nanocomposite electrodes

Since the amount of double-layer capaciatance and pseudocapacitance stored
within one unit voltage is predominantly depended on the electrode surface area,
therefore supercapacitor electrodes are typically made of porous, spongy carbon
nanomaterial with an extraordinarily high specific surface area, such as activated carbon,
carbide-derived carbon (also known as tunable nanoporous carbon), CNTs, and
graphene. [102] Structurally, pore sizes in these carbons usually range from micropores

(<2 nm) to mesopores (2-50 nm). [102] However, pure carbon materials mainly exhibit
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EDLC capacitance with a negligible pseudocapacitance. [102] Thus, two additional
electrode materials including conductive polymer and metal oxides that have the ability
of performing faradaic charge transfers are needed for pseudo- and asymmetric
capacitors. Despite the high conductivity and highly reversible storage capacity the
conductive polymers possess, it would unfortunately suffer swelling and shrinking
during the redox process (ionic intercalation/deintercalation), resulting in the
mechanical degradation of the polymer electrode and fading of electrochemical
performance quickly.[103,104] In contrast, metal oxides have a better stability while
undergoing longer cycles but worse conductivity, which compromises the fast
electrochemical Faradaic reactions. [105] RuO[106, 107] MnO,[108, 109]
C0304,[110] and NiO,[111], which have redox couples of transition metal ions and
allow the facile ion interconversion of 02~ + R* & OR™, have been extensively
investigated. To overcome the drawbacks of low conductivity and low power density,
the concept of nanocomposite incorporating metal oxides with carbon nanomaterials, in
particular CNTs, has been proposed and intensively studied. The CNTs have many
significant effects in nanocomposites as follows:[100]
e The inherent superior conductivity of CNTs could greatly improve the electrical
conductivity of nanocomposites.
* The large specific surface area of CNTs could favor the dispersion of metal oxide
nanoparticles.
e That CNTSs induce a high porosity to the nanocomposite electrode facilitates the
charge transfer by providing more channels for electrolyte access and reducing the

ion diffusion distance.
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e The functional groups on the surface of CNTs could enable the transport of solvated

ions to the electrolyte/electrode interfaces and increase the Faradaic reaction sites

of metal oxides.

The electrochemical performance of various carbon-based nanocomposites reported in

the literature is summarized in Table 1.6 as follows:

Table 1.6  Electrochemical performance various  carbon-metal  oxide
nanocomposites reported in the literature
Specifi
pecn‘.lc Specific
. Amount of  capacitance .
Metal oxides- capacitance
metal based on Electroly Refer
Carbon . . based on
. oxides composite . te ences
Nanocomposites . metal oxides
loading (%) electrodes alone (F/g)
(F/g)
0.5M
RuO2/CNT 17 - 1192 H,504 106
RuO,/Graphene 38.3 - 570 1M 107
2 P ' H2S04
MnO,/CNT/PED 1M
OT-PSS 60 - 129 NaxSOs 0
MnO./Graphene , ; 197.2 211.2 1M 109
oxide NazS04
Co304/Graphene 24.4 - 243.2 6 MKOH 110
NiO/CNT 50 523.37 1037.74 6 MKOH 111
NiO/CNT 80 326.2 405.5 6 MKOH 111

1.5.3 Cell assembly and electrochemical tests

Similar to LIB (Figure 1.7), there are also four major types of supercapacitors

depending on their cell assembly construction.[102] A cylindrical cell with wound
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electrodes and a stack cell with the stacked electrodes as the name implies are mainly
for practical use with good sealing, high pressure resistance and effective space
utilization while the pouch cell and coin cell with compact size, low expense and easy
assembly are more suitable for research use in the lab. As introduced in Section 1.3.3
for LIB, the two electrochemical testing techniques, CV and GCD, are also the two most
common approaches to measure the specific capacitance, rate capability and cycling

stability of supercapacitors.

1.5.3.1 Three-electrode and two-electrode cells

All the four types of supercapacitors in last section are commercially available
and are in two-electrode cells, which can be easily fabricated. In addition, three-
electrode cell is also commonly used in electrochemical research and composed of a
working electrode, a reference electrode, and a counter electrode in a multi-inlet cell
(e.g. four-neck flask) as shown in Figure 1.11 without the rotating system. Three-
electrode cells differ from the packaged two-electrode cells in several important respects.
In the three-electrode configuration, only one electrode, called the working electrode, is
made of the active material being analyzed. The charge transfer under applied voltage
across the single electrode are markedly different than that in a two-electrode cell
configuration. For a three-electrode cell, the voltage potential applied to the working
electrode is with respect to the particular reference electrode used and shown on the X-
axis of the CV plot. In contrast, the potential applied to each electrode, in a symmetrical
two-electrode cell, are equal to each other and are one-half of the values shown on the
X-axis of the CV plot. Therefore, for a given potential range on the X-axis of the CV,
the working electrode of a three-electrode cell has the potential range twice as that is

applied to either electrode in a two-electrode cell. This results in a doubling of the
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calculated capacitance, which will be introduced in the next section. There are other
differences between the two configurations as well. [112] The potential across counter
electrode in a three-electrode cell is not controlled or measured, and is an order of
magnitude or more lower (if the counter electrode is larger than the reference electrode)
or can be approximately equal (in the case that the working and counter electrodes are
of the same size and material.) The point of zero charge location on the CV also varies

for each reference electrode/electrolyte/material combination. [112]

1.5.3.2 Electrochemical performance of supercapacitors
Specific capacitance Cs (F g?) is usually considered in order to evaluate and

compare the electrode materials for supercapacitors, which is calculated from Equation

1.10: [94]
c; .
Cszw,lzporn 1.10

where Ci is the electrode capacitance (i=p stands for positive and i=n stands for negative)
and W is the mass of electrode materials. For the two-electrode cells, the average Cs (Cs)

is calculated according to Equation 1.11 using CV:

_ 22imav
g = M 1.11

s mv-AV
where V1 and V2 (in unit of V) are the lower limit and upper limit of potential in a cyclic
potential sweep, respectively; AV=V>-V1, is the voltage window; v is the scan rate (Vs
1, i(V) is the current as the function of voltage, and m is the total mass of both electrode
materials. In the same system, the C is worked out by GCD measurement from

Equation 1.12: [94]

C. =22 1.12

ST AVXm
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where Q is the total capacity stored and released in a single cycle of charge and
discharge; 4V is the voltage window pre-set for the cycling test, and m is the overall
mass of electrode materials. (Except when specifically denoted, all of the specific
capacitance results in Chapter 5 for the SWNT macrofilm-based supercapacitor are

obtained by CV and GCD.)

1.6 Research Motivation and Dissertation Scope

Diverse aspects of CNT macrofilms right from CNT synthesis to their properties
as well as the perspective applications in energy devices including rechargeable lithium-
ion batteries, catalysts for fuel cells, and supercapacitors are generally introduced in the
above sections. It is believed that combining free-standing SWNT macro-films, which
possess a high electric conductivity, large specific surface area, and tunable porous
structure with active electrode materials, will enable the fabrication of high performance
nanocomposite electrode materials for energy applications. This motivates us to focus
on study of SWNT macro-films-based nanocomposite electrodes in this dissertation.

Previously, it was already demonstrated that flexible SWNT macrofilms itself is
a good anode material for LIB. Nevertheless, little effort has been extended to the
nanocomposites based on SWNT macrofilms with cathode materials and study their
electrochemical behavior. In Chapter 2, a nanocomposite cathode for LIB, composed of
V205 nanoparticles and SWNT macrofilms (V20s/SWNT) with mesoporous structures,
are prepared by a controllably hydrolytic deposition method. The V.0s/SWNT
assembled in half cells exhibits a high rate capability, which is attributed to the chemical
interaction between the V>0s nanoparticle and the functional groups on the surface of
SWNTSs evidenced by a systematically structural characterization such as the HRTEM

and XPS results. It is also conclusively elucidated with detailed electrochemical analysis
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that SWNTSs can improve Li* diffusivity by several orders of magnitude to significantly
facilitate lithium-ion transport, achieving an improved electrochemical performance for
the nanocomposite cathode system.

Although V>0s/SWNT was successfully developed and demonstrated as
cathode for LIB in a half-cell configuration, combining the lithiated cathode materials
such as LiMn204 (LMO) with SWNT macrofilms while maintaining the flexibility still
remains a bottleneck for a stretchable LIB in a full cell with non-lithium anode. Thus,
Chapter 3 presents a stretchable nanocomposite cathode fabricated by in-situ growth of
LMO nanocrystals in the three-dimensional network of SWNT macrofilms via a low-
temperature hydrothermal synthesis. It is demonstrated that the as-prepared composite
cathode could be laminated with elastomeric substrate such as polydimethylsiloxane
(PDMS) to form stretchable cathodes with full flexibility. This present work provides a
necessarily preliminary examination on the electrochemical performance of such
freestanding stretchable LMO-SWNT cathode in half-cells before developing the fully
stretchable full cells in the future. The applied potential intermittent titration technique
(PITT) also reveals that the Li* diffusivity of the freestanding composite is closely
related to the electrochemical performance.

Compared to the graphitic carbon anodes, the extraordinary high capacities of
transition metal oxides (MxOy) as anodes for LIB result from the conversion reactions
of Li + MOy <>M? + Li-O in addition to the intercalation mechanism of Li ions into
interstitial sites®. Among these oxides, iron oxides including Fe,Os; and FeszOa. are
considered as particularly promising electrode materials due to their natural abundance,
low cost, environmental benignity, and low toxicity. In Chapter 4, we start an in-depth

study of these conversional anode nanomaterial composites with SWNT macrofilms.
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First, the composite films composed of SWNT macrofilms and a-Fe,O3 nanoparticles
in fine crystalline size (6-20 nm) are prepared by a simple heat treatment method. The
SWNT macro-films can facilitate the charge transfer processes as well as accommodate
the volumetric change of the a-Fe2Os nanoparticles due to the convention reaction,
enabling high specific capacities over 1000 mAhg™ and an excellent cyclic stability up
to 100 cycles for the a-Fe>O3/SWNT. Experimental results and systematical analysis
conclude that the thickness of the hybrid films has a significant impact on the diffusion
coefficient of Li".

However the low rate capabilities governed by the slow kinetics of Li-ion
diffusion and the poor conductivity of the MxO,/M%Li,O matrix still limit the
performance of a-Fe,O3/SWNT. To overcome this drawback, the second part of Chapter
4 involves a facile and effective hydrogen annealing method to significantly improve
the poor rate capability via a thermal reduction of rhombohedral Fe,O3 to cubic FezO4
while maintaining the morphological integrity of the films. The enhancement of the
electrochemical performance is attributed to the presence of highly-conductive Fe3Og,
accelerated charge-transfer kinetics, and the increased Li* diffusivity confirmed by
electrochemical impedance spectra and galvanostatic intermittent titration.

Based on the work in Chapter 4, the facile thermal treatment approach is
expanded in Chapter 5 to be a general synthetic method to prepare a family of transition
metal oxides (MxOy (M=Fe, Co, Ni))/SWNT macrofilm nanocomposites. The MxOy
nanoparticles obtained are of 3-17 nm in diameter and homogeneously anchor on the
free-standing SWNT macrofilms. A systematic investigation are performed to explore
their electrochemical properties for ORR/OER, lithium-ion batteries and asymmetric

supercapacitors. NiO/SWNT and CosO4/SWNT favor ORR and OER, respectively with
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superior electrocatalytic activities in alkaline solutions. NiO/SWNT also exhibits a high
specific capacitance of 400 F g and fast charge-transfer Faradaic redox reactions to
achieve asymmetric supercapacitors with a high power and energy density. All
MxOy/SWNT nanocomposites could deliver a high capacity beyond 1000 mAh g* and
show excellent cycling stability for lithium-ion batteries.

The adhesive characteristic of SWNT macrofilms have been noticed during the
research work in Chapter 4 and 5 in preparing SWNT macrofilms with a small thickness
(< 500 nm). It is expected that the adhesive and conductive SWNT could play a
“bifunctional” role to replace the polymer binders such as poly(vinylidene fluoride)
(PVDF) and conductive additives such as carbon black (CB), which are indispensable
components in conventional electrode manufacturing for batteries. Thus, in Chapter 6,
a concept of adhesive conductors employing fragmented SWNT macro-films (FCNTSs)
is proposed and demonstrated, for the first time, by constructing composite electrodes
with both cathode and anode materials, LiMn2O4 and LisTigO12. The adhesive FCNT
conductors provide not only a high electrical conductivity but also a strong adhesive
force, functioning simultaneously as both the conductive additives and the binder
materials for lithium-ion batteries. Such composite electrodes exhibit superior high-rate
and retention capabilities compared to the conventional electrodes using PVDF and CB.
An in-situ tribology method combining wear track imaging and force measurement is
used to evaluate the adhesion strength of the FCNT. It has a higher adhesion strength
than PVDF. This strategy of adhesive conductors will contribute to be a more general
approach to construct nanocomposite electrodes with any active materials.

Last, Chapter 7 concludes the dissertation with a summary and a brief outlook

towards the future research on CNT macrofilms-based energy devices including
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lithium-sulfur  batteries, metal-air  batteries, sodium-ion  batteries and

photoelectrocatalysts.
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Chapter 2

CARBON NANOTUBE MACROFILM-VANADIUM PENTOXIDE
NANOCOMPOSITES AS CATHODES OF LITHIUM-ION BATTERIES

2.1 Introduction

Vanadium pentoxide (V20s) with orthorhombic layered structure has been
extensively studied as a potential cathode material for rechargeable LIBs owing to its
inherent Li* intercalation mechanism, high specific capacity, abundance, and low
cost.[1-3] Although the Li* intercalation potential versus Li*/Li of V205 (~3 V) is lower
than that of LiFePOs (3.4 V) and LiCoO: (3.7 V), [4-6] the two most commonly
employed cathodes of LIBs in electric vehicles and portable electronic devices, V205
exhibits higher energy and power densities as a result of its higher theoretical reversible
capacity (~290 mAhg™) and can easily be fabricated compared to LiFePO4 (170 mAhg
1y and LiCoO; (140 mAhg™). [7, 8] However, the low electrical conductivity and slow
electrochemical kinetics of V2Os due to its low ionic conductivity restrict the lithiation
and delithiation processes as well as charge transfer rate. [9] Its poor structural stability
also seriously limits its cycle lifetime. [10] To overcome these challenges, reducing the
size of V,0s structures to nanoscale, such as creating a mesoporous material with pore
diameters from 2 to 50 nm, was demonstrated to increase the electrochemical kinetics
by shortening the Li* diffusion distance and providing the nano-sized channels for fast
Li ion transport. [10, 11] Recent years, V20s nanomaterials in various structures have
also been synthesized to improve their performance by using different processing
methods: nanoparticles from xerogel deposition; [12, 13] nanotubes from hydrothermal
method; [14] nanowires from CVD; [15] nanofibers from electrospinning, [16] and etc.
However, a competing problem, i.e., the dissolution of such nanoscaled active material

during the charge and discharge processes will occur, resulting in a limited cyclic
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stability and remaining as a major challenge. [17] Thus a strategy to employ mixed
conductors such as applying carbon coatings e.g. CNTs for nanocomposite electrodes
was proposed to enhance the conductivity of V,0s. [18-20]

The flexible SWNT macrofilms with a porous structure can be applied as a
buffer layer between silicon films and current collectors to significantly improve the
cyclic stability of silicon for LIB anodes. [28] Because of the interconnected electrical
pathways within the macro-films, they can also be utilized as an anchoring substrate to
improve the poor conductivity and electrochemical kinetics of nanostructured active
materials. [29] In order to expand SWNT macrofilms to be composites with cathode
materials i.e. V205 and enhance the electrochemical performance of the cathode
materials, in this chapter we present a facile approach for the synthesis of V2Os/SWNT
hybrid macrofilms and demonstrate them as promising nanocomposite cathode
materials for LIBs.

Because of the unique structure of the SWNT macro-films, the vanadium
precursor is able to fully penetrate into the interior of the SWNT macro-films in order
to form V20s nanoparticles attached on the surface of SWNTSs by a controllably slow
hydrolysis. The resulting hybrid films exhibit highly reversible rate capacities: 548
mAhg* at the discharge rate of 300 mAg™ (~1 C); 342 mAhg* and 171 mAhg* at high
discharge rates of 1200 mAg* (~4 C) and 2400 mAg (~8 C), respectively, achieving
both high energy density and power density for LIBs. The high rate capacity is attributed
to the compact affinity of V205 nanoparticles to the surface of SWNTs through the
functional groups such as hydroxyl groups, evidenced by detailed transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) characterizations. This

hybrid cathode also holds a high coulombic efficiency and good cyclic stability. The
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approach provides a much easier and low-cost fabrication technique to deposit V20s on

carbon nanomaterials compared with other complicated processing methods reported.

2.2 Experimental

2.2.1 V20s/SWNT macrofilm preparation

SWNT macro-films were synthesized and purified by the method described in
Section 1.2.1. Then, the films were transferred onto the aluminum foil (45 pum thick)
current collectors and then were punched to 1/2”-disc electrodes after dried in air.

In an Ar-filled glovebox (MBRAUN UNIlab), V20s nanoparticles were
deposited on the as-prepared SWNT macro-film electrodes by dropping 2 drops (2 ul)
of vanadium (V) oxytriisopropoxide (99%, Acros Organics) and one drop (4 pl) of
anhydrous ethanol (Fisher Chemical) on the pristine SWNT films using pipettes. The
addition of ethanol is critical to assist the vanadium precursor liquid to spread and
infiltrate into the SWNT films. Then the electrodes experienced a 24-hour hydrolysis
reaction with a moisture (< 0.1 ppm) in the glovebox to form V20s/SWNT hybrid
mesorporous films. Afterwards, the hybrid films were annealed at 400 °C in the air for

2 h before they were assembled into battery coin cells for electrochemical measurements.

2.2.2 Characterization and electrochemical measurements

Morphology and structural characterizations were performed using scanning
electron microscopy (SEM, JEOL JSM-7400F) and transmission electron microscope
(TEM, JEOL JEM-2010F). X-ray diffraction (XRD, Philips X Pert diffractometer with
Cu Ko radiation and a 26 range of 10 to 60 ° with 0.02 °/step and 1s/step) and Raman
spectroscopy (Bruker SENTERRA with 573 nm laser excitation) were employed to

verify the crystalline structure of the V20s nanoparticles. The chemical interaction
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between V205 and the surface of SWNTs were investigated by X-ray photoelectron
spectroscopy (EA 125 spectrometer with non-chromatic Al Ka source (1486.5 eV)).
Before the cell assembly, the mass difference of electrodes before and after
deposition of V205 nanoparticles was weighed out using a micro/ultramicro balance
(Mettler Toledo XP6) with 0.001 mg accuracy. Electrochemical tests were carried out
on CR2032 coin cells with V20s/SWNT hybrid mesoporous films as cathodes and
lithium ribbons (0.38 mm thick, 99.9%, Sigma Aldrich) as anodes. The Celgard 2500
were chosen as separators and 1 M LiPFe dissolved in 1:1 v/iv EC: DEC (Ferro
Corporation) were used as electrolyte. All the half cells were assembled in the argon-
filled glovebox. The cyclic voltammetry curves and electrochemical impedance spectra
with a 10 mV AC signal employed from 100 kHz to 10 mHz were all collected by
PARSTAT 2273 (Princeton Applied Research) potentiostat. The galvanostatic
discharge-charge tests for the coin cells were carried out using BT-4 4-channel battery

test equipment (Arbin Instrument, Itd.).

2.3 Results and Discussion

2.3.1 Controllable hydrolysis deposition of V20s
Preparation of the V.Os/SWNT hybrid films is schematically illustrated in
Figure 2.1a.
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Figure 2.1  Schematic illustration of the procedures to synthesize V.Os/SWNT
hybrid mesorporous films. (b) Ball-and-stick representation of the
crystalline structure of layered V205 and SWNTSs and the chemical
interaction between them.

Vanadium (V) oxytriisopropoxide, an organic vanadium liquid which possesses an
excellent wetting ability to the hydrophobic surface of SWNTSs, was employed as the V
precursor.[30] The precursor infiltrating into the interior of the SWNT macro-films
were completely transformed into V2Os nanoparticles by controlling the hydrolysis rate

in an argon-filled glovebox with H20 < 0.1 ppm and O, < 0.1 ppm (Equation 2.1):

0
HsC i CH 0
l H0 _ ho—v—on 1O _ v,o
O\/\ | —_— 25
CHs OH 2.1
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The V20s nanoparticles with layered structures would attach on the SWNT surfaces

through the functional groups, as schematic shown in Figure 2.1b.

2.3.2 Mesoporous layer structure of nanocomposites and chemical bonding
Figure 2.2a shows a photograph of such a dark yellowed film after being
annealed at 400 °C in air for 2 hours. The film is semi-transparent due to the mesoporous
structures. The SEM image in Figure 2.2b shows the cross section of the film with a
multi-layered structure of V.Os-wrapped SWNTSs, indicating the complete infiltration
of the vanadium precursors into the mesh of the web-like SWNT macro-films. Figure
2.2c and 2.2d reveal the synthesized V.Os nanoparticles with a diameter of 5-150 nm.
The bright particles below 20 nm and decorated on the SWNT surfaces suggest possibly
chemical interactions between them and SWNTs. The TEM image also shows that
smaller-sized V.Os particles with diameter of 5-20 nm are firmly attached on the
SWNTs (Figure 2.3a), even after sonicating the hybrid film for 1 h, confirming the
compact anchoring of V20s on SWNTs. However, the obvious agglomeration of the
smaller particles into larger particles or plates over 100 nm exists concurrently. The
coexistence of different particle sizes implies that the functional groups on SWNTSs
could promote uniform nucleations of V.Os nanoparticle on the SWNT surfaces while

this interaction is insufficient in the far regions from the SWNT surfaces.
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Figure 2.2 SEM images showing the morphology of V.0s/SWNT hybrid
mesoporous films annealed at 400 °C for 2h. (a) Photograph of the
400 °C annealed V20s/SWNT hybrid film. (b) cross-section, (c) top
view, (d) magnified top view from (c).

High-resolution TEM (HRTEM, Figure 2.3b) reveals the crystal structural information
of a V20s nanoparticle, showing the lattice feature of 3.39 A, which corresponds to
interplanar distance of (101) planes of V20s. It agrees with the (101) peak in the X-ray
diffraction (XRD) pattern presented below. The scheme in Figure 2.1b exhibits the
possible chemical bonds between SWNTSs and the layer-structured V2Os, which anchors

on the SWNT surfaces. Despite the aggregation of the insulating V-Os nanoparticles,
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the films provide sufficient conductivity, large surface areas and favorable channels to

facilitate the Li* diffusion and intercalation.

Figure 2.3 (a) TEM image of V.05 nanoparticles anchorded firmly on SWNTSs after
1 h sonication of the hybrid films. (b) High-resolution TEM image of an
individual V20s nanoparticle grown on SWNT bundles.

XRD and Raman spectroscopy (Figures 2.4a and 2.4b) further identify the
crystal structure of V20s. The XRD pattern exhibits typical peaks of orthorhombic V205
phase of the space group Pmmn, with lattice parameters a =11.48 A, b=4.36 A, and
c=3.55 A, respectively. The peaks at 20.63°, 22.07°, 26.52°, 31.17°, 41.73°, and 47.45°
can be indexed as (010), (110), (101), (400), (020), and (600) planes of V205 (marked
as “*”), respectively except the two sharper peaks at around 38.69° and 45.03°, which
are corresponding to (111) and (200) planes of the Al substrate as a current collector

(JCPDS card N0.01-075-0457).
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Figure 2.4 (a) X-ray diffraction pattern for 400 °C annealed hybrid films on an Al
foil as current collector. (b) Raman spectrum at excitation of 532 nm.

From the Raman spectrum, the two peaks at high frequency around 1353 cm™ and 1580
cm™are the D band and G band of SWNTSs (marked as “ 4 ) and all the remaining peaks
are attributed to V,0s (marked as “*”). The first peak at 994 cm™* corresponds to the in-
phase stretching vibration mode of all apical V-O bonds, resulting from z-displacement
of O atoms. The second peak at 884cm™ is attributed to the antiphase stretching of the
V-03 bonds, which are constructed by the triply coordinated oxygen atoms edge-shared
by three pyramids. This B2g symmetric mode forms the V-Oz-V bridges. The third peak
at 704 cm™ is assigned to the antiphase stretching mode of V-O; bonds between the
central vanadium atom and the doubly coordinated oxygen atoms corner-shared by two
pyramids. The Aq Raman-active mode at around 532 cm ™! originates from the stretching
of the V-O3 bonds. Then follows the peak at 484.5 cm™, which is ascribed to the bending
vibrations of the V-O3-V bridges. The two Raman features at 403 cm* and 283.5 cm™
can be characterized as the bending vibrations of the V=0 bonds. The peak at around

306 cm™? corresponds to the bending vibrations of the V-O3 bonds. Two peaks in the
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low-frequency region are assigned to the modes involving displacements of the V atoms.
The one at 200 cm™ origins from Aq and B2g modes, with the atoms oscillating along the
x axis. The strongest peak at 149 cm™ is a mixture of signals coming from Big and By
[32, 33] Note that the intensity of V2Os signal is comparable to that of G band belonging
to SWNT. This confims that the hybrid films consist of a high percentage of V20s.
Though few amount of SWNTSs exist, their strong bonds in graphitic hexagons construct
and ensure the relatively strong structural stability of the films.

XPS spectra further confirm the formation of V,0s. The survey spectrum
(Figure 2.5a) indicates that all the elements detected are only vanadium, carbon and
oxygen. Table 2.1 shows the XPS data for all the peaks. The binding energies for
vanadium 2pz, and 2py. at 516.8 eV and 524.2 eV as shown in the V 2p spectrum
(Figure 2.5b) are consistent with those of V°* in V,0s. [34] Notably, the central
positions of 2ps2 and 2py2 peaks shift to lower binding energies by 0.4 eV and 0.3 eV,
respectively. [35] It is plausibly due to the affinity of V20s to the SWNTs. The C 1s
curve shown in Figure 2.5¢ could be deconvoluted into three peaks, indicating that
carbon atoms are in three different chemical environments. The predominant peak at
284 eV derives from sp2-hybridized C=C bonds of the graphitic hexagons, which shifts
to left by 0.4 eV as a result of the coupling between V,0s and SWNTs [35, 36]. The
peak in the middle at 285.7 eV is assigned to single-coordinated C-O bonds in carboxyl
groups and the smallest peak at 288.2 eV corresponds to the minimal carbonyl (C=0)
groups. [36] These functional groups with a percentage of ~18% play key roles in the
electrochemical performance shown in the following section. The asymmetric peak in

O 1s core-level spectrum (Figure 2.5d) can be fitted by two instinct O peaks.

65



m ™ T T T T T T T T T T T
3500 |-
{a) OxLL
3000 |-
£ 3000 ¢ ==
L] 0
2 o 200}
2 — § 2000
e o
% 2 1500
g .
& jooo | 2
E & 1000
500
u L i L i L 1 i L 1 i 'l
] 200 400 1] 800 1000 500 508 E10 516 520 525 530 535
Binding Energy (eV) Binding Energy (eV})
Eum T T T T T T L] T T mn L3 L] L] L] L]
l:d:l 0O1s 1
40 3500 4
e » 3000 |
g 3000 - g
8 [ ) 2500 A
2 2000 2 E
= B 2000 4
= o =
2 2 |
£ 1000 - E
1500 J
n o | 1 'l L L ' L L L b | 1Mn L 1 L 1 1
276 278 280 282 284 286 288 290 292 294 528 528 530 832 £34 538 538
Binding Energy (eV) Binding Energy (eV)

Figure 2.5 X-ray photoelectron spectrum for V.Os/SWNT hybrid mesoporous films
showing the interaction between the slight function group of SWNT and
V05 nanoparticles. (a) survey-scan spectrum showing all C, O and V
elements. (b) V 2p region with spin orbit splitting of 2pz, and 2p12
showing V°* state. (c) C 1s region of XPS spectrum deconvoluted to
peaks indicating grahitic structure of SWNT and functional groups of
SWNT macro-films. (d) Asymmetrical O 1s peak of XPS spectrum fitted
with the predominant peak corresponding to O atoms in V20s and the
peak of hydroxyl groups in higher binding energy.

The one at the position of 529.7 eV, which is 0.3 eV to 530 eV, belongs to the oxygen
atoms of V20s. [35] The other at 531.6 eV is attributed to hydroxyl groups (OH),
consistent with the fitting peak of C 1s for carboxyl groups (C=0). [37] Overall, the

existence of functional groups and peak shift towards lower binding-energy region by
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0.3~0.4 eV further imply that the V.Os nanoparticles could be bonded to the SWNT
surfaces via V-O-C bonds or van der Waals forces. Thus, these results agree with the
hypothesis that the compact association of V20s nanoparticles with SWNTs can

enhance the stability of these cathode materials for LIBs.

Table 2.1  Binding Energy of the fitting peaks in XPS spectra shown in Figure 2.5.

Bingdin Shift (+: Functional
Binding gding towards higher;  C 1s peaks
Peaks Energy (eV) . groups
Energy (eV) . [sass] - towards lower area
in Ref.>* percentage
energy)
V 2pss2 516.8 517.2 -0.4 — —
V 2p1r2 524.2 524.5 -0.3 — —
Cls(C=C) 284 284.4 -0.4 6240
C1s(C-0) 285.7 285.7 — 650 17.38%
C1s(C=0) 288.2 288.2 — 435
O 1s (V20s) 529.7 530 -0.3 — —
O1ls(OH) 531.6 531.6 — — —

2.3.3 Phase transition during lithiation and cyclic performance

Electrochemical performance of the synthesized nanocomposite were evaluated
in half-cell configuration that consists of the V.Os/SWNT hybrid mesoporous films as
the cathodes and Li metal foils as the anodes. The cathodes has a loading mass of ca.0.3
mg V20s material obtained by weighing out the mass increase of the films after
deposition and annealing at 400 °C for 2 h of V205 on pure SWNT macro-films using
an ultramicro analytic balance as described in Sector 2.2.2. The discharge curves at a
current density of 300 mAg™ (~1 C) (Figure 2.6a) show two flat plateaus at 3.5 V and
3.2 V since the 2" cycle in the voltage profiles, corresponding to a gradual phase
transition during the process of Li* intercalation into the pristine V20s: a-LixV20s phase

(x<0.1) (Equation 2.2) to e-LixV20s (0.35<x<0.7) phase (Equation 2.3) and then to &-
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LixV20s (0.9<x<1) phase (Equation 2.4). The plateau at 2.3 V corresponds to the
formation of y-LixV20s (Equation 2.5). [36] The a<¢ and <6 transition processes are
completely reversible because the structures of a-LixV20s and &-LixV20s phases are

very similar to that of the pristine V2Os before Li-intercalation. [38]

xLi ™+ V,05 +x@ === 0o-Li,V,05 (x<0.1) 2.2
xLi "+ V,05 +x@ =—= ¢-Li,V,05(0.35<x<0.7) 23
xLi "+ V,05 + x@ 8-Li, V505 (0.9<x<1) 2.4
xLi "+ V,05 + x© v-Li, V505 (1<x<2) 2.5

The open circuit voltage (OCV) value read from the first discharge curve is at
3.5 V, approaching to the equilibrium potential of o<>¢ phase transition. Since 2"
discharge, all curves afterwards exhibit a higher potential than the initial potential at the
first cycle due to the existence of the new phase, y-LixV20s, formed in the 1% discharge

process.
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Figure 2.6  Electrochemical performance for V.Os/SWNT hybrid mesoporous film
in a half cell: (a) voltage profile of discharge-charge curves at 300 mAg™*
after the 1%, 2" 10™, 20, 30™, 40" cycle, (b) specific capacity retention
for 40 cycles at the rate of 300 mAg, (c) discarhge charge curves at
various rates for the same cell after the ending of the 40™ cycle of
discharge-charge tests at the rate of 300 mAg~, (d) high-rate capacities at
various rates.

It was reported that the amount of y-LixV2Os phase formed is directly determined by the
state-of-discharge (SOD) during the preceding discharge cycles. The increasing amount
of the y-LixV20s was formed in the electrode when the SOD of Li-intercalation
increases during the first two cycles. [39] The y-LixV20s also has a partial irreversibility

caused by puckering of the V.Os layers to accommaodate the phase transition when more
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than 1 mole of Li ions were intercalated into 1 mole of V2Os. [40] It is also noting that
plateaus become less evident and are become a linear slope in the consecutive charge
and discharge curves. This change is plausibly related to the formation of irreversible
©-LixV20s phase (x > 2). The o-LixV20s phase experiences irreversible structural
modification successively transited from y-LixV20s when per mole of V20s is over-
inserted by 2 to 3 moles of Li ions, especially at high charging/discharging rates. [41]
Thus, more o-LixV20s phase would form, leading to a higher storage capacity while at
the expense of sacrificing the cyclic capacity retention if the limit of our current cutoff
potential is lowered below 2 V versus Li*/Li for a deeper discharge. From the analysis
above, it is deduced that the 6% loss of the initial capacity at 1 C after 40 cycles shown
in Figure 2.6b may result from the increasing amount of irreversible ®-LixV20s phase.
Thus, drawing the cutoff potential up will benefit to extend the cyclic lifetime of the
V20s/SWNT hybrid films. The average discharge capacity for the 40 cycles in Figure
2.6b, is 548 mAhg™. The higher capacity over the theoretical capacity is similar to the
results presented in other reports. [3, 20] It is presumably attributed to the gradually
irreversible processes such as the formation of solid-electrolyte-interface (SEI) layer,
which also enables the excellent capacity retention as high as 94% at the end of the 40"

cycle.

2.3.4 Rate capability and electrochemical impedance spectroscopy

Figure 2.6¢ presents charge and discharge curves for the V2.Os/SWNT hybrid
films at different rates. It is obviously found that the potential plateaus gradually
disappear and become a sloped curve as the current density is raised, indicating that
most of V20Os is transformed to the irreversible o-LixV20s.[42] Figure 2.6d shows rate

capability of the V20Os/SWNT hybrid films (10 cycles at each rate) following the first
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40 cycles after staying in OCV state for 24 h. The specific capacity remains as high as
342 mAhg* at the rate of about 4 C (1200 mAg?). When the discharge rate reaches 8 C
(2400 mAg™), an average capacity of 171 mAhg* during the corresponding 10 cycles
is obtained. Afterwards, the capacity is still above 100 mAhg at the highest rate of 32
C (9600 mAg™). In the last 10 cycles when it returns to the lower rate of 2 C (600 mAg
1, the capacity is able to recover to ~400 mAhg™. These results demonstrate an excellent
rate capability of the V.Os/SWNT hybrid structures. This is owing to the much
improved electrochemical kinetics of VV2Os with the involvement of SWNTSs. In addition,
the Coulombic efficiency (CE) (Figure 2.6d) is also improved beyond 90%. The stable
CE values between the 10" and the 50" cycle from 4 C to 32 C remain in the range of
95%~97%, which are higher than the fluctuation in the range of 90%~92% at 1 C and 2
C rates. This is in agreement with the proved stability for o-LixV20s, the high portion
of which makes the cell more stable at rates higher than 4 C.

Following the 40-cycle GCD tests at 300 mAg™ in Figure 2.6b, Figure 2.7 shows
CV results for the nanocomposite cathode in the same cell. CV plots are within the
potential window between 2 and 4 V versus Li*/Li at scan rates of 1, 5, 10, 20, and 50
mV/s. Three redox pairs at approximately 3.3 V/3.5V,3.1V/3.2V and 2.2 V/2.4 V are
observed and can be attributed to the a«<¢, <6 and 6<>y reversible phase transitions,
respectively. This is consistent with the previous analysis of the voltage profile plots.
The CV curves also show that the peak separation of the redox pairs becomes larger and
the peaks of the 3— pair become too broad to be evident as the scan rate increases. The
former phenomenon results from the limit of kinetics while the latter is ascribed to the
partial irreversibility of the y-LixV2Os phase. This provides more evidence to support

our discussion in the last section about the reason for capacity loss during cycling.
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Moreover, it is worth noting that the peaks in the CV plots, even at 50 mV/s, is as
discernable as that at a low scan rate of 100 uV/s. This behavior is comparable to that
of supercapacitors with a high power density, which further confirms the high rate

capability of the V.Os/SWNT.
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Figure 2.7  The cyclic voltammetry of V.Os/SWNT hybrid mesoporous film at
various scan rates from 1 mV/s to 50 mV/s for a half cell with 1 M LiPFe
in EC:DEC (1:1 v/v) as electrolyte, consist with the excellent high-rate
performance.

EIS can reveal the information of conductivity, charge transfer and ionic
diffusion and so it was performed to better understand the high rate capability. We
compare the EIS plots (Figure 2.8a and 2.8b) of the as-assembled cell (before the 1%
cycle) and at the end of the 40" cycle discharged under 1 C rate. The Nyquist plots are
composed of a high-medium-frequency arc and a low-frequency Warburg tail as shown

in Figure 2.8a, where the slopes of the Warburg tail for both curves are nearly equal to
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1, indicating that the diffusion coefficients for the Li* intercalation and deintercalation

are basically equal to each other (Equations 2.6, 2.7 and 2.8).[43, 44]

N

W=0cw 26

W =-0-0? 27
R2T2

T 2.ANFCio0 58

Where the W is the real part and ' is the imaginary part of the Warburg impedance;
o 1s the Warburg factor indicating the Li-ion diffusing kinetics; w is frequency (< 1Hz);
A is the surface area of the electrode (~1.2 cm?); C is the concentration of Li ions; n is
the charge number in the transfer process, i.e. the Li* number during
intercalation/deintercalation; T is temperature of testing condition (T = 25 °C); and the
remaining parameters are all common physical constants. The typical frequency at the
intersection of the semi-circle and sloped line represents the frequency response of
electrode materials in various electrochemical energy storage devices. Its value is 15.20
Hz equally for both curves,

The Bode phase plot (Figure 2.8b) exhibits that the initial single peak (orange
line) with a good symmetry at approximately 100 Hz becomes an asymmetrical major
peak with a small shoulder at a high frequency over 10000 Hz after 40 cycles (purple
line). Noting that the frequency position of the major peak for the 40" cycle still remains
at 100 Hz and the minimum of the peaks for both curves are at around 10 Hz, which is
in a good agreement with the above-mentioned 15.20 Hz. It implies that 100 Hz belongs
to V20s. The peak splitting is reflected in the corresponding equivalent circuits in Figure
2.8c and 2.8d. The initial peak in the first cycle (orange line) is assigned to the

V20s/SWNTSs integration with a single parallel component in Figure 2.8c.
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Electrochemical Impedance Spectroscopy (EIS) data for V.Os/SWNT
hybrid mesoporous film in the coin cell after cycling at rate of 300 mAg"
1. (@) Nyquist plots before the 1% cycle (orange curve) and after the 40™"
cycle (purple curve), (b) Bode phase plots before the 1% cycle (orange
curve) and after the 40" cycle (purple curve), (c) the equivalent circuit
corresponding to the 1% cycle, (d) the equivalent circuit corresponding to

the 40" cycle.

The major peak and small shoulder (purple line) split from the initial peak can be fitted

by a different equivalent circuit model (Figure 2.8d), which is composed of two parallel

components in series. This splitting is probably ascribed to the dissociation of V20s

from the surface of SWNTs as forming new phases of LixV20s due to the relatively

weak bonds between most V20s particles in large sizes and SWNTSs. The functionalized

SWNTSs cannot completely prevent the larger VV2Os nanoparticles from dissociation into

the electrolyte, which also cause the capacity decline of the V2Os/SWNT. Table 2.2 lists

the values of key components in both equivalent circuit models. After 40 cycling tests,

the charge transfer resistance of the initial films (Rmix) as high as 227.40 Q is divided to
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Rmix of 11.72 € assigned to the intimately-anchored V>Os/SWNT integrity and Ry of
24.99 Q assigned to the larger V2Os particles. The lower charge transfer resistance may
result from the stable SEI formation between electrolyte and the V,Os/SWNT.[13]
Correspondingly, the Warburg resistance of the intimately-anchored V>Os/SWNT
integrity is reduced from 16.03 Q (Wmix) to 0.01 Q (Wmix) after 40 cycles. However,
Warburg resistance of the larger V.Os nanoparticles is 134.3 Q (Wy), which is much
higher than 16.03 Q, indicating that Li* diffusivity is decreasing during cycling.
Nevertheless, the Li* diffusion coefficients (Dvi") for both curves, the first cycle and the
40" cycle, are ca. 2.63x 107 cm?/s and 7.505 x 1071° cm?/s, respectively, which are over
2 to 4 orders of magnitude improvement compared to that of the bulk V205 (10712 cm?/s).
Thus, it concludes that the high diffusion coefficient is a dominant factor in achieving
the high rate capability of the cathodes, further confirming that SWNTSs can enhance

electrochemical performance of V20s by accelerating the electrochemical kinetics.

Table 2.2  The fitting values of the components in equivalent circuits shown in

Figure 2.8c and 2.8d.
COMPONEN Ri@) Rmx (@) W Wri (@) Rm(@) Ry (Q)
1st cycle 11.95 227.40 — 16.03 — —
AOthcycle  7.22 — 1343 001 11.72 24.99

2.4 Conclusions

In summary, we have successfully synthesized the layer-structured V.Os
nanoparticle/SWNT nanocomposites with high rate capability and high CE as promising
cathodes for lithium ion batteries. The chemical interaction between the V2Os particles

and the SWNT surface through the functional groups has been verified, which enables
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the fast electrochemical kinetics of V2Os. The resulting high Li-ion diffusion coefficient
contributes to the excellent rate performance. SWNTSs have also been demonstrated to
enhance the cyclic stability of V2Os at high rates. The irreversibility of o-LixV20s and
v-LixV20s phases as well as the dissolution of V>0s nanoparticles during cycling
account for the capacity loss. This work open a feasible path to involve SWNT
macrofilm with more cathode materials via chemical bonding to achieve high

performance nanocomposites for LIB.
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Chapter 3

CARBON NANOTUBE MACROFILM-LITHIUM MANGANESE OXIDE
NANOCOMPOSITES AS STRETCHABLE CATHODES OF LITHIUM-1ON
BATTERIES

3.1 Introduction

We have demonstrated a V.Os/SWNT nanocomposite cathode in Chapter 2
under the guidance of the “in-situ” processing concept, which means creating chemical
bonding between the active cathode materials and SWNT macrofilms. However, the
unlithiated V20s can only be paired with lithium metals in half cells. Thus, it is
necessary to extend the nanocomposite cathode work by in-situ combining SWNT
macrofilms with lithiated cathode materials via chemical bonding to pair with a
graphitic anode instead of metallic lithium for most commercial LIBs in the full-cell
configuration. What’s more, the recent emerging human-interactive or human-assistant
technology such as wearable electronics,[1,2] soft surgical tools,[3] flexible display
devices,[4] and etc. also requires not only the integrated circuit but also the power
sources, e.g. LIBs to be flexible. To achieve the flexibility, one of the key steps is to
rely on flexible nanocomposite cathode materials suitable to accommodate the strains
caused by deformation within a certain range with elastomeric substrates such as
polydimethylsiloxane (PDMS).[5] Three major composite systems based on CNT-
coating fabrics,[6] graphene foams[7] and conductive polymer matrix are usually
employed.[8,9] However, most of these prototypes are only capable of bending but not
stretching. The limited bendability sustaining the induced strains < 1% is far insufficient
for practical cases where the devices would experience more complicated and
challenging stretching, which must accommodate a large strain deformation >>1%.[10]

Hence, as stressed in Chapter 1 that SWNT has a unique property with high flexibility,
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it becomes extremely desirable to develop SWNT macrofilm based nanocomposites
with lithiated cathode materials for both bendable and stretchable electrodes.

Whereas, how to integrate the cathode materials with the macrofilms meanwhile
maintaining the flexible film structure without any destruction is always the biggest
obstacle for us to extend to stretchable electrodes. A “grafting” technique by
hydrothermal reaction is preferred due to the relatively mild reacting environment
compared to other methods with rigor conditions.[11] This potential reactant systems
have two desirable characteristics, low temperature and annealing-free, to keep the
original SWNT macrofilms unbroken. In this chapter, we reported such a suitable
hydrothermal synthesis realizing the in-situ growth of LiMn.O4 (LMO) nanocrystals in
three-dimensional SWNT macrofilms as stretchable composite cathodes for lithium-ion
batteries. The bendable/stretchable electrodes prepared by assembling the LMO-SWNT
macrofilms with PDMS flexible substrates show the full-flexibility. The
electrochemical properties of the freestanding cathodes is also examined preliminarily
in a half cell with lithium metal. This work is a good touchstone to demonstrate the
feasibility for fabricating a stretchable battery employing such LMO-SWNT cathode
and also sheds a light on the optimization of the cathode performance for our future

work, which will be discussed in Chapter 7.

3.2 Experimental

3.2.1 Insitu growth of LiMn204/SWNT by hydrothermal synthesis
Direct CVD growth and purification of SWNT macro-films were described in

details in Section 1.2.1. The freestanding films floating in the water after purification
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were held up on a 2” x 2” square frame made of stainless steel and dried at room
temperature overnight.

Then a modified hydrothermal method was adopted referenced to this article [12]
to in-situ grow LMO nanoparticles on SWNT macrofilms. All the chemicals in the
following were purchased from Sigma Aldrich and used as received without any
treatment. Solution A is prepared by dissolving 0.22 g lithium hydroxide into 6 ml
deionized water followed by adding 0.24 ml hydrogen peroxide (30 wt%). Then the as-
prepared freestanding SWNT macrofilms were immersed in the solution A. 0.69 g
manganese acetate dissolved in 6 ml deionized water forms solution B. Solution A and
B were blended with 20 ml methanol and stirred for 20 min. Then the resulting black-
brownish slurry was transferred into a 40 ml Teflon-lined autoclave and hydrothermally
reacted at 115 °C for 12 h. After the reaction was complete, the macrofilms were
collected and washed several times with deionized water and ethanol. Finally, the

freestanding LMO-SWNT macrofilms were dried under vacuum at 80 °C for 12 hr.

3.2.2 Structural and electrochemical characterizations

The morphology and structure were characterized by means of focus ion beam
microscopy (FIB, Zeiss Auriga 60 FIB/SEM) and transmission electron microscopy
(TEM, JEOL JEM-2010F). X-ray diffraction (XRD) patterns were recorded by Philips
X’Pert diffractometer with Cu Ko radiation. X-ray photoelectron spectra were acquired
using a VG ESCALAB 2201-XL spectrometer. The X-ray source was monochromatic
Al Ko (1486.7eV) with a power of 105W (15 kV, 7 mA). The operating pressure in the
main chamber was less than 1 x 108 Torr. Nitrogen isothermal physisorption
measurements were carried out using a Micromeritics ASAP 2020 physisorption

analyzer. Samples were degassed by heating to 573 K under vacuum for 6 h prior to
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measurement. N2> was adsorbed on samples at 77 K to determine support surface area
after cooling. The Brunauer—Emmett—Teller (BET) method was used to calculate the
specific surface area from N> adsorption data over the p/po range of 0.06 — 0.30.
Thermogravimetric analysis (TGA) was carried out on a high resolution TGA
instrument (Mettler-Toledo, SDA851e) from 0 to 1000 °C at a heating rate of 10 °C/min
in flowing air.

The mass of freestanding electrode was weighted by using a micro/ultramicro
balance (Mettler Toledo XP6) with 0.001 mg accuracy. CR2032 coin cells were
assembled in an argon-filled glovebox (MBRAUN UNIlab). Half cells consist of the
LMO-SWNT macrofilms as the working electrode, a Celgard 2500 as the separator, and
a lithium ribbon (0.38 mm thick, 99.9%, Sigma Aldrich) as the counter electrode in the
1 M LiPFs dissolved in 1:1 v/v EC: DEC as electrolyte (Ferro Co.). Galvanostatic
discharge-charge tests were carried out on BT-4 4-channel battery testing equipment
(Arbin  Instrument, Itd.). CV was performed by PARSTAT 2273
potentiostat/galvanostat (Princeton Applied Research) with the scan rate of 0.05 mV/s

between 3.8 and 4.3 V.

3.2.3 Potentiostatic intermittent titration test

The potentiostatic intermittent titration technique (PITT) is, together with its
galvanostatic counterpart (GITT, which will be introduced in next chapter), one of the
most used techniques to retrieve insights on the diffusion coefficient of the active
electrode materials [1-3]. In a typical PITT measurement towards a half cell, for
example, the experiment starts by recording the OCV of the battery (Vocv). Then, the
cell was kept at Vqcv for 24 h. Afterwards, a positive potential increment of 20 mV is

applied on Vo for at least 15 minutes, followed by a relaxation process for the cell at
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switch-off state until the recorded signal of current density declines below C/50. The
increment and relaxation processes constitute a step called intermittent titration. Then
the same potential increment is consecutively applied to the previous step and the signal
is recorded until the end of relaxation in current step. The potential pulses are applied
until the upper limit of 4.5 V is reached. Each potential pulse is followed by relaxation
time. Afterwards, a reverse intermittent titration process was driven by negative
potential increments of -20 mV, which are consecutively applied starting from 4.5 V
and followed by a relaxation process for the cell at switch-off state until the recorded
signal of current density declines below C/50. The steps are repeated until the lower
limit of 3.5 V is reached. During the 20 mV potential pulses, Li-ions are de-intercalated
from the positive electrode and intercalated to the negative one. The reverse occurs
during the negative discharging potential pulses, where the Li-ions are de-intercalated
from the negative electrode and intercalated to the positive electrode. The PITT were

carried out on a BT-4 4-channel battery testing equipment (Arbin Instrument, Itd.).

3.3 Results and Discussion

3.3.1 Demonstration of bendable/stretchable electrodes and three-dimensional
nanocomposite structure

The in-situ hydrothermal growth of LMO in SWNT macrofilms as the
stretchable scaffolds without any post-processing is described in details in the above
Experimental Sections. The as-prepared LMO-SWNT macrofilm was laminated tightly
with a UV- or O.-plasma-treated PDMS substrate and exhibits a stationary state,
bending state, before and after stretching state from left to right in sequence in the

pictures of Figure 3.1.
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Figure 3.1  From left to right: (1) picture of fully-flexible electrode fabricated by
LMO-SWNT macrofilm coupled with PDMS; and their various flexible
states of: (2) bending state; (3) stationary state without strain applied; and
(4) stretching state.

From the SEM images (Figure 3.2), we can observe the well-defined 3D structure of the
LMO-SWNT macrofilms. The cross section was exposed in the trapezoid trench milled

by a focused Ga* ion beam (Figure 3.2a).
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Figure 3.2 (a) SEM image of LMO-SWNT macrofilm composite with a milled
trapezoid trench showing the cross section (b) magnified SEM image of
the marked top-view area in (a); (c) Cross-sectional view of LMO-SWNT
macrofilm composite and (d) magnified image of the rectangular area in

(©).

The magnified SEM image (Figure 3.2b) of labeled area in Figure 3.2a on the top view
shows the LMO nanoparticles are homogeneously distributed in the entangled SWNT
integrity. The high contrast cross section image in Figure 3.2c and the rectangular area
with a higher magnification in Figure 3.3d indicate bright LMO nanoparticles are
impregnated along the thickness of the macrofilms to construct the 3D composite
structure. Figure 3.3a displays the XRD patterns of the LMO-SWNT macrofilm

nanocomposite and the pure LMO nanoparticles prepared in the same way except
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applying the SWNT macrofilm. The characteristic peaks which are identical in position

to each other in both patterns are assigned to LMO nanoparticle with the Fd3m spinel

structure.
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Figure 3.3 (a) XRD pattern of pristine LMO and freestanding LMO-SWNT
macrofilm composite. (b) EDX spectrum and quantitative table of
elements. (c) TGA curve of LMO-SWNT composite. (d) N2 isothermal

The intensity of these peaks after LMO deposition is not distinctly attenuated, which
implies a considerable LMO content in the composite. Energy-dispersive X-ray
spectroscopy (EDX) in Figure 3.3b confirms the existence of three major elements C,

O and Mn. SWNT is the carbon source and Mn entirely comes from LMO while the
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source of O is the most complicated including LMO and O-containing functional groups
on SWNT. According to the quantitative report (table inset in Figure 3.3b) and
considering the accuracy of EDX results, the weight percentage of SWNT macrofilms
is approximately 44%. The mass loading of LMO is then 56% assuming the rest part
of the composite are all LMO nanoparticles. Figure 3.3c presents the thermogravimetric
analysis (TGA) curve for the LMO-SWNT composite. Typically, SWNTs are
completely burnt out until 800 “C where the curve arrives at a stable phase. The weight
percentage of remaining LMO nanoparticles is determined to be ~55% in a good
agreement with the EDX results. The nanocomposite has a very high surface area of 160
m? g calculated by BET method (Figure 3.3d). Obviously, the high surface area and
3D structure are favorable for efficient electrolyte infiltration and confinement of
Mn3*/** ions from dissolving into electrolyte during the Li* intercalation/deintercalation

processes.

3.3.2 Interaction between LiMn204 and SWNT

In order to probe into the interaction between LMO nanoparticles and SWNTs
in the 3D structure, we carried out TEM characterization for LMO-SWNT. The TEM
sample was prepared by ultrasound processing towards the composite immersing in
ethanol under a high frequency of 24 kHz and power of 200 W with continuous output
amplitude for 2 hours. After intense ultrasonication, both individual SWNTs and LMO
nanoparticles could be achieved in the dilute TEM sample and are clearly shown in the
SEM images with normal and inverse contrast (Figure 3.4a and 3.4b). It is obviously
seen that LMO was still firmly anchored on the surface of SWNTSs and agglomerated at
the crossing of nanotubes, although experiencing the strong forces generated by

ultrasound.
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Figure 3.4 (a) SEM image of individual SWNTs with LMO nanoparticles for the
LMO-SWNT macrofilm composite after intense ultrasonication; (b)
contrast inversion of the identical image of (a). (c) TEM image of
individual SWNTs with LMO nanoparticles for the LMO-SWNT
macrofilm composite after intense ultrasonication; (d) HRTEM images
showing the interaction area between SWNTs and LMO and (e)
individual LMO nanoparticle with well-resolved lattice fringe.

The corresponding TEM image (Figure 3.4c) also shows LMO nanoparticles are
substantially connected by SWNTs. HRTEM in Figure 3.4d reveals the amorphous
interaction area between each other in details. As denoted in the HRTEM of a single
nanocrystal in Figure 3.4e, interplanar spacing of 4.86 A could be assigned to the (111)
planes of LMO, which is consistent with the XRD analysis. All these clues suggest the
growth of LMO nanoparticles interact with SWNT macrofilms via chemical bonding,

which means the in-situ growth of LMO. Then we rely on XPS to further confirm the
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chemical bonding existence within the interaction between the LMO and SWNT. As
shown in Figure 3.5a, C 1s peak could be deconvoluted to three independent peaks
including the main peak with binding energy at 287.2 eV attributed to -C=C- sp? bonds
of the SWNTSs, -C-O- and -C=0 peaks respectively shifting towards high-energy side
by 0.8 eV and 2.8 eV, which are attributed to carboxyl and carbonyl groups on SWNTSs.
These functional groups come from the slight functionalization during acid purification.
Similarly, the O 1s core-level peak (Figure 3.5b) is also a convolution of three sub-
peaks: the main peak at 532.5 eV assigned to Mn-O bonds constituting the framework
of LMO, the peak at 533.6 eV attributed to -C-O-Mn bonds bridging the SWNT and
LMO as well as the carbonyl groups of -C=0 on SWNT surface at the 535.5 eV peak.
However, it is worth noting that different from -C-O- part in C 1s peak with a lower
relative area ratio (by integrating intensities) to the main peak i.e. C=C sp? of C 1s, the
-C-O-Mn part in O 1s peak is more pronounced and its relative area ratio to the main
peak of O 1s is obviously higher. This evidence implies the in-situ growth of LMO
transits from an intermediate state of -C-O-Mn bonds to form the metal-oxide base,
corresponding to the amorphous interaction area between LMO and SWNT and then
LMO nanoparticles are growing via lithiation. In the Mn 2p core level spectrum (Figure
3.5¢), Mn 2ps; peak is located at 644.4 eV between two oxidation states Mn®*(644.3
eV) and Mn**(646.3 eV). The energy separation between the Mn 2pz2 and Mn 2p1s
peaks is 11.6 eV typically indicating the stoichiometric LMO has been synthesized as
identified by C. V. Ramana et al. [13] Note that the peak position of both O 1s and Mn
2p shifts ~2.4 eV to a higher binding energy than pristine LMO with 530.1 eV and 641.9
eV for these two core levels. This coincidence strengthens the existence of chemical

bonding between LMO and SWNT. Figure 3.5d shows the Mn 3p peak consisting of
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Mn®**/Mn** states and Li 1s peak with low intensity at 55 eV. It confirms the lithiation

forming LMO as the previous implication reveals.
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Figure 3.5 XPS spectra of (a) C 1s; (b) O 1s; (c) Mn 2p; and (d) Mn 3p with Li 1s
peaks for the LMO-SWNT macrofilm composite.

3.3.3 Electrochemical behavior and performance

Electrochemical behavior of the freestanding LMO-SWNT macrofilm
composite was investigated using lithium half-cells as demonstrated in the bottom
picture of Figure 3.6a. The voltage profile versus the delithiated Li* composition as

horizontal axis was plotted on the top of Figure 3.6a by PITT. As described in Section
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3.2.3, the PITT was performed to measure the capacity storage or release at every single
small voltage increment or decrement of 20 mV between the cutoff voltages of 3.5V -
4.5 V as. When each voltage step ends, the current relaxation progresses until decay
below the rate of C/50 meanwhile it provides the charge or discharge capacity available

at that voltage.
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Figure 3.6 (a) Voltage profile between 3.5 and 4.5 V, inset: CR2032 half cell
illustration; (b) PITT results; and (c) CV curve of LMO-SWNT
macrofilm composite.

The voltage profile exhibits a typical Li* insertion/extraction behavior of LMO with the

corresponding potential plateaus between 3.9 and 4.2 V upon discharging and charging.
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During these processes, no thermodynamic driving force is established for the phase
transformation between LiMn204 and Liz-xMn204 until the potential for the two-phase
coexistence of LiMn204 and Lio.2Mn204 (denoted as “critical potential”) is reached. [14,
15] For this reason, it is believed that the Li* diffusion instead plays a vital role in the
lithiation and delithiation. Thus, PITT is a very useful tool for diffusivity analysis, which
will be discussed in details in the next section. The PITT result in Figure 3.6b shows a
continuous capacity accumulation below and above “critical potential” while two
maximum specific capacities are located at around 4 V and 4.2 V. This is well consistent
with the potential plateaus in Figure 3.6a. Combining the two plots together, the
delithiation composition corresponding to two discharge capacity peaks is 26% and 51%.
The shape of the curve linking the mean capacity at each voltage step shows a
resemblance to the CV curve in Figure 3.6¢. In the CV curve, the redox couple at 4.1
V/4.2 V is assigned to two-phase coexistence LiMn204 and Lio2Mn20s.

To evaluate the practical performance of such cathode in terms of cyclic stability
and rate capability, long-term cycling and rate performance were examined by carrying
out GCD measurement. Despite the poor electrical conductivity of LMO, because of the
high conducting nature of SWNT macrofilm framework in the composite and in-situ
chemical bonding between them for facilitated charge transfer, the charge capacity at
the first cycle is 190 mAh g at the current density of 0.1 C (~ 15 mA g1) as shown in
Figure 3.7a, which is higher than those delivered by LMO/carbon black hybrid. The
discharge capacity decays from initial 120 mAhg™ and stabilizes at 100 mAh g* after
over 250 cycles. The capacity retention maintains at 83% for such a long-term cycling

with an average discharge capacity of 103 mAh g.
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Figure 3.7 (a) Capacity retention; and (b) Rate performance of LMO-SWNT
macrofilm nanocomposite.

The CE is increasing from the early-stage value as low as 70% to over 95% at the end
of cycling. So it is obvious to observe that the gap between the charge and discharge
curves is reduced gradually as the cycling progresses. The rate capabilities of the LMO-
SWNT composite at high current densities of 1 C, 2 C and 4 C are shown in Figure 7b.
At 4 C rate, LMO-SWNT composite is still able to deliver a discharge capacity of 70
mAh g*. A reversible capacity of 80 mAh g* could be rejuvenated at 2 C in the last 10
cycles after a continuous series of discharging, also demonstrating an excellent cyclic
stability. The corresponding CE for 1 C, 2 C and 4 C is improved to 78%, 81% and 92%
within less than 20 cycles at the early stage compared with the 70% for 0.1 C. This is
not a unique but common phenomenon similar to the results in Chapter 2 and other
reports and is attributed to parasitic reactions consuming charges such as the loss of Li
ions for SEI growth during cycling. [16, 17] When the cells are cycled at lower rates,

they need more time to complete such reactions and result in a lower CE.
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3.3.4 Diffusivity analysis by PITT

Since Li* diffusivity is a key factor determining the electrochemical
performance of the composite, it is also definitely a significant factor related to SEI
growth. As we mentioned previously that PITT is a useful method for diffusivity
analysis, we can depend on its results to calculate Li* diffusion coefficient by Equation

3.1 and 3.2 as follows: [18]

2FAND
Q="7—(Co— Co)Vt 3.1
12X x4 g/cm® (Cyix = 0) 3.2

x = 180g/mol
In Equation 3.1, D is the diffusion coefficient, Q is the discharging coulombs

per unit mass of active material due to potentiostatic charging or discharging, F is the
Faraday constant, A is the specific surface area which has been determined by BET
method, Co and Cy are the concentrations of Li* at initial state and the real-time state
after the voltage step, respectively, t is the elapsed time of relaxation for each voltage
step. In Equation 3.2, Cy is a function of x which is the delithiation composition; 180 g
mol™ is the molecular weight of LMO; and 4 g cm? is its density. The integration of
current versus time in Figure 3.8a gives the values of Q. A series of specific values for
X is selected at 13%, 26%, 51% and 76% where 26% and 51% corresponds to the
potential plateaus, i.e. the two maximum peaks in the PITT plot (Figure 3.6b) upon
discharging. Then D is determined from the slope of a linear plot with Q vs. v/t at these
x values (Figure 3.8b). It ranges from 3.31x10"1" cm?/s to 0.216x10" in a decreasing
gradient with an increase from 13% to 76% as shown inset in Figure 3.8a. This
decreasing tendency with the minimum diffusion coefficient at 76% of delithiation
composition could be explained in that above the “critical potential” with the

corresponding x over 51%, the thermodynamic driving force is applied and less
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diffusivity is needed to drive the delithiation. However, the low order of magnitude of
D significantly restricts the low CE and consequently the electrochemical performance.
Therefore, we have to take our efforts to improve Li* diffusion coefficient for the future

optimization work.
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Figure 3.8  (a) Potentiostatic intermittent titration curves for LMO-SWNT macrofilm
composite at various delithiation composition, inset: the Li* diffusion
coefficient with delithiation composition. (b) Q as a function of t'2
extracted from (a).

3.4 Conclusions

In conclusion, we fabricated a fully-flexible cathode material for lithium-ion
batteries by in-situ growth of LiMn2O4 nanocrystals in three-dimensional single-walled
carbon nanotube mcacrofilms. We demonstrated both excellent bendability and
stretchability of this composite material coupled with flexible substrates, e.9. PDMS in
our case. Depending on various characterization including SEM, HRTEM and XPS, we

have confirmed that the in-situ growth of the active materials was rendered by chemical
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bonding between them and the carbon nanotube macrofilm scaffolds. The freestanding
composite as cathode in half cells with lithium metal exhibits a satisfied average
capacity of 103 mAh g and a satisfied cyclic stability with a high capacity retention of
83% over 250 cycles at the slow rate of 0.1 C. This electrochemical performance
confirms that such composite cathode is a promising candidate for the stretchable
lithium-ion batteries. The PITT results reveal that the Li* diffusion coefficient is a
dominant factor limiting CE and sheds light on the optimization for future work to
further improve such cathode performance. Overall, this preliminary work demonstrates
the feasibility of the LMO-SWNT macrofilm nanocomposite before developing the
fully-flexible lithium-ion battery based on such cathode materials in a full cell, e.g. with

the pristine SWNT macrofilms as anode in the future.
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Chapter 4

CARBON NANOTUBE MACROFILM-IRON OXIDE NANOCOMPOSITES
AS ANODES OF LITHIUM-ION BATTERIES

4.1 Introduction

The development of rechargeable LIBs with a higher energy density and a longer
lifetime doesn’t only require high-performance cathode materials but also the anode
materials with high performance. [1, 2] Nanostructured transition metal oxides (MxOy)
have been extensively studied as the candidates for LIB anodes because of their
shortening diffusion paths for lithium ions and high theoretical specific capacities. The
extremely high capacity results from the reversible conversion reactions to
accommodate over 6 moles of Li* insertion/extraction per mole of the oxides with the
products of metal nanoparticles M° and Li.O. [3] Compared with common oxides such
as SnOz [4], Co304 [5] and TiO: [6], a-Fe203 is a more promising anode material with
a higher specific capacity over 1000 mAhg, three times that of commercial graphite
(372 mAhg?) anodes, as well as a lower cost, higher abundance and more friendliness
to environment. [7] In spite of these evident advantages, drawbacks of a-Fe;Osz as
anodes are also serious: they would experience structural collapses due to the large
volumetric changes during lithiation/delithiation, causing severe capacity degradation
and cyclic instability; their inherent low electronic conductivity and poor ionic
conductivity owing to MxOy/M%Li,O matrix deriving from the conversion reactions
restrict their rate capability; o-Fe2Oz also suffers from the limited electrochemical
kinetics related to the solid-state diffusion of Li ions between electrolyte and electrodes,
reflected by the voltage and capacity hysteresis between charge and discharge. [7-9] In
order to circumvent these problems, many o-Fe.O3 nanocomposite with carbon

nanomaterials to improve their performance have been developed using different
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synthetic methods. However, most of the methods have considerable manufacture cost
and complicated processing involving several elaborate steps, such as hydrothermal
syntheses and post-treatment processes including centrifuging, rinsing and vacuum
infiltration, although the resulting excellent electrochemical performance of these
nanocomposites are attractive. Hence, a more direct method to fabricate the
nanocomposite integrating a-Fe2Os3 in the carbon matrix is desired.

Based on the strategy in direct growth of SWNT macrofilms as described in
Chapter 1, in this chapter we present a uniformly-dispersed a-Fe>O3 (<20 nm) /SWNT
macrofilm nanocomposite by a simple heat treatment. The SWNT macro-films proves
success in enabling fast charge transfer and serving excellent deformable and stretchable
buffer layers with strong adhesion to current collectors to inhibit destruction of crystal
structure of a-Fe.O3 by accommodating the large volumetric changes during the Li*
intercalation and deintercalation. The nanocomposites as LIB anodes have shown
increasingly high specific capacities over 1000 mAhg™ and remarkable cycling stability
up to 100 cycles at different C-rates. We have further investigated the dependence of
the Li* diffusivity on the film thickness by detailed calculations and analysis of the
compatible results from GITT and EIS, and found that the a-Fe2O3s/SWNT hybrid films
with a comparable thickness to the characteristic diffusion length of Li* ions shows the
optimum electrochemical properties as a promising anode for LIBs.

However, the rate capability of such as-prepared Fe2O3/SWNT anodes at a high
current density over 1 Ag is unsatisfactory. To further improve their electrochemical
performance, we adopted a strategy of annealing in a reductive or inert atmosphere for

two major reasons:
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1. Annealing in an inert gas could induce surface defects of lower-state
metallic ions and oxygen vacancies of the oxides. [10] The Li-ion
insertion/extraction process could be facilitated due to the improved charge-
transfer conductivity and modified surface thermodynamics with the presence of
defects’®, Meanwhile, the preservation of the integrity in the morphology of
electrodes enables sustained recharge ability. [10]

2. The thermal treatment in a reductive gas, e.g. Ho, has been demonstrated
to partially reduce the Fe** in o-Fe»O3 to Fe?* in FesOa. [11] The hopping between
Fe3* and Fe?" at the octahedral sites in the cubic inverse spinel structure of FesOs
at room temperature renders it a half-metallic class with a high electronic
conductivity (200 S/cm), which is only one order of magnitude lower than the
minimum conductivity of a metal. [12]

Following this strategy, in the second part of this chapter we mainly discussed the
conversion of Fe;O3/SWNT to FesO4/SWNT by H> annealing. As expected, the iron
oxide/SWNT after H2 annealing significantly enhance the rate capability and the cyclic
stability at high rates. The reduced internal resistance and increased diffusivity of Li

ions contribute to the improvement of their electrochemical performance.
4.2 Experimental

4.2.1 0a-Fe203/SWNT macrofilms preparation and hydrogen annealing

SWNT macro-films were synthesized by the modified floating CVD method
described in the previous chapters. [13] Three samples with different thickness were
prepared using 300 mg, 140 mg and 50 mg of the precursors, respectively. Here we

name the thickest a-Fe2O3/SWNT macrofilms as Sample FC_T, the sample with
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moderate thickness as FC_N and the thinnest one as FC_t. After 10-30 min CVD
reaction, when the furnace were cooled down, all SWNT macrofilms containing Fe
catalyst without purification were transferred to an annealing furnace for a simple heat
treatment at 450 °C in air for 30 min to obtain the a-Fe;O3/SWNT macrofilm
nanocomposite. The H> annealing for the obtained a-Fe-O3/SWNT hybrid films were
carried out at 360 °C for 2 h in Hy atmosphere to realize the thermal reduction of a-

Fe2O3to FesOa.

4.2.2 Characterization and electrochemical measurements

The morphology and structure of the iron oxide/SWNT hybrid films were
characterized by means of scanning electron microscopy (SEM mode, 3KV, Zeiss
Auriga 60 FIB/SEM) and TEM (JEOL JEM-2010F). XRD patterns were recorded
within a 26 range of 10 to 80° at 0.08°/step and 20s/step by Philips X Pert diffractometer
with Cu Ka radiation. Rietveld fitting was performed using the GSAS and EXPGUI
package to identify the crystalline lattice parameters of iron oxides and quantitatively
calculate the mass ratio of Fe,Os and Fes3Os. [14] Raman spectroscopy (Bruker
SENTERRA with 785 nm laser excitation) was employed to verify the crystalline
structure of the iron oxides. XPS was conducted on the EA 125 spectrometer with a
non-chromatic Al Ka source (1486.5 eV). TGA was carried out on a high resolution
TGA instrument (Mettler-Toledo, SDA851e) from 0 to 1000 °C at a heating rate of
10 °C/min in flowing air. The thickness of iron oxides/SWNT macrofilms was measured
by optical interferometer (WYKO NT9100, Veeco instrument Inc.) and atomic force
microscopy (AFM, Dimension 3100 Veeco instrument Inc.).

The electrodes were prepared by transferring the hybrid films onto the copper

foil (9 um thick) current collectors with the aid of several drops of ethanol to enable a
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solid adhesion, and then punching the Cu-supported films to discs with the diameter of
1/2” after they were dried in air. The mass of the hybrid films covering the disc-shaped
electrodes was acquired from deducting the weight of bare Cu substrates using a
micro/ultramicro balance (Mettler Toledo XP6) with 0.001 mg accuracy. The whole
mass of the films are 0.25 mg by weighing. CR2032 coin cells were assembled in an
argon-filled glovebox (MBRAUN UNIlab). A coin cell consists of the hybrid film as
the working electrode, a Celgard 2500 as the separator, and a lithium ribbon (0.38 mm
thick, 99.9%, Sigma Aldrich) as the counter electrode in the 1 M LiPFe dissolved in 1:1
viv EC: DEC as electrolyte (Ferro Co.). The cyclic voltammetry curves and
electrochemical impedance spectra with a 10 mV AC signal employed from 100 kHz to
10 mHz were all collected by PARSTAT 2273 (Princeton Applied Research)
potentiostat/galvanostat. The galvanostatic discharge-charge tests were carried out on

BT-4 4-channel battery testing equipment (Arbin Instrument, Itd.).

4.2.3 Galvanostatic intermittent titration test

As mentioned in Chapter 3, GITT is the counterpart of PITT as another most
used technique to retrieve insights on the diffusion coefficient of the active electrode
materials. In a typical GITT measurement, the procedure consists of a series of current
steps. Each of steps is composed of a current pulse, followed by a relaxation time, in
which no current passes through the cell. The current pulse is positive during charge
and negative during discharge. Within a positive current pulse, the cell potential quickly
increases from a lower limit of potential to reach a value proportional to the iR drop,
where R is the sum of the uncompensated resistance Run and the charge transfer
resistance R¢t. Then, the potential increases slowly to maintain a steady concentration

gradient under the constant charge pulse (galvanostatic). When the relaxation starts after
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current pulse ends, the composition of the electrode materials tend to become
homogeneous driven by the Li-ions diffusion. Consequently, the potential first suddenly
decreases to an iR-proportional value, and afterwards it slowly decreases until the
electrode materials arrive at equilibrium again (i.e., when dE/dt ~ 0) meanwhile the
OCV (Vo) of the cell is reached. Then, a sequence of current steps applied to the
previous step is repeated until the battery is fully charged to the higher potential limit.
GITT were also carried out on BT-4 4-channel battery testing equipment (Arbin
Instrument, Itd.). A series of current steps at 50 mAg* (~0.05C) for 1 h, each followed
by a 12 h relaxtion process between 0 and 3 V. The relaxation time of 12 h was to allow
a full relaxation of lithium diffusion to reach equilibrium potential and to minimize self-

discharge during the test.
4.3 Results and Discussion

4.3.1 Sample preparation, morphological and structural characteristics of a-
Fe203/SWNT macrofilms

TEM demonstrates that the diameter of Fe.O3z nanoparticles ranging from 6 to
20 nm (Figure 4.1b and right inset) are densely distributed into the SWNT-interwoven

matrix of the Fe-containing SWNT macro-films after CVD growth (Figure 4.1a).

106



Figure 4.1 Microscopy images of SWNT macro-films before and after heat treatment
at 450 °C in air for 30 min. (a) TEM image of Fe/SWNT macro-film before
the heat treatment. (b) TEM image of a-Fe2O3z/SWNT hybrid film and inset:
diameter distribution for a-Fe;O3 nanoparticles. (c) SEM image of a-
Fe203/SWNT hybrid film. (d) Magnified SEM image of the dashed
rectangular area in (c) with an inset: photograph of a brownish semi-
transparent o-Fe>O3/SWNT hybrid film.

Mean size and size distribution of the Fe2Oz nanoparticles was determined by PEBBLES
free software (http://pebbles.istm.cnr.it/) in automatic mode. The selected-area electron
diffraction (SAED) patterns convince that the a-Fe>Os nanoparticles with hermatite

structure are formed after oxidization of Fe catalysts that came from pyrolysis of
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ferrocene during CVD reaction in the Fe-containing SWNT macrofilms. The size of
nanoparticles becomes larger due to the crystal growth during the heat treatment process.
SEM images in Figure 4.1c and Figure 4.1d in a higher magnification show the
nanocomposites have a uniform morphology and distribution of nanosized Fe2Os
particles with the entangled SWNTSs. The inset photograph in Figure 4.1d presents the
red/brown semi-transparent thin a-Fe2O3/SWNT macrofilms.

Powder XRD pattern (Figure 4.2a) indicates that Fe catalysts are transformed to
rhombohedral a-Fe203 phase in R-3c space group, with lattice parameters a =5.0347 A,
b =5.0347 A, ¢ =13.7473 Aand a = £ =90 °, y = 120 ° (JCPDS card No. 01-087-1164).
The broad peaks are indicative of a-Fe>O3 nanoparticles in delicacy crystalline sizes (10
nm on average) as fine as that observed in the TEM images. Raman spectra of the a-
Fe,O3/SWNT (black curve) and the pristine a-Fe,Oz3 after burning out SWNTSs at above
700 °C (red curve) both show the featured peaks at 225, 248, 290, 400, 490, 600, and
1329 cm™? corresponding to Raman modes of a-Fe;Os. [15] The similar peak positions
of the two spectra further confirm the formation of a-Fe2Os. The peak at 1589 cm™ in
the black curve is attributed to G bands of SWNTs [13]. HRTEM (Figure 4.3) reveals
the crystal lattice fringes of Fe,O3 nanoparticles with interplanar distance of 2.69 A and
3.62 A, which are assigned to d-spacing of planes (104) and (012), respectively. They

are also corresponding to the most intensive two peaks in the XRD pattern.
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Figure 4.2 (a) XRD pattern of a-Fe,Oz/SWNT hybrid films (black) and the pure

Fe203 after removing SWNTSs (red). (b) Raman spectra of a-Fe>Os free of
SWNT (red) and a-Fe>O3/SWNT hybrid film (black).

Figure 4.3 (a) High-resolution TEM image of a-Fe.Oz/SWNT hybrid films. (b) High-
resolution TEM image of dashed rectangular area in (a) with a higher
magnification.

Figure 4.4 (a)-(c) show SEM images with inset photographs of three samples,

Cu-supported Fe2O3z/SWNT macrofilms with different thicknesses, prepared by
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controlling the precursors’ amount and CVD deposition time (see details in Section
4.2.1). It is obvious to see that the thinnest film (Figure 4.4c) is almost transparent to
expose the metal luster of the copper foil at the bottom. In contrast, the color of the
thicker films becomes darker. From Figure 4.4a, the thickest FC_T has the densest
structure where it is scarcely to distinguish individual SWNTs or SWNT bundles. On
the contrary, SWNTSs cannot be recognized until the thickness of films is reduced to
moderate thickness (FC_N) shown in Figure 4.4b and it is easy to identify the long
SWNTs entirely wrapped by Fe>O3 nanoparticles in the SEM image of the thinnest FC_t
(Figure 4c). The thinner films become sparser in particular for FC_t. Therefore, the
copper substrate underneath is visible. It implies that the concentration of a-Fe>Oz it
contains may increase as the hybrid films become thicker. This has been confirmed by
the EDX mapping results within an equally-sized area of 5-um scale for the three
samples. Table 4.1 shows that FC_T has the highest Fe/C mass ratio of 10.43:1
compared to 5.38:1 for FC_t and 3.01:1 for FC_N.

Table 4.1  Quantitative results of EDX spectra: weight percentage of Fe and C in
FC_T,FC_Nand FC_t.

Wit% FC T FC t FC_N
C 6.47 6.02 6.26

Fe 67.53 32.42 18.84
Fe/C 10.43:1 5.38:1 3.01:1

Afterwards, we hypothesized that an optimal Fe/C weight ratio dependent on the film
thickness, may have a significant impact on the electrochemical performance of Fe.O3
nanocomposites as anodes. This hypothesis will be discussed and confirmed eventually

in Section 4.3.3 focusing on the electrochemical analysis.
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Figure 4.4 (a, b, c) SEM images with insets: photographs of FC_T, FC_N and FC t,
a-Fe,03/SWNT samples by sequence of film thickness from high to low.
(d) The interferometer image of FC_T with the height information between
A and B marked spots. (e, f) The corresponding AFM images of FC_N and
FC_t with the roughness measured between A and B marked spots.

The measurement using optical interferometer in Figure 4.4d manifests that the
thickness of FC_T is about 5 um according to the average height difference along the

line joining the spot marked by B near the edge of film and the flat surface of silicon
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substrates at A-marked spot. It is worth to specify that the films are adhesively and flat
transferred onto the silicon substrate without folding and overlapping by following the
procedures to prepare electrodes (for details see Experimental Section). AFM images
(Figure 4.4e and 4.4f) show that FC_N and FC_t hybrid films within an area of 5 um X
20 um are about 500 nm and 100 nm thick, respectively by averaging the roughness

along the line between spot B on the film and spot A on the silicon surface.

4.3.2 Crystalline structure evolution of Fe203 to FesO4 nanocrystals during Hz
annealing

4.3.2.1 SEM and HRTEM characterization

TEM images of a-Fe203s/SWNT macrofilm nanocomposite after Hz annealing
(Figures 4.5a and 4.5b) and the a-Fe2O3s/SWNT before Hz annealing (Figure 4.5d) all
present a heterogeneous morphology of iron oxide nanocrystals with similar sizes (< 20
nm) distributed in the matrix of the entangled SWNT bundles. It is evident that the
morphology of these nanocrystals is well maintained during the H; annealing. SEM
images (Figure 4.6) also demonstrate the retention of morphology with a uniform
distribution of nanocrystals except for the typical cubic shape of FezO4 particles, which
have a slightly more expanded volume than Fe>Os. This simply indicates the structural
change during thermal reduction in H. atmosphere but more evidence from the
following characterizations is needed. HRTEM images in Figures 4.5¢ and 4.6e show
the detailed crystalline structure of the iron oxide nanocrystals in the nanocompsite
macrofilms after and before H> annealing, respectively. The well-defined lattice fringe
with d-spacing of 0.25 nm in Figure 4.5c¢ is consistent with the interplanar distance of
(311) planes for FesOa, whereas that of 2.69 A and 3.62 A in Figure 4.5e correspond to
the (104) and (012) planes of a-Fe20:s.
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Figure 4.5 (a, b) TEM images of iron oxide/SWNT hybrid films after H, annealing;
() HRTEM image of FesOs nanocrystal in the hybrid films after H»
annealing; (d) TEM image of a-Fe,Oz/SWNT hybrid films before H:
annealing; (e) HRTEM image of a-Fe.O3 nanocrystals in the hybrid films
before H, annealing; (f) SAED patterns of the hybrid films before (right)
and after (left) H> annealing with the corresponding photographs inset in
red and brownish on the same side.

SAED patterns, showing two different well-resolved polycrystalline rings, in Figure
4.5f also reveal the conversion from a-Fe2O3 to FezOa. It is identified that the hametite
a-Fe2O3 has a hexagonal close-packed (hcp) structure with the corresponding (104),
(113), and (226) typical planes while after Hz thermal reduction, the cubic close-packed
(ccp) FesO4 forms with the corresponding (533) and (311) planes. The conversion can

also be visibly reflected on the films’ color change from red (right inset photography in
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Figure 4.5f) before H, annealing to brownish (left inset photography in Figure 4.5f) after

H2 annealing.

Figure 4.6 (a) SEM images of the iron oxide/SWNT macrofilm nanocomposites
after H annealing and (b) in a higher magnification.

4.3.2.2 XRD and Rietveld fitting

From the XRD pattern (Figure 4.7a) for the a-Fe,O3/SWNT after H, annealing,
we can quantitatively assess the reduction degree of the initially pure o-Fe.O3 i.e.
composition of nanocomposites. All the diffraction peaks could be indexed to two
phases: the rhombohedral phase of a-Fe2Os in R-3c space group (JCPDS No.01-087-
1164) and the cubic phase of FezO4 in Fd-3m space group (JCPDS No0.01-075-0033).

The co-existence of FesO4 and Fe20s is in good agreement with the HRTEM results.
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Figure 4.7 (a) XRD patterns and Rietveld fitting results of the iron oxide/SWNT
hybrid films after H. annealing; (b) TGA curve of a-Fe2Oz/SWNT hybrid
films before H, annealing; (c) The crystalline structure models of cubic
Fe304 (left) and rhombohedral Fe2Os (right).

The transformation from rhombohedral phase to cubic phase involves the slip of atom-
packed planes from AB to ABC stacking. XRD refinement was analyzed by using the
Rietveld fitting method to obtain the lattice parameters of the two phases: for a-Fe20s,
a=b=5.031705 A, ¢ =13.743799 A, and a = =90 °, y = 120 °; for FesOs,a=b =c¢
= 8.387474 A and o = £ = y = 90 °, as depicted in their respective schematic crystal
units (Figure 4.7c). The phase weight fraction of the two types of iron oxides was also

quantitatively yielded: Fe;O3:Fe304=7.5%:92.5%, which in total constitute 75% of the

115



nanocomposites evaluated by the TGA curve as shown in Figure 4.7b. The mean

thickness of nanocomposite macrofilms is about 480 nm.

4.3.2.3 XPS and Raman spectroscopy

XPS results are presented in Figures 4.8a — 4.8e, confirming the conversion
between a-Fe>O3 and FezOa4. In the survey spectrum (Figure 4.8a), the collected signal
peaks are assigned to three elements of Fe (2s, 2p, 3p and LMM), O (1s and KLL) in
the iron oxide states, and C (1s and KLL) coming from SWNTSs. For the Fe,O3/SWNT
without H annealing, the peaks in Figure 4.8b at 711.45 eV and 725.1 eV are attributed
to Fe 2ps2 and Fe 2p1». The distinguishable peak at 719.9 eV is a featured satellite peak
of Fe 2pas2 for Fe20s. [16] As previously reported in other literature that there was no
satellite peak for Fe 2ps/2 of Fez04, [16] the absence of the satellite peak in Figure 4.8¢c
clearly indicates the reduction of Fe.O3 to FezO4 after H, annealing. Instead, only the
Fe 2ps2 peak at 711.25 eV and the Fe 2py2 peak at 724.95 eV are presented.

Raman spectrum (Figure 4.8d) of the nanocomposites after H, annealing also
exhibits the mixed bands ranging from 400 cm™ to 1100 cm™ corresponding to Fe,O3
and FesO4 nanocrystals. SWNTs show the D band at around 1300 cm™, G band at
around 1600 cm™, and the radial breathing mode (RBM) in the range of 200 ~ 300 cm"
1.[17-19] The noticeable red spot marked in the optical microscopy image (Figure 4.8¢)
after Raman measurement shows a reverse phase transformation of black FesO4 to be
reoxidized to Fe2Os in red color caused by the accumulating heat of laser with a power
of 10 mV. This provides another reliable evidence of the phase transformation between

Fe,O3 and Fe304 due to the Hz reduction.
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Figure 4.8 (a) XPS survey spectrum of the hybrid films; (b) XPS spectrum of Fe 2p
for the hybrid films before H, annealing. The presence of the satellite peak
of Fe 2pay2 is the characteristics of the a-Fe>Os3; (¢) XPS spectrum of Fe 2p
for the hybrid films after H. annealing. The absence of the satellite peak
confirms the reduction of Fe,O3 to Fe3O4 after Hz annealing. (d) Raman
spectrum of the iron oxide/SWNT hybrid films after H, annealing, the inset
illustrates the details of the spectrum from 400 to 1100 cm™; (e) the optical
image snapshot showing the FezO4 was reoxidized to Fe>O3z as marked on
the red spot.

4.3.3 Electrochemical characteristics of a-Fe2O3/SWNT

4.3.3.1 Discharge-charge curves

The electrochemical characterizations were conducted for the a-Fe,Os/SWNT
macrofilms with the different thicknesses abovementioned in Section 4.3.1 as working
electrodes in coin cells, which consist of a Li metal as the counter electrode and 1 M

LiPFe in EC and DEC (1:1 by volume) as the electrolyte. In a control group, the
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electrode was also prepared by simply mixing the pure Fe2O3 nanoparticles with carbon
black and PVDF binder in a weight ratio of 80:10:10.

Figure 4.9a exhibits the discharge-charge curves of FC_T, FC_N and FC_t
samples after 5 cycling tests between 3.0 VV and 0.005 V at the current density of 100
mAg?, compared with the control group during the first two cycles under the same
condition. The voltage plateaus at around 1.5 V, 1.2 V and 0.78 V in the first-cycle
discharge curve of the pure Fe,Oz sample represent the conversional reactions,

respectively in following Equations [7],

Fezo3 + XLi+ + X0 — a'LiXFezo3

4.1
OL—LiXF6203 + (2-X)Li+ + (Z-X)@ —_— Li2F6203 4.2
Li,Fe,0; + 4Li" + 4© —— 2Fe’ + 3Li,0 43

The charge curve for the first cycle shows a sloping plateau from 1.5 V to 2.2 V,

corresponding to the reverse reaction of Fe—Fe(ll) in Equation 4.4 [9]:

2Fe + 2Li,0 ~— 2Fe(I)O +4Li" + 40 »

where only 4 moles out of 6 moles Li ions are reversible during the whole cycle,
accounting for only 420 mAhg™ charge capacity compared to 724 mAhg™ during the
discharge process (based on the mass of the a-Fe>O3 nanoparticles in the mixture). The
specific capacity of the pure a-Fe2O3 sample in the second cycle decays to 405 mAhg*
which is only half of the initial capacity; that is partly because of the irreversibly
structural transformation to co-existed hexagonal o-LixFe.O3 and cubic Li2FeO3
described in Equations 4.1 and 4.2. [9] The large volumetric changes of a-Fe>Os during

such phase transformations also deteriorate the capacity in the consecutive cycles.
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Whereas for the a-Fe2O3/SWNT, the curves show a longer plateau at a higher voltage

of 0.8~0.9 V with capacities over 750 mAhg™ (FC_t) up to 825 mAhg™ (FC_N) after 5

cycles (based on the total mass of the hybrid films).
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Electrochemical performance comparison among the four samples: FC T,
FC_N, FC_t and the pure a-Fe>O3 free of SWNTSs. (a) The galvanostatic
discharge-charge curves for the three a-Fe2Os/SWNT hybrid film samples
at the end of the 5" cycle and the first two cycles of the pure a-Fe;0s3
sample, all at the same current density of 100 mAg™. (b) The histogram
plot for the discharge specific capacities of all the samples during the five
cycles. (c) The Nyquist plots of the as-assembled fresh cells for all the
samples. (d) The Nyquist plots of all the samples after 5 cycling discharge-
charge tests at 100 mAg™.
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The histogram in Figure 4.9b demonstrates that the SWNT macro-films would enhance
the specific capacity and the cyclic stability of a-Fe>Os remarkably. On the contrary,
pure a-Fe,O3 without SWNTSs shows a quick capacity degradation dropping from the
initial value of 724 mAhg to 332 mAhg?, which retention for only five cycles is as
low as 46%. Among the a-Fe;O3/SWNT samples with different thicknesses of
macrofilms, FC_N has the highest discharge capacity and this is related to the thickness

we will discuss later.

4.3.3.2 Electrochemical impedance spectroscopy

EIS analysis has been performed to provide the viewpoint of electrochemical
kinetics in order to elucidate the difference of the electrochemical performance for the
four samples in comparison in last section. The Nyquist plots of the fresh cells before
the GCD testing in Figure 4.9c show that FC_N has the smallest series resistance (Rs)
involving the resistance of electrode, electrolyte and their contact interface in series.
The smallest Rs results from the lowest Fe/C ratio of FC_N. All the nanocomposite
samples show the semicircles with much shorter arc length than the pure Fe2O3 sample.
Compared with the pure Fe.O3z sample, the nanocomposites have much smaller charge-
transfer resistance (Rct), which is extrapolated from the real-impedance intersection of
semicircle at an intermediate frequency of 35 Hz for FC_N, 25 Hz for FC_T and 21 Hz
for FC_t. [20] The decreased R indicates SWNTs contribute greatly to the
improvement of the conductivity. The smallest Rt at the highest frequency (35 Hz) for
FC_N means that it has the fastest charge-transfer process, which could be optimized
by Fe/C weight ratio through controlling the thickness of a-Fe>O3s/SWNT hybrid films.
From Figure 4.9c, we can also find that Warburg line of FC_T with a slope of

approximately 45 °is the longest probably due to the onset of finite length effects
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originating from the highest concentration of Fe.Os. [21] Thus, depending on
extrapolation at the intersection of the Warburg and capacitive lines to the real
impedance axis in the Nyquist plot, FC_T has the largest limiting resistance (Rr) [21]
The larger R to describe the Li* diffusion materials demotes the worse diffusive
kinetics they possess. [21] The largest R. for FC_T may come from the narrowing pore
sizes of the densest architecture as shown in Figure 4.8a. Figure 4.9d shows that the Rs
for all samples are increased after 5 cycles and the arc lengths of semicircles for all
samples become shorter, i.e. a reduced R, as a result of the stable SEI formation. [11]
The point connecting the semicircle with the Warburg line for the nanocomposites all
shifts towards the lower frequency (wc), indicating the kinetics become slower during
cycling. This phenomenon also explains the capacity fading for FC_N and FC_t.
Exclusively, FC_T has electrochemical behavior differing from the other two
nanocomposite samples. It is noting from the magnified high frequency part inset the
Nyquist plot in Figure 4.9d that the initially single semicircle for FC_T fresh cell is split
into two ones connected at a high frequency of 1451 Hz after 5 cycling tests,. This is
caused by the dissociation of a-Fe>Os nanoparticles from the SWNT surfaces similar to
the discussion in Chapter 2. [22] The major semicircle after splitting at a higher
frequency is attributed to the intimately-anchored Fe.O3/SWNT integrity with a super
high kinetics (1451 Hz), which could offset the diminishing of wc and stabilize the
capacity of FC_T with cycling continues. Overall, FC_N with 500 nm thickness of a-
Fe203/SWNT macrofilms has shown the best electrochemical performance and was

thoroughly investigated in the following sections.

121



4.3.3.3 Cyclic voltammetry analysis

CV was carried out in the potential window between 0 and 3 V at a scan rate of
100 pV/s for 20 cycles. The curves of the first cycle, 2", 5" 10", and the last cycle are
shown in Figure 4.10. The cathodic peak at 1.63 V in the 1% sweep starting with an OCV
(Mocv, 2.2 V) is ascribed to the single hexagonal phase induced by Li* insertion as
shown in Equations 4.1. Another peak at 1.3 V is attributed to reaction of Equations 4.2
resulting in occurrence of lithiated phase, cubic Li2Fe>Os. The sharp peak at 0.76 V with
the highest cathodic current is assigned to the reduction of Fe(ll) ions in Li2Fe2O3 to
Fe®, corresponding to Equation 4.3. In the anodic process of the first sweep, two adjacent
anodic peaks at 1.6 V and 1.87 V are mirror-symmetrical to each other. This twin peaks
derive from a two-step Li* reversible charge reaction of Fe®—Fe(ll) as denoted in
Equation 4.4. [9] In the following CV measurements from the second cycle up to 20
cycles, the cathodic peak at 1.63 V becomes more evident while the one at 1.3 V, well
defined in the first cathodic sweep, is absent, probably owing to both the irreversibility
of Equation 4.2 followed by the reduction from Li>Fe;Os to Fe® in Equation 4.3. [23]
The irreversible phase transformation also makes the major cathodic peaks (Fe(11)—Fe?)
all shift to a higher potential at 0.82 V with a lower current compared to the peak at 0.76
V in the first cycle. On the contrary, the twin anodic peaks remain at 1.6 and 1.87 V,
indicating the good reversibility of Fe®—Fe(11). The new-born anodic peak at 2.4 V may
be attributed to a deeper oxidization of Fe(ll) — Fe(lll). [23] Generally, the well-

overlapped curves after the first cycle manifest the good cyclic stability of FC_N.
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Figure 4.10 Selected cycle curves from cyclic voltammetry of the FC_N (~500 nm
thick) a-Fe2O3/SWNT hybrid film sample between 0 and 3 V at a scan rate
of 0.1 mV/s for 20 cycles. Numbers represent the cycle number. Potentials
of peaks are also labeled.

4.3.3.4 Cyclic performance and rate capability

GCD cycling tests have been performed to evaluate the capacity retention and
the cyclic stability of cell at various current densities of 100, 200, 500, and 1000 mAg"
! for 100 cycles in total. The voltage profiles for the selected cycles in the 1%, 2" 10™,
20" and 100" at the same rate of 100 mAg™* are shown in Figure 4.11a. The discharge
curve for the 1% cycle shows a shortest voltage plateau at 1.7 V followed by the longer
one at 1.3V and the longest at 0.8 V, which correspond to the respective processes from
Equations 4.1 to 4.3. From the 2" to the 20™ cycle, the overlapped discharge curves
have a sloped plateau at ~1.6 V and then an extended voltage plateau at elevated
potential ~0.9 V compared to the 1% cycle. The charge curves for all the cycles have a
similar potential between 1 V and 2.2 V. These results coincide well with the CV
analysis discussed above. At the end of the 100" cycle, the sloped voltage plateau

around 1.6 V is absent in the discharge curve. Instead, there is only a single voltage
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plateau at 1 V, increasing 0.1 V compared to 0.9 V. Meanwhile, the charge potential of
the 100" cycle is decreased by about 0.2 VV compared to the rest of charge curves. The
combined potential difference (0.1+0.2=0.3 V) results in a lower overpotential. Figure
4.11b shows the rate capability of FC_N during 100 cycles at different rates. The cell
was first cycled at 100 mAg* for 20 cycles. An overall average capacity of 852 mAhg"
1 was achieved. In the first 20 cycles, the initial specific discharge capacity of 956 mAhg-
! declines to 795 mAhg™ at the end of the 10" cycle and then rebounds constantly.
Continuously, when the current density was increased to 200 mAg™, the cell start being
stabilized with the capacity of 927 mAhg™ and the CE is improved from the mean value
of 91% within the first 10 cycles to 99.7% since the 20" cycle. The increase in capacity
and CE is attributed to transition from Li* intercalation mechanism to the reversible
Fe—Fe(IlI) conversional reactions through the deeper oxidization of Fe(Il)—Fe(l1l)
since the 10" cycle. The cell performance at 500 mAg™ shows a fluctuation around the
average capacity of 850 mAhg™ and quickly drops below 200 mAhg™ at an even higher
current density of 1000 mAg™. The fluctuation is as a result of the sluggish kinetics of
a-Fe>03 nanoparticles and the severe structural transformation of a-Fe>O3 during Li*
insertion and extraction at a high current density. After deep cycling at 1000 mAg?, an
increasing capacity over 1100 mAhg™ can be restored when returning the low rate of
100 mAg?, which is indicative of an excellent cyclic stability. It is recognized that the
capacity increase over the theoretical capacity in the last 15 cycles could result from the
relaxation of electrochemical activation and the further reversible Fe%Fe(III)

conversional reactions. [24]
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Figure 4.11 Electrochemical measurements of a half-cell composed of FC_N sample
and Li. The specific capacities are based on the total mass of the hybrid
films. (a) The galvanostatic discharge-charge curves at the same current
density of 100 mAg™ for the 1st, 2nd, 10th, 20th and 100th cycle. (b)
Capacity retention of FC_N at various current densities. (¢) The GITT
curve of FC_N plotted as voltage versus capacity.

4.3.3.5 Effect of film thickness on Li* chemical diffusion coefficient

In order to better understand the nature of the kinetic properties of the a-

Fe2Os/SWNT for FC_N, GITT is employed to analyze the Li-ion transport Kinetics for

the nanocomposite electrodes using small constant current pulses, and measuring

potential changes as a function of time [25] (See details in Section 4.2.3).The GITT

curve of FC_N plotted as voltage versus capacity in Figure 4.11c, shows that the full
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Li* diffusive reactions enable the specific charge and discharge capacity of FC_N to
reach 1200 mAhg? given the relaxation time is sufficient to allow the system in
equilibrium. Similar to the described GCD voltage profiles, the discharge process shows
a voltage plateau at around 1 V due to the reduction of Fe(11) to Fe® and the inclined tail
part below 0.5 V is contributed by SWNTSs with a capacity of 380 mAhg considering
the theoretical capacity of 372 mAhg? for graphite. The equilibrium voltage upon
charge shows a sharp slope up to 200 mAhg, which originates from SWNTs, followed
by a longer increased slope from 1.2 V to 2.8 V, indicating that the reverse delithiation
process might occur in a continuous Fe®—Fe(11)—Fe(I11) reaction. These results are in
good agreement with the analysis above in Section 4.3.3.1 and consequently confirm
our hypothesis on the reasons for the capacity increment.

The effective Li* chemical diffusion coefficient can be determined by GITT, by

Fick’s law with the following equation (Equation 4.5) [25]:

4 (myv, Y (A€
Doirr =— 2
mt\ M,S ) { AE, ) (r<<L°/Dgq)

where L is the characteristic length; S is the contact area between the electrode and

4.5

electrolyte; Vw is the molar volume of the electrode material; My and my are the atomic
weight of b and the mass of the component b in the sample, respectively; 4E: is the total
change of the cell voltage during the current pulse for the time z, neglecting the IR drop
due to the current flux through the electrolyte and the interface; and 4Es is the change
of the steady-state voltage of the cell for the step in different potential range as illustrated
and defined in Figure 4.12 (current steps at different potentials in the discharge-charge

cycle). [25] Here the component b is a-Fe2O3 and we simplify the Vm as the molar
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volume of pure a-Fe-O3 because of its high concentration over 90% in the

nanocomposites. Vv can be calculated from the Equation 4.6 as follows: [26]

Vy =N, Ve

z 4.6
where Ve is the unit cell volume; Na is Avogadro constant and Z is the number of
formula units in the unit cell. Vcen is calculated from a rhombohedral unit cell parameters
for a-Fe20s.

The polarization curves in Figure 4.12a and 4.12b are representative of each step
at around 0.2 V and 1.5 V, respectively during the charge process. When the cell goes
to a higher voltage upon charging, it needs more relaxation time to reach equilibrium.
On the contrary when the cell is discharged to a lower voltage, the relaxation time would
be delayed (Figure 4.12c and 4.12d). These phenomena reflect the change of lithium
diffusion coefficients as a function of voltages during charge and different processes.
The overpotential, i.e. the voltage difference between equilibrium potential at the end
of relaxation and the potential at the end of the current pulse (=4E; — 4Es, neglecting
the IR drop), [27] increases as both charge and discharge proceed. Thus, the potential
hysteresis could be maintained as shown by GITT in Figure 4.11c.

In the following analysis, we relied on EIS measurements to calculate the Li*
chemical diffusion coefficients at different potentials to make a comparison with those
as determined by GITT. It is helpful to clarify the potential relationship between the
film thickness and the Li* diffusivity and consequently the difference in cell

performance for the Fe,O3/SWNT macrofilms with different thicknesses.
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Figure 4.12 Polarized curves for current pulse steps from GITT data at various
potentials in discharge and charge processes. (a,b) upon charge, 0~0.6 V

and 1.5~1.7 V. (c,d) upon discharge, 1.8~1.4 V and 3~1.8 V.

Based on the EIS results for FC_N with the thickness of 500 nm (Figure 4.13a and

4.13b), Li* diffusion coefficient can be calculated according to the following

equations: [28]

int
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Figure 4.13 Electrochemical impedance spectra for FC_N. (a,b) Nyquist plots at
various potentials and the corresponding fitting lines upon discharge and
charge. (c) Equivalent circuit model employed in the curve fitting.

where t is the film thickness; 7 is characteristic diffusion time and o is the Warburg
coefficient; Qm is the total inserted Li ions and dE/dx is the slope of the Coulometric
titration curve; Cint is capacitance for Li* diffusion; Z” is the imaginary impedance; and
o is the angular frequency. [28] Cint is obtained by fitting the EIS data recorded during
discharge (Figure 4.13a) and charge (Figure 4.13b) at various potentials with the
corresponding equivalent circuit model as shown in Figure 4.13c. Table 4.2 and Table

4.3 show the fitting values of components in the equivalent circuit model. Warburg
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coefficient o is extrapolated by fitting the slope of curve (Z” versus the square root of
o at a low frequency). The values of ¢ at various potentials are listed with the diffusion
coefficients Dgs in Tables 4.4 and 4.5.

The results of Li* chemical diffusion coefficients calculated from the EIS

(Deis) and GITT (Dgirr) are shown in Figure 4.14.
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Figure 4.14 Li* chemical diffusion coefficients of FC_N determined by GITT and EIS
during charge and discharge processes.

Both Dgis and Dgrr is basically increasing with the charging and discharging. This is
consistent with variation of Warburg impedance Ws (Table 4.2 and Table 4.3) and the
results of polarization curves as described in Figure 4.12. Dgis in the range of 3x1071? ~
7x10712 cm?/s is higher than Dgrt ranging from 1x10712 ~ 4x10°*2 cm?/s probably due to
the insufficient equilibrium confined by the characteristic diffusion length L for the EIS
measurements. Therefore, the nanocomposite with the thickness of 300~500 nm, which

is comparable to the characteristic diffusion length, L, may have the optimal
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electrochemical performance. If the Fe2Oz/SWNT macrofilm was too thick or too thin,
it would not benefit the maximization of Li* diffusivity for a-Fe2O3 nanoparticles. Thus,
it is no wonder that the cell with FC_N films closest to 300~500 nm thick has the best
performance in terms of the highest specific capacity and the cyclic stability. However
the Li* chemical diffusion coefficient with a factor of -12 is still too low and is
responsible for the inferior rate capability. This challenge remains unsolved until the Hz

annealing strategy is adopted, which will be discussed in the following section.

Table 4.2 The fitting values of components in equivalent circuit for Figure 4.13a.
Potential Series Charge Warburg Constant Intercalation
at resistance  transfer impedance phase capacitance
discharging R(Q) resistance  W;(Q) element Cin (F)

(V) Rat (Q) CPE (F)

2 3.722 83.9 38.13 1.9054E-5 0.0050175
1.5 4.11 72.28 36.71 4.9431E-5 0.013473
1 4.351 70.15 39.74 5.1375E-5 0.015545
0.5 4.282 62.91 58.62 5.224E-5 0.026113
0.2 4.385 61.31 54.86 6.2949E-5 0.032586
0.05 4,51 72.19 62.21 7.6176E-5 0.061731

Table 4.3  The fitting values of components in equivalent circuit for Figure 4.13b.
Potential Series Charge Warburg Constant Intercalation
at resistance  transfer impedance phase capacitance
discharging Rs(Q) resistance  W;(Q) element Cin (F)

(V) Ret (Q) CPE (F)

0.5 4.207 71.29 73.99 8.5774E-5 0.03205
1 5.184 62.13 53.81 6.0959E-5 0.029044
1.5 4.418 60 39.23 6.1094E-5 0.025756
2 4.479 68.64 53.91 5.9489E-5 0.013761
2.5 4.478 73.38 33.83 6.8308E-5 0.010591
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Table 4.4  Li* chemical diffusion coefficients upon discharge determined by EIS and
the intermediate parameters applied.

Potential

Intercalation Warburg Characteristic Diffusion

at . . . . . . .
discharging Capacitance coefficient o <:!|ffu5|on coefficient D
V) Cin (F) (Q/s12) time t (s) (cm?/s)

2 0.0050175 1305.01 85.75 7.287e-12
1.5 0.013473 510.31 94.54 6.610e-12

1 0.015545 447.24 96.67 6.465e-12
0.5 0.026113 287.89 113.03 5.530e-12
0.2 0.032586 240.92 123.26 5.070e-12
0.05 0.061731 169.67 219.40 2.850e-12

Table 4.5  Li* chemical diffusion coefficients upon charge determined by EIS and the
intermediate parameters applied.

Potential

Intercalation Warburg Characteristic Diffusion
at . . . e s . .
charging Capacitance coefficient o d'|ffu5|on coefficient D
V) Cint (F) (Q/s13) time t (s) (cm?/s)
0.5 0.03205 257.85 136.60 4.575e-12
1 0.029044 279.69 131.97 4.735e-12
1.5 0.025756 332.74 146.89 4.255e-12
2 0.013761 532.52 107.40 5.820e-12
2.5 0.010591 799.63 143.44 4.357e-12

4.3.4 Enhanced rate capability by H2 annealing

In order to enhance the rate capability of Fe2Oz/SWNT macrofilms, annealing
the nanocomposites in H, atmosphere is considered an effective method based on
several facts as described in Introduction Section. The electrochemical performance of
the iron oxide/SWNT macrofilm nanocomposites after H> annealing was thoroughly
investigated. The comparison of the rate capabilities for the two samples before and

after H> annealing was performed by the continuous GCD measurements at a variety of
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current densities from 0.1 Ag™ up to 4 Ag. Figure 4.15a shows that the initial specific
discharge capacity is 960 mAhg™ for the sample after H, annealing (denoted as “film
AH” for the following use) at the constant current density of 0.1 Ag™. Although it is
found that this highest value starts to drop due to the irreversible capacity resulting from
the formation of the SEI between electrolyte and anode, the average capacity of this
sample is as high as 847 mAhg? in the first 10 cycles at 0.1 Ag™. The film AH also
exhibits the enhanced rate capability during the following cycling tests: the mean
discharge capacities are 890 mAhg™ and 861 mAhg corresponding to the cycles at 1
Agtand 2 Ag?, respectively. When the current density as high as 4 Ag™ is applied, the
capacity still stabilizes at 786 mAhg™ on average from the 40" to 60" cycle. It is also
noted that the capacity is gradually increasing and retains 785 mAhg, which is 93% of
that for the initial 10 cycles at the same current density for the last 10 cycles as the low
current density of 0.1 Ag? is back. On the contrary, only at the extremely low current
densities of 0.1 Ag™? and 0.2 Ag?, the o-Fe,03/SWNT without H, annealing (denoted
as “film BH”) exhibits a specific capacity above 800 mAhg™ comparable to the film
AH. Whereas, at the current density beyond 0.5 Ag™, the capacity behavior of film BH
is the same as described in Section 4.3.3.4: it fluctuates and fades quickly below 100
mAhg ™. The facilitated fading at a higher current density implies that the slow kinetics
and diffusivity become more critical in limiting the performance of the nanocomposites.
Meanwhile, the accumulated large volume change induced by conventional reactions in
all the previous cycles may result in the dissociation of iron oxides from the
entanglement of SWNTs where only the relatively weak interaction forces exist between
them. This aggravates the fast fading of capacity. The remarkable improvement of the

rate capability by H> annealing suggests that the kinetic property of lithium-ion
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insertion/extraction could be enhanced by H> annealing. In addition, the CE in the initial
10 cycles at 0.1 Ag™ for film BH is also lower with a remarkably larger gap between
discharge and charge capacity than that of film AH. This is probably attributed to the

lower conductivity of Fe2O3 compared to that of Fe3Oa.
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Figure 4.15 () The rate capabilities of the iron oxide/SWNT hybrid films after (top)
and before (bottom) H. annealing; (b) The discharge/charge profiles for
the hybrid films after H2 annealing corresponding to the selected cycles
at various rates.

The discharge/charge curves for film AH at different rates in Figure 4.15b show
a similar behavior of conversion reaction to the Fe2O3/SWNT macrofilms. The voltage
profiles have a well-defined potential plateau at around 1 V versus Li*/Li, corresponding
to the phase reduction process of iron oxides (Fe2O3 and FesOa) into the Fe%Li>O matrix.
The well-overlapped curves before the 50" cycle with variation in the applied rates also
reveal the excellent reversibility of the lithiation and delithiation processes. In contrast,
it is worth noting that during the last several cycles when the rate is lowered to 0.1 Ag

! the plateau length of the 70™-cycle discharge/charge profile, for example, becomes
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shortened due to the retarded reduction of the iron oxides, resulting in the capacity
deterioration. However, with the full relaxation of lithium ion diffusion in the
Fes04/Fe%/Li,O mixture, the following capacity is in an increasing trend as shown in
Figure 4.15a. It is in coincidence with the phenomenon described previously. All these
results demonstrate that H annealing plays a significant role in enabling the high power
densities for the conversion reactions of the iron oxide/SWNT macrofilm

nanocomposites.

4.3.5 Improved electrochemical kinetics by H2 annealing

In order to understand the electrochemical Kinetics with respect to the
enhancement of the rate capability, EIS and the GITT, which combines the transient and
steady-state measurements to determine the Li* chemical diffusion coefficient, were
employed again to compare the variation of kinetic parameters of the two samples

before and after H» treatment.

4.3.5.1 Electrochemical impedance spectroscopy

The EIS results are presented in Figure 4.16a with the inset equivalent circuit
used to fit the data. The Nyquist plots show a typical Randles-model behavior, [29]
which consists of a semicircle at high-to-middle frequency (100 kHz to 1 Hz) and a
linear Warburg tail at low frequency (<1 Hz). In the equivalent circuit model, Rs
represents the series resistance of the electrodes, electrolyte, and the current collectors;
Rt is the charge-transfer resistance between electrode/electrolyte interface; CPE is the
constant phase element; and W represents the Warburg impedance associated with the
diffusion of the lithium ions. These parameters are calculated and presented in Table

4.6. All the resistances are decreased after H, treatment. The lower series resistance of
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the film AH is benefitted from the high conductivity of FesOa. The nearly 50% drop of
the charge-transfer resistance from 196.2 Q to 112.6 Q after H» treatment confirms the
improved conversion reaction kinetics determined by the charge-transfer process. [30]
Most importantly, the H> annealing causes W to sharply decrease to 14.93 Q compared
to the original 96.83 Q for the a-Fe,Oz/SWNT macrofilms without annealing. This is

vital to facilitate the lithium diffusion and enhances the rate capability.

Table 4.6  Fitting parameters of the equivalent circuit for EIS data.

Series resistance Charge-transfer Warburg impedance
Rs (RQ) resistance Rt (?) W (Q)

After H, treatment 6.23 112.6 14.93

Before H; treatment 14.26 196.2 96.83

4.3.5.2 Galvanostatic intermittent titration test

From the GITT curves of the two samples (Figure 4.16b) under the same
conditions including the cutoff voltage, current pulse, and relaxation time, it is evident
to observe that regardless of the H. treatment, both possess a higher capacity of 1000
mAhg™ than the steady-state capacity measured at 0.1 Ag™ due to the full relaxation of

Li* diffusion.
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Figure 4.16 (a) Nyquist plots of the iron oxide/SWNT macrofilms before (red line) and

after (black line) H2 annealing with the inset equivalent circuit used for
fitting; (b) the GITT discharge/charge curves for the two hybrid films
distinguished by different colors in the plot; (c) the polarization curves at
the plateau potential during charge processes for the two nanocomposites;
(d) the polarization curves at the plateau potential during discharge
processes for the two nanocomposites.

The plateau potential of the film AH is about 0.2 V higher than film BH, also supporting

the structure transformation of the nanocrystals, from Fe;Os to FezOs via reduction

during Hz annealing. Another difference is that film AH has more GITT steps than film

BH. In other words, the film AH reaches equilibrium faster for a single GITT step,

which indicates higher transport Kinetics after H> treatment. Li* chemical diffusion
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coefficients can be calculated from the polarization curves extracted during the plateau
according to the Equation 4.5. Given the weight percentage of remaining Fe>Os after Ho
annealing is only 7.5% of the iron oxide mixture, it can be deduced that most of Fe;O3
was converted to FesO4. Thus, for simplicity, we assume that after H> annealing, all the
iron oxides become Fe3O4. The molar volume is calculated from Equation 4.6 by using
the crystal lattice parameters from the Rietveld fitting results of the XRD data in
previous analysis in Section 4.3.2.2. The unit cell information and the molar volumes

of two iron oxides are listed in Table 4.7.

Table 4.7 The crystal unit cell information and the calculated molar volumes for the
two iron oxides.

Veen (m3) z Vm (m3*mol?)
Cubic Fe304 a3=5.90e-28 4 8.88e-5
Rhombohedral Fe,03 a%*c*sin60 °=3.01e-28 6 3.02e-5

Table 4.8  The results of AEs/AE: and My, items from calculation for the two iron

oxides.
AE;/DE: on AE</DE: on M (g*mol?)
charge discharge
Cubic Fe304 0.82 0.17 251.53
Rhombohedral Fe;03 0.76 0.07 159.69

The polarization curves (Figures 4.16¢ and 4.16d) are representative of a single
current step at plateau potential during the charge and discharge processes for two
samples, respectively. The AEJAE: items in Equation 4.5 calculated from the

polarization curves and My are summarized in Table 4.8. Since the variation of my and
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S could be neglected after H, annealing and = remains the same, we can figure out the
ratio of Dgrr for film AH and film BH in the equation as follows:

AHN 2 BH\ 2 2 -2
GITT GITT VIE[H Mi;lH AE{AH AEtBH '

where the items with the superscripts AH and BH refer to the samples after H, annealing

and before H> annealing, respectively. By substituting the items in Equation 4.11 with
the data in Tables 4.7 and 4.8, the final DA /DEH... upon discharge at the plateau
potential is calculated to be 10.30. The remarkable improvement of the Li* chemical
diffusion coefficient is consistent with the decreased Warburg impedance as stressed in
EIS analysis. Therefore, it is believed that the boost of Dgirr in particular during the
discharge process contributes greatly to the excellent rate capability of iron

oxides/SWNT macrofilm nanocomposites after H, annealing.

4.4 Conclusions

Overall, in this chapter, we provide a strategy with systematic discussions on
development of the nanocomposite based on iron oxides and SWNT macrofilms as high-
performance anode materials for lithium-ion batteries.

First, we have demonstrated the a-Fe>Os/SWNT with enhanced electrochemical
properties in terms of high specific capacity and cycling stability compared to the pure
a-Fe,03. The SWNT macrofilms with a high conductivity and flexibility can
remarkably facilitate the electrochemical kinetics and buffer the strains caused by Li-
intercalated phase transformation to improve the specific capacity and cyclic stability
of a-Fe20z anodes. The a-Fe203z/SWNT macrofilm nanocomposites can take the best of
reversible Fe®«Fe(III) conversional reactions to approach the theoretical capacity of o-

Fe,O3 over 1000 mAhg?. The effect of the thickness on the performance of a-
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Fe,O3/SWNT macrofilms is investigated and well elucidated. The sample with the
thickness that comparable to the characteristic diffusion length of 300~500 nm has the
highest Li* chemical diffusion coefficient and thus possesses an optimal electrochemical
performance.

Secondly, Hz annealing method was developed for the purpose of improving the
rate capability of a-Fe>O3/SWNT macrofilm nanocomposites. The obtained products,
iron oxide (Fe20O3 and Fe304)/SWNT, after H2 annealing exhibit an excellent cyclic
stability and significantly enhanced rate capability with a high capacity of 786 mAhg
at the high current density of 4 Ag. The electrochemical kinetic analysis by GITT and
EIS characterization demonstrates the superior conductivity of Fes:Oas, facilitated
charge-transfer process, and the improved Li* chemical diffusion coefficient resulted
from H. annealing, which enables the high-rate capability of the iron oxide/SWNT
hybrid films. This thermal reduction strategy proves to be an efficient fabrication

procedure to boost the power density of rechargeable lithium batteries.
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Chapter 5

TRANSITION METAL OXIDE NANOCOMPOSITES WITH CARBON
NANOTUBE MACROFILMS FOR ELECTROCHEMIAL APPLICATIONS

5.1 Introduction

As we have illustrated in the last chapters, nanocomposites, consisting of a set
of first-row transition-metal oxides such as Fe>03,[1,2] Fe304,[3,4] CoO,[5] C0304,[6,7]
NiO,[8,9] V205[10], and MnO[11,12] in a variety of structures at nanoscale, and carbon
nanomaterials such as CNTs and graphene, have been extensively explored for energy
storage, in particular the LIBs.[13,14] One common strategy in designing such
nanocomposites is coupling size-controllable nanaoparticles on the supporting carbon
scaffolds to tailor surface area, conductivity and charge-transfer interaction in order to
obtain the desired characteristics such as high energy and power density as well as
excellent stability.[15-17] In this Chapter, following the analogous formation
mechanism of the Fe,Os/SWNT nanocomposite, we not only generalize the efficient,
and robust synthetic route developed in Chapter 4 to the family of MxOy (M=Fe, Co, Ni)
with  SWNT macrofilm nanocomposites but also expand their roles in energy
applications to electrocatalysts and supercapacitors. The size of MxOy nanoparticles is
successfully controlled within 3-17 nm and the desired morphology of electrically
interconnected networks that associate metal oxides with SWNT is formed. We
particularly discussed their electrocatalytic properties for OER and ORR and also the
performance in asymmetrical supercapacitors and lithium-ion batteries. The results
show different performance in specialized catalytic reactions but share equal energy
storage capabilities in terms of high capacity and stability. NiO/SWNT outperforms
other competitors with the highest OER activity while CozO4/SWNT calcinated at a low

temperature of 200 ° C exhibits the best ORR activity. The optimized asymmetric
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supercapacitor that consists of NIO/SWNT as the positive electrode and a pure CNT
macrofilm as the negative electrode shows a high specific capacitance of 130 F g* after
a long-term discharge-charge duration of 5000 cycles. Both the NiO/SWNT and
Co304/SWNT nanocomposites exhibit an exceptionally high capacity beyond 1000
mAh g in Li-ion batteries.

The general approach is composed of two steps to synthesize MxOy/SWNT
macrofilms as schematically illustrated in Figure 5.1. First, bis(cyclopentadienyl)metal
(MCp2, M=Fe, Co, Ni) and sulfur (with an atomic ratio of M/S = 10) were mixed as
precursors to produce SWNT macrofilms by CVD. Taking NiO for example,
nickelocene (NiCp2) is decomposed during the CVD reaction to Ni ions as catalysts and
two parallel Cp rings as carbon source for SWNT formation. Sulfur is a predominant
additive to control the wall number of CNTSs so that to promote SWNT growth as well
as to enhance the growth rate. The deposition lasted for 45 min at 1100 °C and the as-
prepared SWNT macrofilms were not achieved until cooled down to room temperature
followed by the second step, calcination at selected temperature in air. The heat
treatment resulted in the oxidation of the metal catalysts to metal oxides and also the
growth of the oxides. The detailed synthetic procedures are described in the following

Experimental section.
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Figure 5.1 Two-step synthetic route to MxOy (M=Fe, Co, Ni)/SWNT macrofilm
nanocomposites.

5.2 Experimental

5.2.1 Synthetic route to MxOy (M=Fe, Co, Ni)/SWNT macrofilm
nanocomposites

SWNT macrofilms containing metal catalysts were synthesized by the modified
floating CVD method as described in Chapter 1 and the oxides conversion method was
similar to that introduced in Chapter 4. In brief, a mixed precursor of MCp2, (M=Fe,
Co, Ni) and sulfur (both from Sigma Aldrich) in a crucible boat was placed in the
furnace, which then was pre-heated to 1100-1150 °C with an argon gas flow of 500 mL
minL. During the deposition, a mixed gas flow of Ar (1500 mL min) and H, (150 mL
min't) was delivered and the MCp2 then starts pyrolysis at such a high temperature to
generate a carbon source and metal catalysts for CNT growth. After 45 min reaction,
large-area SWNT macrofilms (M-CNT (M=Fe, Co, Ni)) containing metal catalysts
could be collected from the entire furnace tube. The thickness of the films can be
controlled by the amount of the precursor mixtures and reaction time. The M-CNT
macrofilms were obtained when the furnace was cooled down followed by the direct

thermal treatment in air for 30 min below the critical temperature that CNT began to
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burn out (about 450 °C). During the calcination, metal catalysts were oxidized to metal
oxide nanoparticles with fine sizes. Three samples of Co3O4/SWNT were prepared at
different annealing temperatures: Co-CNT (100°C), Co0304/SWNT (200°C) and
C0304/SWNT (400°C) because of the more complicated phases than NiO/SWNT,

which was obtained by annealing only at 400°C.

5.2.2 Structural characterization

Morphological and structural characterizations were performed using TEM and
HRTEM on JEOL JEM-2010F field emission TEM operating at 200 kV. The crystalline
phase of the samples were determined using XRD collected on a Philips X’Pert powder
diffractometer with Cu Ka radiation (A=0.15418 nm) operating at 45 kV and 40 mA.
Raman spectroscopy (Bruker SENTERRA with 532 nm laser excitation) was employed
to verify the transformation of metal catalysts to metal oxides. The TGA was carried
out on a Mettler Toledo TGA/DSA 1 STARe System under air flow (20 mL mint) with

a heating rate of 5 °C min™.

5.2.3 RDE preparation and ORR/OER electrochemical characterization

For RDE measurements, uniform thin film electrodes with active materials were
prepared by casting inks containing MxOy (M=Fe, Co, Ni) /SWNT nanocomposites on
GC electrodes (5 mm in diameter, Pine Instruments, polished to a mirror-finishing with
0.05 um alumina). The catalyst inks were prepared by dispersing MxOy (M=Fe, Co,
Ni)/SWNT (2 mg) in isopropanol (1 mL) with 0.05 wt % Nafion solution. The
dispersion was fully sonicated for at least 30 min to form a homogeneous ink. Then 5

uL of catalyst ink was deposited on a GC electrode using a pipette and dried in air at
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room temperature. This procedure was repeated three more times so that a total amount
of 20 pL catalyst ink were loaded on the electrode, with a loading of 0.2 mg cm™.

Electrochemical studies were carried out in a standard three-electrode system
controlled by a multi-channel potentiostat (Princeton Applied Research). The modified-
GC electrodes described above as the working electrodes, were mounted onto a rotator
with rotation-speed control system (Pine Instruments) and was immersed into 0.1 M
KOH solution. An Ag/AgCl electrode was used as the reference electrode and a Pt wire
was used as the counter electrode. The MxOy /SWNT was cycled at least 30 times by
CV at the scan rate of 50 mV s until a stable CV curve was reached before measuring
polarization curves. Linear sweep voltammetry was carried out at 5 mV s for the
polarization curves in an O.-saturated electrolyte. When comparing the ORR
electrocatalytic activity among the MxOy/SWNT samples, the constant rotating speed
was set at 1600 rpm. For the OER, the polarization curves were recorded at the rotation
rate of 2500 rpm and corrected for solution resistance, which was measured using AC-
impedance spectroscopy from 200 kHz to 100 mHz and a voltage perturbation of 10
mV. The overpotential of the MxOy/SWNT samples were referenced to Ag/AgCl
electrode.

In details, the Koutecky—Levich (K-L) equation show the inverse current
density (j°%) as a function of the inverse of the square root of the rotation speed (w™*?) at
different potential values. The number of electrons transfer in the reduction of per Oz in

the ORR on the catalysts is determined by the K-L equation:[18]

11, 1 5.1

j ik Bwl/?
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where jx represents the kinetic current and o is the electrode rotating speed. B is
determined from the slope of the K—L plots (j! vs. ™) based on the Levich
equation:[18]
B = 0.2nFD)/*971/5¢,, 5.2
where n is the number of electrons transfer per Oz reduction, F is the Faraday constant
(F=96485 C mol™), Do, is the diffusion coefficient of O in electrolyte, ¥ is the kinetic
viscosity, and Cy, is the bulk concentration of Ox.

The turn of frequency (TOF) value is calculated from the following equation:
[19]

jA

TOF = — 5.3

4Fm

where j is the current density at the overpotential of 0.3 V, A is the thin film electrode
area, F is the Faraday constant, m is the moles of the active materials deposited on the

GC electrode.

5.2.4 Lithium-ion battery electrochemical testing

The total mass of free-standing MxO,/SWNT films as working electrodes were
weighed by a micro/ultramicro balance (Mettler Toledo XP6) with 0.001 mg accuracy.
CR2032 coin cells were assembled under a half-cell system with lithium ribbons (0.38
mm thick, 99.9%, Sigma Aldrich) as both counter and reference electrodes in an argon-
filled glovebox (MBRAUN UNIlab). Celgard 2500 were used as separators. Electrolyte
is 1 M LiPFe dissolved in 1:1 (v/v) EC: DEC from Ferro Co. The CV curves were
collected by PARSTAT 2273 (Princeton Applied Research) potentiostat. The
galvanostatic discharge-charge tests were carried out using BT-4 4-channel battery test

equipment (Arbin Instrument, Ltd.).
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5.2.5 Asymmetric supercapacitor electrochemical testing

Similarly, the free-standing NiO/SWNT macrofilms were employed as working
electrodes. The CV tests of the NIO/SWNT electrodes were performed on the same
PARSTAT 2273 potentiostat in a three-electrode cell. Pt wire was used as the counter
electrode and Ag/AgCl electrode as reference electrode. The specific capacitance of the
electrode can be calculated from the CV curves according to the Equation 1.11 in
Chapter 1. To assemble an asymmetric supercapacitor, the loading mass ratio between
NiO/SWNT (+) as positive electrode and purified SWNT (-) as negative electrode was

estimated to be 0.25 from the equation:

my C_AE_
m_ - C+AE+

5.4
where mis the mass, C is the specific capacitance and AE is the potential window for
electrode on each side. The subscripts of “+” and “— represent the positive and negative
electrodes, respectively. The electrochemical measurements of the asymmetric
supercapacitor were carried out at room temperature under a two-electrode
configuration in a CR2032 coin cell with a Whatman® glass microfiber filter as
separator in 1M KOH aqueous electrolyte. The cycling performance was measured by

GCD tests on the same equipment as used in last chapters. The specific capacitance

could be also calculated by the Equation 1.12 in Chapter 1.

5.3 Results and Discussion

5.3.1 Size, morphology, and structure of MxOy/SWNT
TEM images show size distribution of the CosO4 nanoparticles in the range of 5-17 nm

(Figure 5.2a) and the NiO nanoparticles with a diameter of 3-10 nm (Figure 5.2d).
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Figure 5.2 (a, b, d, e) TEM and (c, f) HRTEM images of (a, b, c) Co304/SWNT
(200°C) and (d, e, f) NiO/SWNT. Insets: Histograms of the nanoparticle
size distribution.
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It is noted that the isolated-dispersed tiny particles in Figure 5.2a are Co catalysts,
implying an incomplete oxidization at the low temperature of 200°C. In contrast, NiO
has a better uniformity with a narrow size distribution due to that the Ni catalysts were
fully converted to NiO nanoparticles at 400 C. It suggested and was confirmed that the
Co residues in the Co304/SWNT sample (200°C) could be further oxidized when they
were heated at 400°C in air. Figures 5.2b and 5.2e show similar morphologies of the
MxOy/SWNT macrofilm nanocomposites. Metal oxide nanoparticles are coupled with
the entangled serpentine CNT bundles. HRTEM images (Figures 5.2c and 5.2f) reveal
the well-defined lattice fringes corresponding to face-centered cubic Co304 and NiO,
respectively. TGA demonstrates 23 wt.% CNT in the Coz04/SWNT nanocomposite
(200° C) while the NiO/SWNT nanocomposite contains only 12 wt.% carbon scaffold.

XRD and Raman spectroscopy further confirm the transformation from metal
catalysts to metal oxides during calcination. The XRD patterns before and after heat
treatments are shown in Figures 5.3a and 5.3b. The results indicate that the crystal
structure of Co30s4 is cubic phase with Fd-3m space group according to JCPDS No. 42-
1467 and NiO is of the natural Brunsenite phase with Fm-3m space group (JCPDS No.
47-1049). This is in a good agreement with the HRTEM observations. Consistently, two
distinct phases, CosO4 (marked by asteroid) and pure Co (marked by spade) are present
in the XRD pattern of the Cos04/SWNT sample (200° C). The absence of Co diffraction
peaks in the Co304/SWNT sample (400°C) confirms the complete oxidation of the Co
catalysts by annealing at 400°C. Raman spectra (Figure 5.3c) show the RBM features
of single-walled CNT for all the samples at the wavenumber of ~ 100 cm™ as well as
the typical D and G modes at 1350 cm™ and 1587 cm™, consistent with the TEM
results.[20]
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Figure 5.3 (a) XRD pattrens of Co-CNT (100°C), Co304/SWNT (200, 400°C). (b)
XRD patterns of Ni-CNT and NiO/SWNT. (c) Raman spectra of Co-CNT
(100°C), Coz04/SWNT (200, 400°C), Ni-CNT, and NiO/SWNT.

The presence of two small peaks, Eq (488 cm™) and Fzq (522 cm™) separate at each side
of 500 cm™ with Fz4 (618 cm™) and the strongest peak Aig (691 cm™) are typically
indicative of the CosO4 formation after the heat treatment.[21] Likewise, the first-order
transverse optical (TO, 404 cm™), longitudinal optical (LO, 564 cm™), and two two-
photon (2TO at 705 cm™, 2L.O at 1080 cm™) peaks belong to NiO nanoparticles.[9,22]

5.3.2 Electrocatalytic properties of MxOy/SWNT

5.3.2.1 ORR activity
The electrocatalytic properties of MxOy/SWNT were investigated using a

standard three-electrode system in an alkaline solution (see details in Experimental
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section). The nanocomposites were uniformly cast onto a GC RDE (dia. 5 mm) with a
mass loading of ca. 0.2 mg cm to study both ORR and OER activities. According to
the TGA results, the actual loadings of Co3O4 and NiO nanoparticles are 154 pug cm™
and 178 pg cm?, respectively. Figure 5.4a shows the ORR polarization curves for the
two Co304/SWNT (200, 400° C) samples, NiO/SWNT, Fe,O3/SWNT, and Co-CNT
macrofilms baked in air at 100° C for 30 min (denoted as Co-CNT (100 °C) for only Co
phase detectable in XRD pattern). The measurements were carried out in an O»-
saturated 0.1 M KOH at a slow scan rate of 5 mV s to minimize capacitive current
under a rotation rate of 1600 rpm. By analogy to other Fe-containing systems,
Fe,O3/SWNT has two distinct shoulders, one at an onset potential of -0.25 V (vs.
Ag/AgCI) and a half peak with an inflection point at -0.6 V, indicating that the ORR
process is mainly a two-electron O, reduction mechanism according to the

reaction:0, + H,0 + 2e~ - HOO + OH .[23]
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Figure 5.4  Electrocatalytic performance of MxOy/SWNT under RDE measurements
in Oz-saturated 0.1 M KOH with scan rate of 5 mV s?®. (a) ORR
polarization curves of Co0304/SWNT (200, 400°C), NiO/SWNT,
Fe>03/SWNT, and Co-CNT (100°C) catalysts at a continuous electrode
rotating speed of 1600 rpm. (b) ORR polarization curves of CosO4/SWNT
(200°C) at different rotation rates. (c) K-L plots from (b). (d) iR-corrected
OER polarization curves of Co304/SWNT (200, 400°C), NiO/SWNT,
Fe203/SWNT, and Co-CNT (100°C) at rotation rate of 2500 rpm. (e) Tafel

plots from (d).
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The second shoulder can be assigned to the further electroreduction of H.O2 (HOO™) to
H20. Beyond -0.6 V to the more negative potential, the merely ORR active sites, Fe(ll)
ions, in Fe,O3 play a predominant role binding both Oz or H20, to form OHOH
adducts.[24] The strong bonding of H20> to Fe(ll) prevents it from leaving and thus
provides a path for final reduction to water.[26] On the contrary, the polarization curves
from both Co-CNT (100 “C) and Co304/SWNT (200°C) only have a single shoulder
with a sharper current increase and reach quickly to a steady state, typically representing
a four-electron reduction of Oz (0, + 2H,0 + 4e~ = 40H ).[5] The ORR activity of
NiO/SWNT is comparable with C0304/SWNT (400°C) because of their nearly identical
ORR onset potentials. The well-defined peak (-0.5/0.6 V) on the curve of Co304/SWNT
(400°C) is probably attributed to the surface effect related to ORR activity, which is
similar to Au with variable activities on (100), (110) and (111) surfaces.[25] Notably,
C0304/SWNT (200°C) exhibits a more positive half-wave potential of -0.216 V than
Co-CNT (100 “C) with -0.271 V and Co3O4/SWNT (400°C) (-0.35 V). It suggests that
the introduction of Co30O4 phase with the retention of some Co catalysts in the
C0304/SWNT sample (200°C) treated at a medium temperature leads to a significant
enhancement in electrocatalytic performance for ORR. Compared with the graphene-
Co/CoO0 nanoparticles, which shown an outstanding ORR activity reported by S. Sun et
al.,[5] Co304/SWNT (200°C) has a balanced performance with a higher steady-state
current density (~6 mA cm? vs. ~4 mA cm) offsetting the 40 mV difference in the
half-wave potential. Additionally, polarization curves under different rotation rates
(Figure 5.4b) reveal a function relation between the inverse of both limiting current
density and the square root of rotation rate. Based on these data, three K-L plots at

different potentials (Figure 5.4c) were obtained. The linearity at -0.3 V, -0.5 V and -0.7
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V proves the first order reaction Kinetics toward the concentration of O2 on
C0304/SWNT (200°C).[5] The corresponding number of electrons involved per O in
the ORR is determined between 3.8 and 3.9 from K-L and Levich equations.[7,26] It

further confirms the four-electron ORR process of the sample.

5.3.2.2 OER activity

Figure 5.4d shows iR-corrected OER polarization curves (the solution resistance
R is ca. 44 Q by AC-impedance spectroscopy and see details in Section 5.2.2) for the
same five samples in the ORR tests. During the measurements, the working electrode
was rotating at 2500 rpm to remove the generated oxygen bubbles. Among all the
samples, the NiO/SWNT catalyst shows the highest OER activity reflected by the lowest
onset potential of OER and the sharpest current. The peak couple around overpotential
of 0.1 V and 0.17 V is assigned to the Ni(I1)/Ni(lll or V) redox process. Consistently,
the Tafel slope (Figure 5.4e), 36 mV dec %, of NiO/SWNT is much smaller than that of
Co-CNT (100 °C) (53 mV dec™), Co304/SWNT (200, 400 °C) (73 mV dec?), and
Fe,03/SWNT (77 mV dec?). Its overpotential of 0.30 V at a fixed current density of 10
A Qeatalyst - and Tafel slope of 36 mV dec™ are comparable with 0.28 V and 35 mV dec’
1 of NiFe-layered double hydroxide (LDH)/CNT reported by H. Dai et al.[26] It
indicates that NiO/SWNT has an OER activity as high as NiFe-LDH/CNT. In terms of
these two values, NiO/SWNT has better OER performance than the highly OER active
Au@Co30;4 catalysts reported by Y. Yan et al.[27] The TOF of 0.604 s was also
comparable to that of the most active perovskite-based catalyst, assuming all the metal
sites were involved in the electrochemical reaction (See Section 5.2.2 for detailed

calculations).[26] By summarizing the OER and ORR performance of the MxOy/SWNT
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nanocomposites, we can conclude that each material system favors their own advantages

in a specific reaction.

5.3.3 Battery performance

Besides electrocatalysis, the MxOy/SWNT nanocomposites are also an important
family of energy storage materials particularly as high-capacity anodes for lithium-ion
batteries. As an exemplary demonstration in Chapter 4, the electrochemical performance
was studied in a half cell that consists of the free-standing MxOy/SWNT macrofilms as
working electrodes and lithium metal as both counter and reference electrodes under a
two-electrode configuration. CV was performed at an extremely slow scan rate of 0.1
mV s to adapt to the sluggish kinetics of lithiation/delithiation. The CV plot (Figure
5.5a) exhibits the first two cycles for MxOy/SWNT in fresh cells. The cathodic peaks at
the potential higher than 1 V vs. Li*/Li on the first-cycle curves for both samples are
ascribed to the formation of a SEI film.[9,28] The disappearance of them in the second
cycle indicates the irreversible processes of SEIL.[5] The peaks with a maximum current
at 0.45 V and 0.87 V for NiO/SWNT and CosO04/SWNT, respectively, are assigned to
the reduction of M ions to M? according to conversion reactions (2yLi + M, 0, <
xM + yLi, 0 ).[29] Both the reactions shift to a more positive potential on the CV curves
in the following cycle. The difference in the number of the cathodic peaks (one at 1 V
for NiO/SWNT, two at 0.9 V and 1.36 V for CosO4/SWNT) suggests the different
reduction steps from the single oxidized state of Ni (1) in NiO and the multi-oxidized
states of Co (Il or Il) in Co304, which agrees with the previously reported results of
Fe.Os. Afterwards, the subsequent galvanostatic discharge/charge cycling
measurements were carried out between 0.001-3 V at a constant current density of 50

mA g involving the same samples. Figure 5.5b shows their discharge/charge voltage
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profiles. Consistent with the CV analysis, two plateaus at ~1.5 V and ~1 V on the
discharge curve of Co3O4/SWNT were observed corresponding to the two cathodic
peaks while NiO/SWNT has one plateau at ~1 V during discharge. A common discharge
tail in the low voltage region between 0.8 V and 0.001 V with more inclined slope is
present for MxO,/SWNT, which is attributed to the partial capacity contribution from
SWNT macrofilms. Upon charging, there are two plateaus for both samples, which
originate from the reverse processes of the conversion reactions from M° to M;Oy.[28]
For Co304/SWNT, they (1.26 V and 2 V) correspond to the two anodic peaks at 1.28 VV
and 2 V on the CV curve. In contrast, NIO/SWNT has the higher ones at 1.32 V and 2.2
V corresponding to peaks (1.39 V and 2.22 V) in the CV plot. The continuous cycling
results of NiO/SWNT over 80 cycles are selectively recorded in every 10 cycles as
shown in Figures 5.5c and 5.5d. Basically, the discharge/charge curves are almost
overlapped (Figure 5.5c), indicating a good cyclic stability. The discharge capacity
maintains at 894 mAh gt after 80 cycles with a retention as high as 88%. Compared
with non-free-standing NiO/graphene (883 mAh g after 50 cycles) [9] and
Coz04/graphene (~935 mAh g after 30 cycles) [30] nanocomposites prepared by the
cumbersome synthesis, to the best of our knowledge, the MxOy/SWNT nanocomposites
(over 1000 mAh g) demonstrate one of the best electrochemical performance with an

additional binder-free benefit among the reported hybrid anode materials.
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Figure 5.5 LIB performance of MxO,/SWNT in half cells. (a) CV curves at a slow
scan rate of 0.1 mV s?, and (b) Galvanostatic discharge/charge voltage
profiles at a constant current density of 50 mA g after CV tests of
C0304/SWNT and NiO/SWNT. (c) Discharge/charge curves at the
selected cycles, (d) Cycling performance of NiO/SWNT electrodes.

5.3.4 Supercapacitor performance

In spite of the higher energy density, LIBs usually suffer from a lower power
density than supercapatiors. To take advantage of both virtues of these two energy
storage devices, we compose the asymmetric supercapacitors with a battery-type
Faradaic electrode (as the energy source) and a capacitor-type electrode (as the power
source).[31] They can extend their operation voltages in the cell system with an aqueous

electrolyte beyond the water splitting limit (~1.23 V) by making full use of the two
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electrodes at different potential windows, consequently resulting in an enhanced
specific capacitance and significantly improved energy density.[31] Figure 5.6a shows
the typical CV curves of the NiO/SWNT nanocomposite at different scan rates in 1 M
KOH aqueous solution. All the CV curves have a pair of strong redox peaks, which are
representative of the pseudo-capacitive behavior due to Faradaic redox reactions. This
is distinct from an approximately ideal rectangular shape of CV curves for electric
double layer capacitors. The redox couple, for example, located at around 0.27 V
(cathodic)/0.35 V (anodic) vs. Ag/AgCl at the scan rate of 50 mV s, is attributed to the
reversible Faradaic redox reactions between NiO and NiOOH according to the equation:
NiO + OH™ — e~ & NiOOH. [32] The specific capacitance of the NIO/SWNT
electrodes as a function of scan rates calculated from the CV curves (inset of Figure
5.6a) is stable at ~400 F g?, suggesting the fast charge transfer in the Faradaic
processes.[28] Purified SWNT macrofilms without metal oxide nanoparticles, which
deliver a specific capacitance of ~40 F g* as described in previous work,[33] are
employed as negative electrodes to assemble the asymmetric supercapacitors in 1 M
KOH aqueous electrolyte with the NiO/SWNT positive electrodes by carefully
matching their mass ratio (See Section 5.2.3). Figure 5.6b exhibits the CV curves of the
asymmetric supercapacitor at various scan rates from 5 to 200 mV s~ ! within an
operation voltage window of 1.5 V. The specific capacitance of the asymmetric cell
(based on the total mass of the two electrodes) maintains as high as 249 F g at 200 mV

st from 468 F g at 5 mV s as the scan rate increases.
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Figure 5.6 (a) CV curves of NiO/SWNT at various scan rates. Inset: Specific

capacitance as a function of the scan rates calculated from CV. (b) CV
curves of an asymmetric supercapacitor composed of (+) NiO/SWNT-
SWNT (-) at different scan rates between 5 - 200 mV s*. Inset: Specific
capacitance vs. scan rates. (c) Galvanostatic charge/discharge cyclic
performance of the asymmetric supercapacitor within a voltage window of
1.5V at a current density of 20 A g™*. Inset: charge/discharge curves.

The GCD curves at a current density of 20 A gt (inset of Figure 5.6¢) show a good

linear correlation of voltage with time, confirming a rapid I-V response of

NiO/SWNT.[34] The nearly-equilateral triangular shapes demonstrate the excellent

electrochemical reversibility. It is worth noting that at such a high current density, the

specific capacitance approaches a steady state during long-life cycling up to 5000 cycles.
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The performance above 130 F g is sufficiently high to enable the asymmetric
supercapacitor with qualified high energy and power density for durable and practical

applications.

5.4 Conclusions

In the end, based on Chapter 4, we have demonstrated a general and facile
strategy for synthesizing MxOy (M=Fe, Co, Ni)/SWNT macrofilm nanocomposites via
CVD growth followed by a thermal treatment. We have also successfully demonstrated
their promise in other energy applications including electrocatalysis and supercapacitors.
NiO/SWNT and Co0304/SWNT (200 °C) have high intrinsic OER and ORR
electrocatalytic activities in alkaline solutions, respectively. NiO/SWNT also exhibits
an excellent electrochemical performance in asymmetric supercapacitors with a high
power and energy density. All MxOy/SWNT have shown a high specific capacity and
cycling stability for lithium-ion batteries. We also uncovered that NiO/SWNT has a fast
charge transport process in Faradaic redox reactions and the calcination temperature has
an influence on the ORR activity of CosO4/SWNT. This work proposed an important
family of material candidates to serve industry. It may also stimulate the evolution of
new technique involving production of many advanced, low-cost transitional metal

oxide nanocomposites for energy applications.
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Chapter 6

A GENERAL APPROACH TO CONSTRUCT NANOCOMPOSITE
ELECTRODES BY USING FRAGMENTED CARBON NANOTUBE
MACROFILMS AS ADHESIVE CONDUCTORS FOR LITHIUM-ION
BATTERIES

6.1 Introduction

Although the fabrication of nanocomposites combining a family of transition
metal oxides (MxOy, M=Fe, Co, Ni) with SWNT macrofilms have been unified by a
facile method in Chapters 4 and 5, a more general approach to construct nanocomposite
electrodes with other active materials for practical use in industry is still desired. In
conventional electrode design and manufacturing for any active materials, we usually
divide the composite into three independent and indispensable components: active
materials, conductive additives, and polymer binders and then fabricate them into
composites. Acetylene carbon black, [1, 2] CNT, [3, 4] and graphene [5, 6] are three
most common conductive additives that have been employed to construct a conductive
matrix incorporating active materials spanning from cathode materials e.g. LiCoO: [7]
and LiFePOq4 [8] to anode materials e.g. Fe2Ozand Si. [9, 10] However, these conductive
additives are barely used alone without any binder materials because it is commonly
regarded that they cannot provide adhesive forces for the active materials to withstand
long charge/discharge cycles. Thus, it is necessary to use polymer binders such as
poly(vinylidene difluoride) (PVDF), [11, 12] phenol-formaldehyde (PF), [13] styrene
butadiene rubber (SBR), [14] polyacrylic acid (PAA), [15] carboxymethylcellulose
(CMC), [16] and etc. to maintain mechanical integrity of the composite electrodes.
Although the polymer binders play crucial roles in electrode manufacturing, their

electrochemical inactivity contributes nothing but impairs the specific capacity of the
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whole electrodes. To overcome these challenges, a strategy to develop conductive
binders such as poly(9,9-diotylfluorene-co-fluorenone-co-methylbenzoic ester) (PFM),
[17] polyaniline  (PANI), [18] and  poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) [19] with “bifunctional” properties has been
naturally proposed to replace both PVVDF and carbon additives to improve the capacity
and lifetime of batteries. However, these conductive polymers typically cannot provide
a comparable electronic conductivity to the carbon additives. It also inevitably involves
expensive and toxic organic solvents such as N-methyl-pyrrolidone (NMP). [20]

In parallel with this “bifunctional” concept, an adhesive conductor possessing
both binding and conducting functions from pure carbon nanostructures is seldom
reported. In fact, some specific forms of carbon such as the stretchy uncrumbled
graphene sheets do bear adhesive properties and could act as both conductive additives
and binders. [21] The irregular, laterally 2-D distributed CNT segments are also
convinced to be able to enhance adhesion force of vertically-aligned CNT arrays, which
could perform the mechanical binding function inspired from the gecko feet. [22] It is
expected that these “bifunctional” adhesive conductors can not only provide an
alternative to PVDF and carbon blacks to improve the battery performance but also is a
revolution to electrode “Green” manufacturing by avoiding NMP and other toxic
organic solvents. Thus, in this chapter, we demonstrate a most general approach to
construct nanocomposite electrodes by applying fragmented CNT macro-films (FCNT)
as adhesive conductors in two nanocomposite demo-systems: two half cells comprising
cathode material, LiMn204 (LMO) and anode materials, LisTisO12 (LTO) as working
electrodes, respectively. The FCNT meshes are more like the cross-links in polymers to

be entangled together with an adhesive property. They performs stronger adhesive
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strength and better electrochemical performance than conventional combination of
PVDF and carbon blacks. To the best of our knowledge, this is the first-time report on

the FCNT as a potential substitute of polymer binders and carbon additives for LIBs.

6.2 Experimental

6.2.1 Synthesis of SWNT macrofilms, LiMn204 and LisTisO12 nanocrystals

First, SWNT macro-films were prepared according to the direct CVD method
previously described in Chapter 1.

The LiMn204 nanoparticles were synthesized as Jaephil Cho et al. reported:[23]
All the chemicals in the following were purchased from Sigma Aldrich and used as
received. A solution is prepared by dissolving 0.22 g lithium hydroxide into 6 ml
deionized water followed by adding 0.24 ml hydrogen peroxide (30 wt%). 0.69 g
manganese acetate is dissolved in 6 ml deionized water. Blending the prepared solutions
with 20 ml methanol and stirred for 20 min. Then the resulting black-brownish slurry
was transferred into a 40 ml Teflon-lined autoclave and hydrothermally reacted at
115 °C for 12 h. After the reaction was complete, the solid precipitates were collected
and washed several times with deionized water and ethanol. Finally, the black
nanoparticles were dried in air at room temperature.

The LisTisO12 nanoparticles were synthesized by a similar hydrothermal method.
Briefly, 1.7 ml of hydrogen peroxide was dispersed in 0.4 M lithium hydroxide with 40
ml methanol. Then 3 mM of titanium (1V) butoxide was added to the above solution.
After stirring for 1 h, the solution was poured into a 40 ml Teflon-lined autoclave and
the hydrothermal reaction was carried out at 130 °C for 12 h. Then the as-prepared white

precipitates were washed via centrifugation with deionized water and ethanol for several
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times. After dried completely in air overnight, the sample was annealed in Ar

atmosphere at 500 °C for 5h to obtain the final product, LTO nanoparticles.

6.2.2 Preparation of LMO-FCNT nanocomposite cathodes and LTO-FCNT
anodes

The fabrication procedures of the LMO-FCNT composite electrodes can be

completed within three steps as illustrated by the schematic in Figure 6.1.

Figure 6.1 Schematic illustration of preparing LMO-FCNT composite electrodes by
ultrasound processing and drop casting.

Freestanding SWNT macrofilms and LMO or LTO nanoparticles are weighed by
analytical balance (A&D weighing) microbalance. They are mixed in proper
concentration with deionized water or ethanol solution (1:1 by volume) followed by
ultrasonication generated from ultrasonic power (UP200S, hielscher ultrasound
technology). The resulting ink solutions consisting of CNT fragments coupling with

LMO or LTO nanoparticles was casted dropwisely on aluminum/copper disks with
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diameter of 1/2 inch as the current collectors. Then the electrodes were fabricated when
the ink was naturally dried. No any organic solvents have been employed. Three
samples of LMO-FCNT composite electrodes with desired mass loading of FCNT are

prepared: 5 wt%, 15 wt%, and 30 wt%. The sample of LTO-FCNT with 30 wt% of
FCNT is also prepared.

6.2.3 Insitu tribology with wear track imaging force measurement system set-
up

The working mechanism of in situ tribology method is illustrated in the

schematic in Figure 6.2.
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Figure 6.2 Schematic illustration of in-situ tribology combining adhesion force
measurement and wear tracking images.

A hemisphere probe with a radius of 3.174 mm exerts a preload of 2500 mN on the

samples and starts sliding at the speed of 25 um/s on the sample films. The normal force

172



Fnand shear force Fr are tracked in a time-series chart; meanwhile the morphology of
probe contact area is observed and imaged by an optical microscopy accessory. During
the whole wear track, shear force Fr increases quickly to reach a steady state and stays
for a long time until declining. The adhesion strength o, can be estimated by the

equation, o, = Fr/A., where Ftis the critical shear force and Ac is the contact area equal

to 0.13 mm? by the Hertzian model.[24]

6.2.4 Characterization and electrochemical measurements

The morphology and structure of the LMO-FCNT and LTO-FCNT were
characterized by means of SEM (SEM mode, 3kV, Zeiss Auriga 60 FIB/SEM) and TEM
(JEOL JEM-2010F). XRD was carried out by Philips X’Pert diffractometer with Cu Ka.
radiation within a 26 range of 10 to 80° at 0.02°/step and 2s/step. Fourier-transform
infrared spectroscopy (FTIR, Thermo-Nicolet Nexus 670) was operated from 4000 to
400 cm™®. TGA was carried out on a high resolution TGA instrument (Mettler-Toledo,
SDAB851e) from 0 to 1000 °C at a heating rate of 10 °C/min in flowing air.

The mass of active materials was acquired by deducting the weight of bare Cu/Al
substrates from the whole weight of electrodes using a micro/ultramicro balance
(Mettler Toledo XP6) with 0.001 mg accuracy. CR2032 coin cells were assembled in
an argon-filled glovebox (MBRAUN UNIlab). Half cells consist of the hybrid film as
the working electrode, a Celgard 2500 as the separator, and a lithium ribbon (0.38 mm
thick, 99.9%, Sigma Aldrich) as the counter electrode in the 1 M LiPFg dissolved in 1:1
v/v EC: DEC as electrolyte (Ferro Co.). The EIS was conducted on PARSTAT 2273
potentiostat (Princeton Applied Research) with a 10 mV amplitude of AC signal from
100 kHz to 10 mHz and GCD tests were performed on BT-4 4-channel battery testing

equipment (Arbin Instrument, Itd.).
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6.3 Results and Discussion

6.3.1 LMO-FCNT half cells

6.3.1.1 General characterization of LMO-FNCT

The entangled SWNT macrofilms are fragmentated to myriad small FCNT
meshes by the strong ultrasound-generated impact. These FCNT meshes function as
intermediate layers, which are similar to the cross-links linking polymer chains,
connecting the LMO nanoparticles to the current collector. First, they can easily wrap
the LMO nanopartilces primarily due to their flexbile mesh structures and large surface
areas. The functional groups such as carboxylic (-C-O) and hydroxylic (-O-H) on the
surface of FCNT may enhance the tight anchoring of the LMO nanoparticles. Secondly,
the FCNT’s sticky edges made of the SWNT bundle tips resemble the suckers of octopus
with the “tentacles” on the surface of the current collector due to the rough contacts.
TEM image of the as-prepared LMO nanoparticles in Figure 6.3a exhibits the
agglormorate of cubic-shaped nanocrystals with the size in the range of 10-50 nm. TEM
images in Figures 6.3b and 6.3c reveal that the LMO nanoparticles are tightly anchored

on the entangled SWNT bundles in the LMO-FCNT nanocomposites as expected.
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Figure 6.3 (a) TEM and (b, c) high magnification TEM images of LMO-FCNT and
(d) HRTEM image of LMO-FCNT showing individual LMO nanocrystal
and FCNT mesh.

HRTEM image (Figure 6.3d) clearly shows the fringes of lattice with d-spacing of 4.86
A assigned to the (111) planes of an individual LMO nanocrystal, coupled with the
visibly curved SWNTSs in the interwoven FCNT meshes. Indexing of the XRD patterns
in the following section confirms the spinel structure of LMO with Fd3m space group

referenced to JCPDS 35-0782. The composition of the LMO-FCNT nanocomposite
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sample prepared with 30 wt% SWNT macrofilms but casted on the glass slide is
examined by EDS mapping. It shows that Mn element is homogeneously distributed in
the carbon matrix. The quantitative analysis of the EDS spectrum also indicates that
FCNT composes 27.5 wt% of the nanocomposites, containing neglectable amounts of
impurities, Na, Si, Al, and S, which come from the glass slide substrate. The weight
percentage of FCNT is in a good agreement with 27 wt% FCNT shown in the result of
TGA. Note that the slight deviation (less than 3%) of mass loading from the initial input
of 30 wt% justifies the desired uniform coupling of LMO with FCNT in compliance

with the original weight ratios between LMO and the SWNT macrofilms.
6.3.1.2 Electrochemical performance of LMO-FCNT

6.3.1.2.1 Specific capacity, rate capability, and cyclic stability of samples
Electrochemical performance of the LMO-FCNT nanocomposite electrodes are
evaluated in terms of specific capacity, rate capability, and cyclic stability using the half
cells in the two-electrode configuration, which consists of the LMO-FCNT
nanocomposites as working electrodes and lithium metal as counter electrodes. The
sample with 30 wt% FCNT is a representative to exemplify the electrochemical
performance of the LMO-CNT composite electrodes. The charge and discharge curves
with selected cycle numbers (1%, 2", 10", 20", 30", 40™, and 50" ) at the current density
of 15 mAg™ exhibit a typical delithiation/lithiation behavior of LMO with two featured
potential plateaus at around 4 and 4.15 V (Figure 6.4a). They are consistent with the
two reversible redox couples, i.e. 3.95 V/4.05 V and 4.1 /4.2 V, which are indicative
of the transformation between single cubic phases (LiMn2Os € —>Li1-xMn204) and

coexistence of two phases (LiMn2O4 and Lio2Mn204), respectively, as shown in the CV
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plots (Figure 6.4b). [25] These two processes can be distinguished by the shape
difference of the two redox couples that the former one at the lower potential are broader
while the latter at the higher potential are sharper. It is also worth noting that the
potential plateaus during discharge rise above the initial curve as cycling.
Correspondingly, the anodic peaks in the CV curves shift to higher potentials. Figure
6.4c reveals that the capacity retention remains as high as 94% of the initial discharge
capacity i.e. 106 mAhg?, after being charged and discharged for 50 cycles. Whereas,
the average CE is only 88%, much lower than that at faster rates as shown in Figure
6.4d. Figure 6.4d also demonstrates the high rate capability of the LMO-FCNT. The
lower CE at lower rates is caused by more time per cycle for parasitic reactions
occurring and consuming charges, such as electrolyte oxidation and loss of Li ions for
SEI growth. [26]

In contrast to the control electrodes with the same mass loading of LMO but 15
wt% of PVDF binders and 15 wt% of Super P carbon blacks instead (LMO-15 wt%
PVDF-15 wt% CB, Figure 6.4d), LMO-FCNT outperforms with higher capacities at all
testing rates of 15, 150, 300, 750, and 1500 mAg*. Furthermore, this capacity difference
becomes more evident as the rates increase. For examples, at the current density of 15
mAg?, the capacity comparison at the 5" cycle is 109 mAhg™ versus 87 mAhg* with
the difference of 22 mAhg™* while it becomes 87 mAhg™ versus 49 mAhg* at the 25"
cycle when current density increases to 750 mAg™ and accordingly, the gap is enlarged
to 38 mAhg™. The remarkable improvement in capacity definitely benefits from the
substantially decreased resistance of charge transfer by replacing the conventional

PVDF and CB with the adhesive FCNT conductors. This is indicated in the results of
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EIS (detailed discussion as follows), implying that the 2D FCNT mesh-bridged

framework enables fast electronic and Li ionic transports.
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Figure 6.4 (a) GCD voltage profiles of LMO-FCNT composite electrodes cycled at
15 mAg?. (b) CV curves of LMO-FCNT during the first 5 cycles. (c)
Cycling performance of LMO-FCNT at 15 mAg™ for 50 cycles. (d)
Comparison of rate capability between LMO-FCNT and LMO-PVDF-CB
at different rates.

Subsequently, cyclic stability measurement at a higher rate of 150 mAg™ for a longer
time of 100 cycles is conducted. The voltage profiles in Figure 6.5a show a similar
behavior as described above. The potential plateau during discharge is increasing

meanwhile the potential plateau upon charge is decreasing as the cycles continue. This
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indicates a lower polarization and a higher efficiency. The result is also consistent with
the reverse shift of the redox couple at 4.1 and 4.2 V to opposite direction in the CV
plots. The corresponding capacity retention in Figure 6.5b confirms a perfect
performance with no deterioration as well as that CE is approaching 100% since the 20"

cycle when it reaches equilibrium.

6.3.1.2.2 Effect of different content and optimum mass loading of FCNT
adhesive conductors

The GCD results for three samples with 5 wt%, 15 wt%, and 30 wt% of FCNT
at the current density of 150 mAg™ for 100 cycles are present in Figures 6.5¢ and 6.5d,
showing the effect of different FCNT contents in the nanocomposites on the
electrochemical performance of the LMO-FCNT. From their GCD curves (Figure 6.5¢),
there is no difference except for the extending length of potential plateau with increasing
weight percentage of FCNT. Similar to each other in the trend of specific capacity
retention as shown in Figure 6.5d, all the three samples’ capacities are increasing till the
20" cycle, since when the samples with 5 wt% and 15 wt% FCNT start fading while the
LMO-30 wt% FCNT nanocomposite electrode maintains stable till the end. The
capacity of LMO-5 wt% FCNT decreases faster with the decay slope of 0.15 mAhg
YJcycle than LMO-15 wt% FCNT with 0.05 mAhgY/cycle. It can be inferred by linear
interpolation method that when the weight of FCNT additives is increased to 20 wt%
and above, the decay slope would become ~zero, which means no capacity fading. This
inference is experimentally confirmed by the nanocomposite sample containing 30 wt%

FCNT.
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cycle and (d) cycling performance between LMO-30 wt% FCNT, LMO-
15 wt% FCNT and LMO-5 wt% FCNT at 150 mAg™.

Thus, it is supposed that the electrochemical performance is determined by the

resistance of charge transfer and the integrity of nanocomposites. EIS result in Figure

6.6a shows the Nyquist plots of four composite electrodes in fresh cells before cycling,

including LMO-15 wt% PVDF-15 wt% CB, LMO-5 wt% FCNT, LMO-15 wt% FCNT,

and LMO-30 wt% FCNT for comparison. All the samples show a common Randles

behavior with a typical semicircle, of which the radius on real-axis is assigned to the

resistance of charge transfer, in mid-frequency area. [27] Hence, without fitting curves

by equivalent circuit, it can be easily estimated that LMO-15 wt% PVDF-15 wt% CB
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has the largest charge-transfer resistance over 600 Q. The charge-transfer resistance of
the LMO-FCNT is decreased from 250 Q to 150 Q, and to 100 Q as the corresponding
FCNT content increases from 5 wt% to 15 wt%, and then 30 wt%. The Bode phase plots
(Figure 6.6b) could reveal the information on the integrity of the nanocomposite
electrodes. For the LMO-5 wt% FCNT sample, an evident separation of the two distinct
peaks at 641 Hz and 16681 Hz in the range of high frequency indicates the amount of
FCNT is insufficient to integrally bind the LMO nanoparticles together. So is the curve
for LMO-15 wt% PVDF-15 wt% CB where a protruded shoulder at 148 Hz can be
deconvoluted from the main peak at 5336 Hz. By contrast, LMO-15 wt% FCNT and
LMO-30 wt% FCNT have a good integrity with no phase separation in the Bode phase
curves. Therefore, combination of the best integrity, the best conductivity, and the
lowest charge-transfer resistance results in the best electrochemical performance of the

LMO-30 wt% FCNT sample out of the four samples.
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Figure 6.6  Comparison of (a) Nyquist plot and (b) Bode phase plot between LMO-
FCNT composites with different mass loading of FCNT.
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6.3.1.2.3 Microstructural evolution related to capacity

Ex-situ SEM is implemented to compare the microstructures before and after the
cycling measurements in order to understand the correlation between the capacity
retention of the LMO-FCNT nanocomposites and their microstructural evolution during
GCD cycling. In left column of Figure 6.7, from a to ¢ and e, the images of fresh
electrode is by the sequence of increasing magnification. They show the porous
structures, which consists of the LMO-nanoparticle “islands” in the area of high
brightness entangled with the FCNT meshes in gray and dark area. Basically, the
effective ultrasound treatment makes the LMO particles uniformly distributed in the
FCNT frameworks. After cycling for 100 cycles at 150 mAhg™, the pores are filled up
by the SEI layers or residual electrolytes as shown in the right column of Figures 6.7
from b, to d and f. The condensed morphology and structure enable a consolidated
association between LMO and SWNT, effectively inhibiting the LMO nanoparticles
from dissolving into electrolyte.

The corresponding ex-situ XRD results are present in Figure 6.8a with the same
patterns except that only the slightly decreasing intensity is detectable at the featured
peaks assigned to LMO, indicating a possible tiny loss of LMO nanoparticles after
cycling. In addition, it is believed that the functional groups on SWNT may enhance the
binding of LMO with FCNT meshes. Figure 6.8b is the FTIR spectrum of the LMO-
FCNT nanocomposite electrode disassembled after cycling. The two absorption peaks
below 600 cm™ are ascribed to the Mn-O vibrating modes of LMO. [28] The two peaks
at 1100 cm™ and 1600 cm™* derive from -C-O stretching and conjugation of -C=0 with
C=C of SWNT, respectively.>> A broad peak with a weak intensity in the range of
3100~3300 cm™ is assigned to -O-H stretching on the surface of SWNT. [29]
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Figure 6.7 SEM images of LMO-FCNT composite before cycling (a, c, e) and (b, d,
f) after cycling.

Thus, taking all the factors discussed above into account, the cyclic stability of the
LMO-FCNT nanocomposite primarily benefits from the solid integral structures of

LMO-FCNT.
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Figure 6.8 (a) XRD patterns of pure LMO nanoparticles, LMO-FCNT composite
before and after cycling. (b) FTIR spectrum of LMO-FCNT composite.

6.3.1.3 Adhesion strength of LMO-FCNT

The adhesion strength of the samples on current collectors, is the most important
mechanical property for binders and adhesive conductors. It is quantitatively evaluated
by an in-situ tribology method combining the wear track imaging and force
measurement. The working principle and setting up have been introduced in
Experimental section. The value of adhesion strength o4 is delimited within a range
whose lower and upper limits are determined by two critical Fr corresponding to the
occurrence of a large scale failure and the steady state that a large area of substrate
underneath is exposed as shown in Figure 6.9. The wear track images of LMO-30 wt%
PVDF (Figure 6.9a) show not only an adhesive failure at the interface between the
sample film and current collector but also a cohesive failure generated inside the sample
film by the Fsbeyond the shear strength of the PVDF binders. Whereas in Figure 6.9b,
there only occurs an adhesive failure for LMO-30 wt% FCNT because SWNTs can
hardly be tore up because of their entangled feature and extremely high tensile strength

over 10 GPa, far exceeding the 50~57 MPa for PVDF. [30] It is also found that the
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failure area of LMO-30 wt% FCNT becomes disconnected after cycling as shown in
Figure 6.9c, which seemingly implies a weakened destruction and retarded failure.
However, the directional coherence of the scratches indicates a cohesive failure. In fact,
due to the brittleness of the SEI layer, the adhesion strength is therefore decreased from
7~10 MPa to 3.05~6.5 MPa after cycling. By analogizing the correlation between
charge-transfer resistances and different weight percentage of FCNT for the LMO-
FCNT nanocomposites, it is anticipated that the adhesive strength is also in a positive
correlation with the FCNT mass. Figures 6.9d and 6.9e for both LMO-5 wt% FCNT and
LMO-15 wt% FCNT samples confirm this correlation when the large scale failures
occur immediately without a transition through a threshold of failure. The mean values
of the adhesive strength for the three LMO-FCNT samples and LMO-30 wt% PVDF
are summarized in the histogram (Figure 6.9f), where the upper limit and the lower limit
of the adhesive strength for each sample is taken as the error limits denoted.

The average adhesive strength of LMO-FCNT declines from the maximum
value of 8.5 MPa to 2.36 MPa and to the minimum, 1.07 MPa as we decrease FCNT
amount correspondingly from 30 wt% to 15 wt% and then 5 wt%. The 8.5 MPa for
LMO-30 wt% FCNT also overpasses 7.15 MPa for LMO-30 wt% PVDF, justifying
FCNT a promising adhesive conductor overwhelming the conventional binders. Such a
high adhesion strength of FCNT is mainly attributed to the mechanical interlock of the

nanotubes at the asperities on the current collectors. [22]
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Figure 6.9 Wear track images and adhersion strength of (a) LMO-30 wt% PVDF, (b)

LMO-30 wt% FCNT before cycling, (¢) LMO-30 wt% FCNT after cycling,
(d) LMO-15 wt% FCNT before cycling, and (e) LMO-5 wt% FCNT before
cycling. (f) Histogram of mean adhersion strength between LMO-30 wt%
PVDF and LMO-FCNT with different mass loading of FCNT.

6.3.2 LTO-FCNT half cells

6.3.2.1 Structural characterization of LTO-FCNT

To further verify the general roles of FCNT as an adhesive conductor to

construct nanocomposite electrodes, we extend the use of FCNT with anode materials.

Here we choose LTO, which has a theoretical specific capacity of 175 mAhg™ (1 C), as

an example because their compatible capacity with that of LMO (~150 mAhg?) is

important for pairing them to construct a full cell with two electrodes in a balanced
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weight.[31] The synthesis of LTO is similar to that of the spinel LMO nanocrystals
using a low-temperature hydrothermal method described in Section 6.2.1. The electrode
preparation is also the same except using Cu instead of Al as the current collectors. All
details can be found in Experimental Section. The morphology of the LTO-FCNT
nanocomposite is also similar to that of LMO-FCNT as shown in Figures 6.10a and

6.10b.
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Figure 6.10 (a) SEM image and (b) high magnification SEM image of LTO-FCNT
nanocomposite. (¢) XRD patterns of LTO nanoparticles before and after
annealing in the Ar atmosphere and LTO-FCNT.

The SEM images show a porous structure framed by the FCNT meshes. LTO

nanoparticles in large size or aggregation are incorporated in the FCNT networks while
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those in smaller size are anchored on the SWNT bundles. It is also worth noting that
unlike the preparation method for LMO where no heat treatment is needed to obtain the
final LMO products in spinel structure, annealing the LTO precipitates collected from
hydrothermal reaction in Ar atmosphere at 500°C for 5h is indispensable to obtain the
final spinel LisTisO12 through phase transition from intermediate product of Li-
intercalated rock-salt type LiTiO. This is identified by indexing the XRD data (Figure
6.10c) according to JCPDS 49-0207 and JCPDS 16-0223.

6.3.2.2 Electrochemical performance of LTO-FCNT

The electrochemical performance of the LTO-FCNT nanocomposite electrodes
is also investigated in half cells with Li metal by a series of GCD measurements. In
Figure 6.11a, the voltage curves for selected cycles at varied rates from 1 C to 20 C,
show the well-defined long and flat discharge and charge potential plateaus at around
1.5V and 1.6 V versus Li*/Li, indicating the reversible Li* insertion and extraction
processes (LisTisO12€ > Li7TisO12).[31] The corresponding rate capabilities in Figure
6.11b show that the specific discharge capacity decays from initial 182 to 125 mAhg?
at the end of the 10" cycle at 1C rate and retains at 120 mAhg™ at 5 C for the following
10 cycles. As it continues from the 20" to the 30" cycle at 10 C, the capacity retains in
a steady state of 100 mAhg™ followed by no more capacity fading within the last 10
cycles. CE is approaching 100% since the first cycle. The cyclic performance of LTO-
FCNT istested at 1 C and 10 C, respectively for 200 cycles. By merging the GCD curves
at 1C (bottom Figure 6.11c) and 10 C (top Figure 6.11c), it clearly exhibits the discharge
potential plateaus shift -0.1V from 1.5 V to 1.4V while the charge plateaus shift +0.1V

from 1.6 V to 1.7 V. As a result, the polarization becomes evident at higher current rate
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of 10 C with the enlarged 0.2 V potential gap between the two plateaus upon charge and

discharge.
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Figure 6.11 (a) Galvanostatic discharge/charge voltage profiles of LTO-FCNT
composite electrodes cycled at different rates. (b) Rate capabilities of
LTO-FCNT. Comparison of (c) galvanostatic discharge/charge voltage
profiles and (d) cycling performance for LTO-FCNT cycled at 1 C and 10

C.

This is the same case with LMO-FCNT described above. The capacity retention in

Figure 6.11d is consistent with the rate capability results. It shows a steady capacity of

around 125 mAhg™ at 1 C after a substantial fading during the first several cycles. At

10 C, the capacity dropped from 125 mAhg™ at the first cycle and then retains at 100
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mAhg* since the 3" cycle. CE also maintains as high as 100%. Overall, the excellent
electrochemical performance of the LTO-FCNT nanocomposites also proves the
success application of FCNT as the adhesive conductors for anodes in lithium ion

batteries.

6.4 Conclusions

In summary, a concept of adhesive conductors is proposed with bifunctional
roles as both conductive additive and binder for LIBs. The fragmented carbon nanotube
macrofilms are such adhesive conductors that can be coupled with active electrode
materials to construct nanocomposite electrodes. They are assembled by a simple
ultrasound processing and the drop casting method. The electrochemical performance
are exemplified by involving FCNT in the cathode materials LMO and anode materials
LTO to form their respective half cells with lithium metal. Compared with conventional
PVDF binders, the adhesive FCNT conductors can significantly improve the rate
capability and cyclic stability of LMO, which are derived from the superior conductivity
and solidly framed matrix in a porous structure, providing highly conductive pathways
for electrons and fast transport channels for lithium ions. The tribology experimental
results show that LMO-30 wt% FCNT has a higher adhesive strength over PVDF with
the same mass loading. The successful uses of FCNT in both cathode and anode
materials demonstrate that the adhesive conductor is an efficient and general strategy to

substitute conventional binders to construct nanocomposite electrodes for LIB.
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Chapter 7

CONCLUSION AND FUTURE WORK

7.1 Summary of the Research Contributions

This dissertation covers the original works in the area of carbon nanotube
macrofilm-based nanocomposite electrodes for energy applications, in particular
rechargeable lithium-ion batteries as well as fuel-cell catalysts and asymmetrical
supercapacitors. Progressess in these energy conversion and storage devices are built on
the successful material synthesis and the manufacturing technology for the
nanocomposites electrodes. Thus, a reliable, low-cost and effective route to synthesize
high performance electrodes becomes more significant. The progressive research on
developing various nanocomposites based on CNT macrofilms evolving from cathode
materials in Chapters 2 and 3 to anode materials in Chapters 4 and 5, followed by a
general nanocomposite solution in Chapter 6 demonstrates the unique properties of CNT
macrofilm frameworks, including the inherent superior conductivity, large specific
surface area, porous structure, stretchability, robustness, and adhesion could be fully
taken to enhance the electrochemical performance of the incorporated active materials
in the nanocomposites. Understanding the underlying improved electrochemical
behavior of nanocomposites is also necessary and critical to the optimization of the
synthetic method and techniques for the practical applications. Significant effects of
functional groups and film thickness have been observed and investigated in-depth. The
presence of oxygen-containing functional groups on the surface of the SWNT
macrofilms after purification can enhance the association of the SWNT films with the
active materials to enable the transport of solvated ions to the electrolyte/electrode

interfaces and increase the diffusion kinetics. The CNT macrofilm with thickness that
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comparable to the characteristic diffusion length of 300~500 nm could afford the
nanocomposites the highest Li* chemical diffusion coefficient and thus possesses an
optimal electrochemical performance. The noticed adhesive characteristic of SWNT
macrofilms as “bifunctional” adhesive conductors promotes a general approach to
construct nanocomposite electrodes with both cathode and anode materials.
Specifically, in Chapter 2, a facile method to prepare V.Os/SWNT macrofilms
composed of SWNT macrofilm with nanostructured vanadium oxides are developed
and their electrochemical behavior as Li-ion battery cathodes have been systematically
studied. The nanocomposites are synthesized by a simple controllable hydrolysis in-situ
deposition of the active materials in SWNT macrofilms. They are carefully
characterized by means of SEM and TEM microscopy, X-ray diffraction, Raman
spectroscopy and X-ray photoelectron spectroscopy combined with electrochemical
measurements including galvanostatic discharge/charge, cyclic voltammetry and
electrochemical impedance spectrum analysis for the V2Os/SWNT hybrid film as
cathode in a coin cell with 1M LiPFe in EC:DEC (1:1 v/v) electrolyte. It exhibits an
excellent high-rate capacity, high Coulombic efficiency and reasonable cyclic stability.
Then this in-situ synthesis strategy stimulates the fabrication of stretchable
nanocomposite materials by in-situ growth the lithiated cathode materials such as
LiMn204 nanocrystals in SWNT macrofilms as discussed in Chapter 3. The freestanding
nanocomposite as cathode in half cells with lithium metal exhibits a satisfied average
capacity of 103 mAh g and a satisfied cyclic stability with a high capacity retention of
83% over 250 cycles at the slow rate of 0.1 C. This electrochemical performance
confirms that such composite cathode is a promising candidate for the stretchable

lithium-ion batteries. The PITT results reveal Li* diffusion coefficient is a dominant
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factor limiting the Coulombic efficiency and sheds light on the optimization as future
work to further improve such cathode performance. This work demonstrated the
feasibility of the LMO-SWNT macrofilm nanocomposite for developing the fully-
flexible lithium-ion battery based on such cathode materials in couple with the pristine
SWNT macrofilms as anode in the future.

The CNT macrofilm-based nanocomposites with anode materials has been
further developed in Chapter 4. The work focuses on discussing the nanocomposites of
iron oxides with SWNT macrofilms as anodes for rechargeable lithium-ion batteries.
The a-Fe.Oz/SWNT hybrid films, which are composed of a-Fe2O3 nanoparticles in fine
crystalline size (6-20 nm) incorporated in the matrix of SWNT macrofilms, are prepared
by an oxidizing transformation from the original Fe-containing SWNT macro-films via
a simple heat treatment. We have investigated the dependence of the Li" diffusivity on
the film thickness by detailed calculations and analysis of the compatible results from
GITT and EIS, and found that the a-Fe,Oz/SWNT macrofilms with a comparable
thickness to the characteristic diffusion length of Li* ions could obtain the optimum
electrochemical properties. These nanocomposites exhibit an excellent high capacity
and cyclic stability but a poor rate capability. Then a hydrogen annealing method has
been demonstrated to enhance the rate capability. The phase transformation involved in
the thermal reduction of rhombohedral Fe>O3 to cubic FesOs during H2 annealing are
thoroughly investigated by SEM and TEM microscopy, Rietveld fitting of XRD data,
XPS and Raman spectroscopy. The Hz-annealed nanocomposites have a higher capacity
of 786 mAhg? at 4000 mAg? with a prolonged lifetime compared to the pure a-
Fe20O3/SWNT. The electrochemical kinetic analysis are also performed by EIS and the

GITT results further confirm that the enhancement of the rate capability is attributed to

196



the presence of highly-conductive FeszOs, accelerated charge-transfer kinetics, and the
increased Li* diffusivity.

By expanding the work of iron oxides above to the family of metal oxides (MxOy
(M=Fe, Co, Ni)), in Chapter 5, we demonstrated the MxOy/SWNT macrofilm
nanocomposites for OER/ORR electrocatalysis, lithium-ion batteries and asymmetric
supercapacitors. It is concluded that all MxOy/SWNT macrofilm nanocomposites inherit
the high specific capacity and cycling stability for lithium-ion batteries, similar to the
results for iron oxides in Chapter 4. NiO/SWNT and Co304/SWNT (200 °C) have their
specialized strength for OER and ORR in alkaline solutions, respectively with high
catalytic activities. NIO/SWNT also exhibits an excellent electrochemical performance
in asymmetric supercapacitors with a high power and energy density. We also
elucidated that NiO/SWNT has a fast charge transport process in Faradaic redox
reactions and the calcination temperature has an influence on the ORR activity of
C0304/SWNT.

Finally, Chapter 6 presents a new concept of adhesive conductors using
fragmented CNT macro-films (FCNTSs) with irregular structures of laterally 2-D
distributed CNT segments to construct nanocomposite electrodes as a general approach.
The adhesive FCNT conductors provide not only a high electrical conductivity but also
a strong adhesive force, functioning simultaneously as both the conductive additives
and the binder materials for lithium-ion batteries. This adhesive conductor role of FCNT
is verified by constructing the electrodes with both cathode and anode materials. An in-
situ tribology method combining the wear track imaging and force measurement is
employed to evaluate the adhesion strength of the adhesive FCNT conductors. The

results show that the adhesive FCNT conductors exhibit a higher adhesion strength than
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PVDF. Itis also confirmed that the fabricated nanocomposite electrodes exhibit superior
high-rate and retention capabilities compared to the electrodes using conventional
PVDF and carbon black. Thus, FCNT is recognized to be a competent substitute for
polymer binders to maintain mechanical integrity and meanwhile to improve electrical
connectivity of active materials in the nanocomposite electrodes. In addition, this new
electrode manufacturing technique avoids toxic organic solvent and could provide a

revolution to traditional battery industry.

7.2 Future Research Work

Although this dissertation follows up a research route to develop
nanocomposites based on CNT macrofilms with various materials from cathode to
anode by a variety of synthetic methods for energy application, and basically realizes a
general nanocomposite-construction approach, there are many optimization that needs
to be continued towards specific works. For example, even though we have
demonstrated the potential of LMO-SWNT macrofilm nanocomposites as the flexible
LIB cathodes in Chapter 3, the low Li* chemical diffusion coefficient still limits their
performance. The optimization to improve the Li* diffusivity of such cathode
nanocomposites is highly desired for pairing with the pristine SWNT macrofilms as
anodes to construct the full stretchable cells in the future. This research would be an
exciting direction to benefit the development of wearable electronics such as smart
watches, which requires fully-flexible power sources.

Those conclusions we have obtained between the chapters can definitely shed
light on each other for optimization work in the future. For example, the annealing
strategy in the atmosphere of H> to enhance the rate capability of Fe,Oz/SWNT

macrofilm nanocomposites could also be relied on to reduce V(V) in V20s to lower
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states such as V(1V) in VO to further improve the electrochemical performance of the
V20s/SWNT macrofilm nanocomposites as developed in Chapter 2.

It is also significant to start with some phenomena observed in the research work
to extend investigation of key factors such as temperature, pressure, functional groups
and etc. in terms of their effects on the device performance. As we discussed in Chapter
5 that calcination temperature has an influence on the ORR activity of Co3O4/SWNT,
the continued fundamental research of probing in-depth the correlation between the
catalytic activity and calcination temperature as well as the causality could provide vital
information for designing high efficient nanocomposite catalysts for ORR with desired
activity. Based on the adhesive properties of the fragmented CNT macrofilms observed
in Chapter 6, it is necessary to theoretically and experimentally investigate the stickiness
origin of such FCNT meshes and their working mechanisms as “bifunctional”” adhesive
conductors in nanocomposite electrode fabrication. This study will help us to
understand and disclose the fundamental physics, chemistry and mechanics for the
inherent adhesion of adhesive conductors and accordingly bring light to design new
adhesive conductors. By following this direction, we could also pioneer in creating a
new evaluation method and standard for measuring the adhesive mechanical behavior
of adhesive conductors.

Last but not the least, it is also meaningful to expand CNT macrofilms’ role in
nanocomposites with other active materials for potential energy conversion and storage
devices beyond the discussion scope of this dissertation such as sodium-ion batteries,
lithium-sulfur batteries, metal-air batteries, and photocatalysts as illustrated in Figure
7.1. Sodium-ion batteries are a type of rechargeable battery that is the same as lithium-

ion battery except using sodium-ions as its charge carriers. The sodium salts used in the
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electrolytes are highly abundant, much more so than those of equivalent lithium salts,
making them both cheap and easily obtainable. However, inferior cycling performance
limits the ability of non-aqueous Na-ion batteries to compete with commercial Li-ion
cells. [1] We can depend on SWNT macrofilms combining with potential Na-ion active
materials as nanocomposite electrodes to overcome the challenge. Rapid progress of
electric vehicle technologies also demands innovation of new battery chemistry beyond
Li-ion systems and the promising alternatives are focusing on Li-S and metal-air
batteries such as Li-air batteries with capacity over at least a factor of 5-fold higher than
that of LIBs. [2, 3] It is envisioned that SWNT macro-film/S nanocomposite could be
developed by the in-situ deposition of sulfur. The oxygen-containing functional groups
of the SWNT macro-films after purification could provide more sites to fasten highly-
dispersed sulfur at a high percentage. Such nanocomposites can be used directly as the
cathode for Li-S batteries to enhance the electrochemical performance. Similarly, it is
expected that the SWNT macrofilms with a tunable micro-to-meso-porous structure and
hydrophobic surface hold the potential to be an ideal supporting materials that are
composited with ORR catalysts as breathable air cathode. “Direct”
photoelectrocatalysis at a solid-liquid junction is one of the predominant strategies for
water splitting. [4] It requires that the photoelectrode has not only suitable light
absorption characteristics to generate a photovoltage sufficient to split water (> 1.23 V)
but also surface stability and good electronic properties. The use of SWNT macrofilms
with photocatalytic active materials can be a good nanocomposite as
photoelectrocatalyst to reduce the overpotential required for a given redox reaction to

take place, and in some cases promotes separation and diffusion of carrier species.
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Figure 7.1  Illlustrating other potential energy applications of CNT macrofilm-based
nanocomposites.
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