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Abstract

With rising energy concerns, efficient energy conversion and storage devices are urgently
required to provide a sustainable, green energy supply. Electrochemical energy storage devices,
such as supercapacitors and batteries, have been proven to be the most effective energy conversion
and storage technologies for practical application. Supercapacitors and lithium-based batteries are
particularly promising because of their excellent power density and energy density. However,
further development of these energy storage devices is hindered by their poor electrode
performance. The carbon materials used in supercapacitors and batteries, such as graphite,
activated carbons and various nanostructured carbon materials (ordered porous carbon, CNT,
graphene etc.), are often derived from non-renewable resources under relatively harsh
environments. Natural abundant biomass is a green, alternative carbon source with many desired
properties to derive renewable carbon materials for supercapacitors and lithium-based batteries.
Therefore, it has been of great social and economic significance to develop renewable carbon
materials from natural abundant biomass materials in order to realize sustainable battery materials
sourcing.

It has also been predicted that next-generation electronics will be flexible and wearable.
Many efforts have been devoted to developing safe, lightweight and flexible power sources with
the goal of meeting the increasing need for future wearable/flexible electronics. This dissertation
aims to study the mechanism and technologies for converting cotton textile into renewable, flexible
and conductive carbon substrate at a low cost, high throughput way for flexible energy storage
applications. In this dissertation, cotton textile, as the commonly overlooked everyday households,
has been chosen as the starting precursor materials to prepare renewable flexible conductive
substrates for different energy storage systems.

Specifically, in Chapter 2 & 3, natural abundant cotton textiles were first converted to
flexible, conductive activated cotton textile (ACTs). The obtained ACT was further chosen as a
flexible substrate to design flexible supercapacitor. In order to push up the energy storage
capability, high energy density metal oxides, such as core/shell NiC0o20s@NiC0204, 3D porous
CoO@NIO, were controllably deposited on the ACT fiber with desired microstructure. Both
symmetric and asymmetric supercapacitors were assembled and tested. Inspired by using flexible

ACTs for supercapacitors application, in Chapter 4, NiS> nanobowls wrapped with conductive



graphene sheets (ACT/NiS.-graphene) were deposited on ACT fibers by a simple two-step heat
treatment method to fabricate binder-free electrode for flexible lithium-ion battery. When used as
a Dbinder-free electrode, the ACT/NiSz-graphene electrode exhibited an exceptional
electrochemical performance. Encouraged by the success of the design of flexible lithium-ion
batteries with flexible ACTs, in Chapter 5, we extended the application of flexible ACTs for
lithium-sulfur (Li-S) battery applications. The assembled lithium-sulfur cell also exhibited
exceptional rate capability and durable cyclic performance (with a well-retained capacity of ~1016
mAh gt even after 200 cycles). A flexible Li-S cell with ACT/S-rGO as a cathode was also
assembled to demonstrate its superior potential as flexible power sources. In Chapter 6, a new
built-in magnetic field enhanced polysulfide trapping mechanism was discovered by introducing
ferromagnetic iron/iron carbide (Fe/FesC) nanoparticles with a graphene shell (Fe/FezC/graphene)
onto a flexible activated cotton textile (ACT) fiber to prepare the ACT@Fe/FezC/graphene sulfur
host. The novel trapping mechanism is demonstrated by significant differences in the diffusion
behaviour of polysulfides in a custom-designed liquid cell compared to a pure ACT/S cathode. In
Chapter 7, we proposed a scalable roll-to-roll manufacturing approach to integrating a flexible
solar cell with a flexible home-made flexible supercapacitor to fabricate self-sustainable power
pack, which demonstrates huge potential for future off-grid and micro-grid application.

These research activities not only brought new insights on the deriving renewable carbon
materials from natural abundant biomass resources but also boosted the design and fabrication of
next-generation flexible energy-storage devices, which hold great promise for future

wearable/flexible electronics.
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Figure 4.7 (a)-(d) SEM image and the corresponding EDS maps of the obtained ACT/NiS»-
graphene-0.5 composite; (e) Relative element ratio of C, O, S, Ni in the ACT/NiSz-graphene
composite; (f) XRD pattern of ACT/NiS2-graphene composite.

Figure 4.8 (a) BET measurement-isothermal curve of ACT/NiS2-graphene composite; (b) BJH

pore size distribution of ACT/NiS,-graphene composite.

Figure 4.9 (a) Schematically illustration of the assembled flexible lithium-ion battery; (b) Initial
cyclic voltammogram profiles of ACT/NiSz-graphene; (c) Initial charge/discharge voltage-specific
capacity curves of porous ACT/NiSz-graphene at 0.01 C; (d) Cyclic voltammogram profiles of
ACT/NiS,-graphene after 10 charge/discharge processes; (e) 10" charge/discharge voltage-
specific capacity curves of ACT/NiS2-graphene at 0.01 C.
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Figure 4.10 (a) 20", 50" 150" and 400" charge/discharge voltage-specific capacity curves of
ACT/NiSz-graphene at different chare/discharge rates; (b) Cyclic voltammogram profiles of
ACT/NiSz-graphene after 400 charge/discharge processes; (c) Nyquist plots of ACT/NiS-
graphene at the 1% and 100" charge/discharge processes; (d) Cycling and rate performance of
porous ACT/NiSz-graphene, inset is the open circuit potential of the assembled flexible battery
cell under bent state; (e) 1% (0.1 C), 5" (0.1C), and 15" (0.3C) charge/discharge voltage-specific
capacity curves at normal state and the 50" charge/discharge voltage-specific capacity curve at the
bent state of the flexible cell; (f) the cyclic performance of the flexible cell at normal and bent
states; Insets of (c) and (e) are optical photograph of a yellow light-emitting diode (LED) lighted

by the assembled flexible cell under normal and folded states, respectively.

Figure 4.11 SEM images of ACT/Ni-graphene composite electrode after repeated
charge/discharge processes at normal and bent states, cross-section (a,b) and surface with the

amplified region (c,d).
Figure 5.1 Schematic illustration of the fabrication process of hollow ACT/S-rGO composite.

Figure 5.2 Nitrogen adsorption/desorption isotherms (a) and pore size distribution (b) curves of
the prepared ACT. Nitrogen adsorption/desorption isotherms (c) and pore size distribution (d)
curves of the prepared porous ACT treated by KOH.

Figure 5.3 (a) Digital photograph of a commercial cotton T-shirt, and a piece of ACT under normal
and folded state, showing its excellent flexibility; (b) SEM image of ACT, inset is the TEM image
of ACT; (c) SEM image of ACT fiber, inset is the amplified cross-section of ACT fiber. (d) SEM
image of ACT/S composite; (e) the amplified SEM image ACT/S composite; (f) AFM height
image of graphene oxide nanosheet; (g,h) SEM images of ACT/S-rGO composite at different
magnifications; (i) TEM image of graphene oxide (GO) nanosheet, inset is the HRTEM image and
SAED of rGO nanosheet.

Figure 5.4 (a-d) EDS maps of the obtained ACT/S composite; (e) Relative element ratio of C, O,
S in the ACT/S composite; (f) XRD pattern of the used S and its corresponding standard peaks.

Figure 5.5 (a) Raman spectra of ACT, GO, and ACT/S-rGO; (b) XRD patterns of the cotton textile,
ACT, ACT/S composite; (c) XRD patterns of GO and ACT/S-rGO composite.
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Figure 5.6 (a,b) TEM images of ACT/S at different magnifications; (¢) HRTEM image of ACT/S,
inset of d is the amplified region; (d) the corresponding FFT pattern of ACT/S; (e) Illustration of
the conversation of cotton textile to porous ACT; (f-h) SEM images of porous ACT treated with

KOH during the activation process.

Figure 5.7 (a) Initial charge/discharge voltage-capacity profiles of porous ACT/S graphene at the
current density of 0.1 mA cm2; (b) Initial charge/discharge voltage-capacity profiles of ACT/S-
rGO cathode with porous ACT interlayer at the current density of 0.3 mA cm2; (c) Nyquist plot
of ACT/S cathode; (d) Nyquist plots of ACT/S-rGO cathode with porous ACT interlayer.

Figure 5.8 (a) Initial cyclic voltammogram profile of ACT/S-rGO cathode without porous ACT
interlayer; (b) Nyquist plots of ACT/S-rGO cathode without porous ACT interlayer; (c) 4™, 8",
and 12"charge/discharge voltage-capacity profiles of ACT/S-GO without porous ACT interlayer
at different current densities; (d) Stepwise cycling performance of ACT/S-rGO cathode without

porous ACT interlayer and its Coulombic efficiency.

Figure 5.9 (a) Schematic illustration of the systematic effects of a Li-S battery with ACT/S-rGO
as a cathode and porous ACT as an interlayer to manipulate the “shuttle effect”; (b) 11", 21, 25%,
31" and 100" charge/discharge voltage-capacity profiles of ACT/S cathode at different current
densities; (c) 5, 10", 15", 30", 40" and 50" charge/discharge voltage-capacity profiles of ACT/S-
GO with porous ACT interlayer at different current densities; (d) Cyclic voltammogram profile of
ACT/S-rGO cathode with porous ACT interlayer after 50 charge/discharge cycles; (e) Stepwise
cycling performance of ACT/S cathode and its Coulombic efficiency; (f) Stepwise cycling
performance of ACT/S-rGO cathode with KOH-activated porous ACT as an interlayer and its

Coulombic efficiency.

Figure 5.10 (a) Schematic illustration of the assembled flexible lithium-sulfur battery; (b,c) Digital
photographs of a yellow light-emitting diode (LED) lighted by the assembled flexible Li-S cell
under normal and bent states, respectively; (d) The 1%, 5" and 25" charge/discharge voltage-
capacity profiles under the normal state and the 50" charge/discharge voltage-capacity profile
under a bent state of the flexible Li-S cell at the current density of 1.2 mA cm?; (e) Cyclic
performance of the flexible lithium cell under normal and bent states at the current density of 1.2

mA cm?.
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Figure 6.1 Schematic illustration of the synthesis of ACT@Fe/FesC nanoparticles
(ACT@Fe/FesC NPs) composite and its hybridization with sulfur to prepare ACT@Fe/FesC/S

composite.

Figure 6.2 (a,b) Scanning electron microscopy (SEM) images of the ACT@Fe/FesC NPs at
different magnifications; (c,d) Transmission electron microscopy (TEM) images of the
ACT@Fe/FesC NPs at different magnifications; (e,f) High resolution transmission electron
microscopy (HRTEM) images of the ACT@Fe/FesC NPs at different magnifications, inset of (f)
is the corresponding fast Fourier transform (FFT) pattern; (g) Selected area electron diffraction
(SAED) pattern of the ACT@Fe/FesC NPs; (h) Atomic force microscopy (AFM) height and
corresponding phase (i) images of ACT@Fe/FesC NPs.

Figure 6.3 XRD patterns of the as-prepared (a) cotton textile and activated cotton textile (ACT);
(b) ACT@Fe/FesC NPs and ACT@Fe/FesC/S composite.

Figure 6.4 (a,b) SEM images of the ACT@Fe/Fe3C/S composite at different magnifications; (c)
TEM image of the ACT@Fe/FesC/S composite; (d) HRTEM images of the core/shell
nanostructures in ACT@Fe/FesC/S composite with Fe/FesC NP core and multilayered graphene
shell; (e) the corresponding amplified region of (d); (f) HRTEM image of the ACT@Fe/FesC/S
composite with random distributed sulfur nanograins; (g) selected area electron diffraction (SAED)
pattern of the ACT@Fe/Fe3zC/S composite; (h) AFM height and corresponding phase (i) images
of ACT@Fe/Fe3C/S composite.

Figure 6.5 Raman spectra of the as-prepared ACT @Fe/FezC NPs and ACT @Fe/Fe3C/S composite.

Figure 6.6 (a-e) The EDS element mapping images of the ACT @Fe/Fe3zC/S composite and (f) the

elemental spectrum and the relative element ratio of C, O, S, Fe, scale bar 5 um.

Figure 6.7 (a) Close-up HRTEM image and (b) the corresponding elemental spectrum of the
ACT@Fe/FesC/S composite.

Figure 6.8 (a) Cyclic voltammogram (CV) profile of the prepared ACT@Fe/Fe3C/S cathode; (b)
18t 2nd 11t 215 315t and 61 charge/discharge profiles of ACT@Fe/FesC/S cathode at different
current densities (1 C = 3 mA cm™); (c) Electrochemical impedance spectroscopy (EIS) of the
prepared ACT@Fe/FesC/S cathode at 1%t and 600" cycle; (d) rate performance of ACT @Fe/FesC/S
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cathode at different current densities in the first 50 cycles; (e) stepwise cycling performance of
ACT@Fe/FesC/S cathode and its Coulombic efficiency; (f) XRD pattern and SEM images (g-i) of
the ACT @Fe/FesC/S cathode after the cyclic tests.

Figure 6.9 (a) The initial charge/discharge curves of the ACT@Fe/FesC/S composite; (b) Cyclic
and Coulombic efficiency of the ACT@Fe/FesC/S composite.

Figure 6.10 Digital images of the ACT/S composite (a) and ACT@Fe/Fe3C/S composite (b)
electrodes during the first discharge cycle in the liquid cell at the current density of 0.1 mA cm™;
(c) Hlustration of the possible polysulfides trapping mechanism by introducing of Fe/FezC NPs in
the ACT@Fe/FesC/S cathode.

Figure 7.1 (a) Schematic illustration of the formation processes of Co-Al LDH nanostructure on
the ACT,; (b) Photographs of a cotton T-shirt, a piece of ACT and a piece of ACT under folded
state; (c-e) SEM images of Co-Al LDH nanosheets on ACT fibers at different magnifications.
Scale bars, 20 um for (c), 5 um for (d) and 1 pm for (e).

Figure 7.2 (a) TEM image of Co-Al LDH (scale bar, 1 um), inset is the illustration of LDH; (b-

d) HRTEM images of Co-Al LDH and the corresponding SAED pattern. Scale bars, 10 nm for b,
5 nm for c and 5 1/nm for d; (e) Schematic illustration of the molecular structure of Co-Al LDH,;
(f) XRD patterns of ACT/Co-Al LDH and the standard peaks of Co-Al LDH (JCPDS # 510045).

Figure 7.3 (a) SEM image of ACT (scale bar, 250 um), inset is the amplified SEM image (scale
bar, 5 um); (b) SEM image of graphene oxide, inset is the AFM image of graphene oxide
nanosheets (with a height profile showing a step of 1.1 nm marked by the red arrows); (c,d) SEM
images of ACT/graphene composite at different magnifications (scale bars, 10 um for c and 2 pm
for d), insets of d are the HRTEM image (scale bar, 5 nm) and corresponding SAED pattern of
graphene nanosheets; (e) Schematic illustration of the ACT fiber with graphene coating, inset is
the TEM image of ACT fiber (scale bar, 25 nm); (f) XRD patterns of pure cotton textile, ACT,
ACT/graphene oxide, and ACT/graphene composite.

Figure 7.4 Raman spectra of ACT/graphene oxide (a) and ACT/graphene (b) composites.

Figure 7.5 (a) CV curves of the ACT, ACT/graphene, and ACT/Co-Al LDH electrodes with the
6 M KOH electrolyte in the potential window of -0.2-0.6 V at a scan rate of 25 mV s™%; (b)
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Charge/discharge curves of the ACT, ACT/graphene, and ACT/Co-Al LDH electrodes with the 6
M KOH electrolyte in the potential window of 0-0.44 V at a current density of 2.5 A g%; (c) CV
curves of ACT/Co-Al LDH electrode with the 6 M KOH electrolyte in the potential windows of -
0.2-0.6 V at different scan rates; (d) Charge/discharge curves of ACT/Co-Al LDH electrode with
the 6 M KOH electrolyte in the potential windows of 0-0.44 V at different current densities.

Figure 7.6 (a) CV curves of ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al
LDH symmetric cells as well as ACT/Co-Al LDH//ACT/graphene asymmetric cell with
PVA/KOH polymer gel electrolyte in the voltage window of 1.0 V at a scan rate of 25 mV s%; (b)
Charge/discharge curves of ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al
LDH symmetric cells as well as ACT/Co-Al LDH//ACT/graphene asymmetric cell with
PVA/KOH polymer gel electrolyte in the voltage window of 1.6 V at a current density of 12.5 mA
cm? (X-axis has been transformed to time/mass, based on the mass of the electrode); (c) CV curves
of ACT/Co-Al LDH//ACT/graphene asymmetric cell with PVA/KOH polymer gel electrolyte
under the voltage windows of 1, 1.2, 1.4 and 1.6 V at the scan rate of 25 mV s, respectively; (d)
CV curves of ACT/Co-Al LDH//ACT/graphene asymmetric cell with PVA/KOH polymer gel

electrolyte in the voltage windows of 1.6 V at different scan rates.

Figure 7.7 (a) Charge/discharge curves of ACT/Co-Al LDH//ACT/graphene asymmetric cell; (b)
Specific capacitances and Coulombic efficiency of the ACT/graphene//ACT/graphene and
ACT/Co-Al LDH//ACT/Co-Al LDH symmetric cells as well as ACT/Co-Al LDH//ACT/graphene
asymmetric cell; (c) Ragone plots of the ACT/graphene//ACT/graphene and ACT/Co-Al
LDH//ACT/Co-Al LDH symmetric cells as well as ACT/Co-Al LDH//ACT/graphene asymmetric
cell; (d) Nyquist plots of the ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al
LDH symmetric cells as well as ACT/Co-Al LDH//ACT/graphene asymmetric cell; (e)
Representative charge/discharge curve of ACT/Co-Al LDH//ACT/graphene asymmetric cell; (f)
Cyclic performance of the ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al
LDH symmetric cells as well as ACT/Co-Al LDH//ACT/graphene asymmetric cell with
PVA/KOH polymer gel electrolyte.

Figure 7.8 (a) The digital photograph of the assembled flexible asymmetric cell under normal state;
(b) The digital photograph of the assembled flexible asymmetric cell under folded state,
demonstrating its excellent flexibility.
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Figure 7.9 (a) Schematic illustration of the roll-to-roll manufacturing process for integrating a
flexible solar cell with the supercapacitor into a self-sustaining power pack; (b) Digital photograph
of the assembled solar cell/supercapacitor hybrid energy conversion and storage system, insets are
the photographs of the open circuit potential of the ACT/Co-Al LDH//ACT/graphene asymmetric
cell before charging and after charging with solar cell; (c) Charging curve of the ACT/Co-Al
LDH//ACT/graphene asymmetric cell with solar cell, and discharging curve of the ACT/Co-Al
LDH//ACT/graphene asymmetric cell at a current density of 5 mA cm?; (d) Digital photograph of
the assembled solar cell/supercapacitor hybrid power pack worked under the light, inset shows
schematically the working circuit connection; (e) Digital photograph of the assembled solar
cell/supercapacitor hybrid power pack worked without the light, inset shows schematically the

working circuit connection.
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Chapter 1. Introduction

1.1 Background and Motivation

Energy is one of the most important topics in the 21 century. Unfortunately, current power
supplies are mainly based on the non-renewable fossil fuels. With growing energy demand in many
urbanizing nations, particularly in India and China, the threat of depleting the planet’s fossil fuel
reserves is of increasing concerns. Therefore, it is essential to explore natural and renewable energy
sources, such as solar, wind, geothermal and tidal energy, in order to build a sustainable future [1].
Figure 1.1 shows a well-considered roadmap for the near future energy scenario, which
demonstrates the development trend of energy technologies with the goal of replacing fossil-based
energy through renewable energy sources [2]. However, one of the key issues in the application of
these renewable energy sources is their non-continuous and unstable power output. Therefore, it
IS necessary to develop efficient energy storage devices to mitigate the power fluctuations of
renewable energy source, making them become a reliable source of energy.

Tansistion to renewable

biomass conversion

Harvesting: Solar cell
Improving 1
2% 1 Conversion: Supercapacitors;
energy efficiency

: Batteries
|

Developing New Energy Techniques

I
| i
Energy Saving : Governing Tansition | Realizing Renewable
1 1

i B
' 4
Short Medium Long-term

Figure 1.1 Indicative roadmap of future energy scenario.

To date, batteries and supercapacitors have been proven to be the most effective
electrochemical energy storage devices for practical applications, which have completely
revolutionized our lifestyle by providing power for portable electronics. In the past decades,
significant progress has been made on the improvement of the performances of energy storage
devices, however, the current batteries and supercapacitors are still suffered from limited energy
density and power density, which cannot satisfy our increasing needs on high energy batteries.

Furthermore, these traditional energy storage devices are rigid and fragile and thus cannot meet
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the requirements of the next-generation flexible/wearable electronics. Therefore, it is imperative
to fabricate flexible energy storage devices with superior flexibility and durability for future

flexible/wearable electronics.

On the other hand, the rapidly swelling of electric vehicles (EVs) and portable/wearable
electronics market is straining the supply of raw electrode materials [3]. Considering their
combined detrimental effects of toxicity, non-renewable nature, and a limited supply of raw
materials used in current battery/supercapacitor technologies, material sustainability is another
critical consideration [4]. As the key components used in current batteries/supercapacitors, carbon
materials, such as graphite and activated carbon, are often derived from nonrenewable resources
under relatively harsh environments. Therefore, a different approach to battery material sourcing

is urgently required for continued sustainable development.

To tackle these ground challenges, in my Ph.D. research, I will focus on using natural
abundant cotton textiles to derive renewable, flexible and conductive carbon substrates at a low
cost, high throughput way for the design and fabrication of next-generation flexible energy storage
devices. The following key scientific questions will be investigated: (1) How to derive flexible
conductive substrates from natural abundant cotton textiles? (2) What are the fundamental
mechanisms behind the materials conversion? (3) How to improve their electrochemical
performance by well-defined materials design strategy? (4) What is the potential of these biomass-

derived renewable flexible substrates?
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Figure 1.2 (a) Schematic illustrations of working principles of LIB (charging) [5] and (b) a two-cell supercapacitor
made of nanoporous electrode and the corresponding EDL structure based at a positively charged electrode surface

[6].



1.2 Current Challenges of the Biomass-derived Carbon Materials for Energy

Storage Applications

Batteries and supercapacitors are currently the most widely used electrochemical energy
storage devices for power portable electronics, hybrid or electric vehicles (EVs), as well as
stationary and mobile instruments. In order to design a better battery or supercapacitor, we need
to thoroughly understand the energy storage mechanisms of different energy storage devices.
Figure 1.2 shows the different energy storage mechanisms for traditional lithium-ion batteries and
supercapacitors. Briefly, supercapacitors can store charge at the electrode/electrolyte interface via
electrical double layer or reversible faradic reactions, while lithium-ion batteries convert chemical
energy into electrical energy by exothermal redox reactions, in which lithium-ions are severed as
energy carrier, transporting back and forth between the anode and cathode during charge/discharge

processes [7].
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Figure 1.3 (a) Ragone plots for various electrical energy storage devices. Adapted from Simon et al. [8]; (b) Prediction
of next-generation high energy batteries. Adapted from Van Norrden. [9]

However, the energy density of traditional lithium-ion battery almost reaches its theoretical
limit, which cannot satisfy the increasing needs for higher storage capability, such as electric
vehicles and grid energy storage. At the same time, the poor power density of lithium-ion battery
also hinders battery’s further application in the fields that need fast power deliver, for example,
the accelerating and braking of electric vehicles. Therefore, it is in urgent need to develop next-
generation energy storage devices to provide higher energy storage and faster power deliver using
less or without using any nonrenewable graphite materials. In this context, high energy density
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lithium-sulfur batteries and high-power density supercapacitors have demonstrated the
unprecedented potential for next-generation energy storage devices that can directly address the

aforementioned challenges (Figure 1.3).

Even with so many merits, lithium-sulfur batteries and supercapacitors still encounter
many roadblocks for scale-up commercialization. For example, the insulating nature of sulfur and
the dissolution of polysulfide intermediates often lead to fast capacity decay of lithium-sulfur
system, on the other hand, supercapacitors have shown poor energy density. [10] To explore the
potential of the sulfur cathode, various carbon materials (including expensive nanostructured
carbons, such as CNTSs, graphene, and ordered porous carbon) with high conductivity and suitable
porosity have been used to host sulfur to leverage the poor conductivity of sulfur cathode and trap
the dissolved lithium polysulfides. [11-13] In addition, plenty of carbon materials ranging from
traditional activated carbons (ACs) to nanostructured carbons have also been used as electrode
materials for supercapacitors to push up their energy densities. [14] Unfortunately, the reserves of
graphite and petroleum coke-derived ACs are limited and non-renewable, and the mining process
is hazardous and contaminative, which brings an increasing pressure for high throughput
production of graphite-based lithium-ion batteries and traditional AC-based supercapacitors.
Furthermore, considering the increasing demands of energy storage devices for electronics and
EVs and the nonrenewable nature of the currently widely electrode (such as graphite and metal
cobalt), it is urgently needed to explore renewable alternative electrode materials for next-

generation supercapacitor and lithium-sulfur applications.

Ideally, we hope energy storage materials can be produced via simple, low cost and
environmentally friendly methods from renewable resources. Considering the whole cycle life of
carbon materials, from the precursor, manufacturing process, to the end-of-life, nature renders us
unlimited inspirations. On the other hand, biomass resources are recyclable and highly accessible
across the earth, which can be not only transformed into biofuel (e.g. bioethanol and biodiesel) to
replace the fossil fuels but also converted into renewable carbon materials by physical activation,
chemical activation or hydrothermal carbonization (HTC) methods [15-17]. In fact, various
biomass resources, including all kinds of wood and plant tissues, agricultural wastes, even
industrial wastes, and municipal wastes have been used as precursor materials to derive renewable

carbon materials with desired properties for both supercapacitors and batteries applications [18-



19]. However, due to the different microstructure and complicated composition of biomass
precursors, there is still lack of fundamental understanding of the conversation mechanisms of
biomasses to realize optimized microstructure, porosity, surface area and functionality of the final

renewable carbon materials.

1.3 Biomass Resources for Renewable Carbon Materials
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Figure 1.4 (a) Biomass resources in nature; (b) Various microstructures from biomaterials in nature; (c) Overview of
biological templates, placed on a length scale according to their critical dimensions. On the left-hand side are the
original biological structures, whereas on the right-hand side are the corresponding synthesized templated structures.
(b,c) Adapted from Zhou et al. [26]

Biomass materials, including all of the biologically produced materials, generally indicate
the living matters on earth. As shown in Figure 1.4a, the biomass resources are abundant, including
energy crops, agricultural crops, and their residues, wood and wood wastes, municipal wastes and
animal wastes, aquatic plants and algae. [20] Typically, biomass can store chemical energy
transformed from solar energy in the plant tissues by the photosynthesis process. Therefore,
biomass energy is also considered to be an important renewable energy source, like solar, wind,
hydroelectricity and geothermal, and more significantly, utilizing this energy will not add CO; into



the environment. [21] To date, energy from biomasses has been widely used to meet the increasing

energy needs, for instance, heating and cooling, electricity generating, and vehicle fueling.

Biomass materials not only can be directly used by burning or indirectly be used by
converting into liquid or gas fuel, such as bioethanol or biodiesel, [22] but also can be used to
derive many important chemicals, which is also a challenging topic in chemistry and biology for
green and sustainable utilization of biomass wastes. [23] Biochar and activated carbons are the
most common products from biomass materials. Briefly, biochar usually can be obtained by
burning or pyrolysis (low oxygen) of biomass materials, which often produced a highly porous
structure with high specific surface area. Such special porous structure is beneficial to absorbing
nutritive cations and anions for the growth of soil-beneficial micro-organisms, improving the
fertility of the soil and bringing great agricultural benefits. [24] ACs are another kind of by-
products that can be obtained from the pyrolysis of biomass materials, usually possessing high
specific surface area and rich porosity, which have been widely used for gas separation, water
purification, catalyst supports, electrodes for supercapacitor and fuel cells. [25] More interestingly,
biomass materials usually show intriguing structures, such as hierarchical organization, periodic
pattern, or some special nano-architectures, which endow them with certain unique functionalities,
such as anti-reflection, super-hydrophobicity, structural coloration, and biological self-assembly.
As illustrated in Figures 1.4b and c, [26] these amazing structures can be inherited by choosing
appropriate processes, producing morphology-controllable materials with structural specificity,
complexity, and unique functionality for energy and environment applications. [27] Although the
applications of biomass materials are different, the fundamental challenge is always the same -
how to improve performance by optimizing their structures. A thorough understanding of the
conversation mechanisms is needed to obtain high-performance chemical feedstocks which will

help us to solve those energy and environmental challenges.

1.4 Typical Methods and Mechanism for the Biomass Conversion

To date, various methods have been tried to obtain energy from biomass. Typically, all of
those methods can be grouped into two categories, namely thermochemical process (e.g.
combustion, gasification, and pyrolysis) and biochemical process (e.g. fermentation and anaerobic
digestion), which have been carefully summarized in previous report. [28] Pyrolysis is one
important form of energy recovery process, which has the potential to produce products of different
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kinds such as char, oil and gas. [29] During the thermal pyrolysis, the moisture and the volatile
matter contents of biomass are removed and the remaining solid char often displays properties
different from the pristine biomass materials. Therefore, the by-product char from biomass can be
used to produce various carbon materials including activated carbon, porous carbon, even
nanostructured carbons such as fullerenes, CNTs and graphene by well-designed synthesis routes.
[30-33] The texture and surface functional groups of the obtained carbon materials can be further
modified by employing appropriate activation methods and agents. [34] The final products from
biomass have demonstrated potential in various fields, including air pollution control, wastewater
treatment, catalyst support, hydrogen storage, and energy conversion and storage. Generally, there
are three major synthesis methods to obtain carbon materials from renewable biomass materials,
namely, physical activation, chemical activation and hydrothermal carbonization, based on
different experimental conditions and conversion mechanisms. The following section presents a

brief summary of these conversion methods.

1.4.1 Physical Activation
Physical activation is a widely used two-step process to activate carbon precursors, which

involves pyrolysis carbonization process of raw materials (below 1000 K) followed by a controlled
gasification process at relatively higher temperatures (>1150 K) in the presence of oxidizing gases
such as carbon dioxide, steam, air or their mixtures. [35] In the first stage of carbonization process,
raw materials were carbonized into chars with rudimentary pore structure in an inert atmosphere
at a moderate temperature. Figure 4a demonstrates the evolution of weight loss during the
carbonization process for three different lignocellulosic precursors: almond shells, olive, and peach
stones. [36] The three materials show very similar weight loss trend with increasing temperature.
Three distinct stages appear to exist: (I) fast weight loss between ~300 and ~470 K corresponding
to water loss; (1) slow weight loss between ~470 and ~770 K corresponding to the primary
pyrolysis, accompanying with evolution of most gases and tars as well as the formation of the basic
structure of char; and (I11) small weight loss in the range of ~770 -~1120 K, ascribing to the
consolidation of char structure. However, the char pores are often filled with disorganized carbon
from the decomposition of tars during the carbonization process, which in turn leads to inaccessible
pores and low specific areas, retarding its practical application. Therefore, a subsequent activation
process is necessary to enable the as-obtained chars undergone a partial and controlled gasification

process at a higher temperature to achieve a well-developed and accessible interconnected porous
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structure. The high-temperature activation process (~1100 - ~1250 K) helps to remove the
disorganized material while enabling the elementary crystallites exposed to activating agents,
facilitating porosity development.

Physical activation uses either CO- or H>O as an activation gas, which is clean and easy to
handle. [37] Rice husk, rice straw, corn cob, corn hulls, peanut hulls, pecan shells, coconut shells,
and almond shells have been used as raw materials to produce activated carbon materials by

physical activation method. [38-40]
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Figure 1.5 (a) Weight loss in carbonization of (A) almond shells, (0) olive stones, and (o) peach stones and evolution
of bulk density () for peach stones. Adapted from Reinoso et al. [36]; (b) Activation mechanism above 1000 K by
the penetration of metallic potassium into the lattice of the carbon, the expansion of the lattice by the intercalated
potassium, and the rapid removal of the intercalation from the carbon matrix. Adapted from Romanos et al. [41]; (c)
Transformation of various natural biomass-derived materials into activated carbons. Adapted from Wang et al. [16]

1.4.2 Chemical Activation

Chemical activation has been well established, which usually performs in a single step at
~700 - ~1200 K combining the carbonization and activation, with the precursor mixed with
chemical activating agents (ZnCl,, HsPOs4, KOH, K>CO3 etc.). [42-45] The porous carbon
materials from chemical activation often show a high specific surface area (>2000 m?g*) and large
pore volume. Compared with physical activation, chemical activation has several superior merits,
such as lower conversion temperature, shorter activation time, higher carbon yield, larger specific

surface area, and porosity.



It is noteworthy that, among various activating reagents for chemical activation, KOH is
the most popular one and has been widely used since 1978, because of its lower activation
temperature and higher yield. The KOH-activated carbons often exhibit well-defined pore size
distribution and super-high specific surface area (up to 3000 m? g?). [46] The activation
mechanism, however, is still not completely understood because of the involvement of various
experimental variables and different precursors. Here, we summarize state of the art of KOH-
activated carbons, with a focus on the activation mechanism. Generally, the reaction between KOH
and precursors starts from a solid-solid reaction, followed by a series of solid-liquid reactions,
while the potassium compound is eventually reduced to metallic potassium. The KOH activation
process below 1000 K, with petroleum coke as an example, can be expressed by the following

equations: [47]

2KOH — K,0 + H,0 (1)
C+H,0—>CO+H, (2)
CO+H,0-»CO, +H, 3)
CO, + K,0 - K,CO, 4)

6KOH + 2C — 2K + 3H, +2K,CO, (5)

In the initial stage, KOH is transformed into K2O via the dehydration reaction under 700 K (Eq. 1)
while the carbon sources are being consumed by the reaction between C and H20O with the emission
of CO; and H2 (Egs. 2 and 3). K2COs is formed via the reaction between K.O and CO; (Eq. 4).
When the temperature is increased to 900 K, KOH is consumed entirely by the reaction between
KOH and C, leading to the formation of metallic potassium (Eq.5).

K,CO, = K,0+CO, (6)

CO,+C—»2CO @)

K,CO,+ 2C — 2K + 3CO (8)

C+K,0— 2K +CO (9)
When the temperature is raised over 1000 K, the as-obtained K>COs starts to decompose to K.O
and COz (Eq. 6) and completely disappears at ~1100 K. At higher temperature (over 1000 K), CO-

is reduced to CO by consuming C (Eqg. 7), while K2CO3 and K-O also being reduced by C to form
metallic potassium (Egs. 8 and 9). The KOH activation appears to have three stages: (I) The



chemical reactions between potassium compounds and carbon (Egs. 5, 8 and 9), which are also
called chemical activation process, form carbon framework with porous network architecture; (1)
H>0 and CO> are mixed up to form hot steam at high temperature (Egs. 1, 3 and 6). This is a
physical activation process, facilitating the porosity development of carbon (Egs. 2 and 7); (111)
As demonstrated in Figure 1.5b, the as-formed metallic potassium diffuses into the carbon matrix
(Egs. 5, 8 and 9), resulting in the expansion of carbon lattices.

To date, various raw materials, ranging from traditional coal, pitches, cokes, peat, lignite
to renewable biomass precursors including different agricultural and forestry wastes (such as
corncob, rice husks, rice straw, sawdust, nut shells, wood, and barks) have been widely used for
the industrial production of activated carbons by chemical activation method. [48,49] Especially,
as demonstrated in Figure 1.5¢c, KOH-activated porous carbons from abundant natural biomass
sources, such as pig bone, fish scale, wheat flour, wheat straw, corncob, fungi, banana peel, pomelo

peel gelatin, have been prepared for the energy conversion and storage application. [50-58]

1.4.3 Hydrothermal Carbonization
In nature, peat or coal are usually transformed from biological materials under a long

natural chemical coaling process, which often takes place on the timescale of thousands to millions
of years. Inspired by such natural “coaling process”, efforts have made to chemically imitate the
carbon formation from natural biomass materials with faster chemical processes. Hydrothermal
carbonization (HTC) is, in particular, a promising method for transforming cellulose into coal-like
materials, which was firstly reported by Bergius in 1913 and further developed by Berl and
Schmidt in 1932. [59] Recently, HTC was used to derive various carbonaceous materials from
biomass materials under mild conditions at a relatively low temperature (< 500 K) with pure water
solution and self-generated pressure. [60] Compared with conventional physical and chemical
activation processes, hydrothermal carbonization has been recognized as an important alternative
to obtain carbon materials because of its low cost, mild synthesis conditions, and environmental
friendliness.

To gain a fundamental understanding of the HTC process, different carbohydrates, such as
glucose, hydroxymethylfurfural (HMF), xylose, furfural, sucrose, and starch, were used to obtain
carbonaceous materials under hydrothermal conditions at 180°C. [61] The chemical composition
and structure of the hydrothermal carbons were analyzed by 3C solid-state NMR, elemental

analysis and scanning electron microscopy (SEM). The gas chromatography-mass spectrometry
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(GS-MS) experiments were also used to analyze the side-products and unreacted species in the
residual liquid solution. It was demonstrated that all hexose sugars were finally condensed to
carbonaceous materials with similar structure and same chemical composition. Further
experiments showed that no matter what kind of starting materials (pure sugar or real-life biomass)
used, the outcomes of the hydrothermal carbonization process turned out to be similar in terms of
morphology and structure. Based on the aforementioned experiments, the basic reaction appears
to have three main steps: (1) dehydration of the carbohydrate to (hydroxymethyl)furfural; (2)
polymerization towards polyfurans; and (3) carbonization via further intermolecular dehydration.
Finally, spherical hydrothermal carbons were obtained in the final solution when the solution color
changed from brown to dark. The spherical carbons were decorated with numerous polar
oxygenated functional groups, providing the possibility of further functionalization and making
such materials more hydrophilic and easier dispersion in water.

HTC has been proven to be a low-cost process that derives porous carbonaceous materials
directly from biomass materials. [60] However, as compared to activated carbons, the HTC derived
carbonaceous materials exhibit fewer pores and low specific surface area, which is not desirable
for the applications such as catalysis, adsorption or energy storage, in which controlled porosity at
the nanometer-scale is preferred. Strives such as adding various templates (SPA-15) or additives
(KOH) during the HTC process [62,63] have been made to improve the porosity and specific
surface area of HTC-derived carbons.

1.5 Biomass-Derived Carbon Materials for Energy Storage Applications

Supercapacitors and batteries have been proven to be the most effective electrochemical
energy storage devices. [64] However, as the key components in those devices, traditional
electrode materials (e.g. graphite and inorganic compounds containing rare metals) are neither
renewable nor sustainable. In this context, renewable biomass and their derivatives are regarded
as promising alternatives to replace traditional non-sustainable electrode materials, because of
their intrinsic properties and advantages, such as environment-friendliness, natural abundance,
diverse structures, inherent mechanical strength, and flexibility, as well as their versatility to
hybrid with other functional materials. Many efforts have been devoted to developing sustainable
and high-performance electrode materials from biomass and their derivatives for energy

conversion and storage devices, [19,65] especially for supercapacitors with high power density
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and lithium-sulfur batteries with ultrahigh capacity. Renewable carbon materials derived from
biomasses have demonstrated huge potential in improving the electrode performance for both
supercapacitors and lithium-sulfur batteries. In fact, biomass-derived materials have been used as
separators, binders, and electrodes for both electrochemical capacitors and lithium-ion batteries.
[66] Below we present state of the art of biomass-derived carbon electrode materials for

supercapacitors and lithium-sulfur batteries.

1.5.1 Biomass-Derived Carbon Materials for Supercapacitors
Supercapacitors, also called ultracapacitors or electrochemical capacitors, have emerged

as promising energy storage devices for electronic devices and electric vehicles due to their
excellent power density, outstanding pulse charge-discharge performance, superior lifespan, and
low maintenance cost. [67] Based on charge-storage mechanisms, supercapacitors can be grouped
into two main categories: (i) electrical double layer capacitors (EDLCs), where an electrostatic
charge is accumulated at the electrode surface; (ii) pseudo-capacitors, where capacitance arises
from the fast and reversible surface redox reactions at the characteristic potential. [68] Electrode
material lies at the heart of developing high-performance supercapacitors. Carbon-based materials,
transition metal oxides/hydroxides, and conducting polymers have been regarded as the most
promising materials for supercapacitors. [69-72] It is noteworthy that carbon-based materials,
ranging from traditionally activated carbons to advanced nanostructured carbons (such as graphene
and CNTs) have been widely used for supercapacitor electrodes because of their desirable
physicochemical properties, such as high specific surface area, excellent chemical stability,
eminent electronic conductivity, and controllable porosity. [73] However, most of the commercial
carbon electrodes are produced from fossil fuel-based precursors (e.g. petroleum coke and coal),
which are expensive and nonrenewable. On the other hand, most of the nanostructured carbons are
prepared under harsh and complicated conditions, such as high temperature and high vacuum,
which are expensive and energy-consuming. From energy and environmental views, the
development of facile and environmental benign techniques for producing carbon electrode
materials is in urgent need. Efforts have been made to obtain renewable carbon materials from
biomasses or their byproducts. Those biomass-derived electrode materials often show encouraging
electrochemical properties, to a larger extent, comparable to activated carbons, carbon nanotubes,

carbon fibers, and graphene.
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Table 1.1 Summary of various biomass-derived carbon materials by different activation methods for supercapacitor

application as well as their specific surface area, pore volume, and specific capacitance

) o Specific Surface Area Pore Volume High

Ref. Biomass Resources Activation Method Electrolyte
(cm2g?) (cm®g?) cape

76 coffee endocarp physical activation 1050 05 H,S04 (1 M) 176
77 rubber wood sawdust physical activation 913 0.61 H,S04 (1 M) 138
78 oil palm physical activation 1704 0.89 — 150
79 firwoods physical activation 1016 0.747 NaNOjz (1 M) 105
79 pistachio shell physical activation 1009 0.667 NaNOs (1 M) 80
80 cherry stone ctivationKOH a 1100-1300 — H,S04 (2 M) 230
81 fish scale KOH activation 2273 2.74 KOH (7 M) 168
82 waste paper KOH activation 416 0.225 KOH (6 M) 160
83 water bamboo KOH activation 2352 111 KOH (6 M) 268
84 yeast cell KOH activation — — KOH (1 M) 330
85 fallen leaves KOH/K,CO; activation 2869 1598 KOH (6 M) 242
86 pin-cone KOH activation 3950 2395 Organic 198
50 pig bone KOH activation 2157 0.77 KOH (7 M) 185
87 willow catkins KOH activation 1586 0.78 KOH (6 M) 253
88 celtuce leaves KOH activation 3404 1.88 KOH (2 M) 421
89 waste tea-leaves KOH activation 2841 1.366 KOH (2 M) 330
90 sunflower seed KOH activation 2585 141 30wt.% KOH 311
91 ginkgo shells KOH activation 1775 o KOH (6 M) 178
92 cow dung KOH activation 1984 0.91 Organic 124
93 silk KOH activation 2494 298 Liquid ionic 242
94 human hair KOH activation 1306 0.9 KOH (6 M) 340
95 sewage sludge KOH activation 2839 265 Na;SOs (1 M) 379
96 wood saw dust HTC/KOH activation 2967 135 TEABF, (1 M) 236
97 hemicellulose HTC/KOH activation 2200-2300 1 H,S04 (05 M) 300
98 paper pulp HTC/KOH activation 2980 175 Organic 166
99 D-glucosamine HTC 598 0.3 H,S04 (1 M) 300
55 fungi HTC 80.08 0.496 KOH (6 M) 196
100 fungus HTC/KOH activation 1103 0.5 KOH (6 M) 360
101 bamboo waste HTC/KOH activation 1472 - KOH (6 M) 301
102 microalgae HTC/KOH activation 2190 0.94 LiCl (6 M) 200
103 watermelon HTC — . KOH (6 M) 333.1
105 hemp HTC/KOH activation 2287 1.45 liquid ionic 142
106 rice husk Microwave/ZnCI2 activation 1442 071 KOH (6 M) 243
107 peanut shell Microwave/ZnCI2 activation 1634 139 KOH (6 M) 245

To date, various biomass resources, including all kinds of wood and plant tissues,
agricultural wastes, even industrial wastes, and municipal wastes have been used as precursor
materials to prepare carbon electrodes for supercapacitors, and have gained increasing attention
due to their abundant availability and low cost. [74-76] The specific surface area, pore size
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distribution and final electrochemical performance of the obtained carbon materials are determined
by their biomass precursors and the adopted activation techniques. Here, we summarize state of

the art of the biomass-derived activated carbon materials and their applications in supercapacitors.

1.5.2 Biomass-Derived Carbon Materials for Lithium-Sulfur Battery
Lithium-sulfur battery, with an ultrahigh theoretical specific capacity of 1650 mAh g and

an energy density up to 2600 Wh kg%, is very promising for next-generation high-energy batteries,
especially for the application in fields that need higher energy deliver, such as electric vehicles,
and grid-scale stationary storage. More encouragingly, sulfur, as the key component in the lithium-
sulfur battery, is naturally abundant, low cost, and environmentally friendly. However, there are
still some critical challenges hindering the commercialization of lithium-sulfur battery, such as
low sulfur utilization, fast capacity decay, and poor cycling stability. All of the aforementioned
drawbacks result from the insulating nature of sulfur, dissolution of reaction intermediates (lithium
polysulfides) and large volume variation between sulfur and sulfides during the electrochemical
reaction process. [108] To date, various approaches, such as developing new electrolytes, [109-
111] modifying the separator, [112] protecting lithium anode, [113] as well as designing new
configuration, [114,115] have been adopted to mitigate the “shuttle effect” of polysulfides and
prolong cyclic life. Particularly, to improve the practical lithium-sulfur performance, many efforts
have been devoted to developing advanced sulfur cathodes, including adding advanced binder or
hybridizing sulfur with conductive host to improve conductivity, modifying surface chemistry or
introducing metal oxides with strong adsorption to retard the dissolution of polysulfides, inserting
interlayer to manipulate the “shuttle effects” of polysulfides, or designing nanostructure (yolk-
shell or hollow) to accommodate the volume change during electrochemical reaction process. [116]
Among various approaches, hybridizing sulfur with conductive carbon substrate to prepare C/S
composite has been proven to be the most effective method. [117] To date, various carbon
materials, such as microporous carbon, mesoporous carbon, hierarchical carbon with
interconnected pores, graphene nanosheets, carbon nanotubes, and hollow carbon fibers, have been
used to fabricate C/S composites because of their excellent conductivity, superior chemical
stability, and eminent mechanical robustness. [118]. For example, L.F. Nazar et al. [10] used
ordered mesoporous carbon (CMK-3) to encapsulate sulfur species within resident nanochannels
by a melting-diffusion method, which enabled the assembled CMK-3/sulfur composite with highly

improved electrochemical performance. Spherical ordered mesoporous carbon nanoparticles with
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high porosity were also employed to hold sulfur for lithium-sulfur battery with high initial
discharge capacity and good cyclic performance. [119] Unfortunately, the synthesis of these
porous carbon materials is often expensive and difficult to scale up, which hinders their practical
application. For example, ordered porous carbon materials are usually fabricated by elaborate
procedures with the use of expensive templates, including energy-consuming high-temperature
process and non-environmentally friendly corrosive acid treatment to remove the templates.
Therefore, it is in urgent need to develop facile, low cost conductive porous carbons to host sulfur.
Nature provides us with much inspiration. Since most of the biomass materials possess intriguing
hierarchically porous structures, which can be used as precursors to produce porous conductive
carbon materials through well-designed activation methods. These biomass-derived carbon
materials with well-defined porous structures are ideal sulfur hosts. More importantly, most of the
biomass precursors can be obtained from bio-wastes, which are often cheap, renewable,
environmentally friendly and commercially available. Recently, many efforts have been made to
design and produce hierarchically porous carbons from biomass precursors to prepare C/S
composites. For lithium-sulfur battery applications, these carbon/sulfur (C/S) composites are able
to manipulate “shuttle effects” for better stability, while larger pores to facilitate ion transportation
for improving rate performance. To date, all kinds of biomass precursors, such as pig bone, [120]
fish scales, [51] shrimp shell, [121] litchi shells, [122] olive stones, [123] cotton, [124] silk cocoon,
[125] bamboo, [126] wheat straw, [127] mango stone, [128] pomelo peels, [129] banana peels,
[130] gelatin, [131] cassava, [132] bark of plane trees, [133] starch, [134] have been widely
explored to prepare hierarchical porous carbons by well-designed carbonization processes. All of
these biomass-derived hierarchical carbons can be used as a conductive host of sulfur for lithium-
sulfur battery with improved electrochemical performances. For instance, Shaochen Wei et al.
[120] reported a unique hierarchical porous carbon derived from pig bone by KOH activation
method, which demonstrated a large BET specific surface area of 2157 m? g* and a high pore
volume of 4.18 cm?® g. The obtained hierarchically porous C/S composite exhibited a high sulfur
utilization, with a high initial capacity of 1265 mAh g and a well-retained capacity of 643 mAh
gt after 50 cycles, which was superior to that of the normal cathodes with compact structures.
Table 2 presents a brief summary of various biomass-derived carbon materials via different
activation methods for lithium-sulfur batteries together with their specific surface area, pore

volume and cyclic performance.
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Table 1.2 Summary of various biomass-derived carbon materials by different activation methods for lithium sulfur

battery application as well as their specific surface area, pore volume and cyclic capacitance

Biomass o Specific  Surface Pore Volume .
Ref. Activation Method Electrolyte Capacity
Resources Area (cm?g?) (cmig?)
. . 0.5M LiTFSI (1:1 DOL:DME) 0.4 M 98% afte
51 fish scales KOH activation 2441 1.69 )
LiNO; mAh g*)
. . . 50.8% af
120 pig bone KOH activation 2157 2.26 1 M LiClO (2:1 DOL:DME)
mAh gl)
. . 1M LIiTFSI (1:1 DOL:DME) 10wt%  70% afte
121 shrimp shell KOH activation 1917 0.882 )
LiNO; mAh g*)
o o . 51% aftel
122 litchi shells KOH activation 3164 1.88 1M LiTFSI (1:1 DOL:DME)
mAh g1)
. . 1 M LiCF3SO; (1:1 DOL:DME) with ~ 73% afte
123 olive stones KOH activation 587 — )
LiNO; mAh g)
o ) 4% afte
124 cotton KOH activation 1286 1.15 1M LiTFSI (1:1 DOL:DME)
mAh g?)
) . 0.5M LiTFSI (1:1 DOL:DME) 0.1 M 55% afte
125 silk cocoon KOH activation 3243 21 )
LiNO; mAh g1)
. 1 M LIiTFSI (1:1 DOL:DME) 0.1 M 42% afte
126 bamboo KOH/annealing 7918 0.380 )
LiNO; mAh g)
. 1 M LiTFSI (1:1 DOL:DME) 0.1 M 76% afte
127 wheat straw KOH activation 1066 0.62 )
LiNO; mAh g)
o 1 M LIiTFSI (1:1 DOL:DME) 1wt%  65% aftel
128 mango stone KOH activation 3334 217 i
LiNO; mAh g1)
o 1 M LiTFSI (1:1 DOL:DME) 0.1 M 59% afte
129 pomelo peels KOH activation 1533 0.837 )
LiNO; mAh g)
. 1 M LTFSI (1:1 DOL:DME) 1wt% 66% afte
130 banana peels KOH activation 2741 123 .
LiNO; mAh g?)
_ o 2 M LiTFSI (1:1 DOL:DME) 0.1 M 47% afte
131 gelatin KOH activation 2892.6 2.80 )
LiNO; mAh g)
o 1 M LiTFSI (1:1 DOL:.DME) 0.1 M 62% afte
132 cassava carbonization 13.80 0.015 i
LiNO; mAh g1)
. 1 M LiTFSI (1:1 DOL.DME) 0.1 M 52% afte
133 hark carbonization 528 0.72 )
LiNO; mAh g?)
. 1 M LiTFSI (1:1 DOL:DME) 0.1 M 74% afte
134 starch carbonization 949.85 3.14 .
LiNO; mAh g?)
o 1 M LiTFSI (1:1 DOL:.DME) 0.1 M 62% afte
135 soybean KOH activation 2690.3 134 i
LiNO; mAh g1)

1.6 Specific Research Objectives

In this dissertation, cotton textile, as the commonly overlooked everyday households, will

be chosen as the starting precursor materials to prepare renewable flexible conductive substrates
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for different energy storage systems. The primary objective is to derive flexible activated cotton
textiles and use them for the design of flexible energy systems. Based on different applications
and different emphases, the research objectives can be categorized into the following four aspects:
(1) Design of cotton textile enabled flexible supercapacitors; (2) Design of cotton textile enabled
flexible lithium-ion battery; (3) Design of cotton textile enabled flexible lithium-sulfur battery; (4)
Exploration of new polysulfides trapping mechanism; (5) Development of cotton textile enabled

self-sustaining solar/supercapacitor hybrid power pack.
Objective 1: Design of cotton textile enabled flexible supercapacitors

Supercapacitors (also known as ultracapacitors or electrochemical capacitors) have been
regarded as one of the most promising energy storage devices due to their high-power performance,
long lifespan, and low maintenance cost, which can fill the power/energy gap between the
traditional capacitors (with high power density) and batteries/fuel cells (with high energy density).
To date, however, textile-based energy devices are still lacking. Streamlined manufacturing
processes for integrating flexible energy storage devices with wearable electronics have not been
truly realized. Here, natural cotton textiles will be chosen as the precursor to prepare activated
cotton textiles (ACTs) with excellent conductivity and ideal flexibility. The ACT can be used as
the flexible electrode for the development of flexible supercapacitor. However, the pure ACT
electrode has been suffered from its limited capacity. In order to improve the electrochemical
performance of ACT-based flexible supercapacitors, high energy density metal oxide/hydroxide
active materials with delicate nanostructures, including core/shell NiCo.0s@NiC0.04, and
core/shell CoO@NIO will be in-situ decorated on the individual ACT fibers to construct high-
performance flexible supercapacitors with high electrochemical performance. The relationship

between microstructure and final electrochemical performance will be also explored.
Objective 2: Design of cotton textile enabled flexible lithium-ion battery

In addition to supercapacitors, lithium-ion battery is another important energy storage
device, which almost revolutionized our modern society in all aspects, especially for consumer
electronics and electric vehicles. In this thrust, the ACT will be explored as a flexible substrate to
construct next-generation flexible lithium-ion battery. A two-step strategy will be used to deposit
nanostructured NiS; with the bowl-like structure on ACT fibers. First, the cotton textile precursor

will be soaked with Ni(NOs)2 solution. After drying and annealing, the cotton textile will be

17



converted to flexible conductive ACT with homogeneously distributed nickel nanoparticles
(ACT/Ni). The flexible ACT/Ni will be further treated with sulfur to convert Ni nanoparticles to
NiS2 nanobowls. The whole conversion mechanism will be examined and explored. The
electrochemical performances of the as-prepared flexible ACT/NiS> electrode will be carefully
investigated. A flexible cell with ACT/NiS; as a flexible electrode will be assembled to

demonstrate its potential for flexible lithium-ion battery application.
Objective 3: Design of cotton textile-enabled flexible lithium-sulfur battery

Lithium-sulfur (Li-S) battery is very promising for the development of next-generation
high-energy battery because of its ultra-high theoretical capacity (~1650 mAh g1), outstanding
specific energy (~2654 Wh Kg%), natural abundance, as well as environmental friendliness.
However, Li-S battery encounters several roadblocks, including low sulfur utilization, severe
capacity fading, limited lifespan and poor Coulombic efficiency, which can be ascribed to the
insulating nature of sulfur and the dissolution of polysulfides. In this thrust, the flexible, conductive
and porous ACT will be employed as sulfur host to fabricate ACT/S cathode for the flexible Li-S
battery application. In order to mitigate the notorious “shuttle effect” of dissolvable polysulfides
and improve the performance of Li-S battery, graphene oxide (GO) coating and KOH-treated
porous ACT interlayer will be exploited to innovate the Li-S cell design. The flexible Li-S cell
will also be assembled to expand the potential of the ACT for the design of next-generation flexible

high-energy battery.
Objective 4: Exploration of new polysulfides trapping mechanism

The lithium-sulfur (Li-S) battery is a promising candidate for next-generation high-density
energy storage devices because of its ultra-high theoretical energy density and the natural
abundance of sulfur. However, the practical performance of sulfur cathode is plagued by fast
capacity decay and poor cycle life, both of which can be attributed to the intrinsic
dissolution/shuttling of lithium polysulfides. Cotton textile has been proven an excellent substrate
for the design of flexible lithium-sulfur batteries. However, the 200 cycles’ lifespan is not
promising for practical applications. Lithium-sulfur battery is still bothered by its poor lifespan.
Here, a new built-in magnetic field enhanced polysulfide trapping mechanism will be explored
and validated by introducing ferromagnetic iron/iron carbide (Fe/FesC) nanoparticles with a

graphene shell (Fe/FezC/graphene) onto a flexible activated cotton textile (ACT) fiber to prepare
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the ACT @Fe/FesC/graphene sulfur host. The novel trapping mechanism will be demonstrated by
significant differences in the diffusion behavior of polysulfides in a custom-designed liquid cell
compared to a ACT/S cathode. Furthermore, the electrochemical performances of the cell
assembled using the ACT@Fe/Fe3C/S cathode will be tested. The new magnetic field-enhanced
trapping mechanism provides not only novel insight but unveils new possibilities for mitigating

the “shuttle effect” of polysulfides, thereby promoting the practical applications of Li-S batteries.
Objective 5: Cotton textile-enabled self-sustaining solar/supercapacitor hybrid power pack

Solar cells hold huge promise as energy conversion devices for sustainable energy sourcing
due to their utilization of readily accessible solar energy; however, the output of solar cells is non-
continuous and unstable. Therefore, it is necessary to combine solar cells with compatible energy
storage devices to realize a stable power output. To this end, supercapacitors, as highly efficient
energy storage devices, can be integrated with solar cells to mitigate the power fluctuations. In this
thrust, we will firstly focus on developing a high-performance, cotton-textile-enabled flexible
supercapacitor. In order to simultaneously improve the energy density and power density of the
supercapacitor, an asymmetric cell design strategy will be employed with ACT/Co-Al layered
double hydroxide (ACT/Co-Al LDH) electrode as an energy source and ACT/reduced graphene
oxide (ACT/rGO) electrode as a power source. A commercial flexible solar cell will be hybridized
with the home-made flexible supercapacitor to construct a self-sustaining power pack via a roll-

to-roll manufacturing process.
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Chapter 2. Cotton Textile-Enabled Flexible Symmetric

Supercapacitors

2.1 Introduction

In modern society, energy is the lifeblood. To solve the issues of global warming,
environmental pollution, and the depletion of fossil-fuel, a worldwide imperative is to make
the use of sustainable and renewable energy. Numerous energy storage solutions, for
instance, mechanical, magnetic and chemical storage, are being intensively investigated to
harvest renewable energies, such as solar, wind, geothermal and tidal energy. [1] Batteries,
fuel cells, and electrochemical capacitors that can convert chemical energy directly into
electrical energy are the most effective technologies for practical electrochemical energy
storage and conversion. Recently, supercapacitors (also known as ultracapacitors or
electrochemical capacitors) have been regarded as one of the most promising energy
storage devices due to their high-power performance, long lifespan, and low maintenance
cost. [2] Most importantly, supercapacitors fill the power/energy gap between the
traditional capacitors (with higher power density) and batteries/fuel cells (with higher
energy density), [3] and have shown a great potential in transportation, electrical power,
electronics, and aviation. Much effort has been devoted to developing lightweight, flexible,
and highly efficient power devices to meet the urgent need of flexible/wearable electronics,
such as flexible cell phones, roll-up, and bendable displays, photovoltaic cells, artificial
electronics skin, and distributed sensors. [4]

However, previous research was mainly focused on the aqueous solution, organic
solution or ionic liquids, which usually brought serious package and safety problem. [5-8]
The possible leakage of highly toxic or corrosive electrolyte impedes its practical
application in portable/wearable electronics. [9] Solid-state supercapacitors, because of
their combined advantages, such as small size, ease of handling, robust mechanical
performance, excellent reliability and safety, wide operation temperature range and
extended working potential, have attracted more and more attention. [4] Flexible solid-state
supercapacitors usually consist of flexible electrodes, solid-state electrolyte, flexible

separator, and packaging material. As the most crucial functional blocks, flexible electrodes
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have attracted considerable attention. For instance, carbon materials, such as carbon
nanotubes (CNTSs), carbon cloth, graphene papers, and carbon fibers, have been intensively
investigated as the flexible electrodes due to their higher power density, longer life cycle,
outstanding mechanical robustness, and excellent electrical conductivity. [10-14] However,
the use of expensive CNTs or graphene to construct flexible electrodes will increase the
cost of the device. Another drawback of using CNTs or graphene is their relatively low
energy density. These two factors more or less hinder its widespread commercialization.

It is imperative to develop wearable energy storage systems for future flexible
electronics. To date, however, textile-based energy devices are still lacking. Streamlined
manufacturing processes for integrating flexible energy storage devices with wearable
electronics have not been truly realized. [15] Cotton textiles are the most widely used
natural fibers for soft and breathable clothing. In our previous work, we have successfully
converted a commercial cotton T-shirt into activated carbon textiles (ACTs) with high
conductivity and flexibility for flexible energy storage application. [16] By integrating
ACTs with MnO,, the textile-based flexible supercapacitors exhibited remarkably
enhanced electrochemical performance. To further improve the electrochemical
performance of carbon-based supercapacitors, pseudocapacitive materials (MnO>, [17,18]
NiC0204, [19] C0304, [20] NiO, [21] LDH [22] and conducting polymer [23,24]) have been
used to decorate the surfaces of carbon materials. However, due to the poor conductivity
and short ion diffusion path of pseudo-capacitive materials, the electrochemical reaction
process happens only on the very surface layer of the electrode, which limits the
contribution of the inner active materials to the total capacitance. [25] To make full
utilization of pseudocapacitive materials, an intelligent strategy is to compound two types
of materials or nanostructures on one conductive substrate with integrated hierarchical
architectures, which fully exploit the potential of individual materials and bring together
many competitive advantages, such as rich electroactive sites, easy accessibility of
electrolyte ions, short diffusion path, superior current collection efficiency and the
fascinating synergetic effect of different components. [26-29] For example, Guan et al.
[30] reported enhanced electrochemical performance (areal capacitance of 2.04 F/cm? at
the scan rate of 5 mV/s) from hierarchical Co304s@NiC0204 nanoforest on Ni-foam.

2

Daoping et al. [31] achieved a specific capacitance of 14.67 F/cm* from
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NiC020:@CoMo0O4 core/shell nanowire arrays. Yu et al. [32] demonstrated that
NiC0204@MnO; core/shell pseudocapacitors achieved a specific capacitance of 1.66 F/cm?.
Recently we fabricated Zn.SnO4/MnQO_ core/shell nanocables on carbon microfibers and
NiCo0204@NIiO core/shell nanostructure on carbon cloth for high-performance flexible
electrodes. [33,34] The drawback of the aforementioned core/shell structure is the high
contact resistance between the core and shell which are dissimilar materials. It remains a
great challenge to synthesize core/shell nanostructures of the same material due to the
difficulties in controlling the assembly and fusion of the core and the shell with pre-
designed morphologies. [35] Recently, ternary nickel cobaltite (NiC0204) has been
intensively studied as a high-performance electrode material for supercapacitors due to the
exceptional combination of its high electrical conductivity and electrochemical activity.
Several types of NiCo0204 nanostructures including 1D nanowire, [36] 2D nanosheet [37]
and 3D urchin-like microsphere [38] have shown great promise for supercapacitor
applications. Although the capacitive performance of various nanostructures has been
intensively investigated, there are rare reports about the integration of hierarchical
nanostructures comprised of the same material with different morphologies.

In this study, we synthesized hierarchical NiCo20s@NiC0204 core/shell nanostructure on
highly flexible and conductive activated carbon textiles (ACTs) which were converted directly
from cotton textiles. The conductive NiCo204 nanowires, radially anchored on the ACT fibers,
served as cores (backbones) to support the NiCo.04 nanoflake shells to form a hierarchical 3D
porous nanostructure of the same material. Such scaffold-like porous architecture served as a
reservoir for electrolyte ions, providing a highly electrolytic accessible surface area, robust
electrical connection to substrate and short ion diffusion path. The nanowire core and nanoflake
shell are of the same material, thereby eliminating the contact resistance between the core and the
shell, enabling a fast-reversible Faradaic reaction and full utilization of active materials during the
charge-discharge process. After dipped in polyvinyl alcohol (PVA)/KOH solid-state electrolyte,
the interspace of the NiCo204@NiCo204 core/shell scaffold-like architecture was completely filled
with gel electrolyte which concurrently served as a separator, not only improving the accessibility
of electrolyte ions but also intensifying the mechanical strength of the flexible electrode. The
fabricated flexible NiC020s@NiC0.04/ACT hybrid electrode achieved an exceptional

combination of electrochemical and mechanical properties in terms of specific capacitance (1929
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F/g), energy density (83.6 Wh/kg), power density (8.4 KW/kg), cycling stability, and mechanical
robustness (the tensile strength is 6.4 times higher than that of pure ACT). Such hierarchical
core/shell nanostructure of the same material on the cotton-enabled flexible substrate should
inspire us to develop flexible solid-state textile energy storage devices for future wearable

electronics.
2.2 Experimental Section

2.2.1 Preparation of Flexible NiC0204@NiC0204/ACT Electrode Activation of cotton textile

All the chemicals were of analytical grade (purchased from Sigma) and used without
further purification. A commercial cotton T-shirt was cleaned in distilled water prior to activation.
Activation of cotton T-shirt textile was performed following the previous report. [16] Briefly, a
piece of the pure cotton T-shirt was firstly dipped into 1 M NaF solution and kept for 1 h. The
dipped textile was then dried at 120 °C for 3 h. Finally, the dried, NaF-treated cotton textile was
inserted into a horizontal tube furnace and heated at 1000 °C for 1 h with a continuous argon gas
flow. After cooling down to room temperature, the as-obtained activated cotton textiles were

washed with distilled water to remove the residual NaF and then dried at 80 °C for 6 h.

2.2.2 Fabrication of NiC0204 nanowires on activated cotton textiles

NiC0204 nanowires were radically grown on the ACT fibers via a simple
hydrothermal process. Typically, 1.45 g of Ni(NO3)2-6H20, 2.91 g of Co(NO3)2-6H20, and
0.9 g of urea were dissolved in 70 mL of distilled water to form a pink-color solution. Then,
the solution was transferred into a 100 mL Teflon-lined stainless autoclave with a piece of
ACT (1 cm x 2 cm) vertically suspended in the solution. After that, the autoclave was kept
at 120 °C in an electric oven for 12 h. Finally, the as-synthesized products were taken out,
washed with ethanol and distilled water for several times, dried at 80 °C overnight, and
annealed at 400 °C in argon atmosphere for 2 h to produce NiC0204 nanowire/ACT. The
mass loading of NiC0204 nanowires on activated carbon textiles was measured to be 2.12

mg/cm?.

2.2.3 Coating NiCo0204 nanoflakes onto NiC0204 nanowires
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The shell layer of NiCo2.04 nanoflakes was prepared by a simple chemical bath
deposition process. [39] Typically, 2 mL of aqueous ammonia (25-28%) was added to the
mixture of 5 mL of 1 M nickel sulfate, 5 mL of 2 M cobalt nitrate, and 8 mL of 0.25 M
potassium persulfate to form chemical bath deposition solution. After that, the obtained
NiCo0204 nanowire/ACT was vertically placed in the fresh, chemical bath deposition
solution and kept for 10 min at room temperature for coating the Ni-Co hydroxide precursor
shell. After the deposition, the sample was rinsed with distilled water and then dried at
80 °C for 12 h in an electric oven. Finally, the obtained hybrid was further annealed at 400 °C
under argon protection for 2 h to obtain the flexible NiC020s@NiC0204/ACT electrode.
The mass loading of NiCo204@NiCo0204 on activated carbon textiles was measured to be

2.63 mg/cm?.

2.2.4 Characterization Methods

The crystallographic structure of the synthesized materials was determined by a
PANalytical X'Pert Pro Multi-Purpose Diffractometer (MPD) equipped with Cu K,
radiation (A = 0.15406 nm). The microstructure of the samples was characterized by
scanning electron microscopy (SEM; FEI Quanta 650) and transmission electron
microscopy (TEM; Philips CM 200 FEG, 160 kV). X-ray photoelectron spectroscopy
(XPS) measurements were performed using a PHI 5700 ESCA spectrometer with
monochromated Al KR radiation (hv = 1486.6 eV). All the XPS spectra were corrected by
the Cls line at 284.5 eV.

2.2.5 Fabrication and Electrochemical Characterization of Flexible All-Solid-State

Supercapacitors

The flexible supercapacitors were assembled with two pieces of flexible electrodes
(2 cm x 1 cm) face-to-face separated by the solid-state polymer electrolyte. The PVA/KOH
gel was prepared by mixing 3 g KOH and 6 g PVA in 60 mL deionized water and heated
to 80 °C under stirring until the solution became clear. A flat Petridish was used to prepare
a thin KOH/PVA film by a natural solidification process. Prior to assembly, the fabricated
flexible electrodes were first dipped into the gel electrolyte for 3 min to ensure that the
internal interspace of active materials was completely filled with the electrolyte. After
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solidified at room temperature, the solid-state flexible supercapacitor was fabricated with a
KOH/PVA film by mechanical pressing. The KOH/PVA film served as both the separator
and electrolyte.

The electrochemical characterization was carried out using a CHI 660E
electrochemical workstation. The comprehensive electrochemical properties of the as-
obtained products and assembled flexible supercapacitors were investigated by both three-
electrode and two-electrode electrochemical systems. For the three-electrode system, ACT,
NiC0204 nanowire/ACT, and NiC0204@NiC0204/ACT electrodes were directly used as
the working electrode, a platinum foil (1 cm x 1 cm) and a saturated calomel electrode
(SCE) were used as the counter and reference electrodes, respectively. The three-electrode
tests were carried out in 6 M KOH aqueous electrolyte at room temperature. Cyclic
voltammograms (CV), galvanostatic charge/discharge curves, and electrochemical
impedance spectroscopy (EIS) in the frequency range from 100 kHz to 0.05 Hz with an AC
perturbation of 5 mV were used to evaluate the electrochemical performance of the flexible
electrode. Asymmetric and symmetric flexible cells were also assembled by using ACT,
NiC0204 nanowire/ACT, and NiCo204@NiC0.04/ACT as the flexible electrodes,
conductive copper tape attached on the PET film as current collectors, and the as-made
solid-state polymer PVA/KOH gel film severed as both the separator and electrolyte
sandwiched between the two electrodes. The total electrode masses (including ACT) are
11.12 mg and 10.71 mg for the symmetric and asymmetric supercapacitors, respectively.

2.3 Results and Discussion

2.3.1 Structural and Morphological Characterization
Figure 2.1 shows the design wisdom and fabrication procedure of hierarchical

NiC0204@NiC0204 core/shell nanostructure on ACTs. In a typical experiment, NiC0204
nanowire arrays were first radially grown on ACT fibers using a facile hydrothermal
method, followed by a calcination process under argon protection (Step i). The
hydrothermally synthesized NiCo0204 nanowire arrays then served as the backbone for the
deposition of NiC0204 nanoflakes by a chemical bath deposition method (Step ii). Such a
hierarchical nanostructure (NiCo0204 nanowire core/NiCo204 nanoflake shell) on

conductive ACTs provides plenty of interspaces, which not only increase electrolyte ion
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accessibility but also short the transport path, jointly improving the electrochemical

performance.
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Figure 2.1 Illustration of the fabrication process of hierarchical NiCo,0s@NiCo0,04 core/shell nanostructure on
activated carbon textiles (ACTS).

The highly conductive and flexible ACTs were fabricated by direct conversion of a
commercial cotton T-shirt through a dipping, drying and curing process as described in our
previous report. Figure 2.2 Aa shows the digital photograph of a commercial cotton T-shirt,
which was used to prepare ACTs. Figure 2.2 Ab shows the digital photograph of a piece
of ACT, which is mechanically flexible even under folding state (Fig. 2.2 Ac) and highly
conductive (resistance ~10-20 Q sq). SEM image of ACT shows that the interwoven fibers
of activated textile have the diameters ranging from 5 to 10 p m, which inherit the cellulose
fiber architecture of cotton textile (Fig. 2.2 Ad). Fig. 2.2 Ae-f shows the morphology of
NiCo0204 nanowires hydrothermally grown on the surface of ACT. High-density of
NiCo204 nanowires, with the length of several micrometers and diameter of around 70 nm,
were radially aligned on individual ACT fibers, forming uniform nano-arrays with highly
open and porous structure. After the coupled chemical bath deposition and following-up
heat treatment, the surfaces of individual NiCo204 nanowires were uniformly decorated
with NiC0204 nanoflakes (Fig. 2.2 Ag-h). The cross-sectional and side-view images of the
NiCo0204@NiCo0204 core/shell nanoarchitecture (Figure 2.2 Ag and h) jointly reveal that
the tiny flaky NiC0204 nanosheets (< 10 nm) were densely anchored on individual NiC0204

nanowires. Of importance, the nanowire core and nanoflake shell are of the same material
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NiCo0204, thereby eliminating the contact resistance between the core and shell and
ultimately enhancing both energy and power densities. The tiny NiCo.04 nanoflakes render
a highly porous hierarchical architecture, which serves as a reservoir for electrolyte ions,

providing dense diffusion channels for energy storage.

Figure 2.2 (A) Optical photographs of (a) a commercial cotton T-shirt, (b) a piece of ACT and (c) a piece of ACT
under folding condition, showing its super flexibility; (d) SEM image of ACT, inset is the amplified SEM image; (e-
f) SEM images of NiCo.04 nanowires grown on the ACT microfibers by a hydrothermal method; (g) and (h) SEM
images of NiC0,04s@NiCo0.0. core/shell nanostructure on the ACT fibers, inset is the SEM image of
NiCo.0:@NiCo,04 nanoflake at high magnification. (B) EDS spectrum and element mapping images of C, O, Co
and Ni elements of NiC0,04 nanowire/ACT.

The chemical compositions of the NiCo204 nanowire/ACT were further analyzed
by energy-dispersive X-ray spectrometry (EDS) (Fig. 2.2 B). The Ni/Co atomic ratio is
10:19, which is close to the theoretical atomic ratio (1:2) of NiC0204, indicating that the
Ni-Co hydroxide precursors were entirely transformed into the NiCo204 after the heat
treatment, which agrees well with the XRD result (Fig. 2.4 b), confirming the ACT
microfibers were uniformly covered by the NiCo204 nanowire arrays. The structure and
morphology of Ni-Co hydroxide precursors, NiC020s nanowire/ACT and
NiC0204@NiC0204/ACT hybrids were further investigated by TEM. As illustrated in
Figure 2.3a, the Ni-Co hydroxide precursor nanowires have a smooth surface with a
diameter of about 50 nm and plenty of mesopores with the size of 2-4 nm inside individual
NiCo0204 nanowires (Fig. 2.3b). Such internal active surface areas further enhance the
pseudocapacitance. The mesoporous NiC0204 nanowires are anticipated to exhibit
unusually high electrochemical properties because of the high density of active sites and
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short electron transport path. [40] Clearly, such NiCo204 nanowires provide a unique
backbone for the design of hierarchal nanoarchitecture with the goal to further push up the
electrochemical properties. After the chemical bath deposition, the NiC0204 nanowires
were elegantly wrapped with leaf-like NiCo204 nanoflakes, forming a core/shell
hierarchical nanoarchitecture of the same material-NiCo0.04, with high porosity (Figs. 3c-
d). Figs. 2.3e and f show the HRTEM image and SAED pattern of the NiC0204@NiC0204
nanostructure. A grain boundary was observed between the core and shell, with the d-
spacing of 0.47 nm for the core and 0.28 nm for the shell, indicating different growth
direction. The different lattice direction and typical amorphous diffraction pattern (Fig.

2.3f) suggest that the NiCo20s@NiCo0204 nanostructure is a mixture of crystal and

amorphous phases, indicating poor crystalline in good agreement with the XRD results.
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Figure 2.3 (a) TEM image of Ni-Co hydroxide precursor naonwires; (b) TEM image of NiCo,0. nanowires grown on
ACTSs after the annealing process; (c) TEM image of NiCo,04@NiCo,04 core/shell nanostructure precursor; (d) TEM
image of NiCo,04s@NiCo0,0, core/shell nanostructure after the annealing process; (¢) HRTEM image of
NiCo20:@NiCo,04 nanostructure, inset is the amplified region; (f) Selected area electron diffraction (SAED) pattern
of NiC0204@NiCo,04 nanostructure.

The XRD patterns of the obtained ACT, NiC020s4 nanowire/ACT, and
NiC0204@NiC0204/ACT are respectively shown in Figure 2.4b. The peak at about 21° was
identified to be the amorphous carbon from ACTs. The diffraction peaks in the XRD
patterns of NiC0204/ACT and NiC0204@NiC0204/ACT can be indexed to the (111), (220),
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(311), (511) and (440) planes of the cubic NiC0204 phase (JCPDS card no. 20-0781). [41]
No foreign peaks were detected, indicating that both of the core and shell are pure NiC020a.
The diffraction peak of ACT at 21° is hidden in the relative intense diffraction peak (111)
of NiC0204 at 19° of the XRD patterns of the NiC0204/ACT and NiC0204@NiC0204/ACT.
The relatively weaker intensity of the NiCo0204 peaks in the hybrid NiCo0.04/ACT and
NiC0204@NiC0204/ACT indicates low crystallinity, which is beneficial for the
improvement of specific capacitance. [42] XPS measurements were performed to explore
the chemical states and compositions of the as-prepared NiC0204@NiC0204/ACT hybrid
(Figs. 2.4c and d). The cobalt 2p XPS spectra consist of two spin-orbit doublets at 781.9
eV and 797.8 eV, respectively, pointing towards Co?* and Co®*, and two shakeup satellites
at 786.9 eV and 803.8 eV (identified as “Sat.”) (Fig. 2.4c). Similarly, the nickel 2p XPS
spectra consist of two spin-orbit doublets at 872.8 eV and 855.7 eV, resulting from Ni?*
and Ni®*, and two shakeup satellite peaks at 879.8 and 861.3 eV (Fig. 2.4d). [43,44]

(c)

Intensity (a.u.)

Binding energy (eV) Binding energy (eV)

Figure 2.4 (a) Illustration of the assembled flexible all-solid-state asymmetric supercapacitor; (b) XRD patterns of
the as-obtained ACT, NiCo0,04 nanowire/ACT, and NiC0,04@ NiC0204/ACT; (c) Co 2p and (d) Ni 2p XPS spectra
of NiC0,0,@NiCo0,04/ACT.

2.3.2 Electrochemical Performance
The CV curves of the ACT and NiCo0204 nanowire/ACT hybrid at the scan rates of

5, 10, 25, 50, 75, 100 mV/s with the potential windows ranging from -0.2 to 0.5 V versus
SCE in 6 M KOH aqueous solution can be found in Figs. 2.5a and c in the Supporting

Information. The quasi-rectangular shape of CV curves for ACT (Fig. 2.5a) indicates ideal
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electrical double layer capacitive behavior. The CV curve of the NiCo204/ACT hybrid

shows a more complicated shape with two pairs of redox peaks, which correspond to

Faradaic redox reactions of NiCo0204 that can be expressed in the following equations. [45]
NiC0,0,+ OH™ + H,0 < NiOOH + 2CoOOH + 2¢~ (1)

CoOOH + OH™ < Co0, + H,0 +e (2)
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Figure 2.5 (a) Cyclic voltammetry (CV) curves of ACT at different scan rates in 6 M KOH aqueous solution; (b)
Specific capacitances of ACT at different scan rates derived from the CV curves; (c) CV curves of NiC020.
nanowire/ACT at different scan rates in 6 M KOH aqueous solution. (d) Specific capacitances of NiC0,04
nanowire/ACT derived from the CV curves.

The calculated specific capacitances from the CV curves can be found in Figs. 2.5b
and d in the Supporting Information. The specific capacitances of ACT electrode are 120,
85, 49.4, 33.1, 26.3, 22.3 F/g at the scan rates of 5, 10, 25, 50, 75, 100 mV/s, respectively,
while the specific capacitances of the NiC0204 nanowire/ACT are respectively 1679, 902,
550, 348, 301 F/g (based on the mass of NiC0204) at the scan rates of 10, 25, 50, 75, 100
mV/s. The remarkably improved capacitance of the NiC0204/ACT results from the high
pseudocapacitance of NiCo0204 nanowires. [46] The decay of specific capacitance with
increasing scan rate is due to the slow current accumulating process at low scan rates, which
enables full access of active pores/sites, corresponding to its pseudocapacitive feature.
Overall, the ACT electrode shows better rate performance while the NiCo204 nanowires
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possess high specific capacitance. The coupling of the ACT and NiCo0204 nanowires
renders the NiC0204 nanowire/ACT electrode higher electrochemical performance.

0.08

(a)

——1mAlm’
—— 2.5 mAlcm
——SmAlcm’
—— 10 mA/cm’
~—— 15 mA/cm’
< 20 mA/cm’

015

Current Density (A)

——50 mVis
TS mVis
~——=100 mV/s

T T T T T T T T 0.00 - T T T T T T T
05 04 03 02 01 00 -01 -02 0 1500 3000 4500 6000 7500 9000 10500 12000
Potential (Vvs. SCE) time (s)

2000 14
(€ To, (d)
1800 \0 12
s \
& 1600 \ -
. \ 10
8 .
£ 1400 o, _ 2
3 NG E 8
a 1200 3 R -
g i T ' 4
< 1000 L MO a1 .
2 .
g 800 \“ 411 -~
@» ]
600 ~o 244
400 ° : -

[ 3 6 9 12 15 18 2 o 2 4 & 8

10 12 14 16
Current Density (mAlcmz) Z' (ohm)

Figure 2.6 (a) CV curves of NiC02,0.@NiCo0,04/ACT at different scan rates in 6 M KOH aqueous solution;
(b) Galvanostatic (GV) constant-current charge/discharge curves of NiC0204@NiC02,04/ACT in 6 M KOH
aqueous solution at different current densities; (c) Specific capacitances of NiCo,04@NiC0204/ACT in 6 M
KOH agueous solution at different current densities; (d) Nyquist plots of electrochemical impedance spectra
of NiC0204@NiC0204/ACT in 6 M KOH aqueous solution in the frequency range of 100 kHz to 0.05Hz.

Figure 2.6a shows the CV curves obtained from the NiC0204@NiC02,04/ACT
electrode in 6 M KOH aqueous solution within the potential range of -0.2-0.5 V (vs SCE)
at different scan rates. Two pairs of peaks were found in each individual CV curve,
indicating that the capacitance is mainly based on the Faradaic redox reaction. The well-
retained shape of the CV curve with an increase in scan rate suggests that the porous
nanostructure of the NiCo204@NiCo0204/ACT hybrid electrode is indeed beneficial to the
fast redox reaction. Furthermore, it is evident that each curve at different scan rates keeps
similar redox couples, indicating the quasi-reversible and continuous faradic redox during
the charge/discharge processes. The galvanostatic charge/discharge curve (Fig. 2.6b) of the
NiC0204@NiC0204/ACT electrode at a low current density (1 mA/cm?) exhibits two
voltage stages which result from the pseudocapacitive feature of the electrode, agreeing
well with the aforementioned CV study. The specific capacitances of the
NiC0204@NiC0204/ACT hybrid electrode were calculated to be 1929, 1764, 1367, 1046,
771 and 576 F/g from the discharge curves at the current densities of 1, 2.5, 5, 10, 15 and
20 mA/cm?, respectively (Fig. 2.6¢). The well-defined hierarchical NiC0o204@NiC0204
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core/shell nanostructure increases the exposed active surface area for electrolyte and
provides an express-path for the diffusion of electrolyte ions, leading to the high mass-
specific capacitance. The small equivalent series resistance (ESR) (0.27 Q) and charge-
transfer resistance (Rct) (3.61 Q) obtained from the Nyquist plots of electrochemical
impedance spectra (EIS) (calculated by the method given in Ref 44) [47] of the

NiC0204@NiC0204/ACT electrode are supportive of the remarkable electrochemical

performance.
0.10 35
(a) (b) —=— ACT
008 30 —e— NiCoy04 nanowire/ACT
- —a— NiC0,04@NiC0,04/ACT
<
o 0] =< ] .
c
-0.05 4 £
© —ACT L.
——NiCo50, nanowire/ACT .
-0.10 4
——NiC0y04@NiCo0,4/ACT
* .l'\wr.wﬂ *
-0.1% T T T

T T T T T T T T
0.2 0.1 0.0 01 0.2 0.3 04 0.5 70 80 90 100
Potential (V vs. SCE)

¢) 9004 o o4
(c) ¥ TEEE L Lk ek B oy kS

)

=
2
2

0.40

700 4

a2 u @
s & o
s & &
Potential (V vs.SCE)

300 4

Specific Capacitance (Fig

0.00 -

200 A

5000 5100 5200 5300 5400 5500 5800 5700 5800
Time ()

100

T T T T T T
0 200 400 600 800 1000
Cycle Number

Figure 2.7 (a) Comparative CV curves of ACT, NiC020. nanowire/ACT and NiC0,04@NiC0.04/ACT at a
scan rate of 25 mV/s in 6 M KOH aqueous solution; (b) Comparative Nyquist plots of electrochemical
impedance spectra of ACT, NiC0,04 nanowire/ACT and NiC0,0:@NiC0;04/ACT in 6 M KOH aqueous
solution within the frequency range from 100 kHz to 0.05 Hz; (c) Cycling performance of
NiC0,0,@NiC0,04/ACT in 6 M KOH aqueous solution at a current density of 20 mA/cm?, inset is a part of
the charge/discharge curve of NiCo,04@NiCo,04/ACT during the GV constant-current test.

The CV curves and Nyquist plots of the ACT, NiCo0204 nanowire/ACT and
NiC0204@NiC0204/ACT electrodes are comparatively shown in Figure 2.7. The CV curve
of the ACT shows electrical double layer characteristics with a rectangular shape, while the
CV curves of the NiCo0204 hanowire/ ACT and NiCo204@NiCo0204/ACT electrodes exhibit
typical pseudocapacitive features with two pairs of redox peaks (Fig. 2.7a). Compared with
the ACT and NiCo204 nanowire/ACT electrodes, the larger integrated area of the current-

potential curves (Fig. 2.7a) and reduced charge-transfer resistance (Fig. 2.7b) of the
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NiC0204@NiC0204/ACT hybrid electrode indicate improved electrochemical performance,
which is attributed to the intriguing hierarchical core/shell architecture with a plethora of
internal mesopores, facilitating both mass and ions transport during the
charging/discharging process. Long lifespan is a key factor for evaluating the practical
application of supercapacitor electrode. Fig 2.7c shows the cyclic performance of the
NiC0204@NiC0204/ACT  hybrid electrode conducted by the galvanostatic
charge/discharge tests at a current density of 20 mA/cm? for up to 1000 cycles. The
NiC0204@NiC0204/ACT hybrid electrode exhibits a high specific capacitance and eminent
cyclic stability with an increase of capacitance for the initial 50 cycles and 3.98 % increase
after 1000 cycle tests, which are ascribed to the full exposure of active Ni and Co sites to
the electrolyte after the repetitive charge/discharge. The results obtained from the three
electrode test system jointly show that the NiCo204@NiC0204/ACT is an exceptional
supercapacitor electrode material in terms of high specific capacitance, excellent rate
performance, long lifespan, and low charge transfer resistance.

However, the three-electrode configuration could not fully reflect the real
electrochemical performance of an electrode in real-world applications, because only one
electrode contains the test material and the applied voltage and charge transfer across the
single electrode are markedly different from the two-electrode configuration. [48] To
examine the practical performance of the NiC0o204@NiC0204/ACT in a packaged cell, we
assembled both symmetric and asymmetric flexible supercapacitors. Here ACT was chosen
as the negative electrode to assemble a NiC020:@NiC0204/ACT//ACT asymmetric
supercapacitor, as illustrated in the inset of Figure 2.4a. The CV curves of the
NiC0204@NiC0204/ACT symmetric and asymmetric supercapacitors were collected at
different scan rates, as demonstrated in Figures 2.8a and b. The CV curves of both
symmetric and asymmetric supercapacitors exhibit nearly rectangular shape at slow scan
rates, corresponding to the excellent synergistic effect of the double-layer capacitive ACT
and pseudocapacitive NiCo0204. However, with the scan rate increases, the obvious
deviation from rectangularity of the symmetric supercapacitor suggests higher charge

transfer resistance and poor rate performance.

46



0.08 0.10
(a) i Symmetric (b) Asymmetric
0.04 0.05-
E 0.02 §
E 0.00 - § 0001
£ 5
3 0024 . jomwvis o
‘o4 - 25mVis -0.05+
o2k 50 mVis
006] + 100mvis
150 mVis 0104
0084 « 200mVis
00 02 04 06 08 10 00 02 04 0s 08 10
Voltage (V) Voltage (V)
0.9 09
(c) Symmetric (d)
08 0.8 Asymmetric
07 ——1 mAlkm’ A 07 ——1 mAlem®
———2.5 mA/cm ~———2.5mAlcm”
Sos —— S5 mAlem’ S 0.6+ ——SmAlem’
® ~———10 mAlcm® & ~——10 mA/cm’
05 3 05
g —— 15 mAlcm’ g | ——15 mA/em’
S o4 20 mAJem® S 041 - 20 mAfem’
0.3 0.3
0.2 0.2
0.1 0.1
0.0 T T T T 0.0+ | T T T T T T T T
0 500 1000 1500 2000 2500 3000 0 200 400 600 800 1000 1200 1400 1600
(e) 380 Time (s) o (f) 200 Time (s) 100
— — *
3 300+ h Coulombic efficiency 1% >S 150 o 5% * >
L - e *— c
8 %29 2 %2
g 250 \' 2 > ‘E“s 160 Coulombic efficiency é’
3 95wz 9. 970
o o
& 200 S a3 W ]
o ME® Q. 9% E
o \- o0 \ o
© 150 o Se 120 3
o Specific capacitance = |9 8% o\ 1% 8
i o § * Specific capacitance ° o
1004 & 02 1004 o
» »
504y T an 80— T T T T T 93
0 5 10 15 20 ] 4 8 12 6, 20
Current Density (mA/cmZ) Current Density mA/cm*)

Figure. 2.8 (a) CV curves of the symmetric supercapacitor with NiCo,04s@NiCo0,0./ACT as both the positive
electrode and negative electrode, PVA/KOH as polymer gel electrolyte; (b) CV curves of the asymmetric
supercapacitor with NiCo,04s@NiCo,04/ACT hybrid as the positive electrode, ACT as the negative electrode, and
PVA/KOH as polymer gel electrolyte, respectively; (c) Charge/discharge curves of the symmetric supercapacitor with
NiCo.0.@NiCo,04/ACT as both the positive electrode and negative electrode, PVA/KOH as polymer gel electrolyte;
(d) Charge/discharge curves of the asymmetric supercapacitor with NiCo,04@NiCo0.04/ACT hybrid as the positive
electrode, ACT as the negative electrode, and PVA/KOH as polymer gel electrolyte, respectively; (e) Specific
capacitances and coulombic efficiency of the symmetric supercapacitor with NiCo20,@NiCo0,04/ACT as both the
positive electrode and negative electrode, PVA/KOH as polymer gel electrolyte at different current densities; (f)
Specific capacitances and coulombic efficiency of the asymmetric supercapacitor with NiC020.@NiCo0,04/ACT
hybrid as the positive electrode, ACT as the negative electrode, and PVA/KOH as polymer gel electrolyte, respectively.

The constant current charge/discharge curves of the symmetric and asymmetric at
different current densities (1, 2.5, 5, 10, 15 and 20 mA/cm?) are shown in Figs. 2.8c and d.
The charge/discharge curves for both the symmetric and asymmetric supercapacitors are
almost symmetric with a small internal resistance (IR) drop, indicating a good
electrochemical capacitive characteristic and superior reversible redox reaction. Rate
capability and Coulombic efficiency are two important factors for evaluating the power
applications of supercapacitors. The corresponding specific capacitances for the symmetric
supercapacitor are 288 F/g at 1 mA/cm? and 131 F/g at 20 mA/cm?, showing 45.48% of
capacitance retention after the current density was increased 20 times (Fig. 2.8e). The

specific capacitances for the asymmetric supercapacitor are 179 F/g at 1 mA /cm? and 104
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F/g at 20 mA/cm?, respectively, and 58.1% of the capacitance is retained (Fig. 2.8f), suggest
better rate performance of the asymmetric supercapacitor, agreeing well with the CV results.
Compared with the symmetric supercapacitor, the asymmetric supercapacitor exhibited
relatively “poor” capacitance performance, probably due to the practical capacitance
mismatch of positive and negative electrodes. The initial Coulombic efficiency values of
the symmetric and asymmetric cells were calculated to be 92.01% and 94.3% at 1 mA/cm?,
respectively. The Coulombic efficiency of the symmetric cell quickly increased to the peak
value of 97.16%, immediately followed by a decrease and then a slow increase with the
increase of current density. For the asymmetric cell, the Coulombic efficiency exhibited a
fast increase at the initial stage and then a gradual increase up to 99.16%. The high
Coulombic efficiency helps enhance energy utilization efficiency and promote
electrochemical reversibility.

To further explore the potential of the asymmetric supercapacitor, the applied
voltage was extended to 1.6 V (Fig. 2.9a). The asymmetric cell exhibited a stable potential
window even at the high voltage window, which is essential for practical applications. Fig.
2.9c shows the GV curves of the asymmetric supercapacitor at different current densities.
The asymmetric cell exhibited a high capacitance retention 60 F/g At the current density
100 mA/cm?, indicating excellent rate performance. The EIS tests were carried out for an
in-depth understanding of the electrochemical behavior of the assembled symmetric and
asymmetric  flexible cells. The Nyquist plots of the ACT/ACT cell,
NiC0204@NiC0204/ACT//INiC0204@NiC0204/ACT symmetric cell, and
NiC0204@NiC0204/ACT//ACT asymmetric cell are compared in Fig. 2.9b. In the high-
frequency range, the intercept of the semicircle with the real axis represents the equivalent
series resistance (ESR), which includes the ionic resistance, the intrinsic resistance, and the
contact resistance at the electrode/current collector interface. [49] Clearly, the smaller
ESR of the NiC0204@NiC0204/ACT//ACT asymmetric cell results from the hierarchical
porous nanostructure of the NiC0204@NiC0.04/ACT electrode, which facilitates the
access of electrolyte ions to the active surface and shortens the ion diffusion path. A straight
line close to 90° was found for the asymmetric cell in the low-frequency range, indicating
a pure capacitive behavior and low diffusion resistance of electrolyte ions in the core of the
electrode. [50]
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Figure 2.9 (a) CV curves of NiC0204@NiCo,04/ACT//ACT asymmetric supercapacitor with PVA/KOH polymer gel
electrolyte under the voltage windows of 1, 1.2, 1.4 and 1.6 V at the scan rate of 50 mV/s; (b) Nyquist plots of the
ACT//IACT symmetric supercapacitor with PVA/KOH polymer gel electrolyte, NiC0o,0.@NiCo,04/ACT//ACT
asymmetric supercapacitor with PVA/KOH polymer gel electrolyte and
NiC020:@NiC0,04/ACT//NiC0,04@NiC0,04/ACT symmetric supercapacitor with PVA/KOH polymer gel
electrolyte; (c) charging/discharging curves of asymmetric supercapacitor with PVA/KOH polymer gel electrolyte at
different current densities; (d) Ragone plots of the as-assembled NiC0,04@NiC0,04/ACT//ACT asymmetric
supercapacitor with PVA/KOH polymer gel electrolyte, and NiCo,04@NiC0,04/ACT//NiC0,0,@NiCo,04/ACT
symmetric supercapacitor with PVA/KOH polymer gel electrolyte (inset is a red light-emitting diode (LED) lighted
by two asymmetric supercapacitors under folded state); (e) Radar plot of the symmetric supercapacitor and asymmetric
supercapacitor, inset is a lighted LED by two asymmetric supercapacitors connected in series; (f) Cycling performance
of NiC020:@NiCo,04//ACT asymmetric supercapacitor with PVA/KOH polymer gel electrolyte under normal, bent
and twisted state at a current density of 15 mA/cm? (inset is the SEM image of NiC0,0,@NiC0,04/ACT obtained
after 1000 cycles ).

Energy density and power density are crucial factors for evaluating the practical
application of supercapacitors. A good supercapacitor is expected to provide both high
energy density and high capacitance at high charge/discharge rates. The Ragone plots of
the all-solid-state flexible NiC0204@NiC0204/ACT//NiC0204@NiC0204/ACT symmetric
cell and NiC0204@NiC0204/ACT//ACT asymmetric cell are shown in Fig. 2.9d. As the
plots show, the values and trends of energy and power densities for both symmetric and
asymmetric cells are similar. For the symmetric cell, the energy density decreases from
51.6 down to 23.3 Wh/kg, while the power density increases from 144 up to 2943 W/kg.

Compared with the symmetric cell, the asymmetric cell shows higher energy density of
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83.6 Wh/kg at a high-power density of 800 W/kg and remains 21.16 Wh/Kg at the power
density of 8.4 kW/kg. Clearly, the asymmetric supercapacitor exhibits much higher power
density than that of the symmetric cell. The comprehensive performances for both
symmetric and asymmetric cells were compared in the radar plots in Fig. 2.9e, indicating
the synergistic effects of the ACT and hierarchical NiCo204 nanostructure.

A long cycling lifespan is another important requirement for supercapacitor
applications. The cycling stability of NiCo204@NiCo0204/ACT//ACT asymmetric cell was
evaluated by repeating the constant current charge/discharge test under different states
(normal, bent and twisted states) at a current density of 15 mA/cm? for 1000 cycles (Fig.
2.9f). The asymmetric cell showed an increase in specific capacitance at the initial normal
state, which is ascribed to the incomplete exposure of Ni and Co active sites to the gel
electrolyte. There is almost no specific capacitance loss after 1000 charge-discharge even
at the bent and twisted states, indicating excellent robustness and flexibility. The insets of
Fig. 2.9d and Fig. 2.9f show the digital photographs of the as-assembled flexible
supercapacitor packed with PET tape. To demonstrate its practical application, two pieces
of the as-assembled flexible all-solid-state cells in series were used to light a commercial
red LED (inset of Fig. 2.9e). Even in harsh conditions such as folded state (inset of Fig.
2.9d), the brightness of the lightened LED did not change, showing its robust functionality
and excellent flexibility. The inset of Fig. 2.9f is the SEM image of the
NiC0204@NiC0204/ACT electrode after 1000 cycles (without dipping polymer electrolyte
during the test). It can be seen that the morphology of the NiCo204@NiCo0204 core/shell
architecture well remained in the entire charge/discharge process, ensuring the excellent
electrochemical performance of the flexible electrode.

In real-world applications, flexible supercapacitors should be able to provide power
under harsh environments, such as wearable, bendable, stretchable or twisted states,
requiring that both the current collector and electrode have both flexibility and stability. To
enhance the mechanical robustness of a supercapacitor without sacrificing its flexibility, a
200 um thick transparent solid-state polymer electrolyte film was fabricated to severe as
both separator and electrolyte. Furthermore, the NiCo204@NiC0.04/ACT hybrid electrode
was coated with polymer electrolyte to further improve its mechanical performance. Fig.

2.10a shows the digital photograph of such prepared solid-state electrolyte film and
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polymer gel electrolyte. After dipped in the polymer electrolyte, the interspace of the
NiC0204@NiCo0204 core/shell was filled with gel electrolyte (Figs. 2.10b and c), which not
only improves the accessibility of electrolyte ions but also intensifies the mechanical
strength of the flexible electrode. Fig. 2.10 d shows the tensile stress-strain curves of the
pure ACT and NiCo0204@NiC0204/ACT hybrid electrode dipped with the polymer gel
electrolyte. Compared with the pure ACT, the tensile strength of the
NiC0204@NiC0204/ACT electrode dipped with polymer gel electrolyte increases to 0.97
MPa, which is 6.5 times higher than that of the pure ACT (0.15 MPa).

(a) (b)
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Figure 2.10 (a) Digital photograph of the as-prepared solid-state electrolyte film and polymer gel electrolyte; (b) and
(c) SEM images of the NiCo.0.@NiCo,04/ACT dipped with the polymer gel electrolyte; (d) Tensile stress-strain
curves of the NiCo20:@NiCo,04/ACT dipped with the polymer gel electrolyte and pure ACT, respectively.

Clearly, the design of the hierarchical NiC0.04@NiC0204/ACT core/shell
nanostructure with the mesoporous NiC0204 nanowires as “core” and upright grown flaky
NiCo0204 nano-sheets as “shell” on high conductive ACTs advances the development of
flexible textile supercapacitors. The high electrochemical performance of the
NiC0204@NiCo0204/ACT hybrid electrode is attributed to the following unique features of
the design. First, the activated carbon fibers serve as highly conductive backbones, allowing
for efficient current collection and rapid access of electrolyte ions to the surfaces of the
active materials. Second, the mesoporous NiCo0204 nanowires with high conductivity
directly grew on the conductive substrates, reducing the contact resistance between
electrode materials and charge collectors. Third, the ultrathin NiCo0204 nanoflakes well

wrapped around the NiCo0204 nanowires to form a porous nanostructure, which shortens
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the electrolyte ion diffusion path, and enables faster kinetics and higher utilization of active
material. More importantly, both core and shell are of the same material-NiC020a4,
eliminating the contact resistance of dissimilar materials. Finally, the polymer gel
electrolyte fully penetrated into the interspace of the core/shell nanostructure, which not
only highly increases accessibility of electrolytic ions, but also improves the mechanical
property of the NiCo204@NiC02.04/ACT hybrid, making it more suitable for practical
applications.

2.4 Conclusions

We have synthesized hierarchical NiCo,04@NiCo,04 core/shell nanostructure on flexible,
cotton activated carbon textiles (ACTSs) for supercapacitor electrodes using coupled hydrothermal
synthesis and chemical bath deposition process. The hierarchical NiCo.04 nanowire/NiC0204
nanoflake core/shell facilitated the access of electrolyte ions to the active surface and shortened
the ion diffusion path, concurrently enhancing charge efficiency and pushing up redox capacitance.
On the other hand, the activation of cotton textiles into porous, highly conductive ACTs with high
accessible surface area endowed the asymmetric flexible supercapacitor with high rate
performance. After dipped the flexible hybrid electrode with PVA-KOH solid-state gel which
served as both the electrolyte and separator, the assembled NiC0204@NiCo204/ACT//ACT
asymmetric supercapacitor exhibited not only high electrochemical performance in terms of high
specific capacitance, excellent cycling stability, remarkable energy density, and power density, but
also an exceptional mechanical robustness. The coupling of outstanding electrochemical
performance, superior flexibility, and excellent mechanical performance promises that such solid-
state textile-based supercapacitors should boost the practical application of the flexible power

source in the future portable/wearable electronics.
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Chapter 3. Cotton Textile-Enabled Flexible Asymmetric

Supercapacitors

3.1 Introduction

To solve the energy crisis in the 21% century, tremendous efforts have been devoted to
developing energy storage and conversion devices to meet the increasing demand for energy. [1,2]
Batteries, fuel cells, and electrochemical capacitors, which directly convert chemical energy into
electrical energy, have been proven effective for practical energy storage and conversion. Recently,
electrochemical capacitors (ECs) (also known as supercapacitors or ultracapacitors) are emerging
as very promising energy storage devices for flexible electronics and electric vehicles due to the
excellent combination of their electrochemical properties such as high-power density, good pulse
charge-discharge performance, long lifespan, and low maintenance cost. [3,4] However, compared
with lithium-ion batteries, supercapacitors often suffer from relatively low energy density, which
limits their practical applications. [5] Progress has been made in developing new electrode
materials with high surface area architectures for enhancing the electrochemical performance of
supercapacitors. [6-8] To date, various electrode materials including carbon materials, [9-12]
transition-metal oxides and hydroxides, [13-17] conducting polymers [18-21] have been explored

for supercapacitor applications.

It has been challenging to achieve joint improvements in all aspects of electrochemical
properties and performance. For example, carbon materials have higher power density and longer
lifespan, but lower capacitance and energy density. In contrast, transition metal oxides possess
higher energy density but relatively lower power density and poorer cyclic life due to their intrinsic
poor electrical conductivity and short diffusion distance (~20 nm), which limit the contribution of
the inner active materials to the total capacitance. [22] The electrochemical performance of an
electrode material depends strongly on the morphology and microstructure of the material. [23]
An intelligent approach to push up the electrode material’s performance is to create architectures
with the high specific surface area, which is anticipated to achieve a joint improvement in electrical
conductivity, specific capacitance, energy density and power density, and cyclic stability. [24] The
future of electronics will be flexible and wearable. Many attempts have been devoted to developing

safe, lightweight and flexible power sources to meet the urgent needs of flexible and wearable
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electronics. [25] However, to date, a streamlined manufacturing process for integrating flexible
energy storage devices with wearable electronics has not realized. Most of the reported flexible
electrodes were fabricated by depositing active materials on conductive carbon cloth, carbonized
or paper-like polymers. [26-28] Textile-based energy devices with outstanding mechanical
robustness and superior electrochemical performance are still lacking. It is challenging to fabricate
nano-architectures with pre-designed morphologies and tunable functions on flexible textile

substrates.

Recently, transition metal oxides have been widely investigated as pseudocapacitive or
“battery-type” Faradic electrode materials due to their good electroactivity, high theoretical
capacitance, low cost, and natural abundance. [29,30] However, the reported values are often much
lower than theoretically predicted capacities. To enhance the specific capacitance, cycle life and
rate performance of transition metal oxide electrodes, many efforts have been devoted to rationally
design of hetero-/homo-nanostructures. Fan et al. reported that core/shell CosOs@NiO hetero-
nanostructure deposited on nickel foam showed a specific capacitance of 853 F g at the current
density of 2 A g*. [31] Zhang et al. demonstrated that the enhanced electrochemical performance
of hierarchical Cos04@NiC0204 nanoforest on Ni-foam (areal capacitance is 2.04 F cm™ at the
scan rate of 5 mV s1). [32] Recently, the fabricated NiC0,04s@NiC0,04 homo-nanostructure on
flexible activated carbon textile also exhibited exceptional electrochemical performance. [33] In
those studies, the integrated hierarchical 3D porous structure, coupling two types of materials
and/or nanostructures on conductive substrates, brings together many competitive advantages such
as easy accessibility of electrolyte ions, rich electroactive sites, short ion diffusion path, superior
current collection efficiency and the fascinating synergetic effects of different components.
Among various transition metal oxides, Co3Os and NiO have aroused great interests because of
their high theoretical capacity (3560 F g and 2584 F g, respectively), good electronic
conductivity, favorable capacitive characteristics, and controllable size and morphology. [34] In
fact, CoO possesses a higher theoretical capacitance of 4292 F g1, which can be a better candidate
for supercapacitor applications.®* But until now, there are only fewer reports about the

nanostructured CoO and its nanocomposites for supercapacitor applications. [36,37]

Energy density and power density of supercapacitor are always contradictory each other.

Energy density can be enhanced at the sacrifice of power density by using pseudocapacitive
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transition metal oxides. To resolve such contradiction between energy density and power density,
an intelligent approach is to develop an asymmetric supercapacitor, which consists of a battery-
type Faradic electrode (as energy source) and a capacitor-type electrode (as power source). [38]
Carbon is the most widely used capacitor-type electrode material with high power density and
excellent rate performance due to its good electrical conductivity and often a high surface area in
its electrode architecture. [39] Among various carbon materials, two-dimensional (2D) single-
layered graphene has been recognized as an ideal candidate because of its high specific surface
area, superior electrical conductivity, high flexibility, outstanding mechanical properties, and
relative wide operation windows. [40] Graphene-based films and papers with three dimensional
(3D) porous structures have also been intensively explored for flexible supercapacitor applications.
[41-44]

Cotton is flexible, green and renewable and is the most widely used natural fibers for soft
and breathable clothing and textiles. [45] Our previous studies have shown that the activated
carbon textile (ACT) converted from a cotton T-shirt can be an excellent wearable platform for
flexible energy storage devices because of its lightweight, eminent flexibility, and excellent
conductivity. [46] In this paper, we report a new route for fabricating hybrid CoO@NiO nano-
architectures on the ACT with high surface area. Battery-type Faradic CoO nanostructures with
different morphologies (sheet-like, petal-like and urchin-like) were controllably synthesized on
ACTs by simply changing the reactant concentration during the hydrothermal process. We
unveiled that the electrochemical properties of CoO nanostructures are morphology-dependent.
The specific capacitance increased exponentially with the surface/volume ratio of nanostructures.
The architecture with higher surface area exhibits better electrochemical performance. Due to its
higher surface/volume ratio and better electrochemical performance, urchin-like CoO was further
chosen as a backbone to deposit NiO nanoflakes to construct a hierarchical core/shell CoOO@NiO
hybrid nanostructure. The hybrid CoO@NIiO nanostructured electrode with high surface area
enables fast charge accumulation and ion transport. For the negative electrode, we coated ACT
fibers with corrugated, high conductive graphene coating by a simple dipping, drying and reducing
process. The graphene coating, serving as a current “expressway”, bridged the electrolyte and
current substrate, ensuring higher current collection efficiency and faster ion transition. Finally,
the nanostructured core/shell CoOO@NiO/ACT (serving as the positive electrode), ACT/graphene
(serving as the negative electrode), and PVA-KOH gel (serving as both the solid-state electrolyte
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and separator) were assembled into a flexible all-solid-state (CoOO@NiO/ACT//ACT/graphene)
asymmetric supercapacitor, which synergically worked together to achieve an exceptional
combination of electrochemical properties in terms of working potential (1.6 V), energy density
(52.26 Wh kgl), power density (9.53 KW kg™?), and cycling stability (capacitance retention ratio
of 97.53% after 2000 cycles).

3.2 Experiment Section

3.2.1 Preparation of Flexible CoOO@NiO/ACT Positive Electrode
Fabrication of CoO nano-architectures on ACT with different morphologies

All chemicals were used after purchasing without further purification. A commercial cotton
T-shirt was cleaned by distilled water in ultrasonic bath prior to activation. Activation of cotton T-
shirt into ACT was performed following our previously established method. [33] CoO nano-
architectures of different morphologies were grown on ACT fibers via a simple hydrothermal
process. Typically, 0.01086 g of Co(NOz)2-6H20, 0.0269 g NH4F, and 0.1051 g of urea (the
concentration of reactants is named as 1 C) were dissolved in 70 mL distilled water. The resulting
solution was transferred into a 100 mL Teflon-lined stainless autoclave with a piece of the
vertically suspended ACT (1 cm x 2 cm) in the solution. Then, the autoclave was placed in an
electric oven at 120 °C for 5 h. Finally, the as-prepared products were washed with ethanol and
distilled water for several times, dried at 80 °C overnight, and annealed at 450 °C in argon
atmosphere for 2 h to produce CoO/ACT. To achieve different morphologies the reactant
concentration was varied from 1 C to 10 C. Sheet-like, petal-like, and urchin-like CoO
nanostructures were uniformly deposited on ACT fibers at the reactant concentration of 1 C, 5 C,
and 10 C, respectively.

Coating NiO nanoflakes onto urchin-like CoO nanowires

The screening on the as-synthesized CoO nanostructures showed that the urchin-like CoO
nanostructure exhibited superior electrochemical performance. To further enhance its
electrochemical properties NiO nanoflakes were deposited onto the urchin-like CoO nanostructure
by a simple chemical bath deposition process, forming hierarchical core/shell CoO@NiO
precursor. [47] Typically, 2 mL of aqueous ammonia (25-28%) was added to the mixture of 5 mL
of 1 M nickel sulfate, and 8 mL of 0.25 M potassium persulfate to form a deposition solution. The
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obtained urchin-like CoO/ACT was vertically dipped in the above solution and kept for 10 min at
room temperature. The obtained sample was rinsed with distilled water and then dried at 80 °C for
12 h. The as-prepared hybrid CoO@NiO precursor was further annealed at 450 °C under argon
gas protection for 2 h to realize a flexible hierarchical core/shell COO@NiO/ACT electrode.

3.2.2 Preparation of Flexible ACT/Graphene Negative Electrode

Graphite oxide was synthesized from natural graphite flakes by a modified Hummers
method. [48] The obtained graphite oxide was further exfoliated by ultrasonication in an ultrasonic
bath for 1 h to prepare graphene oxide. Then, the above graphene oxide solution was centrifuged
at 3000 rpm for 5 min to remove aggregates, forming a brown graphene oxide aqueous colloid
with a concentration of 4 mg mL™. A piece of ACT (1 cm x 2 cm) was then soaked with the clean
graphene oxide aqueous colloid. After drying at 60 °C for 6 h, the as-prepared ACT with graphene
oxide coating was carried out at 450 °C 1 h with argon/hydrogen mixture gas (v/v 90/10) for the
thermal reduction of ACT/graphene oxide to prepare a flexible ACT/graphene negative electrode.

2.3 Characterization Methods

The microstructure of the as-prepared samples was characterized by scanning electron
microscopy (SEM; FEI Quanta 650) and transmission electron microscopy (TEM; JEOL 2000FX),
high-resolution transmission electron microscopy (HRTEM, FEI Titan) and atomic force
microscopy (AFM; Nanoscope Illa). The crystallographic structure of the synthesized materials
was determined by a PANalytical X'Pert Pro Multi-Purpose Diffractometer (MPD) equipped with
Cu K, radiation (A = 0.15406 nm). Raman measurements were carried out by a Renishaw InVia

Raman microscope at 785 nm (with 5% Laser Power).

3.2.4 Fabrication and Electrochemical Characterization of Flexible, All-Solid-State

Asymmetric Supercapacitors

The asymmetric supercapacitors presented in this paper were assembled with two pieces
of flexible electrodes (positive and negative) face-to-face separated by the solid-state polymer gel
electrolyte. The polymer gel electrolyte was prepared by mixing 3 g KOH and 6 g PVA in 60 mL
deionized water at 80 °C while being stirred magnetically until the solution became clear. Both the
positive and negative electrodes were firstly dipped into the gel electrolyte solution for 3 min to

soak gel electrolyte. After solidified at room temperature, two pieces of flexible electrodes
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separated by the PVA/KOH gel film were used to assemble a flexible asymmetric supercapacitor.
The as-obtained solid-state polymer PVA/KOH gel film severed as both the separator and
electrolyte. The electrochemical properties of the assembled flexible asymmetric supercapacitors
were measured by using a CHI 660E electrochemical workstation. Cyclic voltammograms (CV),
galvanostatic charge/discharge curves, and electrochemical impedance spectroscopy (EIS) in the
frequency range from 100 kHz to 0.05 Hz with an AC perturbation of 5 mV were used to evaluate

the electrochemical performance of the flexible solid-state asymmetric supercapacitors.
3.3 Results and Discussion

3.3.1 Positive Electrode Materials

Sheet-like CoO

Core/Shell CoO@NiO
Petal-like CoO

A

Figure 3.1 Schematic illustration of the formation processes of CoO nanostructures of different morphologies and the
core/shell CoO@NiO nanocomposite on the ACT.

|=uuauxmpAH‘_J

l‘i

The specific capacitances of transition metal oxides are usually sensitive to the thickness
and mass of the active materials because of their poor conductivity. [49] An intelligent strategy to
enhance electrochemical performance of transition metal oxides is to tune their microstructure to
achieve large specific surface area. Figure 3.1 schematically illustrates the design and fabrication
procedure of CoO nano-architectures of different morphologies on ACT fibers. The morphologies
of CoO were found to be dependent strongly on the reactant concentration. Sheet-like, petal-like
and urchin-like CoO nano-architectures were uniformly anchored on individual ACT fibers at the
reactant concentration of 1 C, 5 C, and 10 C, respectively. Microporous transition metal oxide
nanowires often possess higher conductivity and more active for energy storage applications.

Therefore, the hydrothermally synthesized urchin-like CoO nanoarrays were chosen as the
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backbone (core) for the deposition of NiO nanoflakes (shell) by a simple chemical bath deposition
method. Finally, a hierarchical core/shell COO@NiO

Figure 3.2 (a-c) SEM images of sheet-like CoO on ACT fibers at different magnifications; (d-f) SEM images of petal-
like CoO on ACT fibers at different magnifications; (g-h) SEM images of urchin-like CoO on ACT fibers at different
magnifications.

heterogeneous nanostructure with plenty of interspaces was closely anchored on the ACT fibers,
which can be directly used as the binder-free flexible electrode. Importantly, the absence of
conductive agent and polymer binders could effectively avoid the “dead volume” of active
materials during the energy storage procedure. Such unique 3D hierarchical nanostructure not only
enhances the contact between active material and substrate but also shorts the ion transport path

and facilitates the continuous charge transfer, jointly improving the electrochemical performance.

Three different types of CoO nanostructures grown on ACT fibers were prepared by
coupled hydrothermal and annealing processes. The morphologies and microstructure of CoO
nano-architectures on ACT fibers are shown in Figure 3.2. As shown in Figures 3.2a-c, at the
relatively low reactant concentration of 1 C, ACT fibers were uniformly covered by vertically
grown CoO nanoarrays with cross-linked porous structure. Upon increasing reactant concentration
up to 5 C, petal-like CoO nanosheets were assembled together to form flower-like nanotrees,
closely anchored on the surfaces of ACT (Figures 3.2d-f). Those hierarchical nanotrees were
uniformly distributed on individual ACT fibers to form a thick nanoforest, which provides larger
surface areas for ion attachment, improving electrochemical performance. Interestingly, when the
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reactant concentration was increased up to 10 C, urchin-like CoO nanospheres with interconnected
CoO nanowires were jointly grown on ACT fibers to form open porous nano jungles with plenty
of interspaces (Figures 3.2g-i). Such special nano-architecture possesses a higher surface/volume
ratio and reaction activity, thereby enhancing its electrochemical performance. The chemical
reactions involved in the hydrothermal synthesis and post-annealing process can be expressed with
the following equations: [50,51]

Co” +F~ — CoF* (1)

Co(NH,), +H,0 - NH, +CO, (2)

CO, +H,0 - HCO, +H* 3)
HCO,” -»CO* +H" 4)
NH,-H,0 — NH," +OH" ()
CoF* +0.5C0O,* +OH ™ +0.11H,0 — Co(CO,),s(OH)-0.11H,0 + F~ (6)
CoF* +0.5CO,* +OH ™ +0.11H,0 — Co(CO,),s(OH)-0.11H,0 + F~ ©)

The morphological change with the reactant concentration can be explained by the
interplays of the nucleation rate, the growth rate of the nucleus and Ostwald-Ripening mechanism.
[52] From the viewpoint of nucleation rate, the lager reactant concentration should result in a
higher nucleation rate. Thus, much more nuclei formed in the solution at high reactant
concentration. At the relatively low reactant concentration, a small number of CoO precursor
nuclei first formed on the surface of the ACT, and grew slowly, leading to CoO precursor
nanosheets vertically grown on the ACT. With further increasing reactant concentration, a large
number of nuclei formed at the initial stage, the growth of nuclei and the aggregation of particles
were both promoted. According to the Ostwald-Ripening mechanism, [53] small particles were
absorbed by the relatively large ones, therefore a higher density of urchin-like CoO precursor

nanospheres was synthesized at the high reactant concentration during the hydrothermal process.
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20 nm

Figure 3.3 (a-b) SEM images of core/shell CoO@NiO nanostructure on ACT fibers at different magnifications; (c)
TEM image of core/shell CoO@NiO precursor; (d-f) TEM and HRTEM images of core/shell CoO@NiO
nanostructure, inset of (f) is the corresponding FFT pattern.

Ordered 1D CoO nanowires are thought to possess good electrochemical properties
because they have easier electron transport paths and larger active interfacial sites. Therefore,
urchin-like CoO nanosphere architecture was chosen as a backbone (core) to deposit a layer of
NiO nanoflakes (shell). Figures 3.3a-b show the morphology of the as-prepared urchin-like
CoO@NIiO core/shell nanostructure on ACT fibers. The CoO nanowires have an average diameter
of ~70 nm and the length up to ~5 um. After the chemical bath deposition, uniform NiO nanoflakes
were grown on the entire framework, forming a conformal NiO coating on the surface of CoO
nanowires. The interconnected NiO nanoflake shells with a thickness of ~30 nm were uniformly
decorated on the CoO backbone. The TEM images (Figures 3.3c-d) clearly reveal the details of
such core/shell COO@NIiO nanostructure. After the heat treatment, mesopores with the size of 2-
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4 nm appeared on the CoO nanowires (Figure 3.3e), which are anticipated to exhibit high
electrochemical properties due to the high density of active sites and short electron transport path.
The tiny NiO nano-flakes decorated on CoO nanowires render highly porous hierarchical
nanostructure, which serves as a reservoir for electrolyte ions, providing dense diffusion channels
for ion transport. Figure 3.3f shows the HRTEM image and corresponding FFT pattern of the
core/shell CoOO@NIiO nanostructure. A clear grain boundary between the core and shell is apparent,
with the interplanar spacings of 0.22 nm and 0.15 nm for the cubic phase CoO core, and 0.28 nm

for the NiO shell, respectively.

a: Sheet-like CoO 4 CoO % NiO
b: Petal-like CoO

c: Urchin-like CoO

d: Core/Shell CoO@NiO
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Figure 3.4 Typical XRD patterns of sheet-like CoO (a), petal-like CoO (b), urchin-like CoO (c) and the as-prepared
hierarchical core/shell CoO@NiO nanocomposite (d).

Figure 3.4 shows the typical XRD patterns of the obtained sheet-like, petal-like, urchin-
like CoO/ACT and the hierarchical core/shell CoOO@NiO/ACT composite. The diffraction peaks
of sheet-like CoO/ACT, petal-like CoO/ACT, urchin-like CoO/ACT can be indexed to the (111),
(200), and (220) planes of the cubic CoO phase (JCPDS card no. 44-0962). Interestingly, not only
the morphologies of the obtained CoO nano-architectures changed but also the crystallinity
increased with increasing reactant concentration. The deposition of NiO shell on the urchin-like
CoO/ACT significantly enhanced the diffraction intensity. However, it is difficult to differentiate
the feature diffraction peaks among CoO and NiO (JCPDS card no. 65-2901), due to the similarity

of their cubic crystal structures.
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3.3.2 Negative Electrode Materials
Graphene has been regarded as a promising electrode material for energy storage and

conversion due to its high surface area and superior conductivity. To further exploit its potential
for a flexible electrode, graphene-based films/papers and 3D porous graphene structures have been
widely used to overcome the re-stacking and aggregation of graphene nanosheets. In this study, a
flexible ACT coated with graphene nanosheets was used as the negative electrode to construct

asymmetric supercapacitors.

(a)

Figure 3.5 (a) Optical photographs of a cotton T-shirt, insets are a piece of ACT and a piece of ACT under folding
state, showing its high flexibility; (b) SEM image of ACT, inset is the amplified SEM image; (c and d) SEM images
of ACT coated with graphene sheets; (€) AFM image of graphene oxide with highlighted profile; (f) TEM image of
graphene oxide nanosheet, inset is the TEM image of ACT.

Negative ACT/graphene electrode material was obtained by dipping ACT in a graphene

oxide solution. ACT was prepared by direct conversion of a cotton T-shirt, as shown in Figure
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3.5a. After activation, ACT was mechanically flexible even under folding state (inset of Figure
3.5a) and highly conductive (surface resistance: ~10-20 ohm/sq). Figure 3.5b is the SEM image of
a piece of activated cotton textile, showing that the interwoven fibers of ACT inherit the cellulose
fiber structure of cotton textile with the diameters ranging from 5 to 10 um (inset of Figure 3.5b).
After dipping ACT in the graphene oxide solution, individual ACT fibers were wrapped with
single layered, curled and entangled graphene oxide sheet with a thickness of ~1.1 nm (Figures
3.5e and f). In the reduction process, reduced graphene oxide sheets were restored and conjugated,
inducing partial overlapping or coalescing via n-x stacking or hydrogen bonding and consequently
resulting in an interconnected 3D network (Figures 3.5¢c and d). [54,55] Interestingly, the ACT
fibers also showed porous structure, as revealed by TEM image (the inset of Figure 3.5f). The
coalesced and twisted graphene nanosheets randomly wrapped porous ACT fibers, forming a
porous conductive ACT/graphene composite which serves as electron “highway” and collector.
Such well-defined 3D porous structure is anticipated to facilitate electrolyte ion diffusion and
electron transport in the rapid charge/discharge process, which in turn will improve the overall

energy density of the cell.

Figure 3.6a shows the XRD patterns of cotton textile, ACT, ACT/graphene oxide and
ACT/graphene. After activation, cotton’s (101), (002) and (040) peaks [56] disappeared, instead
ACT exhibited a broader diffraction peak around 21°, pointing toward amorphous carbon. The
ACT/graphene oxide exhibited a peak at 8.8°, corresponding to the (001) lattice plane of graphene
oxide with a d-spacing of 0.78 nm. This indicates that graphite was completely exfoliated to single
layered graphite oxide. [57] The peak at 8.8° disappeared for the ACT/graphene, indicating the
complete reduction of graphene oxide to graphene. [58,59] Raman spectroscopy is an important
nondestructive tool for characterizing graphitic materials, especially the ordered and disordered
crystal structures of graphene. [60] The Raman spectrum of graphene usually can be characterized
by two main feature bands: the G band arising from the first order scattering of the E1g phonon of
sp2 C atoms at about 1575 cm™ and the D band arising from a breathing mode of point photons of
Alg symmetry at about 1350 cm™. [61] Compared with ACT/graphite oxide, an increased Ip/lc
ratio of the ACT/graphene was observed (Figure 3.6b), indicating that the oxygen functional
groups in graphene oxide sheets were removed and the conjugated graphene network (sp? carbon)
was also reestablished during the heat reduction process. [62] The increase in the intensity ratio

(Io/lg) is believed to result from the reestablishment of graphene network during the annealing
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process, suggesting a relatively smaller average size and more defects and disordered structures
than that of the original graphite oxide. [63,64] The results jointly demonstrate that most of the
oxygen-containing groups have been successfully removed during the heat reduction process,

which is consistent with the XRD data.
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Figure 3.6 (a) Typical XRD patterns of cotton textile, ACT, ACT/graphene oxide and ACT/graphene; (b) Raman
spectra of ACT/graphene oxide, and ACT/graphene.

3.3 Electrochemical Performance

A flexible asymmetric supercapacitor was constructed by two electrodes (1 x 2 cm?)
cemented with the PVA-KOH gel serving as both the solid electrolyte and separator, as
schematically illustrated in Figure 3.7a. The as-prepared CoO/ACT with different morphologies
and the hierarchical core/shell CoO@NiO/ACT were used as positive electrodes, whereas
ACT/graphene was used as the negative electrode. The electrochemical performances of the
asymmetric supercapacitors were investigated by cyclic voltammetry (CV) and galvanostatic
charge/discharge and electrochemical impedance spectra (EIS) measurements under a two-

electrode system.
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Figure 3.7 (a) lllustration of the assembled flexible all-solid-state asymmetric supercapacitor; (b) CV curves of sheet-
like CoO/ACT//ACT/graphene asymmetric supercapacitor with PVA/KOH polymer gel electrolyte under the voltage
windows of 0.8, 1.0, 1.2 and 1.4 V at the scan rate of 50 mV s%; (c) CV curves of petal-like CoO//ACT/graphene
asymmetric supercapacitor with PVA/KOH polymer gel electrolyte under the voltage windows of 0.8, 1.0, 1.2 and 1.4
V at the scan rate of 50 mV s%; (d) CV curves of urchin-like CoO//ACT/graphene asymmetric supercapacitor with
PVA/KOH polymer gel electrolyte under the voltage windows of 0.8, 1.0, 1.2 and 1.4 V at the scan rate of 50 mV s;
(e) CV curves of core/shell CoO@NiO//ACT/graphene asymmetric supercapacitor with PVA/KOH polymer gel
electrolyte under the voltage windows of 1, 1.2, 1.4 and 1.6 V at the scan rate of 50 mV s™*; (b) CV curves of core/shell
CoO@NIiO//ACT/graphene asymmetric supercapacitor with PVA/KOH polymer gel electrolyte under the voltage
windows of 1.6 V at different scan rates.

Figures 3.7b-d show the CV curves of CoO/ACT//ACT/graphene asymmetric
supercapacitors with the PVA/KOH polymer gel electrolyte under the voltage windows of 0.8, 1.0,
1.2 and 1.4 V at the scan rate of 50 mV s™%. It can be seen that the working voltage for those
CoO/ACT/IACT/graphene asymmetric supercapacitors can be extended to 1.4 V, which is
essential for practical application. Compared with the sheet-like CoO/ACT cell, the CV curves for
the petal-like and urchin-like CoO/ACT cells showed better rectangularity, suggesting lower
charge transfer resistance and better rate performance. Although the shape of CV curves for the
petal-like CoO/ACT cell and urchin-like CoO/ACT cell are similar, the integrated area based on
the CV curve of the urchin-like petal-like CoO/ACT cell is larger than that of the petal-like
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CoO/ACT cell at different potential windows, indicating a higher capacitance for the urchin-like
CoO/ACT cell. Therefore, the urchin-like CoO/ACT nanowire was further selected for the
fabrication of hierarchical porous core/shell CoO@NIO/ACT composite electrode for high-
performance flexible supercapacitors. Figure 3.7e shows the CV curves of the flexible all-solid-
state core/shell CoO@NIiO/ACT//ACT/graphene asymmetric supercapacitor at the different
voltage windows, performed at the scan rate of 50 mV s™*. Compared with the CoO/ACT cells with
different CoO nanostructures, the fabricated core/shell CoO@NiO/ACT//ACT/graphene
asymmetric cell showed combined pseudo-capacitive and electric double-layer capacitive
behaviors, even at a high working potential up to 1.6 V. Therefore, the operation potential window
was chosen as 1.6 V for the core/shell COO@NIO/ACT to further evaluate its supercapacitor
performance. Figure 3.7f shows the CV curves of the CoO@NiO/ACT//ACT/graphene
asymmetric cell at different scan rates ranging from 50 to 250 mV s at the operation window of
1.6 V. Apparently, all the curves exhibit a similar shape, and the current density increases with
increasing scan rate, indicating stable reversibility and excellent rate performance. The charge
storage is ascribed to the Faradaic redox reactions of CoO and NiO in the PVA-KOH electrolyte
as follows: [65,66]

4C00 +40H~ — 2H,0 + 2C0,0, + 4e~ (8)

NiO +OH ™~ — NiOOH +e" (9)

However, unlike traditional pseudo-capacitive electrode, the CoO@NiO/ACT//ACT/graphene
asymmetric cell displayed a quasi-rectangular CV geometry, indicating an electrochemical double

layer capacitor behavior.

Figure 3.8 shows the typical galvanostatic charging/discharging curves of the different
morphological CoO/ACT//ACT/graphene and core/shell CoO@NiO/ACT//ACT/graphene
asymmetric supercapacitors at different current densities. The cell voltage of the as-fabricated
CoO/ACT is 1.4 V, while the cell voltage can be expanded to 1.6 V (from 0 to 1.6 V) for the
core/shell CoOO@NIO/ACT//ACT/graphene asymmetric cell without showing obvious IR drop,
which could be attributed to the small internal resistance. The specific capacitances for the sheet-
like CoOO@NIO/ACT, petal-like CoOO@NIO/ACT, urchin-like CoO@NiO/ACT and core/shell
CoO@NIiO/ACT asymmetric cells at the current density of 10 mA cm are 106, 135, 138, and
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147.6 F g%, respectively. The large specific capacitance, symmetric charging/discharging curves
and the good linear relationship could be ascribed to the synergistic effects of the hierarchical
CoO@NIiO nanostructure and the electrochemical double layer capacitance of ACT/graphene,

indicating excellent electrochemical capacitive characteristic and superior reversible redox
reaction.

16 16
(a) —— 5 mAlcm’ (b) —— 10 mAlcm’
1.4 —— 10 mAfem’ 14 —— 25 mAlem®
—— 25 mAlem’ —— 50 mA/em®
1.2 —— 50 mAlcm’ 1.2 —— 75 mAlem®
75 mAlem’ S :
1.0 ;1_0 100 mAicm
E' =
@
o 08 D08
g s
S 064 Sose
2 >
0.4 0.4
0.2 0.2
0.0 T T T T T 0.0+ T T T T T
0 100 200 300 400 500 0 50 100 150 200 250 300
Time (S) Time (S)
(C)1 4 —— 10 mA/em’ (d)1.s —— 10 mA/cm’

—— 25 mAlem’

—— 50 mA/em’
2

~——T75 mAlcm 1.2

100 mA/cm

—— 25 mAlcm®
—— 50 mA/cm”
——75 mAlcm’

100 mA/em’|

0.8 ‘

Voltage (V)

0.6

T T T T T t T T T T
0 50 100 150 200 250 300 0 100 200 300 400 500
Time (S) Time (S)

Figure 3.8 (a) Charging/discharging curves of sheet-like CoO/ACT//ACT/graphene asymmetric supercapacitor with
PVA/KOH polymer gel electrolyte at different current densities; (b) Charging/discharging curves of petal-like
CoO/ACT//ACT/graphene asymmetric supercapacitor with PVA/KOH polymer gel electrolyte at different current
densities; (c) Charging/discharging curves of urchin-like CoO/ACT//ACT/graphene asymmetric supercapacitor with
PVA/KOH polymer gel electrolyte at different current densities; (d) Charging/discharging curves of core/shell

CoO@NIiO/ACT//ACT/graphene asymmetric supercapacitor with PVA/KOH polymer gel electrolyte at different
current densities.

Rate performance and Coulombic efficiency are also important factors for real power
application. To further evaluate the potential of the core/shell CoOO@NiO/ACT//ACT/graphene
asymmetric cell for practical application, the galvanostatic charge/discharge tests were carried out
at different current densities ranging from 10 to 100 mA cm (Figure 3.9a). The corresponding
specific capacitances for the asymmetric supercapacitor are respectively 147.6 F g™t at 10 mA cm
2 and 86.7 F g at 100 mA cm™ with a capacitance retention of 58.7% while the current density
was increased by 10 times, suggesting great rate performance for the asymmetric
CoO@NIiO/ACT/IACT/graphene supercapacitor. The Coulombic efficiency exhibited a fast
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increase at the initial stage from 53.3% at 10 mA cm™ to 91.52 at 25 mA c¢cm and then a gradual
increase up to 98.8%. The high Coulombic efficiency is very important for enhancing the energy
utilization efficiency and promoting electrochemical reversibility, which can be ascribed to the
hierarchal structure with the higher activated surface, improved mass transportation, and good

conductivity.
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Figure 3.9 (a) Specific capacitances and Coulombic efficiency of the core/shell CoOO@NiO/ACT//ACT/graphene
asymmetric supercapacitor with PVA/KOH as polymer gel electrolyte, inset shows a lighted LED by two asymmetric
supercapacitors connected in series; (b) Nyquist plots of the sheet-like CoO/ACT//ACT/graphene supercapacitor,
petal-like CoO/ACT//ACT/graphene, urchin-like CoO/ACT//ACT/graphene and core/shell
CoO@NIiO/ACT//ACT/graphene asymmetric supercapacitors with PVA/KOH polymer gel electrolyte; (c) Ragone
plots of the as-assembled sheet-like CoO/ACT//ACT/graphene supercapacitor, petal-like CoO/ACT//ACT/graphene,
urchin-like CoO/ACT//ACT/graphene and core/shell COO@NiO/ACT//ACT/graphene asymmetric supercapacitors
with PVA/KOH polymer gel electrolyte, inset shows the lighted LED by the asymmetric supercapacitor even under
totally folded state; (d) Cyclic performance of the sheet-like CoO/ACT//ACT/graphene supercapacitor, petal-like
CoO/ACT//ACT/graphene, urchin-like CoO/ACT//ACT/graphene and core/shell CoO@NiO/ACT//ACT/graphene
asymmetric supercapacitors with PVA/KOH polymer gel electrolyte under different working condition; (e)
Surface/volume ratios and specific capacitances of sheet-like CoO , petal-like CoO , urchin-like CoO and the as-
prepared hierarchical core/shell CoO@NiO nanocomposite; (f) Fitting result and corresponding mathematical
expression of the relationship between surface/volume ratio and specific capacitance.
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Electrochemical impedance spectroscopy (EIS) is one of the principal methods for studying
the fundamental electrochemical behavior of supercapacitors. For an in-depth understanding of
the electrochemical mechanism in the all-solid-state asymmetric supercapacitors, the impedance
spectra of CoO@NIiO/ACT//ACT/graphene with different morphologies and core/shell
CoO@NIiO/ACT//ACT/graphene asymmetric supercapacitors were measured in the frequencies
ranging from 100 kHz to 0.05 Hz at the open circuit potential with an AC perturbation of 5 mV.
All the impedance spectra exhibit a similar shape, with an arc at high frequency and a straight line
at low frequency (Figure 3.9b). The high-frequency arc corresponds to the charge transfer limiting
process, which is ascribed to the double-layer capacitance (Cai) and the charge transfer resistance
(Rey) at the interface between electrode and electrolyte solution. [67] The charge-transfer resistance
Rct was directly measured from the diameter of the semicircle arc. Compared with the Rct of
CoO/ACT/IACT/graphene cells with different morphologies (sheet-like CoO/ACT (4.91 Q), petal-
like CoO/ACT (2.05 ), urchin-like CoO/ACT (1.37 €)), the core/shell
CoO@NIO/ACT/IACT/graphene displays the smallest Rt (0.81 Q), indicating the good electron
transport path and easy ions accessibility for the core/shell CoOO@NiO/ACT//ACT/graphene cell.
In addition, the straight line at low frequency exhibits a slope closer to 90°, indicating the improved
conductivity and low ions diffusion resistance for core/shell CoOO@NiO/ACT//ACT/graphene cell.
[68]

Energy density and power density are also important factors for evaluating the practical
application potentials of supercapacitors. It is expected that the good supercapacitor could provide
both high energy density and high power density at high charge/discharge rates. Figure 3.9¢ shows
the Ragone plots of all-solid-state flexible CoO/ACT//ACT/graphene and core/shell
CoO@NIiO/ACT//ACT/graphene asymmetric cells. All the asymmetric cells showed a similar
trend of energy density and power density. Compared with the CoO/ACT//ACT/graphene cells,
encouragingly, the core/shell CoOO@NiO/ACT//ACT/graphene asymmetric cell achieved a higher
energy density of 52.26 Wh kg™ at the power density of 1206 W kg, and remained 25.2 Wh kg™
at the power density of 9.53 KW kg The superior performances for the core/shell
CoO@NIiO/ACT/IACT/graphene asymmetric cell are ascribed to the synergistic effects of
ACT/graphene and hierarchical core/shell CoOO@NiO nanostructure. A long cycling performance
is another crucial requirement for the practical application of supercapacitors. Figure 3.9d shows

the cyclic performances of the flexible all-solid-state CoO/ACT//ACT/graphene and core/shell

73



CoO@NIiO/ACT//ACT/graphene asymmetric cells, examined by galvanostatic charge/discharge
tests at the constant current density of 25 mA cm t under different mechanical states (normal,
bent and twisted states) for up to 2000 cycles. All the asymmetric cells exhibit small capacitance
decay during the cyclic tests. Encouragingly, the core/shell CoO@NiO/ACT//ACT/graphene
asymmetric cell showed an increase in specific capacitance at the initial 50 cycles under normal
state, which is ascribed to the complete exposure and full use of Ni and Co active sites. It is
remarkable that 97.53% of its pristine specific capacitance was maintained after 2000 cycles, even
at the bent and twisted states (inset of Figure 3.9d), indicating excellent mechanical flexibility,
electrochemical robustness and cycle stability. The digital photographs of the as-assembled
flexible supercapacitors packed with PET tape are shown in the inset of Figure 3.9a to demonstrate
its practical application. Two as-assembled flexible all-solid-state cells were then connected in
series to light a commercial red LED (inset of Figure 3.9a). Even in a folded state (inset of Figure
3.9¢), the brightness of the lightened LED did not change, showing its excellent coupled
mechanical and  electrochemical  robustness.  All  in all, the  core/shell
CoO@NIiO/ACT//ACT/graphene asymmetric cell exhibited superior electrochemical stability,
which is believed to result from the unique structure of the CoO@NiO nanostructure and graphene,
the intimate interfacial contact between hierarchal core/shell CoOO@NiO and ACT substrate, high
electrical conductivity of the wrapped graphene, and the excellent mechanical robustness of both

electrodes and gel electrolyte film.

Based on the above electrochemical analysis, it can be seen that the electrochemical
properties of CoO nanostructures are strongly morphology-dependent. To unveil the relationship
between the morphology and electrochemical performance, 3D morphology models were
established by using Autodesk 3ds Max for individual nano-architectures to estimate their
surface/volume ratios, according to their size from the SEM images (Figures 3.2 and 3.3). Figure
3.9e shows the surface/volume ratios and specific capacitances of the prepared CoO nanostructures
with different morphologies and the core/shell CoOO@NiO composite. It can be seen that the
architecture with a larger surface area exhibits higher specific capacitance. The relationship
between the specific capacitance and surface/volume ratio can be well fitted by a negative

exponential function:

. . a

74



where Csp is the specific capacitance, Cmax iS the theoretical specific value for the system with the
specific positive electrode, negative electrode, and electrolyte, S/V is the surface/volume ratio, a
and b are constants which are system dependent. Here, the theoretical maximum specific
capacitance (Cmax) Of the assembled cell at the current density of 25 mA cm=2is 125.47756 F g,
the constants a and b are 1084.2981 and 0.1829, respectively. Clearly, the hierarchical core/shell
CoO@NIiO composite possesses higher surface/volume ratio and higher specific capacitance than
other CoO nano-architectures. Thus, the specific surface area plays an import role in specific
capacitance. However, there exists an upper limit (Cmax), Which cannot be exceeded. When
approaching to the upper limit, further increasing specific surface area cannot push up specific
capacitance much. This finding provides an important guideline for electrode materials design,

microstructure control, and system construction.

3.4 Conclusion

Battery-type faradic CoO nano-architectures with different morphologies (sheet-like,
petal-like and urchin-like) were controllably synthesized on ACTs by simply changing the reactant
concentration during the hydrothermal process. The electrochemical properties of CoO
nanostructures were found to be strongly morphology-dependent. The specific capacitance
increased exponentially with the surface/volume ratio of nanostructures. Due to its higher
surface/volume ratio and better electrochemical performance, the urchin-like CoO nanowire was
further chosen as the backbones (core) for depositing a layer of pseudocapacitive NiO nano-flakes
(shell) to construct a hierarchical 3D porous core/shell CoOO@NiO/ACT nanostructure with super
surface, which is beneficial for the charge accumulation and ion transport, enabling the high
performance for flexible supercapacitor application. In addition, the activation of cotton textiles
into porous, highly conductive ACTs with high accessible surface area, and the good electrical
conductivity rendered by wrapped graphene endowed the flexible asymmetric supercapacitor with
higher rate performance. PVA-KOH solid-state gel was used as both the electrolyte and separator.
Finally, the assembled CoO@NIiO/ACT//ACT/graphene asymmetric supercapacitor exhibited an
exceptional combination of mechanical and electrochemical performances, including high specific
capacitance, remarkable energy density and power density, exceptional high operating potential

(1.6 V), excellent cycling stability and eminent mechanical robustness. This work opens up
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unprecedented opportunities for designing hybrid transition metal oxides and graphene on flexible

ACTs nanoarchitectures for next generation flexible/wearable energy storage devices.
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Chapter 4. Cotton Textile Enabled Flexible Lithium-ion

Batteries

4.1 Introduction

With the impending energy crisis and increasing environmental concerns, a worldwide
imperative is to develop greener and more efficient energy conversion and storage devices with
the goal of utilizing renewable and sustainable energy sources, such as solar, wind, geothermal
and tidal energy. [1] Lithium-ion batteries, as one of the most important energy storage devices,
have revolutionized the modern society in all aspects, especially for consumer electronics and
electric vehicles, because of their high energy density, lightweight and long lifespan. [2-6] To date,
graphite is frequently used as an anode material, however, its low theoretical capacity (372 mAh
gl) and unresolved safety issue hinder its practical application, especially for large-scale grid
energy storage and sustainable transport. [7] Many efforts have been made to develop electrode
materials with superior capacity and longer lifespan to replace graphite. In this context, numerous
anode materials including silicon, [8] germanium, [9] tin, [10] transition metal oxides (i.e. C030sa,
SnO2, NiO) [11-13] and sulfides (i.e. NiS, NizSs, SnS2, CoS2, CoeSs, FeS2) [14-19] have been
extensively explored as alternative anode materials, due to their remarkable theoretical capacities,
high lithium activity, low cost and natural abundance. However, metal oxides and sulfides usually
suffer from huge volume change and pulverization during Li* insertion-extraction process, which
often leads to cracking, poor electronic conductivity or even fracture of the anode. [20]

Compared with metal oxides, metal sulfides possess combinatory physical and chemical
properties, such as higher electrical conductivity, better thermal stability, and richer redox
chemistry, making them more promising for lithium-ion batteries. [21-22] Among various metal
sulfides, nickel sulfides have been well explored in a wide range of technical fields, including solar
cell, hydrogen production, catalysis, optoelectronics, energy conversation, and storage. [23-27]
For instance, NiS, NiS, Ni3S,, and NisSs have gained special attention as electrode materials for
lithium-ion batteries and supercapacitors. [21,27-31] Unfortunately, a bulk electrode usually
exhibits sluggish lithium ion diffusivity because of its low active surface area, which limits the
inner capacitive contribution from active materials, thereby leading to poor power and energy

density. A smart strategy to address the aforementioned issues is to develop new advanced
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electrode materials with three-dimensional (3D) nano-architectures with open pores to shorten
lithium ion diffusion paths, alleviate electrode internal stresses, increase the contact between active
materials and current collectors, and enhance surface conductivity, which should jointly warrant
larger specific capacity, longer lifespan, and better rate performance. [32] It has proven that a
judiciously nano-architectured electrode is a prerequisite for high-performance lithium-ion
batteries. [33-34] Many efforts have been made to enhance the capacity and extend the lifespan of
lithium-ion batteries by either constructing nanostructures of metal sulfides on conductive porous
carbon matrix or coating carbon onto metal sulfide nano-architectures. Recent studies have shown
that the design wisdom of nanostructured active materials on the conductive porous backbone
(usually carbon) indeed pushes up energy and power outputs. [35-37]

It has been predicted that next-generation electronics will be flexible and wearable. Many
efforts have been made to develop safe, lightweight and flexible power sources to meet the urgent
need for flexible/wearable electronics. [38-40] For instances, Cheng et al. developed a folding
paper-based flexible lithium-ion battery with high areal energy density. [41] Lee reported a
wearable textile battery, which could work even under severe folding-unfolding processes. [42]
Cotton textiles, as the most widely used natural fibers for soft and breathable clothing, have been
proven to be an exceptional platform for fabricating flexible energy storage devices. [43-46] On
the other hand, 2D graphene has been recognized as an ideal substrate to hybridize active materials
for high-performance energy storage devices because of its large surface area, ultra-high electrical
conductivity, high flexibility, outstanding mechanical properties, and eminent chemical stability.
[47] To date, advances have been made in the synthesis of graphene-based, hybrid active materials
for energy storage. [48-50] The graphene in those hybrid electrodes serves as both conductive
matrix and building blocks, forming a superstructure with interconnected conductive networks,
which in turn facilities Li* ion transportation.

Our previous study has shown that the activated cotton textiles (ACTs) converted from a
cotton T-shirt can be an excellent wearable platform for fabricating flexible supercapacitors due
to their magnificent flexibility, lightweight, and conductivity. [51] However, ACTs have not been
explored to construct flexible lithium-ion batteries. Herein we converted cotton textiles into ACTs
by annealing a Ni(NOs3). solution treated cotton T-shirt. Interestingly, such ACTs were porous
tubular fibers embedded with Ni nanoparticles and wrapped with multilayered graphene sheets

which formed spontaneously during the activation process. After thermally treating the ACT/Ni-
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graphene with sulfur, the Ni nanoparticles in ACT fibers transformed into NiS2 nanobowls with
ultra-large surface area whereas the ACT fibers and graphene remained as they were. Such
nanobowl architectures alleviated structure collapse, maintaining the structural stability during the
charge/discharge process. When used as a binder-free anode, the ACT/NiS;-graphene electrode
delivered an exceptionally high initial discharge capacity (~1710 mAh g* at 0.01 C), impressive
rate performance (the discharge capacitance retained at ~645.3 mAh g at 1 C after 100 cycles)
and outstanding cyclic stability (the discharge capacitance recovered up to ~1016 mAh gtat 0.1
C after 400 cycles). A thin, lightweight, and flexible lithium-ion battery was assembled to
demonstrate its practical use as a flexible power source. This flexible battery retained its high
capacity and excellent mechanical stability without structural failure after repeated bending
process, opening up unprecedented opportunities for constructing high performance flexible

lithium-ion batteries.

4.2 Experimental Section

4.2.1 Preparation of Flexible ACT/NiSz-graphene Hybrid Anode Electrode

Fabrication of ACT/Ni-graphene: All chemicals were used after purchasing without further
purification. Prior to the activation, a commercial cotton T-shirt was cleaned by distilled water in
an ultrasonic bath. Activation of cotton T-shirt into ACTs was performed according to our
previously established method.*® Typically, a piece of cotton T-shirt made of woven cotton fibers
was firstly dipped into Ni(NOgz)2 solution and kept for 10 min. Then the wet textile soaked with
Ni(NOz)2 was dried in a pre-heated electronic oven at 80 °C for 6 h to remove the residual water.
The Ni(NOs)2-treated cotton textiles were put into a horizontal tube furnace and heated at 1000 °C
(heating rate 5°C/min) for 1 h with 300 sccm (standard cubic centimeter) gas flow of argon. Finally,
the as-prepared ACT/Ni-graphene composite was washed with distilled water several times to
remove the residual Ni(NOz3)2, and dried at 80 °C overnight for further usage. To study the effect
of concentration of Ni(NOs)2 on Ni particle size and distribution, the concentration of Ni(NOz3)
solution was varied from 0.01 M to 2 M. ACT/Ni-0.01, ACT/Ni-0.5, ACT/Ni-1 and ACT/Ni-2
were used to name the composites obtained at the reactant concentration of 0.01 M, 0.5 M, 1 M
and 2 M, respectively. The mass of Ni on ACT can be calculated by the difference of ACT/Ni-
graphene composite and pure ACT.
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Transformation of Ni Nanoparticles into NiS; Nanobowls: The flexible ACT/NiSz-graphene
composite was obtained by thermally treating ACT/Ni-graphene with sulphur. A piece of ACT/Ni-
graphene composite was first cut into small rectangular pieces with a size of 1.5 cm x 2 cm, and
coated with a thin layer of sulfur. To homogeneously coat ACT/Ni-graphene fibers with sulfur,
sulfur was first placed into distilled water and dispersed by shear stirring at 3000 r/min for 30 min.
Such sulfur solution was then dropped onto the surface of ACT/Ni-graphene pieces and dried at
80°C for 6 h, and transferred into a sealed autoclave at 156 °C for 10 h to facilitate sulfur diffusion
and reaction with Ni nanoparticles. After such thermal treatment, NiS, nanobowls were
homogeneously coated on and embedded inside the ACT fibers to form ACT/NiSz-graphene
composite. To remove the residual sulfur, the ACT/NiSz-graphene composite was heated at 200°C
for 2 h. In our study, we thermally treated ACT/Ni-graphene-0.5 with sulfur to obtain ACT/NiS,-
graphene composite (for simplicity we name ACT/NiS2-graphene-0.5 as ACT/NiS2-graphene) for
electrochemical characterization and battery assembly. Finally, the ACT/NiS2-graphene composite
was punched into a circular electrode with a diameter of 14 mm. The loading of NiSz-graphene on
the final ACT/NiS.-graphene electrode was calculated by weighing the ACT/NiS2-graphene and
ACT circular electrode with the same size. The mass of ACT per area is 4.9 mg cm™. The mass
loading of ACT/NiSz-graphene is is 1.5 mg cm™,

4.2.2 Characterization Methods

A PANalytical X'Pert Pro Multi-Purpose Diffractometer (MPD) equipped with Cu K,
radiation (A = 0.15406 nm) was used to determine the crystallographic structure of the synthesized
materials. Raman measurements were carried out using a Renishaw InVia Raman microscope at
514 nm (with 5% Laser Power). The microstructure of the as-prepared samples was characterized
by scanning electron microscopy (SEM; FEI Quanta 650) and transmission electron microscopy
(TEM; JEOL 2000FX), high-resolution transmission electron microscopy (HRTEM, FEI Titan),
atomic force microscopy (AFM; Dimension Icon with ScanAsyst, Bruker) and X-ray computed
tomography (XCT, Xradia MicroXCT-200).

4.2.3 Fabrication and Electrochemical Characterization of Flexible ACT/NiS, Composite

Electrode

The electrochemical properties of the ACT/NiS2-graphene composite were measured using
CR2032 coin cells with lithium metal as an anode and Celgard 2400 film as a separator. The
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flexible ACT/NiSz-graphene was used directly as the cathode material without using any
conductive agent and binder. The electrode was first punched into circular disks with a diameter
of 14 mm, and dried at 60°C for 24 h in a vacuum electronic oven. To further demonstrate its
potential for constructing flexible energy storage devices, a piece of nanostructured ACT/NiS,-
graphene (1 cm x 2 cm) was used as the flexible cathode to assemble flexible lithium-ion battery,
together with a piece of lithium film as the anode and Celgard 2400 as a separator, respectively.
The electrolyte solution was 1 M LiPFg in EC+DMC+DEC organic solvent (1:1:1 in volume, from
MT]I corporation). Both the CR2032 coin cell and flexible lithium ion cell were assembled with
MTI MSK-110 crimping machine in an argon-filled glove box (Mbraun, Germany) with oxygen
and water contents below 1 and 0.1 ppm, respectively. A LAND CT2003A battery test instrument
was used to perform galvanostatic charge/discharge measurements between 1.0-3.0 V. The
specific capacities and charge/discharge rates were calculated based on the active NiS>-graphene
on the ACT. A CHI 660E electrochemical workstation was used to do the cyclic voltammograms
(CV) and electrochemical impedance spectroscopy (EIS) in the frequency range from 100 kHz to
0.05 Hz with an AC perturbation of 5 mV.

4.3 Results and Discussion

Figure 4.1a schematically illustrates the design and fabrication procedures of NiS>
nanobowl-graphene hybrid architectures on porous ACT tubular fibers. Typically, a piece of cotton
textile was first dipped into a Ni(NO3). solution and then dried in the oven to obtain Ni(NOz)2
loaded cotton textile (Step 1). The Ni(NO3)2 loaded cotton textile was transferred into a tube
furnace and heated at 1000°C with argon protection for 1 h (Step II). During the activation process,
many gaseous products including CHa, Hz2, CO, CO; formed by the thermal pyrolysis of cotton
cellulose. [52] The Ni(NO3)2 first decomposed into NiO, then reduced to Ni nanoparticles which
embedded in the ACT fibers. Interestingly, such ACT fibers exhibited porous tubular structure
embedded Ni nanoparticles and wrapped with multilayered graphene sheets which formed
spontaneously during the activation process. The chemical reactions involved in such thermal

decomposition process can be expressed with the following equations: [53]

Ni(NO,), — NiO + 2NO, 1)

NiO+H, - Ni+H,0 (2)
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3NO, + H,0 —> NO + 2HNO, ©)

NiO +CO — Ni+CQ, (4)
CH,—Y > C(graphene) + 2H, (5)
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Figure 4.1 (a) Schematically Illustration of the fabrication process of porous ACT/NiS;-graphene composite; (b)
Optical photograph of a commercial cotton T-shirt, a piece of ACT/Ni-graphene under normal and folded state,
showing its high flexibility; (c) SEM image of cotton textile, inset is the amplified SEM image of a cotton fiber; (d)
XCT images of ACT/Ni-graphene composite after removing the Ni nanoparticles by using 2 M HNOg, inset is the
amplified region; (e) SEM image and (f) corresponding size distribution of porous ACT fibers after removing the Ni
nanoparticles; (g) XRD patterns of cotton T-shirt textile and ACT/Ni-graphene composite.

The formed corrosive nitric acid will etch the cotton fiber into the porous structure during
the thermal activation process. The formation of graphene originated from the dissolution of C
atoms (obtained from the methane thermal decomposition) into the nickel at high temperature.
During the cooling process, those carbon atoms precipitated out and segregated at the nickel
surface to form graphene. [54] Those graphene sheets, serving as current “expressways”, bridged
the electrolyte and active electrode material, enabling higher current collection efficiency and
faster Li* ion transport. The obtained ACT/Ni-graphene composite was then thermally treated with
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sulfur at 156 °C for 10 h to synthesize ACT/NiSz-graphene composite (Step I11). In order to obtain
NiSz, the amount of the added sulfur needed to be two times of the Ni on ACT. The following-up
annealing process at 200 °C was used to remove residual sulfur in the ACT/NiS2-graphene
composite. Finally, open-arc-shaped NiSz nanobowls anchored on the ACT surface and embedded
inside ACT fibers. The formation of bowl-like NiS; can be explained by the Kirkendall effect,
caused by the different diffusion rates of two components (nickel and sulfur) in a diffusion couple
during the thermal reaction process. [55] Such ACT/NiS2-graphene composite can be directly used
as a binder-free flexible electrode for lithium-ion batteries. Most importantly, the “dead volume”
of electrode materials due to the degradation of conductive agents and binders during
charge/discharge processes could be overcome. Such open NiS; nanostructures together with
graphene sheets on porous ACT tubular fibers shortened Li* ion diffusion path, facilitated charge
transfer and effectively accommodated the volume change of NiS; during the Li* ion insertion-
desertion process, jointly improving the rate performance and cyclic stability of lithium-ion

batteries.

The cotton textile was comprised of cotton fibers with diameters ranging from 5 to 10 pm
(Figure 4.1c). The ACT/Ni-graphene composite, converted from the cotton textile, was mechanical
flexible (Figure 4.1b). X-ray computed tomography (XCT) is a nondestructive technique to
visualize the interior features within solid objects by 3D reconstructing the inner structure
mathematically from the measured data. [56] Figure 4.1d shows the reconstructed 3D images of
ACT/Ni-graphene, revealing ACT’s tubular fibers. To investigate the distribution of Ni
nanoparticles in the ACT/Ni-graphene composite, the Ni nanoparticles were removed by using 2
M HNO3z under 120 °C for 2 h. Figure 4.1e shows the SEM image of the ACT fibers after removing
the Ni nanoparticles, revealing small pores on the ACT surface and inside ACT fibers. Most of the
pores had diameters less than 100 nm (Figure 4.1f). The tiny mesopores together with the tubular
ACT fibers served as a reservoir for electrolyte ions, providing channels for Li* ion diffusion and
space for accommodating volume change of active materials during the charging/discharging
processes. Figure 4.1g shows the XRD patterns of the cotton textile and ACT/Ni-graphene
composite. After activation, cotton’s characteristic (101), (002) and (040) peaks [57] disappeared,
instead of a broader diffraction peak at around 21° pointing toward amorphous carbon and nickel’s
(111), (200) and (220) peaks presented in the XRD spectrum. The density and distribution of Ni

nanoparticles on ACT have a significant influence on the electrochemical performance of the
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ACT/NIiS2 composite. It is well known that the concentration of chemical reactants plays an

important role in the size and morphology of the final products.
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Figure 4.2 SEM images of ACT/Ni-graphene composites obtained at various Ni(NO3), concentrations: (a) and (b)
0.01 M, (c) and (d) 0.5 M, (e) and (f) 1 M, (g) and (h) 2 M.
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Figure 4.3 XRD patterns of ACT/Ni-graphene composites obtained at the Ni(NO3)2 concentration of 0.01 M, 0.5 M,
1 M, and 2 M, respectively.

Figure 4.2 shows the SEM images of the ACT/Ni composites obtained at the Ni(NO3)
concentration of 0.01 M, 0.5 M, 1 M, and 2 M, respectively. The density and size of Ni
nanoparticles increased with increasing Ni(NOs)2 concentration, which was evident in the XRD

pattern where the intensities of Ni diffraction peaks increased as the Ni(NO3)2 solution was more

concentrated (Figure 4.3). However, when the Ni(NO3)2 solution was diluted down to 0.01 M, no
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Ni particles were found (Figures 4.2a,b), which was further verified by XRD (Figure 4.3). On the
other hand, 2 M Ni(NOs3). concentration produced large sized Ni particles (Figure 4.2g,h), which
is not desirable. 1 M Ni(NOs). concentration led to the formation of pearl necklace-like Ni particles
(Figures 4.2e,f). Much smaller and more homogeneously distributed Ni nanoparticles formed on
ACTs when the concentration was reduced down to 0.5 M (Figure 4.2c,d). More importantly,
multilayered graphene sheets formed spontaneously with Ni particles on the ACTs (Figures 4.4a,b),

which was confirmed by Raman spectroscopy (Figure 4.4).
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Figure 4.4 Raman spectra of ACT/Ni-graphene composites obtained at the Ni(NOs), concentration of 0.01 M, 0.5
M, 1 M, and 2 M, respectively.

Raman spectroscopy is an important nondestructive technique to characterize graphitic
materials, especially for the ordered/disordered crystal structures of graphene. [58] Usually,
graphene can be characterized by two main feature bands in a Raman spectrum: the G band arising
from the first order scattering of the E24 phonon mode of in-plane sp? C atoms at about 1575 cm'*
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and the D band arising from a breathing mode of point photons of Aig symmetry at about 1350
cm™. [59] The increased Ip/ls ratio in the ACT/Ni composite (Figure 4.4) resulted from the
construction of the graphene network during the annealing process. The higher Ip/lg ratio indicates
the formation of smaller sized graphene with more defects and disordered structure. [60,61]
Compared with other ACT/Ni composites, ACT/Ni-graphene-0.5 (here -0.5 indicates that the
ACT/Ni-graphene obtained at the Ni(NOs)2 concentration of 0.5 M) showed sharper D band and
G band and relatively lower Ip/lg, suggesting that larger and more ordered graphene formed on the
ACT fibers. The graphene is anticipated to facilitate electron transportation along the ACT surface,
thus promoting the current collection. Based on our preliminary screening results, ACT/Ni-
graphene-0.5 composite was chosen as a representative to synthesize ACT/NiSz-graphene

composite and was further investigated in detail as a potential electrode for flexible lithium-ion

batteries.
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Figure 4.5 (a) and (b) SEM images of ACT/Ni-graphene-0.5 composite at different magnifications; (c) and (d) Cross-
sectional SEM images of ACT/Ni-graphene-0.5 composite at different magnifications, insets are the corresponding
amplified regions; () TEM image of ACT alone; (f) TEM image of ACT/Ni-graphene-0.5; (g) AFM height and (h)
corresponding phase images of ACT/Ni-graphene-0.5 composite; (i) Raman spectrum of ACT/Ni-graphene-0.5.

The close-up observation of ACT/Ni-graphene-0.5 is shown in Figure 4.5a-d. After
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annealing, Ni nanoparticles with a diameter of ~20 nm were closely anchored on the surface of
corrugated and scrolled multilayered graphene sheets with a thickness of ~15.6 nm (about 50
mono-graphene layers). Those curled and entangled graphene sheets, wrapping along the ACT
fibers, served as a conductive coat for fast electron transportation (Figures 4.5a,b). The cross-
sectional SEM images of ACT/Ni-graphene-0.5 (Figure 4.5¢ and inset of the amplified region)
showed that the ACT fibers exhibited an intriguing tubular structure with a layered tube wall. The
Ni nanoparticles not only decorated the outer surface of the ACT fibers but also embedded inside
the tube walls (Figure 4.5d). In addition, plenty of micro-channels were found in the walls of ACT
fibers, which inherited from the cellulose structure of cotton (inset of Figure 4.5d). Such tubular
structure with micro-channels is expected to facilitate electrolyte ion diffusion and buffer volume
change during the electrochemical reaction process. Figures 4.5e and f show the TEM images of
ACT and ACT/Ni-graphene-0.5, revealing the porous structure of ACT fibers and Ni nanoparticles
in the ACT. The AFM height and phase images (Figure 4.5g,h) show crumpled silk veil waves
(from graphene) with Ni nanoparticles on the ACT fibers. Figures 4.6a and b show the
representative SEM images of ACT/NiS2-graphene composite (transformed from the ACT/Ni-
graphene-0.5). The NiS2 nanobowls with an average size of ~200 nm were coated on or embedded
inside the hollow ACT fibers. It is known that the bowl-like structure with interior and exterior arc
surfaces could stand more contractile force induced by volume change during the

insertion/deinsertion of Li* ions. [15]

The shell thickness of a typical NiS; nanobowl! was about ~10 nm, as shown in the TEM
images (Figure 4.6¢,d), from which the surround porous carbon substrate can be clearly unveiled.
The TEM and HRTEM images of the NiS2 nanobowls (Figure 4.6d,e) reveal the lattice spacing of
0.283 nm in accordance with the (200) lattice plane of NiS. The selected area electron diffraction
(SAED) pattern of the NiS2 nanobowl shows spotty diffraction rings with a messy character (Figure
4.6f), indicating that the NiS, bowl is a mixture of polycrystalline and amorphous phase, which is
in good agreement with the XRD results (Figure 4.7f). Figures 4.6g and h show the AFM images
of ACT/NiS.-graphene. The mesoscale porous structure of ACT/NiSz-graphene composite is
anticipated to facilitate Li* ion diffusion and electron transport in the electrochemical reaction
process, which in turn improve the overall energy density and rate performance of the cell. The
chemical compositions of the ACT/NiSz-graphene were further analyzed by energy-dispersive X-

ray spectrometry (EDS) (Figure 4.7). The Ni-S atomic ratio is about 11:25, which is close to the
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theoretical atomic ratio (1:2) of NiS», indicating that the Ni nanoparticles were transformed into
the NiS, during the heat treatment process. The EDS C and S element maps further revealed that
the ACT fibers were uniformly covered by the NiS. nanoparticles. The Raman spectrum of
ACT/NiSz-graphene (Figure 4.6i) exhibited a similar Ip/lg ratio compared with ACT/Ni (Figure
4.5i), indicating that the multilayered graphene sheets on the ACT remained after the annealing

process.
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Figure 4.6 (a) and (b) SEM images of ACT/NiS,-graphene composite at different magnifications, inset of b is the
corresponding amplified region; (c) TEM images of ACT/NiS,-graphene, inset of ¢ is amplified region; (d) and (e)
TEM images of NiS; nanobowls on ACT; (f) Selected area electron diffraction (SAED) pattern of the NiS, nanobowl;
(g) AFM height and corresponding phase (h) images of ACT/NiSz-graphene; (i) Raman spectrum of porous
ACT/NiSz-graphene.

Lithium-ion electrode materials with high specific surface areas are expected to render a
large number of active sites to participate in the Faradaic redox reaction and these active sites in
turn serve as pre-reserved spaces for the volume expansion during the lithiation-delithiation
process. A suitable pore size distribution is critical to shorten the electrolyte ion transport path and
improve the rate performance in fast Faradaic redox reactions. The pore characteristics of

ACT/NiSz-graphene composite were investigated by the N>-adsorption/desorption measurement,
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as shown in Figure 4.8. The adsorption/desorption isotherm curve exhibited a typical type IV
profile with a clear hysteresis loop, indicating the mesoporosity nature of the ACT/NiSz-graphene
composite. A large Brunauer—Emmet—Teller (BET) surface area of 528.63 m? g was revealed for
the ACT/NiSz-graphene composite, which is ascribed to the joint contributions from the porous
ACT tubes, NiSz nanobowls and graphene sheets. The pores exhibit a relatively wide size
distribution ranging from 10 to 160 nm, with the average pore radius of ~15 nm, which is desirable

for lithium-ion battery applications. [62]
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Figure 4.7 (a)-(d) SEM image and the corresponding EDS maps of the obtained ACT/NiS,-graphene-0.5 composite;
(e) Relative element ratio of C, O, S, Ni in the ACT/NiS,-graphene composite; (f) XRD pattern of ACT/NiS,-graphene
composite.

To evaluate the battery performance of the as-prepared ACT/NS-graphene composite,
both coin and flexible cells were assembled with the ACT/NSz-graphene composite as cathode,
lithium foil as anode, and a piece of Celgard 2400 as separator, as schematically illustrated
in Figure 4.9a. The electrochemical performance of the as-assembled cells was investigated by
cyclic voltammetry (CV) and galvanostatic charge/discharge tests and electrochemical impedance
spectroscopy (EIS). Figure 4.9b shows the 1% and 2" CV curves of the ACT/NSz-graphene
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composite at a constant scan rate of 0.5 mV s from 3 to 1 V. Two reduction peaks appear at about
1.2 V and 1.6 V in the first cycle, which was ascribed to the insertion of the Li* ions into the
composite. However, in the following cycles, the reduction peak at 1.2 V disappeared, replaced by
a new reduction peak at around 1.5 V. This suggests that the solid electrolyte interphase (SEI)
layers formed mainly in the first cycle. [10] The broad reduction peak at 1.2 V in the first cycling
was ascribed to the insertion of Li * ions into NiSz, forming LiNiSz. The electrochemical reaction

processes in the first cycle can be expressed using the following equations: [63]
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Figure 4.8 (a) BET measurement-isothermal curve of ACT/NiS;-graphene composite; (b) BJH pore size distribution
of ACT/NiSz-graphene composite.

In contrast, the two oxidation peaks, which appeared at 1.96 and 2.3 V in the first cycle
resulting from the extraction of Li* ions, did not change much in subsequent cycles. The anodic
peak at 2.3 V corresponds to the oxidation of Li2S into sulfur. [64] Thus, after the first cycle, the
electrode could be regarded as a mixture of S and Ni instead of the pristine NiS> compound. This
was validated by the constant current discharge/charge profile (Figure 4.9c) in which the discharge
and charge potential plateaus match well with the CV curve in the corresponding electrochemical

process.

The typical discharge capacities for the 1t and 2" cycles at the current density of 0.01 C
were about 1710 and 1515 mAh g*, respectively. The large irreversible capacities could be
ascribed to the irreversible reactions during the cyclic process, such as the trapping of lithium
inside the active materials, the formation of SEI films, and the electrolyte decomposition. [65-67]

The ultrahigh initial discharge capacity probably resulted from the residual sulfur in ACT fibers.
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After 10 charge/discharge cycles, the reduction peak shifted from 1.5 V to 1.6 V. At the same time,
the oxidation peak at 1.96 V becomes smaller and shifted to 1.9 V, and the oxidation peak at 2.3
V shifted to 2.2 V (Figure 4d), corresponding respectively to the formation of NiS2 and the
decomposition of Li2S (Ni/ Li, + 2Li,S — Li,NiS, + 4Li" +4e"). The CV results agree well with
the potential plateaus in the charge/discharge profiles (Figure 4.9¢e). After 10 charge/discharge

cycles, the capacity reduced down to ~1100 mAh g, which may be caused by the dissolution of
polysulfide in the electrolyte.
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Figure 4.9 (a) Schematically illustration of the assembled flexible lithium-ion battery; (b) Initial cyclic voltammogram
profiles of ACT/NiS,-graphene; (c) Initial charge/discharge voltage-specific capacity curves of porous ACT/NiS,-
graphene at 0.01 C; (d) Cyclic voltammogram profiles of ACT/NiS,-graphene after 10 charge/discharge processes; (e)
10t charge/discharge voltage-specific capacity curves of ACT/NiSz-graphene at 0.01 C.

Rate capability is an important factor for evaluating the performance of a battery. In this
study, the current densities were varied from 0.01 C to 1 C to investigate the rate performance of
the ACT/NiSz-graphene composite electrode. Figure 4.10a shows the representative

charge/discharge profiles. With increasing charge/discharge rate, the charge potential plateau
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increased whereas the discharge potential plateau decreased, which might be ascribed to the Kinetic

effects of the electrode material, leading to higher overpotential and lower capacity at the high rate

regime.
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Figure 4.10 (a) 20", 50™, 150" and 400" charge/discharge voltage-specific capacity curves of ACT/NiS,-graphene at
different chare/discharge rates; (b) Cyclic voltammogram profiles of ACT/NiS;-graphene after 400 charge/discharge
processes; (c) Nyquist plots of ACT/NiS,-graphene at the 1% and 100™ charge/discharge processes; (d) Cycling and
rate performance of porous ACT/NiS,-graphene, inset is the open circuit potential of the assembled flexible battery
cell under bent state; (e) 1% (0.1 C), 5™ (0.1C), and 15" (0.3C) charge/discharge voltage-specific capacity curves at
normal state and the 50" charge/discharge voltage-specific capacity curve at the bent state of the flexible cell; (f) the
cyclic performance of the flexible cell at normal and bent states; Insets of (c) and (e) are optical photograph of a yellow
light-emitting diode (LED) lighted by the assembled flexible cell under normal and folded states, respectively.

The reversible capacities at the 20" (1 C), 50" (1 C), 150" (0.75 C) and 400" (0.1 C) cycles
are ~710, ~608, ~680, and ~1030 mAh g}, respectively. It can be seen that the capacity retained
at ~608 mAh g* even when the charge/discharge rate increased 100 times from 0.01 C to 1 C.
More importantly, after 400 cycles the capacity of ~1030 mAh g* was reversibly restored when
the charge/discharge rate was reduced down to 0.1 C. In particular, compared with the CV curve
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of the 10" cycle (Figure 4.10d), the redox peaks of the CV curves after 400 cycles (Figure 4.10b)
kept almost unchanged, demonstrating robust reversibility of the ACT/NiS2-graphene hybrid
electrode.

To further demonstrate the advantages of the ACT/NiSz-graphene electrode,
electrochemical impedance spectroscopy (EIS) measurements were carried out before and after
100 cycling times. As shown in Figure 4.10c, both profiles exhibit characteristically a semicircle
in the high-frequency regime and a straight line in the low-frequency region, indicating that the
electrochemical process was controlled by charge transfer and lithium ion transport. The semicircle
arc at the high-frequency range can be assigned to the charge transfer resistance (Rct), and the
straight line at the low-frequency regime corresponds to the lithium ion diffusion. [29] The charge-
transfer resistance was measured from the diameter of the semicircle arc. [68] Clearly, the
ACT/NiSz-graphene electrode displayed a larger Ret (50 Q) before cycling than that of the cell
after 100 cycles (10 Q) because of the inactivation of the electrode before cycling, which was also
used to measure the resistance of SEI layer on the electrode surface. The small semicircle for the
ACT/NiSz-graphene electrode after 100 cycles indicates its good conductivity and fast electrolyte
ion diffusion, which can be ascribed to the multiscale porous hierarchical structure of active
materials - NiSz nanobowls, graphene and hollow ACT fibers, good adhesion and excellent

electrical contact between the active material and conductive substrate.

Cycling life and Coulombic efficiency are two important parameters for evaluating the
practical applications of a battery. The cyclic performance and corresponding Coulombic
efficiency of the ACT/NiSz-graphene cell were characterized by the charge/discharge tests at
different charge/discharge rates for up to 400 cycles, as shown in Figure 4.10d. It can be seen that
the capacity decreased sharply for the first 10 cycles at 0.01 C. The fast capacity decay at the initial
stage may be ascribed to the formation of the SEI film, decomposition of the electrolyte, and the
further lithium insertion at the Ni/LiS; interface. [14, 69] For the following-up cycles at 1 C, the
capacity decreased gradually and then maintained at about 610 mAh g after 50 cycles, which
could be caused by the fast-kinetic effect at the high charge/discharge rate regime, the dissolution
of the polysulfide intermediates and the volume expansion during the electrochemical reaction.
However, after 50 cycles, the structure and the composition of the electrode became more stable,

leading to an excellent reversible capacity. Furthermore, the ACT/NiS2-graphene hybrid material
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showed better cyclic performance at stepwise charge/discharge rates, with a recovery of the
capacity of ~1032 mAh g* at 0.1 C even after 400 cycles. Most importantly, except for the initial
several cycles, the Coulombic efficiency of the ACT/NiSz-graphene electrode maintained almost
100% upon cycling (Figure 4.10d). To further demonstrate the practical applications of the as-
prepared ACT/NiS, composite for flexible energy storage devices, the flexible cell was used to
light a commercial LED (Inset of Figure 4.10c). The open circuit potential maintained at 2.67 V
even in a bent state (inset of Figure 4.10d). The brightness of the lightened LED did not change
even at severely folded state (Inset of Figure 4.10e). Figure 4.10e shows the voltage-specific
capacity curves at different charge/discharge rates under normal or bent states. All of the voltage-
specific capacity curves of the flexible cell had similar charge/discharge plateaus at both normal
and bent states as the coin cell, indicating its excellent flexibility and robustness. The cyclic
performance of the flexible cell at normal and bent states is shown in Figure 4.10f. Compared with
the coin cell, the flexible cell showed a relatively lower specific capacity, which might be led by
the loose contact between positive and negative electrodes. However, the capacity can be well
maintained at ~740 mAh g at 0.1 C even after 50 cycles, which is still very promising for the
practical application as flexible power source.

Figure 4.11 SEM images of ACT/Ni-graphene composite electrode after repeated charge/discharge processes at
normal and bent states, cross-section (a,b) and surface with the amplified region (c,d).

Figure 4.11 shows the SEM images of ACT/NiS,-graphene composite electrode washed

with alcohol solution after repeated charge/discharge processes at normal or bent states. Interesting,
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except residual solid electrolyte particles, there are no cracks found on the surface of ACT, which
might result from the hollow structure of ACT fiber, releasing the internal stresses during the
bending process, and maintaining the excellent mechanical stability of ACT/NiS2-graphene
composite (Figure 4.11a,b). At the same time, the bowl structure was also well maintained after

the charging/discharging processes (Figure 4.11c,d).

The superior cyclic performance, excellent rate capacity and exceptional flexibility of the
as-prepared ACT/NiS,-graphene electrode can be ascribed to the following merits: (1) porous
ACT fibers effectively buffered the stress induced by the volume change and maintained the
structure stability during the electrochemical reaction; (2) the tubular structure of ACT fibers
served as an electrolyte reservoir, shortening the transportation/diffusion path for lithium ions and
enabling faster Kinetics and high-rate capability; (3) the NiS2 nanobowls with interior and exterior
arc surfaces not only increased the specific surface areas to facilitate the penetration of electrolyte
ions, but also stood for more stresses to enable the structural integrity during the charge/discharge
process. In a word, the synergistic effects of individual components in the ACT/NiSz-graphene
composite enable the fast ion/electron transfer, leading to exceptional electrochemical

performances.

4.4 Conclusion

In summary, porous ACT tubular fibers embedded with NiS2 nanobowls and wrapped with
graphene sheets have been successfully fabricated using a simple two-step heat treatment method.
As a self-supported electrode material, the assembled ACT/NiS;-graphene cell exhibited an
exceptional electrochemical performance in terms of ultra-high capacity, impressive cyclic
stability and excellent rate capability. The cell achieved an ultrahigh initial capacity of ~1710 mAh
g atarate of 0.01 C, and maintained a high reversible capacity of ~1016 mAh g* after 400 cycles
at the rate of 0.1 C. A thin, lightweight, and flexible ACT/NiS: lithium-ion battery was also
assembled to demonstrate its practical application for flexible energy storage devices. This cotton
textile enabled lithium-ion battery system presents a new promise for the design and fabrication of
high performance flexible/wearable energy storage devices for applications in an extensive range
of fields.
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Chapter 5. Cotton Textile-Enabled Flexible Lithium-Sulfur
Battery

5.1 Introduction

Rechargeable lithium-ion batteries have largely revolutionized modern portable and
mobile electronics devices and are still the most important energy storage systems, because of their
high energy efficiency and long lifespan [1,2]. However, traditional electrode materials (such as
LiCoO, and LiFePO4) have almost reached their theoretical limit, which cannot meet the
increasing needs for fields that demand higher energy storage, such as electric vehicles and grid
storage [3,4]. Therefore, it is necessary to explore new electrode materials or new redox chemistry
for the development of next-generation batteries [5,6]. Lithium-sulfur (Li-S) battery is very
promising for the development of next-generation high-energy battery because of its ultra-high
theoretical capacity (~1650 mAh g?), outstanding specific energy (~2654 Wh Kg%), natural
abundance, as well as environmental friendliness [7,8]. More encouragingly, some reported Li-S
batteries have demonstrated superior practical capacity (~550 mAh g™), more than twice of the
state-of-the-art lithium-ion batteries (~180 mAh g 1) [9,10].

However, despite the aforementioned advantages, Li-S battery manufacturing still
encounters several roadblocks, including low sulfur utilization, severe capacity fading, poor
cycling life and bad Coulombic efficiency [11-14], which can be ascribed to the fundamentally
different chemistry of Li-S batteries. For instances, in the Li-S system, sulfur usually undergoes a
series of compositional and structural changes, including the formation of soluble lithium
polysulfides (Li>Ss, Li>Se, Li2Ss, and Li>S3) and insoluble lithium sulfides (Li2S2/Li2S) [15].
Specifically, the dissolution of polysulfides often leads to the low utilization of sulfur, fast capacity
fading, and serious “shuttle effect”, resulting in poor Coulombic efficiency [16]. Additionally, the
poor conductivity of both sulfur and the formed insoluble lithium sulfides jointly increase the
reaction resistance, leading to poor utilization of active sulfur and bad cycling reversibility [17].
Furthermore, a large volume expansion up to 80% usually occurs during the conversion reaction

from sulfur to lithium sulfide [18].
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To date, various strategies have been explored to push up the potential of Li-S systems.
For instances, numerous efforts have been devoted to hybridizing sulfur particles with various
carbon materials (such as activated carbons [19,20], micro-/mesoporous carbon [21-24], CNTs
[25], graphene [26,27], carbon fibers [28]) or conducting polymer (polyaniline [29]) to mitigate
the poor conductivity of sulfur, or endowing the sulfur host materials with high porosity to retard
the dissolution of polysulfides and buffer the volume change. In addition, some other attempts,
such as designing nanostructured cathode, adding additives (LiNO3) into the electrolyte, and
optimizing cell configuration, have also been performed to suppress the “shuttle effect”, improve
Coulombic efficiency and extend the lifespan of lithium-sulfur systems [30-34]. Recently,
graphene oxides (GO) were also employed as a sulfur immobilizer in GO/S composite cathode to
prevent the dissolution of polysulfides through the strong chemical bonding between sulfur and
the rich functional groups of GO [35-37]. Furthermore, the future portable/wearable electronic
devices will be flexible and more functional, which definitely require the corresponding flexible
power supplies with larger energy storage capacities. Recently, many efforts have been devoted to
developing flexible Li-S batteries by incooperation sulfur with flexible substrates (such as carbon
paper [38], mesoporous graphene paper [39], three-dimensional (3D) carbonaceous aerogel [40]
or porous polymer sheets [41], which hold great promise for next-generation flexible power
sources because of their superior energy density than that of lithium-ion batteries [42]. Our
previous studies have demonstrated that the activated cotton textile (ACT) converted from cotton
textile could be an excellent platform for constructing flexible energy systems (e.g. flexible
supercapacitors and flexible lithium-ion batteries) due to their excellent conductivity and eminent
flexibility [43,44]. Recently, the fabrication of carbon materials from cotton have been reported
for both supercapacitor and Li-S battery applications [45-48]. However, to the best of our
knowledge, ACTs have not been explored for flexible Li-S batteries. High energy flexible Li-S
battery could be combined with a solar cell to fabricate self-sustained power sources, which hold

great promise for future outdoor sensors and unmanned devices [49-51].

Herein, porous ACT fibers with tubular hollow structure were firstly prepared by a simple
dipping, drying, and annealing process [52]. Sulfur nanoparticles were further infiltrated into ACT
fibers via a simple heat treatment process in a sealed autoclave at the temperature of 156°C, where
sulfur has the lowest viscosity, ensuring the full penetration of sulfur into the pores and inner

cavities of ACT fibers. The unique porous tubular structure of ACT fiber helped the infiltration of
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sulfur, finally enabling a high sulfur loading of ~5.5 mg cm™. The porous hollow structure of ACTs
also helped to trap the formed polysulfides and facilitated fast lithium-ion transport during the
electrochemical reaction processes. To effectively suppress the dissolution of polysulfides, the
prepared ACT/S fibers were further wrapped with graphene oxide sheets, and then thermally
treated at 200 °C for 2 h to partially reduce GO to form ACT/S-reduced graphene oxide (ACT/S-
rGO) composite, which demonstrated a strong capability to retard the dissolution of polysulfides
through strong chemical bonding between polysulfides and the surface functional groups of rGO.
Furthermore, a piece of KOH-activated ACT with hierarchical porous structure and micropore size
distribution was cemented between the ACT/S-rGO cathode and the separator to serve as an
interlayer with the purpose to trap polysulfides and mitigate the “shuttle effect” of polysulfides
between cathode and anode. Finally, the ACT/S-rGO cell with porous ACT interlayer exhibited
an exceptional capacity increasing (from 3" cycle ~852 mAh g to 150" cycle ~1037 mAh g),
impressive rate performance (the discharge capacity retained well even with current density
increasing from 0.3 to 2.4 mA cm) and doubled cyclic stability (compared with the 100 cycles of
ACT/S cell). A flexible Li-S cell was also assembled to demonstrate its practical use as a flexible
power source, which kept its high capacity and excellent mechanical stability even after repeated
bending processes, holding great promise for fabricating next-generation flexible power supply for

portable/wearable electronics.

5.2 Experimental Section

5.2.1 Preparation of Flexible ACT/S-rGO Hybrid Cathode Electrode

All chemicals are analytical grade and were used after purchasing without further
purification. Activation of cotton T-shirt into ACTs followed our previously established method
[53]. Typically, a piece of cotton textile was soaked in 1 M NaF solution and then dried overnight
in the oven. The NaF treated cotton textile was thermally treated at 1000 °C for 1 h in a horizontal
tube furnace under a continuous argon gas flow (300 sccm). After cooling, the as-obtained ACTs
were washed with distilled water to remove residual NaF and then dried at 80 °C for 12 h. A piece
of ACT (1.5 cm x 2 cm) was first loaded with sulfur powders and then thermally treated at 156 °C
for 10 h in a sealed autoclave to infiltrate sulfur into the inner pores and cavities of the ACT. After
such thermal treatment, sulfur nanoparticles were homogeneously anchored on or penetrated into

the ACT fibers to form an ACT/S nanocomposite. The mass of ACT is ~2 mg cm™. The sulfur
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loading of ACT/S composite was measured to be ~5.5 mg cm™.

To prepare ACT/S-rGO nanocomposites, graphene oxide solution with a concentration of
~4 mg mL* was prepared using a modified Hummers method [54]. The ACT/S nanocomposite
was dipped in the graphene oxide solution. A piece of ACT was also soaked in the same graphene
oxide solution to serve as a reference for calculating the loading of graphene oxide in ACT/S-rGO.
After drying for 6 h at 80 °C, the as-prepared ACT/S-rGO was heated at 200 °C for 2 h to facilitate
the reaction between sulfur and graphene oxide. Such thermal treatment process partially reduced
the graphene oxide to conductive reduced graphene oxide. The loading of sulfur was calculated by
weighing the ACT/S-rGO and ACT/rGO electrode with the same size. The mass of the ACT/rGO
is ~3 mg cm. The sulfur loading of the as-prepared ACT/S-rGO electrode was measured to be
~4.5 mg cm™. The mass ratio of sulfur in the ACT/S-rGO composite is ~60%.

5.2.2 Preparation of Flexible Porous ACT Interlayer

A piece of cotton textile was first soaked with 1 M KOH solution. The KOH loaded textile
was then dried at 80 °C for 6 h. The KOH treated textile was thermally treated at 1000 °C for 1 h
with an argon flow of 300 sccm. The obtained KOH-activated ACT was further washed using
distilled water and then dried in a vacuum oven at 105 °C for 24 h. The mass of the porous ACT
is ~1 mg cm™.

5.2.3 Characterization Methods

Scanning electron microscopy (SEM; FEI Quanta 650) and transmission electron
microscopy (TEM; JEOL 2000FX), high resolution transmission electron microscopy (HRTEM,
FEI Titan), X-ray diffraction (XRD; PANalytical X'Pert Pro Multi-Purpose Diffractometer (MPD)
equipped with Cu K, radiation with A =0.15406 nm, Raman spectroscopy (Renishaw InVia Raman
microscope at 514 nm with 5% laser power), atomic force microscopy (AFM; Dimension Icon
with ScanAsyst, Bruker) were used to characterize the structure of the as-prepared samples at

different length scales.
5.2.4 Electrochemical Characterization of Flexible ACT/S-rGO Hybrid Cathode

The electrochemical properties of the ACT/S-rGO cathode were measured by using
CR2032 type coin cells. The flexible ACT/S-rGO nanocomposite was directly used as the binder-
free cathode material without adding any conductive agent. The ACT/S-rGO hybrid textile was

punched into circular disks and dried at 60 °C for 24 h in a vacuum oven. The Li-S coin cell was
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assembled with ACT/S-rGO as a cathode, KOH treated the porous ACT as the interlayer, lithium
metal as an anode and Celgard 2400 film as a separator, respectively. The mass ratio of sulfur in
the ACT/S-rGO with porous ACT cell system is ~13%, which will lower the energy density of the
whole cell. To demonstrate its potential in constructing a flexible energy storage device, a piece
of ACT/S-rGO (1 cm x 2 cm) was used as the flexible cathode to assemble flexible lithium-sulfur
battery, together with a piece of lithium film of the same size as an anode and Celgard 2400 as a
separator, respectively. For comparison, the ACT/S nanocomposite alone (without coating
graphene oxide and using porous ACT interlayer) was also assembled into a Li-S cell. The
electrolyte solution was freshly prepared with 1 M lithium bis(trifluoromethanesulfonyl)imid and
0.4 M LiNOs dissolved in 1:1 v/v 1,2-dimethoxyethane (DME) and 1,3-DOL solution. The
CR2032 coin cells were assembled with MTI MSK-110 crimping machine in an argon-filled glove
box (Mbraun, Germany) with oxygen and water contents below 1 and 0.1 ppm. The flexible Li-S
cell was assembled using a handmade fixture and heat sealer. Galvanostatic charge/discharge
measurements were carried out using a LAND CT2003A battery tester at the voltage window of
1.5 and 3.0 V vs Li/Li". The capacities and charge/discharge rates were calculated based on the
active sulfur. A CHI 660E electrochemical workstation was used to measure the cyclic
voltammograms (CV) and electrochemical impedance spectroscopy (EIS) properties in the

frequency range from 100 kHz to 0.05 Hz with an AC perturbation of 5 mV.
5.3 Results and Discussion

5.3.1 Structural and Morphological Characterization
The design and fabrication procedures of hollow ACT/S-rGO nanocomposite are

schematically illustrated in Figure 5.1. Typically, a piece of cotton textile was first soaked with 1
M NaF solution and then dried in an oven to obtain NaF-treated cotton textile. After the heat
treatment at 1000 °C, the NaF-treated cotton textile was transformed into a hollow activated cotton
textile (ACT) (Step I). Nitrogen adsorption/desorption results showed that such hollow ACT had
a large Brunauer—Emmet—Teller (BET) surface area of ~422.96 m? g! with a pore size distribution
ranging from 3 to 30 nm (Figure 5.2), which is desirable for impregnating sulfur into such
conductive carbon substrate. During thermal impregnation at 156 °C (Step Il), molten sulfur

infiltrated into the inner pores and cavities of hollow ACT fibers to form ACT/S composite with a
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high sulfur loading of ~5.5 mg cm. After the sulfur infiltration, the BET surface area of ACT/S

composite was reduced down to 98 m? g,
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Figure 5.2 Nitrogen adsorption/desorption isotherms (a) and pore size distribution (b) curves of the prepared ACT.
Nitrogen adsorption/desorption isotherms (c) and pore size distribution (d) curves of the prepared porous ACT treated
by KOH.

It has been proven that the functional groups (epoxy and hydroxyl groups) on the surfaces
of graphene oxide sheets could prevent lithium polysulfide from dissolution [37]. Herein, we
dipped the ACT/S into a graphene oxide solution to wrap ACT fibers with scrolled graphene oxide
sheets. Under the thermal treatment at 200 °C (Step I11), on one hand, sulfur further penetrated into
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the pores of ACT, on the other hand, the sulfur on ACT also attached to the graphene oxide sheets,
additionally, the GO nanosheets were partially reduced to recover their conductivity, jointly
retarding the loss of sulfur during the charge/discharge processes, improving the conductivity of
ACT/S-rGO composite cathode and enabling fast electron transfer along ACT fibers. The as-
prepared ACT/S-rGO composite could be directly used as a binder-free flexible cathode to
construct Li-S batteries. The hollow ACT fiber together with the reduced graphene oxide sheets
enhanced the sulfur loading, suppressed the dissolution of polysulfide, buffered the volume change,
shortened Li" ion diffusion path, and facilitated fast charge transfer, synergistically leading to

significantly improved electrochemical performances.

Figure 5.3 (a) Digital photograph of a commercial cotton T-shirt, and a piece of ACT under normal and folded state,
showing its excellent flexibility; (b) SEM image of ACT, inset is the TEM image of ACT; (c) SEM image of ACT
fiber, inset is the amplified cross-section of ACT fiber. (d) SEM image of ACT/S composite; (e) the amplified SEM
image ACT/S composite; (f) AFM height image of graphene oxide nanosheet; g,h) SEM images of ACT/S-rGO
composite at different magnifications; (i) TEM image of graphene oxide (GO) nanosheet, inset is the HRTEM image
and SAED of rGO nanosheet.

Figure 5.3 shows the synthesis and morphology of ACT/S-rGO nanocomposite from a
commercial cotton T-shirt. As demonstrated in Figure 5.3a, after activation, a piece of cotton T-
shirt was transformed into ACT with excellent mechanical flexibility and outstanding conductivity
(Sheet resistance: ~10-20 ohm/sq.). Meanwhile, the ACT retained the interwoven pattern (Figure
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5.3b). After activation, the ACT fibers were closely compacted together to form a highly
conductive network. More impressively, the ACT fibers (diameters: ranging from 5 to 10 um) not
only inherited the cellulose fiber structure of the cotton textile but also exhibited porous tubular
microstructure (Figure 5.3c and inset of Figure 5.3b). Such porous hollow tubular fibers helped

sulfur infiltration, achieving high sulfur loading, facilitating ion diffusion, slowing down cathode

polarization, and mitigating polysulfide dissolution.
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Figure 5.4 (a-d) EDS maps of the obtained ACT/S composite; (e) Relative element ratio of C, O, S in the ACT/S
composite; (f) XRD pattern of the used S and its corresponding standard peaks.

Figure 5.3d shows the SEM images of the ACT/S composite. The close-up observation
(Fig. 5.3e) showed that sulfur nanoparticles were homogeneously anchored on the corrugated
surface of ACT with a sulfur/carbon mass ratio up to 3:1. Energy dispersive X-ray spectroscopy
(EDX) was used to map the distribution of sulfur and carbon in ACT/S composite. As shown in

Fig. 5.4a-d, in addition to the homogeneously deposited sulfur on the outer surface of ACT fibers,
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sulfur mainly stored in the inner tubes of ACT fibers (Fig. 5.4d), which enabled higher sulfur
loading than most of the reported carbon/sulfur composites. The tubular interwoven ACT not only
increased the sulfur loading but also constructed a 3D conductive host for sulfur, enabling fast
electrolyte ion diffusion and electron transfer. More importantly, such sulfur infiltrated porous
tubular fibers were able to accommodate the volume change of sulfur during electrochemical
reaction processes, ultimately maintaining the structural integrity of the electrode, minimizing

polysulfide dissolution and improving sulfur utilization.

High sulfur loading and efficient sulfur utilization are essential to realizing high specific
energy of the Li-S battery. Although, porous tubular ACT fibers showed potential as sulfur host
and indeed improved the sulfur loading and electrical conductivity of the whole composite. The
relatively wide range pore size distribution was not able to completely prevent sulfur dissolution
during the electrochemical reaction processes, thereby leading to low sulfur utilization and fast
capacity fading. To solve the aforementioned issues, graphene oxide was used as the immobilizer
to wrap the ACT/S fiber to further prevent the sulfur losing by retarding the dissolution of
polysulfides. The thickness of the as-synthesized graphene oxide sheets was measured to be 0.85
nm (Fig. 5.3f), indicating that the coated graphene oxide is almost monolayered sheet [55]. The
functional groups (hydroxyl, epoxide, carbonyl, and carboxyl groups) on the surfaces of the
graphene oxide sheets made the prepared graphene oxide sheets rough and thicker than single-
layered graphene (0.78 nm). The graphene oxide sheets also showed rippled surface and etched
pits resulting from oxygen-containing functional groups (Fig. 5.3i), which helped to anchor sulfur
particles and prevented the dissolution of polysulfides. After soaking in GO solution, individual
ACT/S fibers were wrapped with curved and entangled GO sheets (Figs. 5.3g,h). During sulfur
infiltration at high temperature (200°C), sulfur interacted with the GO functional groups, which
could prevent the loss of polysulfides by strong chemical bonding in the electrochemical reaction
process. Meanwhile, the GO was partially reduced to rGO with recovered conductivity, forming a
graphene-enabled conductive coating along the ACT fiber. Inset Fig. 5.3i is the typical HRTEM
and SAED pattern of the rGO sheet. Although the discontinued crystal fringes in the HRTEM
image of rGO indicated the existed defects, the well-defined diffraction spots in SAED pattern
suggested re-established crystalline state in rGO nanosheets. The recovered crystal structure of
rGO in ACT/S-rGO composite mitigated the poor conductivity of sulfur and facilitated fast

electron transportation during the electrochemical reaction processes.
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The reaction between sulfur and GO was further validated by Raman spectroscopy (Fig.
5.5a), which was often used to characterize the ordered/disordered structure of graphitic materials,
especially for graphene [56]. In general, two feature bands in a typical Raman spectrum were used
to identify graphene, one is the D band at ~1350 cm™ arising from the breathing mode of point
photons of Aig symmetry, the other is the G band at ~1575 cm™ resulting from the first order
scattering of the Eoq phonon mode of in-plane sp? C atoms [57]. Compared with the ACT and GO,
the new peaks ranging from 100 to 400 cm™ and the shifted D band in the Raman spectrum of
ACT/S-rGO can be assigned to the vibration modes of sulfur, suggesting the appearance of sulfur
and the formation of chemical bonds between sulfur and rGO in the composite [58]. The increased
In/lg ratio in the ACT/S-rGO composite indicates more defects and disordered structure of the
rGO sheets formed on the outside of the ACT fibers [57]. Figure 5.5b shows the XRD patterns of
cotton textile, ACT, and ACT/S. After activation, the feature diffraction peaks of cotton textile
disappeared, whereas a broad peak at ~21° for ACT appeared, indicating the formation of
amorphous carbon. The XRD patterns of ACT/S and ACT/S-rGO (Fig. 5.5c) agreed well with the
standard diffraction peaks of sublimed sulfur (JCPDS no. 08-0247), as shown in Fig. 5.5f.
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Figure 5.5 (a) Raman spectra of ACT, GO, and ACT/S-rGO; (b) XRD patterns of the cotton textile, ACT, ACT/S
composite; (c) XRD patterns of GO and ACT/S-rGO composite.
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Although the micropores were filled with sulfur, there were still numerous of open
mesopores in the ACT/S-rGO composite (Fig. 5.6a). These open mesopores were able to
accumulate the volume change of sulfur during the electrochemical reaction processes. HRTEM
images showed that chain-like sulfur was closely anchored onto the porous ACT substrate (Figs.
5.6b,c) after the co-heating process. The d-space of the anchored sulfur is ~0.36 nm, which is in
accordance with the (133) lattice plane of monoclinic sulfur. The messy diffraction pattern (Fig.
5.6d) suggests that the sulfur in the ACT/S composite is a mixture of polycrystalline and
amorphous phases, in good agreement with the XRD results (Fig. 5.5c).

(

1000 ‘C1h

Figure 5.6 (a,b) TEM images of ACT/S at different magnifications; (c) HRTEM image of ACT/S, inset of d is the
amplified region; (d) the corresponding FFT pattern of ACT/S; (e) Illustration of the conversation of cotton textile to
porous ACT; (f-h) SEM images of porous ACT treated with KOH during the activation process.

To push up the utilization of active materials and slow down the dissolution of polysulfide,
a porous ACT was used as a bi-functional interlayer to enhance the cell configuration. As
illustrated in Fig. 5.6e, the porous ACT was prepared by a simple one-step KOH activation method.
The KOH activation process created micropores in the ACT fibers (Figs. 5.6f and g). The close-
up observation showed that micropores were densely anchored on the surface of macropores (Fig.
5.6h). N2 adsorption/desorption isotherms were used to further characterize the KOH-activated
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porous ACT (Figs. 5.2c and d). The adsorption/desorption isotherm curve exhibited a typical type
| profile, indicating the existence of microsized pores in the KOH-activated porous ACT. The
KOH-activated porous ACT exhibited a larger BET surface area of ~959.97 m? g ! and a relatively
wide size distribution ranging from 1 to 32 nm, with the average pore size of ~2 nm. Such KOH-
activated porous ACT, serving as the interlayer between the cathode and separator, not only
facilitated fast charge transfer but also absorbed the dissoluble polysulfides, synergistically

increasing the utilization of active materials and pushing up the cyclic performance.

5.3.2 Electrochemical Performance of Lithium-Sulfur Batteries with the KOH-activated
Porous ACT Interlayer

To evaluate the electrochemical performance of the as-assembled lithium-sulfur batteries,
CR2032-type coin cells were assembled with the ACT/S-rGO composite as cathode, lithium foil
as anode, Celgard 2400 as separator, respectively. The electrochemical behaviors of the lithium-
sulfur cells were investigated by cyclic voltammetry (CV), galvanostatic charge/discharge tests
and electrochemical impedance spectroscopy (EIS). Figure 5.9a schematically illustrates the
design wisdom of manipulating the “shuttle effect” of polysulfides by using a KOH-activated
porous ACT as interlayer in the lithium-sulfur cell. Compared with the traditional lithium-sulfur
cell configuration, the inserted flexible and conductive porous ACT simultaneously served as traps
for the dissolved polysulfides and reservoir for the electrolyte, provided additional pathways for
electrons and lithium ions, and accommodated large volumetric variation of sulfur during the
electrochemical reaction processes. Theoretically, the CV curve of a typically lithium-sulfur cell
is characterized by two reduction peaks (at ~2.35 V and ~2.1 V vs. Li*/Li) and one oxidation peak
(~2.5 V vs. Li*/Li), corresponding to the two-step reaction of sulfur with lithium, as described in

the following equations: [59,60]

Step I: formation of dissoluble long chain lithium polysulfides (Li2Sx, 4<x);

S, +2Li" +2e” > Li,S, (1)
3Li,S, +2Li" +2e” — 4Li,S, @)
Li,S, +2Li* +2e” — 2Li,S, 3)

Step II: formation of insoluble Li>S> and Li:S;
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Li,S, +2Li* +2e” — 2Li,S, (4)
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Figure 5.7 (a) Initial charge/discharge voltage-capacity profiles of porous ACT/S graphene at the current density of
0.1 mA cm?; (b) Initial charge/discharge voltage-capacity profiles of ACT/S-rGO cathode with porous ACT interlayer
at the current density of 0.3 mA cm%; (c) Nyquist plot of ACT/S cathode; (d) Nyquist plots of ACT/S-rGO cathode
with porous ACT interlayer.

To analyze the synergistic effects of the rGO coating and porous ACT interlayer in the
ACT/S-rGO cell, the ACT/S and ACT/S-rGO cells without using porous ACT interlayer were also
assembled and compared (Figure 5.7 and Figure 5.8). Figure 5.7a shows the first and second cycle
charging/discharging voltage-capacity profiles of the ACT/S cell without porous ACT interlayer
at the current density of 0.1 mA cm2. Both of the discharge curves displayed a typical two-plateau
behavior of the sulfur cathode, indicating the formation of lithium polysulfides and Li>S2/Li>S.
Figure 5.7b shows the initial two cycles of charging/discharging voltage-capacity curves of the
ACT/S-rGO cell with porous ACT interlayer at the current density of 0.3 mA cm. Compared with
ACT/S and ACT/S-rGO cells without porous ACT interlayer, the initial charging/discharging
curves of ACT/S-rGO cathode with porous ACT interlayer showed a potential hysteresis

phenomenon, leading to a low potential reduction, which could be due to the extra electrode
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polarization required to overcome the nanoconfinement barrier of strong adsorption energy
because of the introduction of the porous ACT interlayer. In fact, the porous ACT has
demonstrated a strong micropore size distribution, as evidenced by the BET test (Figure 5.2c). On
the other hand, the porous ACT will make more low-molecular (Sz-s) forms of elemental sulfur in
a high dispersion state and a short chain configuration confined inside the narrow micropores of
ACT, which are usually unstable due to their high energy state (low potential difference versus
metallic lithium) as compared to large molecules of elemental sulfur with crown rings, finally
leading to the electrochemical reduction process starting from Sy-4 to S*”. The similar phenomena

have been reported for most of the Li-S system with micropore confinement [17, 61-64].
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Figure 5.8 (a) Initial cyclic voltammogram profile of ACT/S-rGO cathode without porous ACT interlayer; (b) Nyquist
plots of ACT/S-rGO cathode without porous ACT interlayer; (c) 4™, 8 and 12"charge/discharge voltage-capacity
profiles of ACT/S-GO without porous ACT interlayer at different current densities; (d) Stepwise cycling performance
of ACT/S-rGO cathode without porous ACT interlayer and its Coulombic efficiency.

Figures 5.8a and c show the initial cyclic voltammogram profiles and representative
charging/discharging voltage-capacity curves of ACT/S-rGO cathode without porous ACT
interlayer, respectively. Compared with the two discharging plateaus of ACT/S cell (at ~2.37 V
and ~2.1 V), the ACT/S-rGO cell without porous ACT interlayer exhibited a single pair of redox
peaks (Figure 5.8a), which also corresponds to the representative charging/discharging curves

(Figure 5.8c), indicating the special functions of rGO to retard the dissolution of polysulfides. On
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the other hand, the ACT/S-rGO cell with porous ACT interlayer demonstrated two lower
discharging plateaus (at ~2.2 V and ~2.0 V) with a high initial capacity of 1126 mAh g ..
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Figure 5.9 (a) Schematic illustration of the systematic effects of a Li-S battery with ACT/S-rGO as a cathode and
porous ACT as an interlayer to manipulate the “shuttle effect”; (b) 11", 21%, 25 31" and 100" charge/discharge
voltage-capacity profiles of ACT/S cathode at different current densities; (c) 5™, 10™, 15", 30", 40" and 50%
charge/discharge voltage-capacity profiles of ACT/S-GO with porous ACT interlayer at different current densities; (d)
Cyclic voltammogram profile of ACT/S-rGO cathode with porous ACT interlayer after 50 charge/discharge cycles;
(e) Stepwise cycling performance of ACT/S cathode and its Coulombic efficiency; (f) Stepwise cycling performance
of ACT/S-rGO cathode with KOH-activated porous ACT as an interlayer and its Coulombic efficiency.

Unusually, the ACT/S-rGO cell with porous ACT interlayer exhibited a shorter second
discharging plateau at ~2.0 V corresponding to a fast drop discharge capacity of 820 mAh g*. The
high initial capacity could be ascribed to the irreversible reactions during the first cyclic process,
such as the trapping of lithium inside the active materials, the adsorption of polysulfides in the

porous interlayer, the formation of SEI films, and the electrolyte decomposition [65,66]. While,
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the shorter discharge plateau at ~2.0 V in the second cycle could be attributed to the porous ACT
interlayer suppressed the dissolution of long-chain polysulfides (Step 1) and retarded the further
reaction with lithium to form insoluble LiS2/Li2S (Step 1). With the increasing of cyclic number,
the second discharge voltage plateau became longer and more clear, along with the increase of
capacity (Fig. 5.9¢), which could be ascribed to the gradually weakened trapping capability of
porous ACT interlayer. With the saturation of long-chain polysulfides in the porous ACT interlayer,
some of them were released to react under the second discharge plateau, contributing to the
increasing capacity. After 50 charge/discharge cycles, the anodic oxidation peak remained at ~2.5
V, while two cathodic reduction peaks appeared with the main peak at ~1.8 V and the other peak
at ~2.1 V (Fig. 5.9d). The new appeared low potential CV peaks (at ~1.8 V) agreed well with the
low discharge plateau (at ~1.8 V) at 50th charge/discharge voltage-capacity profile at the current
density of 1.2 mA/cm? (Fig. 5.9¢). Most importantly, in contrast with the fast capacity decay in
traditional sulfur or carbon/sulfur composite cathodes, ACT/S cell exhibited an increased capacity
in the initial cycles (Fig. 5.9e). However, besides a fast capacity decay in the second discharge
cycle, ACT/S-rGO cell also demonstrated a similar increasing trend of capacity as that of ACT/S
cell (Fig. 5.9f) since the third cycle, which could be ascribed to the unique tubular structure of
ACT fibers with open channels and interconnected pores. The hollow cavities in ACT fibers
enabled high sulfur loading, meanwhile, the porous structure provided access of electrolyte ions
to the inner sulfur in ACT fiber, ensuring the contribution of the inner active sulfur to the total

capacity.

To evaluate the rate performance for the practical application, the charging/discharging
voltage-capacity profiles of the ACT/S and ACT/S-rGO cells were compared at the current
densities ranging from 0.3 mA cm to 2.4 mA cm (Fig. 5.9b,c). As the current density raised up,
the ACT/S cell showed a remarkable kinetic effect, i.e., the charge plateau increased whereas the
discharge plateau decreased, leading to higher overpotential and lower capacity at the high current
density regime. The reversible discharge capacities of ACT/S cell at 11" (0.3 mA cm?), 21" (2.4
mA cm?), 15" (1.5 mA cm?), 31" (1.2 mA cm?), 100" (1.2 mA cm) cycles are ~1002, ~754,
~825, ~871, and ~965 mAh ¢!, respectively. For the ACT/S-rGO cell with porous ACT
interlayer, the reversible discharge capacities at 5™ (0.3 mA cm?), 10 (0.6 mA cm), 15" (1.2
mA cm?), 30" (1.5 mA cm™), 40" (2.4 mA cm?) and 50" (1.2 mA cm™) cycles are ~892, ~762,
~875, ~941, ~929, and ~1036 mAh g, respectively. In addition to the increased capacity, the
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capacity remained well with the current densities increasing from 0.3 to 2.4 mA c¢m, pointing
towards excellent rate performance. The new discharge plateau at about 1.8 V, in good agreement
with the CV results resulted from the gradually blocked micropores in the porous ACT interlayer,
which disabled the trapping ability of the ACT interlayer.

To further demonstrate the advantages of the ACT/S-rGO cathode with porous ACT
interlayer, electrochemical impedance spectroscopy (EIS) measurements were performed for the
ACT/S and ACT/S-rGO cells without interlayer, as well as theACT/S-rGO cell with an interlayer
(Figs. 5.7c,d and Figure 5.8b). Both profiles consist of two semicircles in the high-frequency
regime and a straight line in the low-frequency regime. The first semicircle in high-frequency
range corresponds to the formation of the passivation layer (Li>S2/Li.S) on the surface of lithium
anode. The second semi-circle in the medium-to-low frequency can be assigned to the charge
transfer resistance (Rct), and the straight line in the low-frequency regime should be ascribed to the
lithium ions diffusion [35]. Although the recovered conductivity of reduced graphene oxide
coating could increase the conductivity of ACT/S cathode and ensure fast electron transfer,
compared with the pure ACT/S cathode and ACT/S-rGO cathode with the ACT interlayer, the
pure ACT/S-rGO cathode without the ACT interlayer showed increased diameter of the second
semicircle arc, indicating relative larger charge transfer resistance, which could be ascribed to the
residual oxygen-functional groups and defects on the surface of rGO, increasing the charge transfer
resistance. However, the added porous ACT interlayer not only help trap the dissolution of the

polysulfides but also increase the conductivity of the whole electrode.

Cycling life and Coulombic efficiency are also important parameters in evaluating the
practical application of lithium-sulfur battery. Figure 5.9e, Figure 5.8d and Figure 4.9f show the
cyclic performance and corresponding Coulombic efficiency of the ACT/S and ACT/S-rGO cells
without interlayer, and the ACT/S-rGO cell with the ACT interlayer. Except for the fast second
discharge capacity decay for ACT/S-rGO cell, all of them demonstrated increased capacities in the
initial several cycles, indicating that the sulfur in the inner cores of the hollow ACT fibers was
progressively consumed. The ACT/S-rGO did not show capacity decay but an increase from ~900
mAh gt to ~1000 mAh g when it was cycled from 0.3 up to 2.4 mA cm, indicating excellent
rate performance. For the ACT/S cell, however, an obvious capacity decay was observed after 95

charge/discharge cycles (Fig. 5.9e), while the ACT/S-rGO cell without porous ACT interlayer

121



demonstrated an increased capacitance. One phenomenon is that the ACT/S cell will suddenly
become unchargeable after ~100 cycles, which could be ascribed to the growth of lithium dendrites,
leading to the partial internal short circuit. While, with the help of rGO coating and porous ACT
interlayer, the ACT/S-rGO cell doubled its cycling life up to 200 cycles (Fig. 5.9f). It can be seen
that all of the assembled Li-S cells demonstrated a similar decreasing trend during the cyclic
process, which could be ascribed to the dissolution of the polysulfides, leading to the loss of the
active sulfur. However, compared with the continually decreased Coulombic efficiency for the
ACT/S cell (~72% at 100" cycle) and ACT/S-rGO cell (~84% at 100" cycle), the ACT/S-rGO cell
with porous ACT interlayer exhibited remarkably improved performance with an effective
Coulombic efficiency of ~83% even after 200 cycles, demonstrating the synergistic effects of rGO

coating and porous ACT interlayer.
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Figure 5.10 (a) Schematic illustration of the assembled flexible lithium-sulfur battery; (b,c) Digital photographs of a
yellow light-emitting diode (LED) lighted by the assembled flexible Li-S cell under normal and bent states,
respectively; (d) The 1%, 5" and 25™ charge/discharge voltage-capacity profiles under the normal state and the 50™"
charge/discharge voltage-capacity profile under a bent state of the flexible Li-S cell at the current density of 1.2 mA
cm’2; (e) Cyclic performance of the flexible lithium cell under normal and bent states at the current density of 1.2 mA

cm?,
As illustrated in Fig. 5.10a, a flexible lithium cell with ACT/S-rGO as a cathode, porous

ACT as an interlayer, and lithium foil as an anode was assembled to demonstrate its practical
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application as a flexible energy storage device. The assembled flexible lithium-sulfur battery could
be used to light a commercial LED (Fig. 5.10b). The brightness of the LED remained same even
under a severely folded state (Fig. 5.10c). Figure 5.10d shows the representative
charging/discharging voltage-capacity profiles of the assembled flexible cells under normal (1%,
5t and 25" cycles) and bent states (50" cycle). All voltage-capacity curves of the flexible cell
exhibited similar charge/discharge plateaus whether at normal or bent states as that of the coin cell,
indicating the excellent mechanical robustness and electrochemical stability. Figure 5.10e shows
the cyclic performance of the flexible cell at normal and bent states for the initial 50 cycles.
Compared with the coin cell, the flexible cell did not exhibit very high capacity, probably due to
the package issues, which usually lead to the relatively loose contact between cathode and anode.
More encouragingly, the capacity of the flexible cell retained more than 400 mAh g* even after
50 cycles under the bent state, which is still very promising for practical application.

The exceptional capacity performance, excellent rate capacity, and improved Coulombic
efficiency together with the remarkable flexibility of the as-prepared ACT/S-rGO cathode can be
ascribed to the following merits: (1) the porous tubular structure of ACT with inner cavities not
only remarkably increased sulfur loading, but also effectively accommodated the volumetric
variation of sulfur and maintained the structure integrity of electrode during the electrochemical
reaction process; (2) The hollow ACT fibers (served as an electrolyte reservoir) together with the
partially reduced rGO (served as a polysulfide immobilizer and conductive coating), shorted the
transportation/diffusion path, effectively trapped the dissolved polysulfides and facilitated the
electron transfer, thereby enabling high sulfur utilization and faster kinetics; (3) the KOH-activated
porous ACT with hierarchical porous structure, serving as the bi-functional interlayer, adsorbed
the dissolved polysulfides, manipulated the “shuttle effect”, and promoted the penetration of
electrolyte ions, enabling the exceptional capacity retention and outstanding rate capability. The
individual components in the ACT/S-rGO cell were teamed up to achieve high sulfur loading and
utilization, exceptional capacity performance, excellent reversibility and high rate discharge
capability.

5.4 Conclusion

In summary, activated cotton textile (ACT) with porous tubular fibers was used to load
sulfur to form ACT/S composite, which was further wrapped with partially reduced graphene
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oxide (ACT/S-rGO) to immobilize polysulfides for Li-S battery application. In addition, the KOH-
activated ACT with hierarchical porous structure was inserted between cathode and separator to
innovate the cell configuration. The unique porous tubular structure promoted sulfur infiltration,
enabling a high sulfur loading of ~5.5 mg cm. The wrapped rGO sheets together with the KOH-
activated ACT interlayer not only suppressed the polysulfides dissolution but also modified the
conductivity and facilitated fast electron transition along ACT fiber, jointly enabling high sulfur
utilization and excellent rate performance. When used as a binder-free cathode, the ACT/S-rGO
cell with porous ACT interlayer exhibited an exceptional capacity increasing (from 3™ cycle 852
mAh g to 150 " cycle ~1037 mAh g*) in the first 150 cycles, impressive rate performance (the
discharge capacitance retained well with increasing current density from 0.3 to 2.4 mA cm) and
doubled cyclic stability (compared with the 100 cycles for ACT/S cell). A flexible ACT/S-rGO
lithium-sulfur cell was also assembled to demonstrate its potential as a flexible energy storage
device, which retained its high capacity and excellent mechanical stability after repeated
mechanical bending processes. Such cotton textile enabled flexible Li-S system with porous
interlayer opens the door for constructing next-generation flexible power sources for future
flexible/wearable electronics application, including flexible cell phones, wearable electronics,

electronic skins, and implantable biomedical devices.
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Chapter 6. Cotton-Textile-Enabled, Ferromagnetic
Nanoparticle-Assisted Polysulfide New Trapping Mechanism

6.1 Introduction

With increasing environmental concerns and growing demand for renewable energy, a
worldwide imperative is to develop efficient energy conversion and storage devices, aiming to
utilize renewable and sustainable energy sources, such as solar, wind, geothermal, and tidal energy.
[1-2] Lithium-ion (Li-ion) batteries have proven to be the most effective energy storage devices to
date, due to their high energy density, long lifespan, lack of adverse memory effects and excellent
safety; they have been widely used in portable electronics and electric vehicles (EVs), both of
which substantially impacted our lifestyles. [3-5] However, the Li-ion battery chemistry is
approaching its theoretical limit, and will not be able to satisfy the next generation of devices
requiring higher storage capacities and longer lifespans. Therefore, new battery chemistries and
new electrode materials with higher energy storage capacity are eagerly needed. [6-9] Currently,
the lithium-sulfur (Li-S) battery is regarded as the most promising candidate for the next-
generation high-energy battery due to its ultra-high theoretical capacity (~1650 mAh g*) and
energy density (~2654 Wh kg™), low cost and environmental friendliness. [10,11] However, Li-S
batteries continue to be plagued by a variety of challenges such as fast capacity decay, poor
utilization of the active material, short lifespans and poor Coulombic efficiency due to the
insulating nature of sulfur, the “shuttle effect” of polysulfides, as well as a large volume fluctuation

during cycling. [12,13]

To overcome the abovementioned challenges, various strategies have been explored and
remarkable progress has been achieved in trapping polysulfides through the design of new
materials, modification of electrolyte composition and optimization of cell configuration. [14-16]
Following the pioneering work of confining polysulfides in porous and conductive carbon reported
by Nazar, [17] various carbon materials, such as graphene, [18,19] graphene oxide, [20,21] carbon
nanotubes, [22,23] micro/meso-carbon, [24,25] and biomass-derived activated carbons [26,27]
have been widely explored as sulfur hosts to trap polysulfides. Recently, novel conductive
polymers, [28,29] porous metal-organic frameworks (MOF), [30,31] and metal-based compounds

[32,33] have shown to be promising in the on-site chemical trapping of polysulfides to improve
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Coulombic efficiency and cyclic stability of Li-S batteries. In addition to innovative cathode
materials, modifications of the separator, [34] introduction of a carbonaceous interlayer, [35,36]
protection of the lithium anode [37,38] as well as the optimization of electrolyte composition
[39,40] have also been previously explored in attempts to mitigate the dissolution of polysulfides
and improve Li-S battery performance. However, the persistence of the “shuttle effect” of
polysulfides is hindering the advancement of the Li-S cell to practical applications. Recently, the
use of superparamagnetic iron oxide nanoparticles to control the “shuttle effect” of polysulfides
by introducing an external magnetic field was reported. [41] Adding ferroelectric BaTiOz (BTO)
into the cathode to effectively trap the polysulfide by the “spontaneous polarization” of BTO has
also been explored. [42] Simultaneously, magnetic field effects have been applied to improve the
performance of capacitors. [43,44] Inspired by such preliminary steps, in this work the polysulfide
trapping capability of ferromagnetic materials is demonstrated and its mechanism of action is

explored.

Ferromagnetic materials elements such as iron, nickel, and cobalt all demonstrate strong
magnetism under an applied magnetic field and have been widely used for magnetic memory
storage and various electromechanical devices. Recently, ultrafine magnetic nanoparticles have
been synthesized and used in a variety of applications, such as recording media, catalysts, medical
diagnostics, drug delivery, and ferrofluids. [45,46] Here, we hypothesize that a built-in magnetic
field can be formed during cycling when ferromagnetic nanoparticles are introduced into the sulfur
cathode of the Li-S battery. Via the Lorenz force, the path of the dissolved negative polysulfide
ions will be altered and thereby promote the trapping of polysulfides. This unique mechanism can
be named the “shielding effect” via ferromagnetic nanoparticles. Beyond polysulfide trapping, the
ACT@Fe/FesC composite also offers broader applications in electromagnetic wave absorption.
[47,48]

To verify our hypothesis, an activated cotton textile (ACT)-based flexible electrode was
enriched with iron nanoparticles to demonstrate this novel magnetic field-assisted polysulfide
trapping strategy. In our previous work, ACT has been demonstrated to be an excellent flexible
substrate due to its flexibility, conductivity and favorable porosity, which was easily enriched with
nanoparticles. [49,50] In this work, ferromagnetic iron/iron carbide (Fe/FesC) nanoparticles with

a graphene shell (Fe/FezC/graphene) were successfully in-situ embedded into the ACT fibers to
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prepare the ACT@Fe/FesC/graphene sulfur host. After an annealing process of the mixture, sulfur
nanoparticles infiltrated into the inner pores of the ACT and randomly distributed around the
Fe/FesC nanoparticles to form ACT@Fe/FesC/S composite. When used as a cathode, the
ACT@Fe/FesC/S electrode demonstrated a unique single discharge plateau with a high initial
discharge capacity of ~764 mAh g, an exceptional capacity recovery after the initial drop during
the first 120 cycles, excellent rate performance, as well as a remarkably extended lifespan (600
cycles for the ACT@Fe/FesC/S cathode compared with only 100 cycles for pure ACT/S cathode).
A custom-designed liquid electrolyte cell with ACT@Fe/FesC/S as the cathode and lithium metal
as the anode demonstrated a concentrated polysulfide diffusion layer near the ACT surface, which
is substantially different from the homogeneous diffusion of the pure ACT/S cathode. The
difference indicates a mechanistically new polysulfide trapping phenomenon. The modified
reduction-oxidation chemistry and enhanced lifespan of the ACT@Fe/FesC/S composite
demonstrates a new trapping mechanism attributed to the built-in magnetic field facilitated by

Fe/FesC nanoparticles.

6.2 Experimental Sections

6.2.1 Synthesis of ACT@Fe/FesC nanoparticles with a graphene shell

Chemicals used were as-supplied from vendors without further purification. Commercial
cotton textile was first washed using distilled water in an ultrasonic bath. A simple one-step
activation of cotton textile loaded with Fe(NOs)z was performed to prepare ACT@Fe/FesC
nanoparticles with a graphene shell (ACT @Fe/FesC/graphene). Specifically, the cotton textile was
first soaked for 10 min in 1 M Fe(NO3)3 solution and dried at 80 °C for 6 h to remove any residual
water. The material was then heated to 1000 °C with a heating rate 5 °C/min in a tube furnace and
maintained at this temperature for 1 h with 300 sccm (standard cubic centimeters) gas flow of
argon. A washing process of the ACT @Fe/FesC/graphene composite using ethanol followed, with
a final drying at 80 °C for 12 h.

6.2.2 Preparation of ACT@Fe/FesC/S cathode

The ACT@Fe/FesC/S  composite  was  obtained by  thermally  treating
ACT@Fe/FesC/graphene with sulfur. First, a piece of ACT@Fe/FesC/graphene was punched into

discs 14 mm in diameter. The discs were coated with sulfur particles and thermally treated at
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156 °C for 10 h in a sealed autoclave to make sulfur fully penetrate into the inner pores and cavities
of the ACT. A heating process at 200 °C for 2 h was used to ensure the homogenous distribution
of sulfur around Fe/FesC nanoparticles. The areal weight of ACT@Fe/FesC was measured to be
~2.5 mg cm™. The final sulfur loaded ACT@Fe/FesC/S composite was ~5.0 mg cm™,

6.2.3 Characterization

The morphology and the microstructure of the prepared materials were characterized by
scanning electron microscopy (SEM; FEI Quanta 650 with EDS detector) and transmission
electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM, FEI
Titan), and atomic force microscopy (AFM; Dimension Icon with ScanAsyst, Bruker). The
crystallographic structure of the obtained materials was characterized by X-ray diffraction (XRD;
PANalytical X'Pert Pro Multi-Purpose Diffractometer (MPD) equipped with Cu K, radiation with
A =0.15406 nm. Raman spectrum was collected by Renishaw InVia Raman microscope at 514 nm

with 5% laser power.
6.2.4 Electrochemical Characterization of the ACT@Fe/FesC/S Cathode

The electrochemical performance of the ACT@Fe/FesC/S cathode was measured by
assembling CR2032 type coin cells. The ACT@Fe/Fe:C/S composite was directly used as a
binder-free cathode for the coin cell. The ACT@Fe/FesC/S composite was first dried at 80 °C for
24 h in a vacuum oven and Li-S coin cells were assembled with ACT@Fe/FesC/S as a cathode,
lithium metal as an anode and Celgard 2400 film as a separator, respectively. For comparison, cells
with an ACT/S cathode were also assembled. Electrolyte solution consisting of 1 M lithium
bis(trifluoromethanesulfonyl)imid and 0.4 M LiNOz3 dissolved in 1:1 v/v 1,2-dimethoxyethane
(DME) and 1,3-DOL solution was used. The CR2032 coin cells were assembled with an MTI
MSK-110 crimping machine in an argon-filled glove box (Mbraun, Germany) with oxygen and
water contents below 2 ppm. A custom glass cell was used to directly observe the macroscopic
polysulfide trapping behavior of the ACT@Fe/FesC/S cathode during cycling. Galvanostatic
charge/discharge measurements were carried out using a LAND CT2003A battery tester between
1.5 and 3.0 V vs Li/Li*. The capacities and charge/discharge rates were calculated based on the
areal weight of active sulfur. A CHI 660E Electrochemical Workstation was used to measure the
cyclic voltammograms (CV) and electrochemical impedance spectra (EIS) between 0.05Hz and
100 kHz with 5 mV of AC perturbation.
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6.3 Results and Discussion

6.3.1 Microstructure Characterization

Fel/Fe,C NPs 000 06\ ) © FelFe,Cigraphene s
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Figure 6.1 Schematic illustration of the synthesis of ACT@Fe/Fe;C nanoparticles (ACT @Fe/FesC NPs) composite
and its hybridization with sulfur to prepare ACT@Fe/Fe;C/S composite.

Synthesis of ACT@Fe/FesC nanoparticles (NPs) with a graphene shell followed by a
hybridization with sulfur to prepare the ACT @Fe/Fe3zC/S composite involved in a two-step process
(Figure 6.1), which resulted in Fe/FesC NPs anchored on both the inner and outer surfaces of the
ACT fibers (step i). Interestingly, each Fe/Fe3C NP was coated with a multilayered graphene shell.
During the high-temperature annealing process, the cotton textile was first activated into
conductive ACT accompanied by the release of gaseous byproducts such as CH4, Hz, CO and COz.
Simultaneously, the Fe(NOs)s was decomposed into a-Fe-Oz and then reduced into pure iron
nanoparticles. Finally, the dissolution of C atoms into the Fe-rich matrix led to the formation of
FesC and Fe/FesC eutectoid, and the precipitation of C atoms resulted in the growth of graphene
around Fe/FesC nanoparticles. The reaction processes can be described using (Eq. 1-4): [51-53]

4Fe(NO,),-6H,0 — 2Fe,0, + 12HNO, +18H,0 (Eq. 1)

Fe,0, + 3CO — 2Fe + 3CO, (Eq. 2)
CH,—=>C+2H, (Eq. 3)
Fe+3C — Fe,C (Eq. 4)

From the above reactions, the activation process yields a corrosive nitric acid, which can

etch the cotton fibers and facilitate the formation of the porous structure of the ACT. Inside each
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ACT fiber, the graphene shell coagulates around the conductive Fe/FesC NPs forming a conductive
network, which contributes to the favorable current collection efficiency and fast electron transport.
Most importantly, the embedded Fe/FesC NPs induced a magnetic field near the surface of the
cathode, which alters the motion of the polysulfides via the Lorentz force. This intrinsic force
enabled the dissolved polysulfides to diffuse back towards the cathode, thereby mitigating the
polysulfide shuttle effect. Such a unique design strategy allows the ACT@Fe/FesC NPs with a
graphene shell to behave as an ideal sulfur host for high-performance Li-S batteries.

10 1/nm

Figure 6.2 (a,b) Scanning electron microscopy (SEM) images of the ACT @Fe/FesC NPs at different magnifications;
(c,d) Transmission electron microscopy (TEM) images of the ACT@Fe/Fes;C NPs at different magnifications; (e,f)
High resolution transmission electron microscopy (HRTEM) images of the ACT@Fe/FesC NPs at different
magnifications, inset of f is the corresponding fast Fourier transform (FFT) pattern; (g) Selected area electron
diffraction (SAED) pattern of the ACT @Fe/FesC NPs; (h) Atomic force microscopy (AFM) height and corresponding
phase (i) images of ACT @Fe/FesC NPs.

The microstructure of the ACT@Fe/FesC NPs was characterized using SEM, TEM,
HRTEM and AFM, as shown in Figure 6.2. Dense Fe/FesC NPs anchored on the surface of the
ACT fibers were observed on the ACT@Fe/FesC composite from SEM analysis (Figures 6.2a-b).
Furthermore, the Fe/FesC NPs were distributed not only on the exterior surfaces of the ACT fibers,
but also homogeneously embedded inside the carbon matrix of each fiber. The average diameter

of the Fe/FesC NPs is ~10 nm, and HRTEM with corresponding FFT analysis of the particles
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(Figure 6.2f) reveal a lattice spacing of 0.203 nm, in accordance with the (110) lattice plane of
body-centered cubic a-Fe. The SAED pattern of the ACT/Fe/FesC (Figure 6.2g) shows concentric
diffraction rings together with strong diffraction spots indicating the presence of a mixture of
poly/single crystalline Fe/FesC (indexed as (110) and (200) plan of cubic a-Fe) and amorphous
phase carbon, in good agreement with the X-Ray Diffraction (XRD) results in Figure 6.3b. The
XRD pattern of the pure cotton and ACT compared in Figure S1a indicates an amorphous structure
of ACT after activation. The crumpled morphology of the ACT surface is patterned with dense
Fe/FesC NPs as shown by AFM height analysis (Figure 2h-i), with the phase profile corresponding

to a loosely porous ACT fiber structure.
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Figure 6.3 XRD patterns of the as-prepared (a) cotton textile and activated cotton textile (ACT); (b) ACT@Fe/Fe;C
NPs and ACT@Fe/FesC/S composite.

Following the second step of sulfur impregnation and heating, the resulting
ACT@Fe/Fe3C/S composite exhibited a similar morphology (Figure 3a-c) to the ACT@Fe/FesC
NPs discussed above. Dense Fe/FesC NPs anchored on the surface of ACT, and HRTEM images
of ACT@Fe/FesC/S confirmed a core/shell structure with an inner Fe/FesC core and a multilayer
outer graphene shell (Figure 3d). The amplified region (Figure 3e) exhibited non-homogenous
crystal structures corresponding to different compositions that could be ascribed to the multi-
layered graphene (I), monoclinic sulfur (II), a-Fe (I11), and single crystal FesC (IV). FFT pattern
of region IV demonstrates the single-crystal nature of the FesC/Fe NPs (inset of Fig. 3f), while
SAED measurements (Figure 3g) suggest a mixture of the polycrystalline sulfur, crystal FesC, and
amorphous carbon, in good agreement with XRD results (Figure S1b). Compared with
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ACT@Fe/FesC, a different phase image of ACT@Fe/Fe3C/S (Figure 3h-i) can be ascribed to the

homogeneous distribution of sulfur throughout the Fe/FesC NPs.
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Figure 6.4 (a,b) SEM images of the ACT@Fe/FesC/S composite at different magnifications; (¢) TEM image of the
ACT@Fe/FesC/S composite; (d) HRTEM images of the core/shell nanostructures in ACT @Fe/FesC/S composite with
Fe/FesC NP core and multilayered graphene shell; (€) the corresponding amplified region of (d); (f) HRTEM image
of the ACT@Fe/FesC/S composite with random distributed sulfur nanograins; (g) selected area electron diffraction
(SAED) pattern of the ACT@Fe/FesC/S composite; (h) AFM height and corresponding phase (i) images of
ACT@Fe/FesC/S composite.

The presence of a single layer crystalline carbon (graphene) at 26.4° (JCPD no. 75-0444),
cubic a-Fe (JCPD no. 87-0722) and orthorhombic FesC (JCPD no. 76-1877) is verified by the
diffraction peaks of ACT@Fe/FesC NPs obtained using XRD (Figure 6.3b). Following the
infiltration of sulfur, XRD measurements of the ACT@Fe/FesC/S composite were consistent with
the diffraction peaks of graphene, cubic a-Fe and orthorhombic FesC, which indicates a stable
phase structure of the Fe/FesC nanoparticles. Any remaining diffraction peaks in the
ACT@Fe/FesC/S composite agree well with the standard diffraction peaks of sublimed sulfur
(JCPDS no. 08-0247), suggesting that S is embedded into the ACT@Fe/FesC substrate.
Comparing the Raman spectrum of ACT@Fe/FesC NPs with the ACT@Fe/FesC/S composite
(Figure 6.5) reveals similarities in the characteristic D and G bands of the carbon materials.
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Meanwhile, the relatively strong 2D band at 2680 cm™ of ACT@Fe/FesC composite indicates the
existence of multilayered graphene. [54] However, the absence of the 2D band and the decreased
In/l ratio of the ACT @Fe/FesC/S Raman peaks suggests that sulfur is embedded into the lattice
of multilayered graphene thereby promoting defects in the graphene layer, [55] which agrees well

with TEM results above.
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Figure 6.5. Raman spectra of the as-prepared ACT @Fe/FesC NPs and ACT@Fe/Fe3C/S composite.

In order to map the elemental distribution of C, O, S and Fe in the ACT@Fe/FesC/S
composite, Energy Dispersive Spectroscopy (EDS) mapping was utilized, revealing that in
addition to the homogeneously deposited S on the outer surface of ACT fibers, it was mainly stored
in the inner tubes of the ACT fibers (Figure 6.6d), which enabled higher sulfur loading (~5.0 mg
cm) than most other reported carbon/sulfur composites (< 2.0 mg cm2). Analysis with HRTEM
and the corresponding EDS spectrum of the ACT@Fe/FesC/S further demonstrates the presence

of graphene and sulfur around the ferromagnetic Fe/FesC core (Figure 6.7). The tubular structure
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of ACT and the conductive Fe/FesC NPs with a graphene shell also functions as a conductive host

for S, which enabled fast electrolyte ion diffusion and electron transfer.

Figure 6.6 (a-e) The EDS element mapping images of the ACT @Fe/FesC/S composite and (f) the elemental
spectrum and the relative element ratio of C, O, S, Fe, scale bar 5 um.

(b)

Figure 6.7 (a) Close-up HRTEM image and (b) the corresponding elemental spectrum of the ACT@Fe/FesC/S
composite.

6.3.2 Electrochemical Performance
The Li-S cell features two pairs of theoretical reduction-oxidation (redox) peaks, with

reduction peaks at ~2.35 V and ~2.1 V vs. Li*/Li and an oxidation peak at ~2.5 V vs. Li*/Li, which
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corresponds to the two-step reaction of sulfur with lithium, as described by the following equations:
[56,57]

Step I: formation of easily dissoluble long chain lithium polysulfides (Li2Sx, 4<x);

Sg+2Li" +2e” — Li,S, (Eq. 5)
3Li,Sg +2Li" +2e” — 4Li,S, (Eq. 6)
Li,S, +2Li* +2¢~ — 2Li,S, (Eq. 7)

Step II: formation of insoluble Li>S> and Li.S;

Li.S, + 2Li* +2¢~ — 2Li.S (Eg. 8)
294 222 g.
Li.S, + 2Li* +2” —>2Li.S (Eg. 9)
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Figure 6.8 (a) Cyclic voltammogram (CV) profile of the prepared ACT@Fe/FesC/S cathode; (b) 1%, 2", 11t 215,
31t and 61 charge/discharge profiles of ACT@Fe/FesC/S cathode at different current densities (1 C = 3 mA cm);
(c) Electrochemical impedance spectroscopy (EIS) of the prepared ACT@Fe/FesC/S cathode at 1%t and 600™ cycle;
(d) rate performance of ACT@Fe/FesC/S cathode at different current densities in the first 50 cycles; (e) stepwise
cycling performance of ACT @Fe/Fe3C/S cathode and its Coulombic efficiency; (f) XRD pattern and SEM images (g-
i) of the ACT@Fe/Fe3C/S cathode after the cyclic tests.
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Unexpectedly, an assembled cell with ACT@Fe/FesC/S cathode exhibited a single pair of
redox peaks (Figure 6.8a) measured using cyclic voltammetry (CV), which corresponds to a single,
longer plateau in the galvanostatic charge/discharge curves (Figure 6.8b), suggesting that the
Fe/FesC NPs disrupt the dissolution of polysulfides. The galvanostatic charge/discharge profiles
of the ACT@Fe/FesC/S cathode were measured at varying current densities (Figure 6.8b).
Interestingly, a similar trend of a discharge plateau at ~2.2 V and a charge plateau at ~2.35 V has
been measured at all current densities. Unlike the double discharge plateaus of the pure ACT/S
cathode at ~2.35 V and ~2.1 V (Figure 6.9a), the single discharge plateau at ~2.2 V is in good
agreement with the measured CV of the ACT@Fe/FesC/S cathode (Figure 6.8a). The reversible
discharge capacity of ACT@Fe/FesC/S cell at 1% (0.1 C), 2" (0.1 C), 11" (0.2 C), 21 (0.4 C), 31%
(0.2 C), 61% (0.4 C) cycles are 763, 656, 501, 404, 568, and 470 mAh g, respectively, resulting
in a linear trend with increasing current density. However, notable kinetic effects were exhibited
by the cell; for instance, at increasing current densities the charge plateau broadened while the
discharge plateau shrunk, leading to a higher overpotential and a lower capacity at high current

densities.
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Figure 6.9 (a) The initial charge/discharge curves of the ACT@Fe/FesC/S composite; (b) Cyclic and Coulombic
efficiency of the ACT @Fe/Fe3C/S composite.

To investigate the specific function of Fe/FesC, EIS measurements of the assembled cell were
performed at the first cycle and after 600 cycles (Figure 6.8¢c). A typical Nyquist spectrum of the
Li-S battery electrochemistry consists of two semicircles in the high-frequency range and a linear
regime in the low-frequency range. The first semicircle in high-frequency range is ascribed to the
formation of the passivation layer (Li2S2/Li>S) on the surface of the lithium anode, while the
second semicircle in the medium-to-low frequency corresponds to the charge transfer resistance
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(Ret), and the line in the low-frequency regime results from the diffusion of lithium ions. [58,59]
However, in the spectrum of the ACT@Fe/FesC/S cathode the absence of one semicircle during
the initial cycle indicates that the trapping of the polysulfides slows the formation of the
passivation layer on the anode. Meanwhile, the reduced semicircle diameter suggests a decreased
charge transfer resistance of the ACT@Fe/FesC/S composite. The increased semicircle diameter
of the ACT@Fe/FesC/S composite after 600 cycles indicates the increase of charge transfer
resistance during cycling. The charge/discharge capacity profile at the current densities ranging
from 0.1 C to 0.4 C (Figure 6.8d) is used to evaluate the rate performance of the ACT@Fe/FesC/S
cell. Clearly, the capacity is well retained at current densities between 0.1 C and 0.4 C, indicative
of excellent rate performance. When the current density is reduced to 0.2 C after 30 cycles, the
cell capacity can be recovered to 558 mAh g, which is even larger than the 538 mAh g (0.2 C)
at the 21% cycle.

The exceptional capacity increase of the ACT@Fe/FesC/S cell is consistent with our
previously reported pure ACT/S cathode, [36] wherein hollow tubular structures of ACT fibers
(Fig. 6.6) contributed to the favorable performance. Compared to the pure ACT/S cathode (Figure
6.9b), the ACT@Fe/FesC/S cell demonstrated better Coulombic efficiency and a longer lifespan.
Unlike the monotonically decreasing efficiency exhibited by the ACT/S cell (~72% at 100" cycle),
ACT@Fe/FesC/S remarkably demonstrated an improved Coulombic efficiency, almost 100%
throughout the entire cycling process. Excitingly, the lifespan of the ACT @Fe/Fe3C/S cell reached
600 cycles even at a high sulfur loading of 5 mg cm? (6x longer than ACT/S). Furthermore, at 0.4
C current density, an excellent capacity retention of ~61% was measured after 600

charge/discharge cycles.

In order to identify the mechanistic role of the Fe/FesC NPs in trapping polysulfides during
the charge/discharge process, further XRD and SEM analysis of the ACT@Fe/FesC/S cathode
after the cycling test was performed. Post-cycling the presence of characteristic peaks of a-Fe and
FesC (Figure 6.8f) indicate no reaction between Fe/FesC NPs and S, suggesting the trapping
mechanism is not driven by a chemical bonding between Fe/FezC NPs and the polysulfides species.
The structural integrity of the ACT@Fe/Fe3C/S cathode post-cycling remained nominal based on
SEM image analysis, indicating the ACT fibers are a mechanically robust sulfur host. Unlike the

spherical nanoparticles on the ACT fibers, a compact layer of nanosheets wrapped around the ACT
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layer accumulated on the cathode, which is ascribed to the formed Li>S/Li>S, passivation layer.
Based on the single redox peak in the CV profile of ACT@Fe/FesC/S cathode, we conclude that
the presence of Fe/FesC NPs is the key factor in preventing the dissolution of the dissolved
polysulfides (Sn* n>4) and the formation of non-soluble Li,S/Li,S..
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Figure 6.10 Digital images of the ACT/S composite (a) and ACT@Fe/FesC/S composite (b) electrodes during the
first discharge cycle in the liquid cell at the current density of 0.1 mA cm?; (c) Illustration of the possible polysulfides
trapping mechanism by introducing of Fe/FesC NPs in the ACT@Fe/FesC/S cathode.

In order to clarify the trapping mechanism of the Fe/FesC NPs, the color change of the
electrolyte in a custom-built liquid cell with both pure ACT/S and the new ACT@Fe/Fe3C/S
cathode was digitally tracked (Figure 6.10). The yellow color indicates the dissolution of sulfur
and the formation of long-chain polysulfides (Sn?", n>4). [60] Interestingly, in the absence of
Fe/FesC NPs, the electrolyte around the ACT/S cathode changed in color homogenously (Figure
6.10a, Video S1). With increasing discharge depth (at constant current density) the yellow region
darkened substantially. However, with the introduction of Fe/FesC NPs in ACT@Fe/FesC/S the

electrolyte around the cathode exhibited an inhomogeneous color distribution and subsequent

144



dispersion. The electrolyte turned dark brown and concentrated around the cathode disk, with a
color gradient reaching the Li anode. After 3 h of constant current discharge, a dark brown region
gradually emerged around the surface of ACT@Fe/FesC/S cathode, which further demonstrates
the trapping ability of the Fe/FesC NPs (Figure 6.10D).

We postulate that the induced magnetic field from the Fe/FesC NPs is a key factor in the
trapping of the dissolved polysulfides (Figure 6.10c). Specifically, during the discharge process,
the lithium anode loses an electron to form Li*, while the sulfur anode gains two electrons to form
Sn? (1=<n<8). In the intrinsic electric field between the two active materials, Sn?” (4<n<8) ions are
attracted to the anode, while the Li* ions are attracted to the cathode via a stable process, which
finally reaches a dynamic equilibrium. With the introduction of the Fe/FesC NPs into the ACT
matrix, an intrinsic magnetic field (B-field) is formed around the cathode during discharge process,
which is enabled by the spontaneous magnetization of Fe/FesC NPs. Through the Lorentz force,
the B-field alters the motion of the polysulfide ions by attracting them toward the cathode (Figure
6.10c, right), leading to the darker brown region of the electrolyte around the cathode disk. In fact,
a vortex ring was observed during discharge, as demonstrated in the video of the ACT@Fe/FesC/S
liquid cell (Video S2). The spontaneously generated intrinsic B-field enabled by the presence of
Fe/FesC NPs promotes the trapping of the dissolved polysulfides, improves the utilization of the

sulfur cathode, and increases the cyclic performance of the ACT@Fe/FesC/S cathode.

From the above analysis, excellent rate performance, improved Coulombic efficiency
together with the significantly enhanced cyclic lifespan of the ACT @Fe/FesC/S composite cathode
can all be assigned to the following merits: (1) the porous ACT fiber with a hollow, tubular
structure increases sulfur loading, effectively accommodates the volume change of active sulfur
and maintains the structural integrity of the electrode during the reversible charge/discharge
process; (2) the Fe/FesC NPs with a multilayered graphene coating randomly distributed
throughout the active sulfur nanoparticles on the ACT fiber served as conductive sites to facilitate
the fast electron transfer and accelerated kinetics; (3) Fe/FesC NPs embedded into the ACT fiber
resulted in a spontaneous intrinsic B-field around the ACT@Fe/Fe3C/S cathode, which altered the
path of the dissolved polysulfides, mitigated the “shuttle effect” of polysulfides, and promoted the

formation of a cathode electrolyte interface which blocked the dissolution of polysulfides.
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6.4 Conclusion
In summary, ferromagnetic Fe/FesC NPs with a graphene shell (ACT @Fe/FesC/graphene)

were successfully embedded into the surface of ACT fibers to design a novel sulfur host which
prevented the dissolution of polysulfides by a spontaneous magnetization of the intrinsic
magnetism of the nanoparticles. After annealing the mixture of ACT@Fe/FesC/graphene and
sulfur, the sulfur NPs not only embedded into the inner pores of ACT but also randomly distributed
around the Fe/FesC NPs, forming ACT@Fe/FesC/S composite. When used as a cathode, the
ACT@Fe/FesC/S composite demonstrated a unique discharge profile with only a single plateau,
achieved a high initial discharge capacity of ~764 mAh g*, with an exceptional capacity increase
through the first 120 cycles, an excellent rate performance, and an extended lifespan of 600 cycles.
A custom-design liquid cell was used to study the polysulfide trapping mechanism resulting from
the spontaneous intrinsic magnetic field caused by the presence of Fe/FesC nanoparticles.
Excitingly, the ACT@Fe/FesC/S liquid cell demonstrated a strikingly different polysulfide
diffusion behavior compared to the homogeneous polysulfide diffusion exhibited by a pure ACT/S
cathode. The magnetic field alters the diffusion path of the negative polysulfides by establishing a
favorable diffusion gradient toward the ACT cathode through the Lorenz force. Such a unique
polysulfide trapping mechanism has the potential to maximize the utilization of the polysulfides
and mitigate the polysulfide shuttle effect, thereby contributing to the prolonged lifespan and
increased Coulombic efficiency of the Li-S battery.
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Chapter 7. Cotton-Textile-Enabled Self-Sustaining Flexible

Power Packs via Roll-to-Roll Fabrication

7.1 Introduction
With ever-increasing global energy consumption and the depletion of fossil fuels, finding

a sustainable and clean energy supply has become the most import scientific and technological
challenge facing humanity today. [1] Fossil fuels such as coal, oil, and natural gas are limited and
non-renewable. With growing energy demand in many urbanizing nations, particularly in India
and China, the looming threat of depleting the planet’s fossil fuel reserves is more critical than
ever. Relief may be as simple as utilizing the most accessible solar energy. Only recently, thanks
to the development of less expensive and more efficient photovoltaic cells, solar energy has been
harnessed and widely used as an alternative energy source. However, due to the fluctuation of light
intensity and the diurnal cycle, the output of a solar cell is non-continuous and unstable. Therefore,
there is a clear need to combine solar cells with energy storage devices (serving as a buffer) to
mitigate the power-out swing and to allow operation of the cell and storage device as a reliable
source of energy. Among various emerging energy storage technologies (batteries, supercapacitors,
compressed air, and flywheels), supercapacitors, also named electrochemical capacitors or
ultracapacitors, have been regarded as a very promising energy source for next-generation
electronics and electric vehicles due to their excellent properties, such as high power density, long

lifespan, environment benignancy, safety, and low maintenance cost. [2]

Compared with lithium-ion batteries, the relatively low energy density of supercapacitors
limits their wide application. Developing new electrode materials with well-defined
nanoarchitecture and high active surface area is the key to improve the electrochemical
performance of supercapacitors. To date, according to the different mechanisms of charge storage,
typical supercapacitor electrode materials can be categorized into electric double-layer capacitive
(EDLC) materials including various carbon materials [3,4] and pseudo-capacitive materials
including transition metal oxides, [5-8] and conductive polymers. [9-11] However, different
materials have different advantages and disadvantages for supercapacitor applications. For
example, carbon materials usually possess higher power density and longer lifespans but lower

energy density. Transition metal oxides/hydroxides and conductive polymers possess higher
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energy density but poorer cyclic life and lower power density. One intelligent strategy to
strengthen the electrochemical performance of supercapacitors is to develop a hybrid material of
carbon and metal oxides/hydroxides, which is anticipated to jointly improve the overall
performance of supercapacitors in terms of their energy density, power density, and cyclic stability.
[12]

Alternatively, a more attractive approach for balancing the contradiction between energy
density and power density of supercapacitors is to assemble an asymmetric supercapacitor which
consists of a battery-type Faradic electrode as energy source (usually pseudo-capacitive materials)
and a capacitor-type electrode as power source (usually carbon materials). [13,14] In the last few
decades, metallic layered double hydroxides (LDHs) with the general chemical formula [M'".
ML (OH)]*[A" Twn-mH20, where M'" and M'"" are divalent and trivalent metal cations and A™
are the charge-balancing anions, [15] have aroused great interest in catalysis, [16] biotechnology,
[17] separation, [18] and electrochemistry. [19,20] Moreover, LDHs have been proven to be a very
promising class of electrode materials for supercapacitors due to their relatively low cost, high
redox activity, and environmentally friendliness. [21,22] For example, Huang et al. reported that
nickel-aluminum LDH (Ni-Al LDH) deposited on nickel foam exhibited an ultrahigh specific
capacitance of 2123 F-g*at 1 A g™*. [23] Chen et al. also demonstrated that nickel-cobalt LDH
(Ni-Co LDH) film had a significantly enhanced specific capacitance of 2682 F gt at 3 A g 2. [24]
In our previous work, Ni-Al LDH was coupled with graphene nanosheets to prepare a hybrid
electrode, which also demonstrated excellent electrochemical performance. [25] Therefore, high-
energy LDHs will be ideal candidates for asymmetric supercapacitors. On the other hand, two-
dimensional (2D) monolayered graphene has been intensively explored for energy storage
application because of its superior electrical conductivity, high specific surface area, outstanding
mechanical properties, and relative wide operation windows. [26-29] Graphene-based films and

papers have been shown to be ideal “power sources” for flexible, asymmetric supercapacitors. [30-
33]

Consumer demand for portable/wearable electronics has triggered a technological race to
drive innovation in flexible cell phones, bendable displays, electronic skin, and distributed sensors.
[34-36] Many attempts have been devoted to developing safe, lightweight, and flexible power

sources to meet the urgent demand for flexible and wearable electronics. [37-40] In addition, “self-
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powered nanotechnology” has been proposed to enable the future electronics to operate
independently and sustainably without batteries, or with a battery possessing extended lifespan.
[41] Self-powered nanosystems with multi-functionalities will be a prominent driving force for
future world economies by employing transformative nanomaterials and nanofabrication
technologies. [42] To date, many attempts and achievements have been made in developing self-
powered nanosystems by combining nanogenerators or solar cells with lithium-ion batteries or
supercapacitors. [43-45] However, until now, a streamlined manufacturing process for integrating
a flexible energy harvesting unit with a flexible energy storage unit has not been achieved due to

the lack of effective packaging technology.

Cotton textile, a source of flexible, green, renewable, breathable clothing, has been proven
to be an excellent wearable platform for constructing flexible energy storage devices because
activated cotton textiles (ACTSs) exhibit eminent flexibility and excellent conductivity. [46,47] In
this work, flower-like cobalt-aluminum LDH (Co-Al LDH) nanoarrays consisting of
interconnected nano-petals and pompon-like nano-stamens are in-situ anchored on flexible ACTs
to realize ACT/Co-Al LDH hybrid by a facile hydrothermal method. A highly conductive graphene
coating is wrapped onto ACT fibers to form ACT/graphene composite by a simple dipping, drying,
and reducing process. A flexible, all-solid-state asymmetric supercapacitor (ACT/Co-Al
LDH//ACT/graphene) has been assembled by using the nanostructured ACT/Co-Al LDH as the
positive electrode, ACT/graphene as the negative electrode, and PVA-KOH gel as both the solid-
state electrolyte and separator. The asymmetric cell works synergically to achieve excellent
electrochemical performance in terms of its working potential (1.6 V), energy density (55.04 Wh
kg™), power density (5.44 KW kg™), and cycling stability (capacitance retention rate of 87.54%
after 2000 cycles). Moreover, we demonstrate a practical roll-to-roll manufacturing approach to
combine the flexible asymmetric supercapacitor with a flexible solar cell to fabricate an integrated
self-sustaining power pack, which is scalable for scalable industrial manufacturing. Importantly,
the assembled power pack continuously can power a commercial light-emitting-diode (LED) with

or without sunlight, demonstrating its potential for flexible, self-powered energy devices.

7.2 Experimental Section

7.2.1 Preparation of Flexible ACT/Co-Al LDH Positive Electrode
All of the chemicals were used after purchasing without further purification. A piece of the

152



commercial cotton T-shirt was first cleaned using distilled water in an ultrasonic bath before
activation. Activation of the cotton T-shirt was performed as described in detail in our previous
report.*” First, a piece of cotton T-shirt was dipped into 1 M NaF solution and soaked for 1 h. The
wet textile was then dried at 120 °C for 3 h. Second, the NaF-treated cotton textile was transferred
into a horizontal tube furnace and kept at 1000 °C for 1 h with a continuous argon gas flow (300
sccm). After cooling down to room temperature, the as-obtained activated cotton textiles (ACTSs)
were washed with distilled water to remove the residual NaF and then dried at 80 °C for 6 h. Co-
Al LDH nanoarrays were grown in-situ on ACT fibers via a simple hydrothermal process. Briefly,
0.582 g of Co(NO3s).:6H20, 0.518 g AI(NO3z)3-6H20, 0.296 g NH4F, and 0.6 g of urea were
dissolved in 36 mL distilled water. The resulting solution was transferred into a 50 mL Teflon-
lined stainless autoclave with a piece of vertically suspended ACT (1 cm x 2 cm) in the solution.
Then, the autoclave was placed in an electric oven at 100 °C for 24 h. Finally, the as-prepared
products were washed thoroughly with ethanol and distilled water and dried at 80 °C overnight to
produce ACT/Co-Al LDH composite.
7.2.2 Preparation of Flexible ACT/graphene Negative Electrode

Graphite oxide was synthesized by exfoliating natural graphite flakes using a modified
Hummers method. [65] The obtained graphite oxide solution was further exfoliated by
ultrasonication in an ultrasonic bath for 1 h to prepare graphene oxide. Then, the above graphene
oxide solution was centrifuged at 3000 rpm for 5 min to remove residual aggregates, forming a
brown aqueous colloid with a concentration of ~4 mg mL™. A piece of ACT (1 cm x 2 cm) was
then soaked with the graphene oxide aqueous colloid. After drying at 80 °C for 6 h, the as-prepared
ACT with graphene oxide coating was heated at 450 °C for 1 h with argon/hydrogen mixture gas
(v/v 90/10) to reduce flexible ACT/graphene oxide to ACT/graphene negative electrode.
7.2.3 Characterization Methods

The morphology and microstructure of the as-prepared products were characterized by
scanning electron microscopy (SEM; FEI Quanta 650), transmission electron microscopy (TEM,;
JEOL 2000FX), high-resolution transmission electron microscopy (HRTEM, FEI Titan), and
atomic force microscopy (AFM; Nanoscope I11a). The crystallographic structure of the synthesized
materials was determined by a PANalytical X'Pert Pro Multi-Purpose Diffractometer (MPD)
equipped with Cu K, radiation (A = 0.15406 nm). The Raman spectra of the ACT/graphene were

recorded by a Renishaw InVia Raman microscope at 785 nm. Surface areas of the active materials
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were measured by physical adsorption of N2 at 77 K (Quantachrome Autosorb iQ surface area and

pore size analyzer) and calculated by the Brunauer-Emmett-Teller (BET) method.
7.2.4 Fabrication and Characterization of Integrated Flexible Self-Sustaining Power Pack

The electrochemical performances of the prepared ACT, ACT/graphene and ACT/Co-Al
LDH electrodes were characterized by both three-electrode and two-electrode systems. The three-
electrode tests were carried out in 6 M KOH aqueous electrolyte at room temperature. The prepared
ACT, ACT/graphene and ACT/Co-Al LDH were used as the working electrodes, platinum foil (1
cm x 1 cm) and a saturated calomel electrode (SCE) were used as the counter and reference
electrodes, respectively. The mass of the ACT, ACT/graphene and ACT/Co-Al LDH was
measured to be 2, 3.45, and 4.1 mg cm, respectively. The asymmetric supercapacitor used in this
paper was assembled with two pieces of flexible, face-to-face electrodes (ACT/Co-Al LDH
positive and ACT/graphene negative) separated by the solid-state, polymer PVA/KOH gel
electrolyte (ACT/Co-Al LDH//ACT/graphene). The polymer gel electrolyte was prepared by
mixing 3 g KOH and 6 g PVA in 60 mL deionized water by magnetically stirring the solution at
80 °C until the solution became clear. Then, the above solution was transferred into a flat petri-
dish to naturally solidify to PVA/KOH gel film electrolyte. Two pieces of flexible electrodes
separated by the PVA/KOH gel film were used to assemble the flexible asymmetric cell. The as-
obtained solid-state, polymer PVA/KOH gel film severed as both the separator and electrolyte.
The electrochemical properties of the assembled flexible asymmetric cell were measured using a
CHI 660E electrochemical workstation. Cyclic voltammograms (CV), galvanostatic
charge/discharge curves, and electrochemical impedance spectroscopy (EIS) in the frequency
range from 100 kHz to 0.05 Hz with an AC perturbation of 5 mV were used to evaluate the
electrochemical performance of the flexible solid-state asymmetric supercapacitors. The integrated
flexible energy conversion and storage unit was assembled by combining a piece of commercial
flexible solar panel (with an open circuit potential of 3 V and energy efficiency of 22%, from
PowerFilm) with an energy storage unit consisting of two pieces of asymmetric cell connected in
series using an electrical rolling machine (MSK-HRP-MR100A, MTI). Two pieces of assembled
asymmetric flexible supercapacitors were connected in series and then coated with double-sided
adhesive tapes. At the same time, the bottom surface of the flexible solar cell was also coated with

double-sided adhesive tapes. As illustrated in Fig. 6a, the flexible supercapacitor, and the flexible
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solar cell were integrated together by the roll-to-roll rolling press machine. During the roll-to-roll
fabrication process, the top surface of the solar cell (collecting sunlight) was protected by using
the soft cloth to obtain a flexible, solar cell/supercapacitor, self-sustaining power pack. The open
circuit potential and charge/discharge processes were monitored by the CHI electrochemical

workstation.

7.3 Results and Discussion

7.3.1 Positive Electrode Materials

Cotton Textile
essm— ACT Fiber

Figure 7.1 (a) Schematic illustration of the formation processes of Co-Al LDH nanostructure on the ACT; (b)
Photographs of a cotton T-shirt, a piece of ACT and a piece of ACT under folded state; (c-e) SEM images of Co-Al
LDH nanosheets on ACT fibers at different magnifications. Scale bars, 20 um for (c), 5 um for (d) and 1 um for (e).

Figure 7.1a illustrates the two-step design and synthesis procedures of Co-Al LDH
nanoarrays on ACT fibers. In a typical experiment, highly conductive and flexible ACTs were first
prepared by direct conversion of cotton T-shirt textiles through a dipping, drying and annealing
process (step 1). Then, flower-like Co-Al LDH nanoarrays were radially grown in-situ on ACT
fibers using a facile hydrothermal method (step 1), which resulted in a pink coating on the surface
of ACT fibers. Figure 7.1b shows the digital photographs of the cotton T-shirt and the converted
ACT under normal and folded states, demonstrating its mechanical flexibility. Figures 7.1c-e show
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the SEM images of the as-synthesized Co-Al LDH nanoarrays on ACT fibers. High-density
hexagonal Co-Al LDH nanosheets, with the length of about 2-5 um and thickness of around 40-
70 nm, were radially aligned on individual ACT fibers, forming flower-like nanoarrays that consist
of interconnected LDH nano-petals and pompon-like LDH nano-stamens. Such 3D hierarchical,
porous nanostructure in-situ anchored on ACT fibers not only enhances the contact between the
active material and ACT substrate but also serves as a reservoir for electrolyte ions, shortening ion

diffusion path and facilitating charge transfer, jointly enhancing the electrochemical performance.

ACT/Co-Al LDH
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Figure 7.2 (a) TEM image of Co-Al LDH (scale bar, 1 um), inset is the illustration of LDH; (b-d) HRTEM images of
Co-Al LDH and the corresponding SAED pattern. Scale bars, 10 nm for (b), 5 nm for ¢ and 5 1/nm for (d); (e)
Schematic illustration of the molecular structure of Co-Al LDH; (f) XRD patterns of ACT/Co-Al LDH and the

standard peaks of Co-Al LDH (JCPDS # 510045).

The structure and morphology of the Co-Al LDH nanosheets were further investigated by
transmission electron microscopy (TEM) and X-ray diffraction (XRD). TEM inspection (Fig. 7.2a)
reveals that the LDH nanosheets are of hexagonal shape with 2-5 nm sized nanopores on the
surface of individual LDH nanosheets (Fig. 7.2b), which is expected to have a higher specific area.

The ACT/Co-Al LDH composite achieved a high BET surface area of 814.4 m? g*. A lattice
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spacing of 0.26 nm (Fig. 7.2c) can be ascribed to the (012) crystal plane of Co-Al LDH, which is
inconsistent with the XRD results (Fig. 7.2f). The corresponding selected area electron diffraction
(SAED) pattern (Fig. 7.2d) shows hexagonally arranged bright spots, indicating the single-crystal
nature of LDH nanosheets. The XRD pattern (Fig. 7.2f) shows a series of diffraction peaks at
11.59°, 23.26°, 34.56°, 38.78° and 46.7°, which can be indexed to the (003), (006), (012), (015)
and (018) planes of the layered LDH phase (JCPDS #51-0045), respectively. The small peak at
~19° probably resulted from cobalt hydroxide impurity in the ACT/Co-Al LDH composite.

7.3.2 Negative Electrode Material

‘\,

é . o ACT/graphene

d-spacing = 0.78 v;m

ACT/graphene oxide

Intensity (a.u.)

ACT

Cotton

T r
30 40 50 60 70
2 Theta (degree)

1 L
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Figure 7.3 (a) SEM image of ACT (scale bar, 250 um), inset is the amplified SEM image (scale bar, 5 um); (b) SEM
image of graphene oxide, inset is the AFM image of graphene oxide nanosheets (with a height profile showing a step
of 1.1 nm marked by the red arrows); (c,d) SEM images of ACT/graphene composite at different magnifications (scale
bars, 10 um for ¢ and 2 um for (d)), insets of d are the HRTEM image (scale bar, 5 nm) and corresponding SAED
pattern of graphene nanosheets; (e) Schematic illustration of the ACT fiber with graphene coating, inset is the TEM
image of ACT fiber (scale bar, 25 nm); (f) XRD patterns of pure cotton textile, ACT, ACT/graphene oxide, and

ACT/graphene composite.
Highly conductive graphene was coated on flexible ACTs to fabricate negative electrode

material for constructing asymmetric supercapacitors. Conductive ACTs (sheet resistance: ~10-20
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ohm sq.™) were first prepared by direct conversion of a cotton T-shirt. As shown in Fig. 7.3a, the
ACT fibers have diameters ranging from 5 to 10 um, which inherit the cellulose fiber structure of
the cotton textile. After activation, a piece of ACT was dipped into graphene oxide solution for a
few minutes to coat graphene oxide nanosheets. Figure 7.3b shows the typical scanning electron
microscopy (SEM) images of the corrugated and scrolled graphene oxide sheets, resembling
crumpled silk veil waves. The thickness of the as-synthesized graphene oxide sheets was measured
to be 1.1 nm (inset of Fig. 7.3b), which is close to the theoretical value of 0.78 nm for single-layer
graphene oxide, indicating that the as-prepared graphene oxide sheets were predominantly in
monolayered fashion. [48] Usually, the graphene oxide sheets tend to agglomerate due to the
electrostatic interactions of the oxygen-containing functional groups (epoxide, hydroxyl, carbonyl,
and carboxyl groups) on the surfaces and the edges of the sheets (inset of Fig. 7.3b). After dipping,
individual ACT fibers were wrapped with curled and entangled graphene oxide sheets (a mixture
of multilayered/monolayered sheets). During the thermal reduction, the conductivity of the
graphene oxide sheets was enhanced due to partial overlapping or coalescing via n—nr stacking or
hydrogen bonding, [49,50] resulting in an interconnected 3D conductive graphene network on the
ACT fibers (Figs. 7.3c-e). The insets of Figure 7.3d are the high-resolution transmission electron
microscopy (HRTEM) image and corresponding SAED pattern of the graphene nanosheets. The
deformed crystal fringes with a d-spacing of ~0.37 nm in the HRTEM image suggest the existence
of defects in the graphene nanosheets. The crystalline nature of the graphene nanosheets was
validated by the well-defined diffraction spots in the SAED pattern. More importantly, the ACT
fibers showed a porous structure as revealed by the TEM image (inset of Fig. 7.3¢). The entangled
graphene sheets wrapped around the porous ACT fibers, forming a 3D porous conductive net. The
BET surface area of the ACT/graphene composite was measured to be ~450 m? g*. The 3D
graphene/fiber conductive net is expected to facilitate electrolyte ion diffusion and electron
transport in the charge/discharge processes, improving the overall power density of the asymmetric

cell.

Figure 7.3f shows the XRD spectra of cotton, ACT, ACT/graphene oxide and
ACT/graphene composites, respectively. The diffraction peaks at 14.8°, 22.7°, and 34.3° can be
indexed respectively to the (101), (002) and (040) peaks of the cellulose polymorphs from
Cellulose 1 ingredients in pure cotton. [14,51] After activation, the cotton peaks disappeared,

alternately, a broad diffraction peak appeared at ~21° for ACT, indicating the breakage of cellulose
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polymorphs and the formation of amorphous carbon during the activation process. The peak at 8.8°
for ACT/graphene oxide corresponds to the (001) lattice plane of graphene oxide with
an interplanar spacing of 0.78 nm, indicating the complete exfoliation of graphite to graphene
oxide. [52] After the thermal reduction process, the peak at 8.8° for the ACT/graphene oxide
disappeared, suggesting the oxygen-containing groups on the graphene oxide had been removed,
and the conductivity of graphene oxide was restored, [53,54] ensuring the improved
electrochemical performance of the assembled asymmetric cell. Raman spectroscopy (Fig. 7.4)
was used to further characterize the ACT/graphene composite (reduced from ACT/graphene oxide).
Generally, graphene exhibits two characteristic bands in its Raman spectrum: the G band at ~1575
cm ™! resulting from the first order scattering of the E1g phonon of sp? C atoms and the D band at
~1350 cm! resulting from a breathing mode of point photons of Aigsymmetry. [55] The
ACT/graphene showed an increased Ip/lg ratio (~1.21) compared with the ACT/graphite oxide
with the Ip/lg ratio of ~1.03. The increased Ip/lg ratio is ascribed to the reestablishment of the
graphene network during the reduction process, indicating smaller sizes, more defects and
disordered structures of the graphene.!* The XRD and Raman spectroscopy results jointly
demonstrate the successful removal of the oxygen-containing groups on the surfaces and edges of

graphene oxide sheets during the reduction process.
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Figure 7.4 Raman spectra of ACT/graphene oxide (a) and ACT/graphene (b) composites.
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7.3.3 Cell Performance
The as-prepared ACT/Co-Al LDH was used as the positive electrode, ACT/graphene as

the negative electrode and the PVA-KOH gel as both the solid electrolyte and separator to
construct a flexible asymmetric supercapacitor. The energy storage performances of the assembled
cells and individual electrodes were studied by cyclic voltammetry (CV), galvanostatic
charge/discharge and electrochemical impedance spectroscopy (EIS) in both two-electrode and
three-electrode testing systems.
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Figure 7.5 (a) CV curves of the ACT, ACT/graphene, and ACT/Co-Al LDH electrodes with the 6 M KOH electrolyte
in the potential window of -0.2-0.6 V at a scan rate of 25 mV s%; (b) Charge/discharge curves of the ACT,
ACT/graphene, and ACT/Co-Al LDH electrodes with the 6 M KOH electrolyte in the potential window of 0-0.44 VV
at a current density of 2.5 A g%; (c) CV curves of ACT/Co-Al LDH electrode with the 6 M KOH electrolyte in the
potential windows of -0.2-0.6 V at different scan rates; (d) Charge/discharge curves of ACT/Co-Al LDH electrode
with the 6 M KOH electrolyte in the potential windows of 0-0.44 V at different current densities.

The three-electrode testing system was used to study the electrochemical reaction
mechanisms of the as-prepared ACT, ACT/graphene and ACT/Co-Al LDH electrodes. The
CV curves of the aforementioned electrodes at the scan rate of 25 mV s with the potential
windows ranging from -0.2 to 0.6 V are shown in Fig. 7.5a. Both ACT and ACT/graphene

electrodes showed quasi-rectangular shaped CV curves, indicating ideal electrical double
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layer capacitive behavior. The small peak at ~0.25 V in the CV curve of ACT/graphene
electrode is ascribed to the pseudo-capacitive reaction from the residual oxygen-containing
groups on graphene sheets, resulting in a higher capacitance. The CV curve of the ACT/Co-
Al LDH hybrid electrode showed a more complex shape with two pairs of redox peaks,

which resulted from the typical Faradaic redox reactions of Co hydroxides, as described
below: [56]
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Figure 7.6 (a) CV curves of ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al LDH symmetric cells
as well as ACT/Co-Al LDH//ACT/graphene asymmetric cell with PVA/KOH polymer gel electrolyte in the voltage
window of 1.0 V at a scan rate of 25 mV s%; (b) Charge/discharge curves of ACT/graphene//ACT/graphene and
ACT/Co-Al LDH//ACT/Co-Al LDH symmetric cells as well as ACT/Co-Al LDH//ACT/graphene asymmetric cell
with PVA/KOH polymer gel electrolyte in the voltage window of 1.6 V at a current density of 12.5 mA c¢cm2 (X-axis
has been transformed to time/mass, based on the mass of the electrode); (c) CV curves of ACT/Co-Al
LDH//ACT/graphene asymmetric cell with PVA/KOH polymer gel electrolyte under the voltage windows of 1, 1.2,
1.4 and 1.6 V at the scan rate of 25 mV s?, respectively; (d) CV curves of ACT/Co-Al LDH//ACT/graphene
asymmetric cell with PVA/KOH polymer gel electrolyte in the voltage windows of 1.6 V at different scan rates.

Fig. 7.5b shows the galvanostatic charge/discharge performances of the ACT, ACT/graphene
and ACT/Co-Al LDH electrodes at the current density of 2.5 A g. Compared with the triangular-
shaped charge/discharge curves of the ACT and ACT/graphene electrodes, the ACT/Co-Al LDH
electrode exhibited two charge/discharge voltage plateaus, which are the pseudocapacitive
plateaus from the Co-Al LDH. The specific capacitance values of the ACT, ACT/graphene and
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ACT/Co-Al LDH electrodes were measured to be 90.1, 136 and 977.3 F/g, respectively. The CV
curves of the ACT/Co-Al LDH electrode at the scan rates of 25, 50, 75, and 100 mV st in 6 M
KOH electrolyte solution are shown in Fig. 7.5c. All of them exhibited similar redox peaks, even
at increased scan rates, indicating the quasi-reversible and continuous faradic redox reactions from
Co-Al LDH that contributed remarkably to the pseudocapacitance. The galvanostatic
charge/discharge curves of the ACT/Co-Al LDH electrode at different current densities are shown
in Fig. 7.5d. The specific capacitance values obtained from the ACT/Co-Al LDH at the current
densities of 2.5, 5, 10, and 20 A g* are 977.3, 863, 727, and 545 F g, respectively, with a

capacitance retention of ~55.8% even when the current density increased from 2.5 to 20 A g*.
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Figure 7.7 (a) Charge/discharge curves of ACT/Co-Al LDH//ACT/graphene asymmetric cell; (b) Specific
capacitances and Coulombic efficiency of the ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al
LDH symmetric cells as well as ACT/Co-Al LDH//ACT/graphene asymmetric cell; (c) Ragone plots of the
ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al LDH symmetric cells as well as ACT/Co-Al
LDH//ACT/graphene asymmetric cell; (d) Nyquist plots of the ACT/graphene//ACT/graphene and ACT/Co-Al
LDH//ACT/Co-Al LDH symmetric cells as well as ACT/Co-Al LDH//ACT/graphene asymmetric cell; (e)
Representative charge/discharge curve of ACT/Co-Al LDH//ACT/graphene asymmetric cell; (f) Cyclic performance
of the ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al LDH symmetric cells as well as ACT/Co-
Al LDH//ACT/graphene asymmetric cell with PVA/KOH polymer gel electrolyte.

Figure 7.6a shows the CV curves of ACT/graphene//ACT/graphene and ACT/Co-Al
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LDH//ACT/Co-Al LDH symmetric cells as well as ACT/Co-Al LDH//ACT/graphene asymmetric
cell with PVA/KOH polymer gel electrolyte at the scan rate of 25 mV s™*. The rectangularly shaped
CV curves of the ACT/graphene symmetric cell suggest that the ACT/graphene mainly worked as
an electrochemical double-layered capacitor. The broad peak at 0.25 V of the ACT/Co-Al LDH
symmetric cell indicates the Faradic reaction from the battery-type Co-Al LDH. The CV area of
the ACT/Co-Al LDH//ACT/graphene asymmetric cell was much larger than that of the
ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al LDH symmetric cells,
suggesting the larger specific capacitance of ACT/Co-Al LDH//ACT/graphene asymmetric cell
resulting from the high accessibility of electrolyte ions. Figure 7.6b shows the charge/discharge
curves of the ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al LDH symmetric
cells as well as ACT/Co-Al LDH//ACT/graphene asymmetric cell. The ACT/graphene symmetric
cell exhibited a triangular-shaped charge/discharge curve, implying an ideal capacitor character.
Note that the ACT/Co-Al LDH symmetric cell exhibited a distorted charge/discharge profile,
indicating the Faradic reaction during the charging/discharging process. The discharging capacities
were measured to be 145.8, 131.75 and 77.9 F/g for the ACT/Co-Al LDH//ACT/graphene
asymmetric cell, ACT/Co-Al LDH symmetric cell, and ACT/graphene symmetric cell at the
current density of 12.5 mA cm, respectively. Figure 7.6¢ shows the CV curves of the ACT/Co-
Al LDH//ACT/graphene asymmetric cell with PVA/KOH polymer gel electrolyte in the respective
voltage windows of 1.0, 1.2, 1.4 and 1.6 V at the scan rate of 25 mV s™1. The working voltage of
the ACT/Co-Al LDH//ACT/graphene asymmetric cell can be extended to 1.6 V, which is essential
for practical application. Figure 7.6d shows the CV curves of the ACT/Co-Al
LDH//ACT/graphene asymmetric cell at different scan rates ranging from 25 to 100 mV s at an
operation window of 1.6 V. The current density increases with increasing scan rate. All the CV
curves at different scan rates in Fig. 7.7e have a similar shape, indicating stable reversibility and
good rate performance of the ACT/Co-Al LDH//ACT/graphene asymmetric cell.

Rate performance and Coulombic efficiency are important factors for the real power
application of supercapacitors. Figure 7.7a shows the charge/discharge curves of ACT/Co-Al
LDH//ACT/graphene asymmetric supercapacitor at different current densities. A high capacitance
retention of 80.78 F g was achieved even when the current density increased from 7.5 to 50 mA
cm 2, indicating the excellent rate performance of the ACT/Co-Al LDH//ACT/graphene

asymmetric cell. The rate performance and corresponding Coulombic efficiency of
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ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al LDH symmetric cells as well
as ACT/Co-Al LDH//ACT/graphene asymmetric cell are comprehensively compared in Fig. 7.7b.
The assembled ACT/graphene symmetric cell exhibited an excellent electrochemical stability (58%
capacitance retention) and high Coulombic efficiency (99.5% at 50 mA cm™2) in a wide range of
current densities (7.5-50 mA cm2). Whereas the ACT/Co-Al LDH symmetric cell showed poor
rate performance (35% capacitance retention) and low Coulombic efficiency (91.8% at 50 mA
cm™2). Compared with the ACT/Co-Al LDH symmetric cell, the ACT/Co-Al LDH//ACT/graphene
asymmetric cell exhibited not only improved capacitance retention (52.3% capacitance retention)
but also enhanced Coulombic efficiency (98.5% at 50 mA cm™2). At high charge/discharge rates
the ions on electrode decreased rapidly with increasing rate, and the ions in the electrolyte diffused
too slowly to satisfy the need of ions near the solid-liquid interface, leading to the decrease of
capacitance. [57] The improvements in both rate capability and Coulombic efficiency for the
asymmetric cell result from the synergetic effects between the two distinct electrodes where the
high conductive ACT/graphene with high rate capacity balanced the poor rate capacity of ACT/Co-
Al LDH.

Energy density and power density are important factors for evaluating the practical
application ~ of  supercapacitors. Figure ~ 7.7c  shows the Ragone plots of
ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al LDH symmetric cells as well
as ACT/Co-Al LDH//ACT/graphene asymmetric cell. Compared with the symmetric cells, the
ACT/Co-Al LDH//ACT/graphene asymmetric cell exhibited a higher energy density of 55.04 Wh
kgt at the power density of 387.9 W kg and maintained 28.72 Wh Kg* at the power density of
5.44 kW kg*. For an in-depth understanding of the electrochemical behavior of the assembled
symmetric and asymmetric cells, the EIS tests were carried out on the aforementioned cells (Fig.
7.7d). A similar shape can be found for all the impedance spectra, with a straight line at the low-
frequency regime and an arc at the high-frequency region. The high-frequency arc is ascribed to
the double-layer capacitance (Cq) and the charge transfer resistance (Rct) at the electrode and
electrolyte interface, corresponding to the charge transfer limiting process. [58] Rct was directly
measured from the diameter of the semicircle arc in the Nyquist plot. Clearly, compared with the
ACT/graphene (1.1 Q) and ACT/Co-Al LDH (1.89 Q) symmetric cells, the relatively smaller Ret Of
the asymmetric cell resulted from the synergistic effect of the ACT/graphene and hierarchical

ACT/Co-Al LDH architectures that facilitated the access of electrolyte ions to the active surface
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and shortened the ion diffusion path.

a
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B0 .22V

Figure 7.8 (a) The digital photograph of the assembled flexible asymmetric cell under normal state; (b) The digital
photograph of the assembled flexible asymmetric cell under folded state, demonstrating its excellent flexibility.

Cycling capability is another crucial requirement for the practical application of supercapacitors.
The cyclic performances of ACT/graphene//ACT/graphene and ACT/Co-Al LDH//ACT/Co-Al
LDH symmetric cells as well as ACT/Co-Al LDH//ACT/graphene asymmetric cell were evaluated
at the current density of 12.5 mA cm using a galvanostatic charge-discharge technique. An
obvious capacity decay (~35%) was observed for the ACT/Co-Al LDH symmetric cell, while there
was a capacity increase (~8%) for the ACT/graphene symmetric cell after 2000 cycles. For the
ACT/Co-Al LDH//ACT/graphene asymmetric cell, ~16% decay of its original capacitance was
noted after 2000 cycles. The asymmetric cell exhibited linear and symmetrical characteristics in
its charge/discharge curves, and no obvious “IR drop” was observed, indicating its low internal
resistance (Fig. 7.7e). Compared with previously reported LDH-based asymmetric supercapacitors
(see Table 7.1), the electrochemical properties of the ACT/Co-Al LDH//ACT/graphene
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asymmetric cell, benefiting from the synergistic effects of ACT/graphene and flower-like
ACT/Co-Al LDH, are highly competitive in terms of specific capacity, maximum energy and
power densities, and cyclability. The assembled flexible asymmetric cell also worked well under
a 180° folded state (Fig. 7.8), a clear indication of the cell’s excellent coupled mechanical and

electrochemical robustness.

Table 7.1. Comparison of the as-prepared Co-Al LDH asymmetric supercapacitor with previously published results.

Specific Working M;:LTguym szimum . f
Ref. Electrode materials capacitance potential density . OW?r Cyclic per (.)rmance
ensity (retention)
(F/9) V) (WhiKg) (KWIKg)

24 Ni-Co LDH//IrGO 550 16 188 7.32 82% after 5000 cycles

56 GSP/Co-Al LDH//ISGC — 1.6 41.2 9.3 84% after 2000 cycles

59 Ni-Al LDH@CNPs//AC 138 1.6 477 51 88.9% after 2000 cycles

60 Ni-Co LDH//AC 125.2 1.2 23.7 5.82 92.7% after 5000 cycles

61 Co-Al LDHs-CNTSs//AC 80.6 16 28 ~6 88.9 % after 1000 cycles

62 Ni-Co LDH//AC — 15 25.3 10.5 91.2% after 10000 cycles

63 NiCo-LDHs@CNT/NF//APDC/NF 210.9 18 89.7 8.7 78% after 1200 cycles
Our Co-Al LDH/ACT/IACT/graphene 145.8 16 55.04 5.4 87.54% after 2000 cycles
work

*rGO: reduced graphene oxide; GSP: integrated porous Co-Al hydroxide nanosheets; SGC: sandwiched
graphene/porous carbon; CNPs: carbon nanoparticles; AC: activated carbon; NF: nickel foam

Supercapacitors have been proven to be efficient and powerful energy storage devices to drive
various electronic components. Furthermore, if a renewable energy source can be used to sustain
an energy charge, the combined supercapacitor/energy source cell will provide continuous power
for consumer electronics, forming a self-sustaining system without need for large, heavy batteries.
[64] As the most sustainable and cleanest source of energy in the world, solar energy is usually
limited by access to sunlight as restricted by time of day, location, and weather. Combining solar
cells with energy storage devices provides a promising solution to extend the practical applications
of solar energy beyond the imposed restrictions of sunlight availability. As schematically
illustrated in Fig. 7.9a, a flexible thin film solar cell with an open circuit potential of 3 V under
light was integrated with the flexible asymmetric cell to realize a combined energy conversion and
storage system in a single device by a simple roll-to-roll process.
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Figure 7.9 (a) Schematic illustration of the roll-to-roll manufacturing process for integrating a flexible solar cell with
the supercapacitor into a self-sustaining power pack; (b) Digital photograph of the assembled solar cell/supercapacitor
hybrid energy conversion and storage system, insets are the photographs of the open circuit potential of the ACT/Co-
Al LDH//ACT/graphene asymmetric cell before charging and after charging with solar cell; (c) Charging curve of the
ACT/Co-Al LDH//ACT/graphene asymmetric cell with solar cell, and discharging curve of the ACT/Co-Al
LDH//ACT/graphene asymmetric cell at a current density of 5 mA cm; (d) Digital photograph of the assembled solar
cell/supercapacitor hybrid power pack worked under the light, inset shows schematically the working circuit
connection; (e) Digital photograph of the assembled solar cell/supercapacitor hybrid power pack worked without the
light, inset shows schematically the working circuit connection.

Figure 7.9b illustrates the operation mechanism of the assembled solar cell/supercapacitor
hybrid energy conversion and storage system. Insets of Fig. 7.9b are the photographs of the open
circuit potential of the ACT/Co-Al LDH//ACT/graphene asymmetric supercapacitor before and
after charging with the solar cell. Before charging by the solar cell, the open circuit potential of
the asymmetric supercapacitor was 0.1645 V. Under the light source, the solar cell (with an open
circuit potential of 3 V) serving as the power source charged the supercapacitor. After charging,
the open circuit potential increased to 1.546 V. The corresponding charging (under light) and
discharging curves (no light) of the asymmetric supercapacitor at the current density of 5 mA cm-
2 were recorded by the electrochemical workstation (Fig. 7.9¢), demonstrating the self-powered
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function of such hybrid energy conversion and storage system. Encouragingly, a high energy
transfer efficiency of ~43% was achieved from the solar cell to the capacitor. To further
demonstrate the practical application of such integrated flexible energy system, a flexible solar
cell was integrated with two flexible asymmetric cells connected in series by a facile roll-to-roll
process, which holds a great promise for large-scale manufacturing of such hybrid cells (Figs.
7.9d,e). Insets of Figs. 6d and 6e illustrate the schematics of working circuit connection. Under
light, the solar cell served as the power source to provide energy for the supercapacitor and light-
emitting-diode (LED). When the light was turned off, the stored energy in the supercapacitor, in
turn, served as the power source for the LED, which enabled this hybrid energy system to work
continuously for ~10 mins, overcoming the limitation of solar discontinuity. Such flexible, self-
sustaining energy systems hold great potential for future portable/wearable electronics where they
can reliably power devices as consumers move in and out of sunlight during their normal daily

activities.

7.4 Conclusion
Two-dimensional battery-type Co-Al LDH nanosheets were in-situ anchored on ACTs by a

simple hydrothermal process. Separately, ACT fibers were wrapped with highly conductive
graphene coating by a simple dipping, drying, and reducing process (ACT/graphene). A flexible,
all-solid-state asymmetric supercapacitor (ACT/Co-Al LDH//ACT/graphene) was assembled
using the nanostructured ACT/Co-Al LDH as the positive electrode, ACT/graphene as the negative
electrode, and PVA-KOH gel as both the solid-state electrolyte and separator. The hierarchical
flower-like Co-Al LDH nanoarrays with interconnected nano-petals and pompon-like nano-
stamens provided highly open and porous scaffold-like structure, facilitating the transportation of
electrolyte ions. In addition, the wrapped graphene on porous ACTSs rendered highly accessible
surface area and good electrical conductivity, endowing the flexible asymmetric supercapacitor
with higher rate performance. The assembled ACT/Co-Al LDH//ACT/graphene asymmetric
supercapacitor exhibited an excellent combination of electrochemical and mechanical
performances. Moreover, we demonstrated a low-cost, roll-to-roll manufacturing approach to
combine the flexible asymmetric supercapacitor with a flexible solar cell to build an integrated,
self-sustaining power pack, which is scalable for industrial manufacturing. Importantly, such
hybrid energy storage devices could continuously power a commercial LED, demonstrating a great

potential for the future of self-powered nanotechnology.
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Chapter 8 Summary and Recommendations

In this dissertation, cotton textile, as the commonly overlooked everyday household, has
been chosen as the starting precursor material to fabricate renewable flexible conductive substrates
for different energy storage systems. Based on their different applications and different emphases,
in this dissertation, research thrusts were placed on the following aspects: (1) cotton textile-enabled
flexible supercapacitors; (2) cotton textile-enabled flexible lithium-ion batteries; (3) cotton textile-
enabled flexible lithium-sulfur batteries; (4) cotton textile-enabled nanoparticle-assisted new
polysulfide trapping mechanism; (5) cotton textile enabled self-sustaining solar/supercapacitor
hybrid power packs. These research activities brought new insights on the renewable carbon
materials derived from natural abundant biomass resources and will boost the design and
fabrication of next-generation flexible energy-storage devices from natural abundant biomass

materials.

8.1 Summary of Contributions and Significance

In Chapter 2 and 3, natural abundant cotton textiles were first converted to flexible,
conductive activated cotton textiles (ACTSs). Because of the excellent flexibility and conductivity,
ACTs were chosen as a flexible substrate to design and fabricate flexible supercapacitors. However,
the energy storage capability of the pure ACTs is not high enough to be used alone to construct
supercapacitors, in order to push up the capacity of the flexible supercapacitors, high energy
density metal oxides, such as core/shell NiCo20s@NiC0204, 3D porous CoO@NiO, were
controllably deposited on the ACT fibers with desired microstructure.

Specifically, in Chapter 2, hierarchical NiCo204@NiC0204 core/shell nanostructure was
grown on flexible cotton activated carbon textiles (ACTSs) to fabricate NiC0204@NiC0204/ACT
electrodes. After dipped with PVA-KOH polymer gel which served as both the solid-state
electrolyte and separator, the flexible NiCo204@NiC0204/ACT hybrid electrode exhibited an
exceptional combination of electrochemical and mechanical properties in terms of specific
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capacitance (1929 F/g, based on the mass of NiC0204), energy density (83.6 Wh/kg), power

density (8.4 KW/kg), cycling stability, and mechanical robustness (the tensile strength is 6.4 times
higher than that of pure ACT). The outstanding electrochemical performance is ascribed to the
unique core/shell nanostructure with the high active-surface area, morphological stability, and

short ion transport path.

In Chapter 3, we demonstrated the rational design and fabrication of CoO nano-architectures
with different morphologies (sheet-like, petal-like and urchin-like) on flexible activated carbon
textiles (ACT) by simply changing the reactant solution concentration. We further unveiled that
the electrochemical properties of CoO nanostructures are morphology-dependent. The specific
capacitance increased exponentially with the surface/volume ratio of nanostructures. The
architecture with higher surface area exhibited better electrochemical performance. Due to its
higher surface/volume ratio and better electrochemical performance, urchin-like CoO
nanostructure was further chosen as a backbone to deposit NiO nanoflakes to construct a
hierarchical core/shell CoO@NIiO hybrid nanostructure. Flexible ACT wrapped with conductive
graphene was used as the negative electrode material. After coated with PVA-KOH polymer gel
which served as both the solid-state electrolyte and separator, the flexible core/shell
CoO@NIO/ACT//ACT/graphene asymmetric cell exhibited an exceptional combination of
electrochemical properties in terms of working potential (1.6 V), energy density (52.26 Wh kg™),
maximum power density (9.53 KW kg™), and cycling stability (97.53% capacitance retention after
2000 cycles even under harsh working condition). The strategy by controllable synthesis of
hierarchical nanostructure on the cotton-enabled flexible textile substrate should find more

applications in next-generation flexible solid-state power sources for future wearable electronics.

Inspired by the application of flexible ACTs for supercapacitor applications, we kept thinking
whether we could rationally design battery materials on flexible ACT substrate to fabricate binder-
free flexible lithium-ion batteries by taking the advantanges that ACTs possess excellent flexibility,
superior conductivity, and exceptional mechanical robustness. In Chapter 4, we found that ACT
has fantastic 3D porous tubular microstructure. Battery active materials NiS2 nanobowls wrapped
with conductive graphene sheets (ACT/NiSz-graphene) deposited on ACT fiber by a simple two-
step heat treatment method. When used as a binder-free electrode, the ACT/NiS;-graphene
electrode exhibited an exceptional electrochemical performance including ultrahigh initial
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discharge capacity (~1710 mAh g* at 0.01 C), magnificent rate performance (the discharge
capacitance retained at ~645 mAh g at 1 C after 100 cycles) and excellent cyclic stability (the
discharge capacitance recovered to ~1016 mAh g*at 0.1 C after 400 cycles). This is the first time,
ACT was adopted as flexible substrates to design flexible battery.

Encouraged by the success of the design and fabrication of flexible lithium-ion batteries by
using flexible ACTs, we extended the application of flexible ACTs to lithium-sulfur battery
applications. The porous and tubular structure of ACTSs are desirable for trapping the polysulfides.
In Chapter 5, the conductive ACT with porous tubular structure was first derived from natural
cotton textile to load sulfur, which was further wrapped with partially reduced graphene oxide
(ACT/S-rGO) to immobilize lithium polysulfides. Meanwhile, the partially reduced graphene
oxide nanosheets served as a conductive coating, which further mitigated the poor conductivity of
sulfur and enabled fast electron transportation along ACT fibers. Furthermore, a KOH-activated
ACT with micropore size distribution was inserted between cathode and separator to mitigate the
“shuttle effect” of polysulfides. Finally, the assembled ACT/S-rGO cathode with porous ACT
interlayer exhibited an exceptional rate capability and durable cyclic performance (with a well-
retained capacity of ~1016 mAh gt even after 200 cycles). A flexible Li-S cell with ACT/S-rGO
as a cathode was also assembled to demonstrate its superior potential as flexible power sources for

future wearable electronic devices.

The excellent capacity and rate performance of the ACT-enabled lithium-sulfur batteries
indicated the potential of using the porous ACT to design next-generation high-energy batteries.
However, the lifespan of 200 cycles is still far from the practical application, which mainly resultes
from the dissolution of polysulfides and the corresponding “shuttle effect”. To mitigate this
plaguing problem, here, in Chapter 6, a new built-in magnetic field enhanced polysulfide trapping
mechanism was discovered and realized by introducing ferromagnetic iron/iron carbide (Fe/Fe3C)
nanoparticles with a graphene shell (Fe/FesC/graphene) onto a flexible ACT fiber to prepare the
ACT@Fe/FesC/graphene sulfur host. The novel trapping mechanism was demonstrated by
significant differences in the diffusion behavior of polysulfides in a custom-designed liquid cell
compared to a pure ACT/S cathode. Furthermore, a cell assembled by using the ACT@Fe/FesC/S
cathode exhibited a high initial discharge capacity of ~764 mAh g, excellent rate performance,

and a remarkably long lifespan of 600 cycles using ACT@Fe/FesC/S (whereas only 100 cycles
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were achieved using pure ACT/S). The new magnetic field-enhanced trapping mechanism
provides not only novel insight but unveils new possibilities for mitigating the “shuttle effect” of

polysulfides, thereby promoting the practical applications of Li-S batteries.

With the goal of tackling the forthcoming energy crisis, efficient energy conversion and
storage devices are urgently needed to provide a sustainable, green energy supply. Solar cells hold
great promise as energy conversion devices for their utilization of readily accessible solar energy;
however, the output of solar cells is non-continuous and unstable. Therefore, it is necessary to
combine solar cells with compatible energy storage devices to realize a stable power supply. To
achieve this goal, supercapacitors, as highly efficient energy storage devices, were integrated with
solar cells to mitigate the power-out swing. Based on our work on the design of various activated
cotton-textile-enabled flexible energy storage systems with excellent electrochemical performance
and exceptional mechanical robustness, in Chapter 7, we proposed a scalable roll-to-roll
manufacturing approach to fabricate a novel solar cell-supercapacitor hybrid device as a solution
to the impending huge energy need. A high performance, cotton textile-enabled asymmetric
supercapacitor was integrated with a flexible solar cell via the scalable roll-to-roll fashion to
assemble a self-powered hybrid device, which not only transforms the way of manufacturing
hybrid flexible energy storage devices but also provides a new path how we can collect and store

renewable energy more efficiently.

8.2 Recommendations for Future Research

While this dissertation conducted a comprehensive research on the potential of using
activated cotton textile to design and construct various types flexible energy storage systems,
including flexible supercapacitors, flexible lithium-ion batteries and flexible lithium-sulfur
batteries, which provide rich information on how we can natural cotton textiles and what we can
do functionalization of ACT in order to realize better energy storage capability, it also raises
questions and opportunities for future studies. Here, | will summarize several future research

opportunities in the following aspects:

1) How to realize a high-performance flexible energy system?
From the practical perspective, a flexible energy system not only needs good

electrochemical performance, such as high energy storage capability and stable energy output, but
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also requires high mechanical robustness, which means the assembled energy systems should bear
the arbitrary mechanical deformation and simultaneously maintain its electrochemical
performance. For flexible energy systems, it is still a big challenge to maintain its electrochemical
performance under the continuously mechanical loading, such as bent, fold, and twisted states. The
mechanical issues caused by mechanical deformation, fracture, debonding, breakage, cavitation,
and disintegration, will accelerate the failure of the battery. Most of the metal oxides, are brittle
and can be easily failed upon mechanical loading, which is one of the main reasons for the failure
of the battery. Unfortunately, there is still a lack of understanding on how these mechanical issues
affect the electrochemical performance of the flexible energy storage systems. Therefore, it is a
great opportunity to investigate the failure mechanism of battery by coupling the mechanical

deformation and electrochemistry.

2) How to design and fabricate a flexible substrate with good conductivity, mechanical stability
and desired functionalities?

Although ACT has been proven to be an excellent flexible platform for flexible energy
storage systems design, there is still a critical issue that needs to be pointed out — the reduced
mechanical properties after activation. It is known that natural cotton textiles have fantastic
mechanical strength yet poor conductivity, hindering their application in energy storage. In order
to realize good conductivity, in this work, we used a high-temperature process to activate cotton
textile, converting it to the activated cotton textile with good conductivity. In fact, the high
temperature activation process also damaged the mechanical properties of cotton textile to some
extent, leading to the relatively poor mechanical properties of the ACT. To improve the mechanical
strength of ACT, we hybridized ACT with PVA polymer, which worked for some certain systems
with adding PAV-gel electrolyte. One promising direction will be how to improve the conductivity
of cotton textile without using high-temperature activation. The metal coating, such as nickel,
stainless steel, or cobalt, is suggested to be coated/deposited on pure cotton textile to solve this
problem. At the same time, how to functionalize the substrate with the desirable capability to
hold/anchor active nanomaterials is also important.

3) How to derive advanced carbon materials from other biomass materials and what is the
universal conversion mechanism?

The extension of this work is how we derive more advanced carbon materials from natural

abundant biomass resources for energy storage and other applications. Currently, we are

178



consuming more and more nonrenewable resources, such as graphite and cobalt, for lithium-ion
batteries, which not only brings serious environmental problems but also increases the pressure on
the supply of sustainable battery materials, especially with rapidly swelling battery market. To
realize a sustainable development, we need to explore more renewable materials from natural
abundant biomass materials. Therefore, it will be promising and practical to derive renewable
carbon materials from biomass, especially, appropriate approaches need to be exploited to derive
advanced carbon materials, such as CNTs and graphene. Excitingly, our recent research found that
CNTs can be derived from the yeast-fermented wheat flour without using any extra catalysts and
carbon sources, which encourages us to explore more on how we convert more biomass to carbon
materials, identify the conversion mechanism, and find more universal approaches to use biomass

materials.
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