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ABSTRACT OF DISSERTATION

Rational Material Architecture Design for Better Energy Storage

By

Zheng Chen
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles, 2012

Professor Yunfeng Lu, Chair

Human civilization relies on an abundant and sustainable supply of energy.
Rapidly increasing energy consumption in past decades has resulted in a fossil-fuel shortage
and ecological deterioration. Facing these challenges, humankind has been diligently
seeking clean, safe and renewable energy sources, such as solar, wind, waves and tides, to
offset the diminishing availability or to take place of fossil fuels. At the same time, the
search for strategies to reduce fossil-fuel consumption and decrease CO, emission, such as to
replace tradition vehicles by electrical vehicles (EVs), is demanded. However, the energy
harvested from renewable sources must be stored prior to its connection to electric grids or

delivery to customers, and EVs need sufficient on-board power sources. These essential



needs have made energy storage a critical component in the creation of sustainable society.

Among all energy storage technologies, electrochemical energy storage within batteries

or electrochemical capacitors (ECs) is the most promising approach, since as-stored chemical

energy can be effectively delivered as electrical energy with high energy density and power

density, high efficiency, long service life and effective cost. However, the performance of

current batteries and ECs are constrained by poor material properties, though great effort has

been made to improve materials during the past few years. The objective of this dissertation

is to address the limitation of current energy storage materials by rational architecture design

according to the well-recognized principles and criteria. To achieve this goal, the research

strategy is to design and fabricate multifunctional architectures by integrating distinct

material structures and properties to address the limitation of traditional materials and create

a new family of high-performance energy storage materials with desired properties.

Different types of energy storage architectures were investigated and compared with

conventional structures to demonstrate such design concepts. First, hierarchically porous

carbon particles with graphitized structures were designed and synthesized by an efficient

aerosol-spray process. By comparison with commercially available activated carbon and

CNTs, it was found that hierarchical pore architecture is important for providing high surface



area and fast ion transport, which leads to high capacitance and high power EDLC materials.

Secondly, MnOj,/mesoporous carbon nanocomposites were designed. MnO, layers with

different thicknesses were deposited on mesoporous carbon scaffolds with hierarchical pore

structure and the charge storage performance of the composites was correlated to MnO, layer

thickness. It was determined that a suitable thickness is critical to ensure good electronic

conductivity, sufficient electrolyte diffusion and high capacitance. Thirdly, interpenetrating

oxide nanowire/CNT network structures were designed and fabricated by an in situ

hydrothermal reaction. The composition, CNT length, pore structure, V,0s structure,

electrode thickness and architecture are critical factors. Synergistic effects obtained

between V,0s nanowires and CNTs resulted in an optimal composition with the highest

storage performance. Long CNTs led to robust flexible electrodes, while a hierarchical

V,0s5 structure enabled storage of both lithium and sodium ions at high rates. Thus,

electrode architectures can be engineered to achieve high-rate, thick electrodes for bulk

energy storage. Last, various architectures obtained through integrating nanocrystals and

CNTs were designed and fabricated using ultrafine TiO, nanocrystals as a model system.

Electrodes were fabricated by directly coating thin film TiO, on conductive

Indium-Tin-Oxide (ITO) glass, by conformably coating nanocrystals on pre-formed CNT



papers, or by solvation-induced assembly between nanocrystals and CNTs. It was

demonstrated that thick electrodes with high charge capacity, high rate performance and

cycling stability rely on functional architecture that simultaneously provides high electronic

conductivity, easy ion diffusion, abundant surface actives sites and robust structure and

interfaces.

The general conclusion derived from these studies is that the energy storage performance

of electrode materials can be significantly improved by constructing rational architectures

that provide effective ion diffusion, good electronic conductivity, fast electrode reaction,

robust structure and a stable interface, which normally cannot be obtained with conventional

materials. This strategy also can be extended to other devices, such as batteries and fuel

cells, providing a general design platform for high performance energy materials. Further

exploration in this research direction will ultimately lead to high energy, high power, and long

life energy storage devices for many applications, including portable electronics, EVs and

grid-scale energy storage.
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Chapter 1: Introduction

1.1 Background

Nature and human society are driven by energy. The evolution of an ecosystem is
supported by chemical energy stored in organic compounds such as carbohydrates, fats and
proteins that are converted from sunlight by autotrophs (e.g. plants and algae).!! ~ Similarly,
human activity and society development rely on chemical energy stored in food and electrical
energy produced from fossil fuels (e.g. oil, coal and gas). To continue human civilization
requires abundant and sustainable supply of energy. During the past decades, global energy
consumption has been booming with steadily increased standard of living and quality of
civilization. Rapidly increased energy consumption, however, has inevitably resulted in
fossil-fuel shortage and ecological deterioration.”” ® Facing these challenges, humankind
has been diligently seeking for alternative energy sources to offset the diminishing
availability or to take place of fossil fuels (Figure 1.1), and at the same time, seeking for

strategies to increase the efficiency of energy use.[*

In the respect of alternative sources, biomass conversion may be a potential way to



produce high-quality energy (e.g. alcohol, bio-diesel) from renewable sources, such as wood,
sugar canes and crop residues. However, growth of biomass decreases total size of fertile
land for crops and timber, raising the price of food and wood products. Moreover, to
convert and collect biomass energy consumes too much energy and causes Serious
pollutions.®®  Hydropower is an economically effective energy source but it requires
building huge dams at locations where special geological conditions have to be met.”
Electricity produced from nuclear fission has been increasing in the past three decades, but
recent failure of Fukushima Daiichi nuclear power plant caused by 2011 Tohoku earthquake

in Japan has re-drawn a great concern about nuclear security.!*%!
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Figure 1.1 World commercial energy use (left) and contribution of each source to total

energy growth (right)."!(toe: term of oil equivalent)



In this context, clean, safe and renewable sources such as solar radiation, wind, waves
and tides are considered as more promising sources for energy production.*y  As predicted,
increase of renewable energy will be a leading factor contributing to total energy growth by
2030 (Figure 1.1). However, these energies are variable with time and diffused in space.
The energy harvested from these sources is in such intermittent nature and that must be stored
prior to its connection to electric grids or delivery to customers. This requirement has

drawn a huge demand for effective energy storage.

On the other hand, to increase the efficiency of energy use, a key step is to replace the

[12.131  Since

current petroleum-based transportation infrastructure by electric transportation.
energy conversion efficiency of electric motors is 4 to 5 times higher than that of normal
engines (90% vs. 20%), the net energy consumption and CO, production from electric

vehicles (EVs) is typically less than one-half of that from traditional vehicles.!**!

Moreover,
the electricity used to power electrical vehicles (EVs) can be produced from various
renewable sources instead of fossil-fuel power plant, which further reduces the use of fossil
fuels. However, widespread implementation of EVs also relies on successful on-board

rechargeable electricity storage. In addition, other emerging applications such as advanced

portable electronics and smart grids demand effective energy storage devices and systems.™!



These growing needs have made energy storage an essential component of creating

sustainable society.

1.2 Energy Storage Technologies

Our ancestors used fire wood and charcoal with stored chemical energy to light, cook
food and make bronze wares, which created ancient civilization, while modern industries
requires more complex and high-performance energy storage technologies. To date, various
advanced strategies have been proposed for energy storage,'** *® including mechanical
energy storage, electrostatic energy storage, hydrogen (H,)-based chemical energy storage,
and electrochemical energy storage. They favor different applications due to their

individual characteristics.

Typical mechanical energy storage includes flywheel storage and compressed air storage.
Flywheels use vacuum-housed high-speed rotor to reversibly convert electrical energy to

kinetic energy; the flywheel’s rotational speed is reduced or increased as electrical energy is

o [17. 18]

generated or adde Common spinning speeds are in the range of 20,000 to over

50,000 rotations per minute.!*"!

The energy density (energy stored per unit mass or volume)
is proportional to the mass and the square of the angular velocity of the rotor, the lighter the

rotor and the higher the spinning speed, the higher the energy density. To reach high speed,



light and high-strength materials such as polymer-reinforced composites are used. Typical
energy density may reach 100-130 Wh/kg based on the mass of rotor, while it decreases to
~10 Wh/kg if the whole heavy container is considered. This technology shows advantages
of wide range of operation temperatures, high round-trip efficiency and long services life, but
is limited by fast energy loss and potential safety issue from shattering.’” On the other
hand, compressed air energy storage is based on compression and expansion of gas to store or
release Kinetic energy, which is driven by turbo compressor or drives air engine to produce

electricity.[?!

It is only suitable for storage of a large amount of off-peak electric power
when large cavern is available. For vehicle applications, this technology is constrained by

low energy density, low efficiency, high-cost vessels and safety concern.??

Electrostatic energy storage using dielectrical capacitors shows high frequency response,

but can only store a small amount of energy.?*]

Therefore, they are only used in small
electronics. Using polarized polymers may significantly improve the energy density, but it

is too low to be used in large-scale storage.[*”

H,-based chemical energy storage was considered as a critical technology to develop

[25]

hydrogen economy. For example, to develop Hj-powered fuel cells for vehicles and

other applications. However, after almost two decades’ effort, there has been no successful



strategy to store H, with a capacity, cost and operation condition that can meet general

applications.!?®!

1.3 Electrochemical Energy Storage

Among all energy storage endeavors, converting electrical energy into chemical energy
stored within batteries or electrochemical capacitors (ECs) is probably the most promising
approach, since as-stored chemical energy can be effectively delivered as electrical energy
with a diversity of energy density and power density (power delivered per unit mass or
volume), high efficiency, long service life, effective cost and environmental benignity.? " %!
Furthermore, batteries and ECs can be highly portable, enabling their broad use in portable
electronics, electric vehicles, and other applications. Effectively assembling battery or EC
stacks can easily create large-scale energy storage systems for utility applications. In fact,

rapid market growth for portable electronics, electric vehicles and grid storage has placed

high-performance batteries and ECs at the forefront of technical innovation.
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Figure 1.2 Simplified models of different energy storage devices.

The performance of these devices is determined by their structure and storage features.

A simple comparison is presented in Figure 1.2 where simplified device models are

presented. Batteries can store a lot of energy using their whole electrode active materials

where chemical reactions take place through the bulk of electrodes. ECs, called

supercapacitors, store charge on the surface of their electrodes. Chemical or physical

processes occur on the interface between electrode and electrolyte, so the total charge is

smaller. But according to the equation (C=¢*A/d), since the distance (d) between this two

surfaces is in the range of 1 nm, the energy density is still significant. Capacitors use

dielectrics which generally have length scale of ~1000 nm; therefore the capacitance and

energy density are very low. Therefore, capacitors are not used for major power sources in

electronic devices.
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Figure 1.3 A general plot of power density against energy density for capacitors,

electrochemical capacitors and batteries.

Generally, energy density and power density are used to quantify the performance of
batteries and ECs. Figure 1.3 shows a plot of power density versus energy density, also
called a Ragone plot, for capacitors, ECs and batteries.””®  As illustrated, batteries, which
operate based on redox reactions between their cathodes and anodes, offer high energy
density but low power density. These features allow them to be used in ordinary electronics
where energy density is of primary concern. Capacitors, on the other hand, which are
operated based on charge accumulation on parallel electrodes separated by dielectrics, offer
much higher power density but much lower energy density. In the aspect of lifetime,

capacitors exhibit dramatically longer lifetimes (e.g., > 1,000,000 cycles) than batteries (e.qg.,



1,000 cycles). 27

ECs exhibit storage performance intermediate that of capacitors and batteries. They are
generally operated based on electrical double-layer capacitance or pseudocapacitance, and are
referred to electrical double-layer capacitor (EDLC) and pseudocapacitor, respectively.
Supercapacitors can deliver at least 1,000 times more energy than dielectric capacitors and 10
times more power than batteries. In addition, they often exhibit long cycling lives of over
500,000 cycles. Such superior performance is essential for various applications where fast
charging, high power and long cycling life are required. Typical applications include energy
recovery, energy harvesting from intermittent power sources, back-up power supply,

heavy-duty loading and uninterruptible power supplies.!*”!

1.3.1. Rechargeable Batteries

Rechargeable batteries can be divided into different categories according to their
electrode materials, and mainly include lead-acid, nickel-cadmium, nickel-metal hydride and
lithium-ion batteries.®Y)  Currently, lithium-ion batteries are the most widely used
rechargeable batteries due to their high energy density, high cell voltage, low self-discharge,
long cycling life and absence of memory effect. To illustrate the working principle of

rechargeable batteries, we use lithium-ion battery as an example (Figure 1.4). Such a



device contains a cathode and an anode, which are separated and soaked in an electrolyte.
The energy is stored by reversible chemical reaction. During a discharge process, lithium
ions are extracted from anode materials, such as graphite, and electrons are released at the
same time. The electrons are driven to the cathode through external circuit. Lithium-ions
diffuse from anode into the cathode through internal circuit (or electrolyte), and then react
with cathode materials by combining electrons. As a result, the cell voltage decreases and
energy is released. Reverse reactions take place during a charge process. So it can be
determined that the following key processes take place in a battery process: 1) ion transport
and diffusion; 2) electron transfer and 3) chemical reactions in solid-phase and on
electrode/electrolyte interfaces. These complicated processes make the charge storage
Kinetics to be very slow.

Anode materials used for current commercial lithium-ion battery are mainly graphite,
which can take a large amount of lithium ions in the form of LiCg, of which the theoretical
lithium storage capacity is 372 mAh/g. Cathode materials are dominated by lithium metal
oxide such as LiCoO, and LiMn,O4, which give a lithium capacity of 120-150 mAh/g.
Such combination leads to an energy density of 500-600 Wh/kg based on electrode materials

or 100-150 Wh/kg if considering the whole device package.*?
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Figure 1.4 Operation principle of a lithium-ion battery (illustrated with a discharging

process)

1.3.2. Electrical Double-Layer Capacitors (EDLCs)

For EDLCs, the device structure is similar to that of batteries; there are also two
electrodes (a positive and a negative), a separator and electrolyte filled inside the cell, as
shown in Figure 1.4. The energy storage is based on physical separation and accumulation
of charged ions on the electrode/electrolyte interface. Porous materials (such as activated
carbon) are normally used to provide large interface for more charge storage. During a
charge process, negatively charged ion move to positive side and form a double layer, and

electrons move through the external circuit to negative electrode, where positively charged

11



ions are accumulated over there (Figure 1.5).[272%:30]

As a result, the cell voltage increases
and energy is stored. The most critical process that might limit the storage performance is
ion transport. Since the electrode capacitance is independent with potential, a linear
charge/discharge curve is obtained. Current commercial EDLCs use organic electrolyte and

porous carbon electrode which can provide a capacitance of 100-150 F/g.[3 34

Negative electrode Positive electrode

Charge

Figure 1.5. Working principle of EDLCs (illustrated with a charging process)

1.3.3. Pseudocapacitors

The other type of supercapacitor is pseudocapacitors, which store energy by fast faradic
reactions. In these devices, the ions and electrons move in the same manner with EDLCs,
but instead of forming double-layer on the electrode/electrolyte interface, redox reactions
take place on the surface or near the surface of the electrodes (Figure 1.6).72>*  Energy
is also stored by chemical reaction which is similar to battery, but the reaction would only

involve just the first a few or tens of nanometers of the electrode material and the process is

12



free of solid-state diffusion and phase change, which is similar to EDLCs. The most critical
process that might limit the storage performance is ion transport and charge transfer. The
best pseudocapacitor materials (RuO, xH,O) so far can provide a capacitance of over
1000F/g.®® It can be seen that the major electrode process of supercapacitors is ion
transport and diffusion; pseudocapacitors have fast charge transfer and surface reactions,

which enable fast charge/discharge and high power density.
Negative electrode Positive electrode

N\

n+ () Mn-1

ﬂ
\ Charge \

\

thin film

Figure 1.6. Working principle of pseudocapacitors (illustrated with a charging process).

1.4 Development of Electrochemical Energy Storage Materials
1.4.1 Carbon (EDLC) Materials

Conventionally, EDLC utilizes activated carbon as the electrode material; their
capacitance comes purely from the electrostatic charge accumulated at the

electrode/electrolyte interface. The energy density of an EDLC depends on the surface area

13



of the electrode material that is accessible to electrolyte ions which form electrical double
layers at electrode/electrolyte interface.*®*”  To date, the most advanced EDLCs based on
activated carbons may provide capacitance of up to 150 F g in organic electrolyte or 250 F
gt in aqueous electrolyte, which approximately corresponds to energy densities of 35 and 8
Wh kg? (based on the weight of active materials for all energy and power densities

hereinafter), respectively,3 3 %]

Such energy densities are significantly higher than those
of dielectric-based capacitors (e.g., 102 Wh kg™ for the best tantalum capacitors); however,
they are much less than those of batteries (~ 100-150 Wh kg ). Nevertheless, EDLCs are
operated based on electrostatic charge accumulation, which allows rapid charge and discharge
with high power density (e.g., 5 KW kg™ at energy density of 5 Wh kg*).!

Towards better EDLCs, various carbon materials have been explored, including activated
carbons,*? carbon nanotubes (CNTs),*" graphene,*? templated carbons*®! and carbon

aerogels.*

These efforts have been focused on optimizing the materials’ pore structure to
enable faster ion transport and to increase their effective surface area. Electrical double
layers can be readily formed on CNTs; however, capacitance of CNTSs is generally low due to

low surface area.!”” Graphene may provide higher surface area; however, it tends to form

stacking structure with reduced surface area. Recently, activated graphene with high surface
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area was reported with capacitance as high as 170 F g in organic electrolyte, which is the
highest capacitance ever obtained from carbon materials.**  Compared to activated carbons
that are low cost but have less controlled pore structure, templated carbons were synthesized
with well-controlled pore structure. The highest capacitance achieved for templated carbons,
however, is still less than 120 F g in organic electrolyte™ or 250 F g? in aqueous

electrolyte.=®!

In addition, extensive efforts have also been devoted to developing better organic
electrolytes with wider voltage windows and lower ion-transport resistance, since the energy
density of EDLCs is proportional to the square of the cell voltage.  However,
implementation of such electrolytes also requires the fabrication of high-purity carbon
materials in order to avoid side reactions occurring at high voltage."®! In short, despite the

extensive efforts made, advances in the field of EDLCs have been quite limited.

1.4.2 Redox-Active Materials (Batteries and Pseudocapacitors)

Batteries and pseudocapacitors share similar characteristics in terms of active materials,
device structures and operations. A pseudocapacitor is similar to a high-power thin-film
battery. Normally, battery charge/discharge processes show slow solid-state diffusions and

may involve tedious bulk reaction and unfavorable phase transformation, which limits the
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rate capability and charge/discharge life (cycling life). Nevertheless, by decreasing the size
or increasing the porosity, battery electrodes may show significantly increased surface-area,
which enables enhanced charge storage from surface redox reactions. If suitable electronic
conductivity and structure/interface stability can be reached, these materials may be charged
and discharged at increased rates, which is similar to pseudocapacitors. In this context,
materials used for battery electrode can be also potential candidates for pseudocapacitors.
One of the major efforts of my PhD research is to design high-performance materials
architectures that could enable traditional redox materials with high capacity, high rate and
long cycling life, through improving pseudocapacitive charge storage. In this dissertation, |
will discuss all redox materials with a purpose of pseudocapacitor application, though some
of them may be considered as conventional battery materials.

Pseudocapacitors rely on fast reversible faradic processes occurring on the surface of
sub-surface of redox-active materials such as conductive polymers and metal oxides.
Pseudocapacitance arises due to thermodynamic consideration between the charge acceptance
(Aq) and the change in voltage (Av), where the derivative (dg/dv) corresponds to the
pseudocapacitance.'*”’  Compared to carbon materials, metal oxides may offer significantly

higher capacitances. For example, hydrous ruthenium oxide (RuO; xH,0) has a specific
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capacitance of over 720 F g™ in 1 V acidic electrolytes owning to its excellent proton and
electron conduction.®  Transition metal oxides (e.g., MnO,*®! C0304,"% TiO,,* MoO;B!
and Nb,Os?) also possess theoretical capacitances of up to 1000 F g*; however, the
electrodes made from these oxides generally exhibit very low energy and power densities due
to poor ionic and electronic conductivity. To circumvent this barrier, pseudocapacitors are

generally prepared from thin-film electrodes or composite electrodes as detailed below.

Thin-Film Pseudocapacitors: To minimize ionic and electronic transport resistance,
oxide thin films with thickness of nanometers to hundreds of nanometers were deposited on
conductive substrates, exhibiting high gravimetric capacitances and high power.% 5% 33 4]
However, their performance decreases rapidly with increasing electrode thickness. With
limited thickness, mass loading of active materials, and hence energy density, is extremely

low, which precludes their practical application.™

Recently, thin-film pseudocapacitors

were made by coating oxides onto porous conductive substrates such as gold®™® and nickel;"®"!

their mass loading was improved to some degree but is still too low for actual application.
Composited Pseudocapacitors: To increase mass loading, composite electrodes were

I [58. 59]

fabricated by introducing conductive agents, such as carbon blac graphene!® % and

CNTs.%2 81 such electrodes can be classified into two categories. The first category was
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made by coating physical mixtures of active materials, polymeric binders, and conductive
agents onto the current collectors. This method is simple, however, such electrodes
generally exhibit mediocre storage performance. For example, MnO,-based electrodes
made with 30 wt-% acetylene black exhibit a capacitance of 228 F g™ at a rate of 10 mV s,

581 such mediocre

which is significantly lower than the theoretical value of MnO,.
performance can be attributed to poor electrode-structure control, in particular, poor control
over the interfaces between active materials and conductive agents.

The second category of pseudocapacitors was made from nanocomposites of oxides and
CNTs or graphene. Graphene and CNTs are lightweight and highly conductive materials
with large open surface, excellent mechanical strength, and high chemical/electrochemical
stability, and have been extensively used to form various nanocomposites. To form the
nanocomposites, active materials were deposited on graphene!®® 6% 84 or CNTs®% 3 €1 gp
within graphene layers or CNT networks though various techniques, such as sol-gel
processing,® electrophoresis,®” electrochemical deposition,'®® ¢ electroless deposition,®*
I hydrothermal reaction!™ " and thermal evaporation.[”® Such nanocomposites possess

well-controlled structure and interfaces, making the fabrication of high-performance

pseudocapacitors possible. However, many of the nanocomposites reported are based on
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SN0, % Fe;0,, Mns04"? and other high capacitive materials,/’™™ where charge storage
is based on conversion reactions in organic electrolytes. These nanocomposites exhibited
impressive capacity of up to 1000 mAh g*, but at extremely slow charge/discharge rates (a
few hours) and at low working potentials. Their tendency to form solid-electrolyte-interface
(SEI) layers, as well as their phase transitions and large volume changes during charge and
discharge, results in electrodes with short cycling life (e.g., < 100 cycles) and reduced

[76]

efficiency. In this context, such nanocomposites are more suitable for batteries rather

than for supercapacitors where high power, high efficiency and long cycle life are required.

Finding other oxide nanocomposites, which don’t form the SEI layers or undergo
significant structural and volume changes during charge/discharge, is essential towards the
development of high-performance pseudocapacitors. To date, nanocomposites of MnO,,'*"
C030,,"™ NiO"™ and RuO,!™aqueous electrolyte were extensively studied. RuO,-based
nanocomposites exhibit notably good performance; however, their high cost forbids their
large-scale application.  Nanocomposites based on Co03;0, and NiO may provide
capacitances of over 1000 F g™ in alkaline electrolytes, but their narrow voltage window (~

0.3 V) results in low energy density. MnO; is low cost, abundant and environmentally

benign; however, nanocomposites based on MnO; generally exhibit low capacitances of less
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than 300 F g*. Adapting organic electrolytes with wider voltage windows may give high
energy density, but even then, such nanocomposites would be still limited by their poor

cycling stability.

1. 5 Design Criteria and Needs for Electrochemical Energy Storage Materials

As mentioned above, batteries and ECs share similar characteristics in terms of active
materials, device structures and operations; energy is stored or liberated through reversible
redox reactions occurring in two electrodes, which are accompanied by shuttling of ions and
electrons between the cathodes and anodes. Therefore, to realize high energy and power
densities, sufficient number of ions and electrons need to be rapidly shuttled between the two
electrodes. To obtain long cycling life, the electrodes and device structure must keep stable
during charge/discharge cycling. These principles imply that high-performance electrodes
and devices should meet the following criteria: 1) Large amount of installed active materials
for high energy capacity; 2) Rapid transport of ions and electrons; 3) Facile electrochemical
reactions on surface and in the bulk of electrodes; 4) Mechanically robust electrode
architecture and chemically stable electrode/electrolyte interface. However, none of the
existing single materials can meet all these criteria. Typical porous carbon materials show

insufficient charge storage density; oxide and phosphate materials usually have low electron
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conductivity and low ion mobility; and most oxides have poor structure stability. These

issues restrain the performance of current energy storage devices. Therefore, the seeking for

high performance material architectures to circumvent these issues is highly demanded.

1.6 Thesis Objective and Research Scope

The objective of my dissertation is to address the limitation of current energy storage

materials by rational structure design according to the above principles and criteria. The

ultimate goal of this research is to develop high energy, high power, low cost and long life

electrochemical energy storage devices for various applications, including portable

electronics, EVs and grid-scale energy storage. To achieve this goal, my research strategy is

to design and fabricate multifunctional architectures by integrating distinct material structures

and properties to address the limitation of traditional materials and create a new family of

high-performance energy materials with desired properties. Generally, my dissertation is

dedicated to the following aspects: 1) understanding of novel charge storage behavior at

nanoscale electrochemical interfaces, 2) design and efficient fabrication of new

nano-architectured materials with tunable functionality and 3) integration of these materials

into electrochemical devices and studying their performance to further guide the materials

design.
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Specifically, this dissertation includes the following research directions:

High-performance carbon materials for EDLC (Chapter 2, 3). Hierarchically porous

carbon particles with graphitized structures were designed and synthesized with an efficient

aerosol-spray process. By comparing with commercial activated carbon and CNTSs, the

surface area and pore structure were systematically studied to understand the parameters that

determine the charge storage performance.

MnO,/Mesoporous carbon nanocomposite (Chapter 4). MnO, thin-layers with different

thicknesses were deposited on mesoporous carbon scaffold with hierarchical pore structure.

The effect of layer thickness on the charge storage performance of the composites was

correlated to electronic conductivity and electrolyte diffusion properties.

Interpenetrating oxide nanowire/CNT network structure (Chapter 5-7). Interpenetrating

networks of layered structured V,Os nanowire and CNT were fabricated by an in-situ

hydrothermal reaction. The effects of CNT compositions, pore structure, electrode

thickness were systematically studied. Synergistic effect between V,05 nanowire and CNT

was examined and resulted in a proper composition for highest storage performance.

Different CNT lengths were also investigated and led to robust flexible electrodes; V,0s

structure was modified to store both lithium and sodium ions; electrode architectures were
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engineered and leading to high-rate, thick electrodes for bulk energy storage.

Integrated nanocrystal and CNT architectures (Chapter 8-10). Ultrafine TiO,

nanocrystals were synthesized and studied as a model system to investigate the electrode

architecture effect. Electrodes were fabricated by directly coating thin film TiO, on

conductive Indium-Tin Oxide (ITO) glass, by conformably coating nanocrystals on

pre-formed CNT papers, and by salvation induced assembly between nanocrystals and CNT.

Charge storage capacity, rate performance and cycling stability were compared and

pseudocapacitive storage was investigated.
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Chapter 2: Hierarchically Porous Graphitized Carbon Particles for

Organic Electrolyte Supercapacitors

1. Introduction

Supercapacitors, a class of electrical-energy-storage devices with high power density
(10°-10* W kg™) and long cycling life (>100,000 cycles), hold great promise for a broad
spectrum of applications, such as hybrid electric vehicles, power tools and mobile electronic
devices.?  However, current supercapacitors are still limited by low energy density;
improving the energy density while maintaining high power density is essential to realize
such great potentials. Since supercapacitors generally rely on electrical double-layer
capacitance or pseudocapacitance, to realize high energy density requires sufficient number
of ions to be absorbed on or inserted into the electrodes, while realizing high power density
requires rapid transport of ions and electrons between the electrodes. To satisfy these
criteria, the electrode materials should exhibit high ion-storage density, excellent electronic
conductivity, and effective ion-transport capability.

The current electrode materials for supercapacitors are mainly activated carbons, carbon
nanotubes (CNTs) and metal oxides. In this context, activated carbons possess high surface
area, high microporosity and moderate electronic conductivity. Capacitances up to 300 F g*

in aqueous electrolyte or 120 F g™ in organic electrolyte may be achieved at low discharge
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rates, which correspond to energy densities of ~10 and 30 Wh kg™, respectively. At high
discharge rates, however, their storage performance radically deteriorates due to the lagged
ion transport within their torturous microporous channels.®!  Carbon nanotubes (CNTs), on
the other hand, possess excellent electronic conductivity and readily accessible external
surfaces that can provide outstanding rate performance. However, CNTs generally possess
low surface areas, which provide low specific capacitances of less than 100 F g™ in aqueous
electrolyte or 50 F g™ in organic electrolyte, respectively.*™ Alternatively, metal oxides,
such as RuO,,™® Mn0O,*! and V,05™ may provide much higher pseudocapacitance through
faradic reactions.  Except the cost-prohibitive RuO,, however, such materials are
intrinsically poor ionic and electronic conductors, which limit their high-power application.
Much effort has been devoted to making better electrode materials recently. For example,
high-surface-area carbons with more regulated pore channels, such as carbide-derived carbon
and zeolite-templated carbon, were synthesized with capacitances up to 150 F g™ and
improved high-rate performance in organic electrolytes,™ ™ however, their synthesis is
extremely ineffective. Similarly, surface functionalized CNTs may provide capacitances up
to ~150 F g™ in H,S04,*! however, such modified CNTs are easily degraded during cycling.

Up to now, making high-performance supercapacitor materials remains challenging.
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Herein, we report the design and fabrication of high-performance supercapacitors based
on hierarchically porous graphite particles. As illustrated in Figure 2.1, our supercapacitor
electrodes are constructed from such particles containing interconnected micro-, meso- and
macro- pores. In comparison to the activated carbons with low rate capability, and CNTs
with low capacitance, this unique structure provides the critical features required for
high-performance electrodes: i) abundant micropores and small mesopores provide the
electrode with high surface areas, resulting in large capacitance and high energy density, ii)
small particle size and their hierarchically interconnected mesopores and macropores
facilitate ion transport, which ensure high rate capability;*>'® iii) graphitized carbon
provides excellent electronic conductivity that is another key factor for high rate capability;
iv) these carbon spheres can be densely packed into electrodes, which is of importance to

ensure high volumetric energy density.
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Figure 2.1 Schematic of an electrode based on porous graphitized particles and their
synthesis: (A) An electrode made of densely packed carbon particles, (B) schematic of a
hierarchically porous carbon particle enabling effective transport of electrolyte ions. (C)
cross-view of the carbon particles showing interconnected hierarchical porous structure, and

(D) an aerosol process used to synthesize the carbon particles.



2. Results and Discussion

The synthesis of such particles is based on a simple aerosol process.'”  As illustrated in
Figure 2.1, we started with aqueous solutions containing sucrose, nickel nitrate, colloidal
silica particles (template for the mesopores) and silicate clusters (template for the micropores
and small mesopores); an atomization process using nitrogen as the carrier gas continuously
generated aerosol droplets, which were passed through a heating zone and converted to
nanocomposite particles. Subsequent carbonization in the presence of the nickel moieties
in-situ converted the sucrose into graphitized carbon. Further removal of the templates
resulted in graphitized, porous carbon particles with high surface area and hierarchical pores.
It is important to point out that such a continuous synthesis approach can be suitable for
scale-up.

Figure 2.2 shows the representative scanning electron microscope (SEM) and
transmission electron microscope (TEM) images of the aerosol-carbon particles. It is shown
in Figure 2.2A that most of the particles are densely packed. As the pressed pellets reached
a density as high as 0.75 g cm™, which is much higher than that of commercial activated
carbon with similar porosity (~0.5 g cm™) and CNT we used for this study (0.56 g cm™).

For device applications, in order to increase overall device capacitance, it is generally
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necessary to increase electrode porosity, which inevitably reduces the electrode density.™

Therefore, a high gravimetric capacitance is often achieved by compromising rate capability

and volumetric capacitance. The capability to synthesize high-surface-area carbon with

high packing density is therefore essential to ensure both high gravimetric and volumetric

densities.

Figure 2.2 SEM and TEM images of the hierarchically porous aerosol-carbon

particles: A) a low-magnification SEM image showing densely packed particles,
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(B) a high-magnification SEM image showing spherical morphology with
diameter ranging from 50 to 300 nm, (C) a TEM image of the hierarchically
porous aerosol-carbon particles, (D) high-magnification TEM showing the

graphitized carbon structure.

High-magnification SEM shows that these particles are polydisperse with diameters
ranging from 50 to 300 nm (Figure 1B), which are much smaller than that of activated carbon
normally used in commercial devices (5-20 um). TEM image (Figure 1C) reveals a highly
porous sponge- or foam-like pore structure with interconnected mesopores and micropores.
The diameters of the mesopores are around 10-20 nm, which is consistent with the size of the
colloidal silica template used (average diameter of 13 nm). The formation of micropores
and small mesopores below 3 nm in diameter is due to the removal of silica clusters that were
uniformly distributed within the carbon framework.!** High-resolution TEM (Figure 1D)
image suggests that the “bubbles” observed in Figure 2.2C are graphite shells formed by the
catalytic carbonization of sucrose.’” The formation of such graphite shells, which improve
the electrode conductivity, is further confirmed by their appreciable (002) graphite x-ray

diffraction peak (Figure 2.3).
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Figure 2.3 XRD patterns of aerosol-carbon and AC.

Pore structure of the aerosol-carbon particles was investigated using nitrogen sorption
experiments. Figure 2.4 shows nitrogen sorption isotherms and pore size distributions of
the particles, which clearly suggest the coexistence of micropores and mesopores. The first
nitrogen-uptake step, at a relative pressure below 0.2, is contributed by the micropores mainly
templated from silica clusters. The second nitrogen-uptake step, at a relative pressure
between 0.6 and 0.9, is attributed to the mesopores templated from colloidal silica particles.
These mesopores are narrowly distributed and centred at 11 nm, which is consistent with the
3

size of the colloidal silica template. These particles exhibit a high pore volume of 2.02 cm

g* and Brunauer-Emmett-Teller (BET) surface area of 1522 m? g, of which ~80% (1208
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m? g™) is contributed by external surface, as calculated from the t-plot method. To better

understand how such pore structure affects energy storage performance, commercial activated

carbon (AC) and multi-walled CNTs were also studied for comparison. As shown in Figure

2.4, the AC shows typical type | isotherms with uptake at low relative pressure, suggesting a
microporous structure (pore diameter < 2 nm) with an extremely high surface area of 2549 m?

gt of which ~64 % (1627 m? g is contributed by the external surface. As expected, the

CNTs have quite limited surface area (156 m? g™) with some mesoporous structure resulting

from stacking of the nanotubes. The external surface area (123 m? g™*) accounts for ~79%

of the total CNTSs surface area.
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Figure 2.4 Nitrogen sorption isotherms (A) and pore size distributions (B) of the

hierarchically porous aerosol-carbon particles (A), AC (H) and CNTs (@).
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This unique hierarchical pore structure endows the particles with outstanding capacitive
performance. Figure 2.5 compares cyclic voltammetry (CV) plots of the aerosol-carbon
particles, AC and CNT electrodes at potential sweep rates of 5 (Figure 2.5A) and 50 mV s™
(Figure 2.5B) in three-electrode cells using platinum foil as the counter electrode, silver wire
as the quasi-reference electrode® and 1 M NEtBF, in propylene carbonate (PC) as the
electrolyte. At a potential sweep rate of 5 mV s™, all CV curves show typical capacitive
behavior, as evidenced by their nearly rectangular voltammograms. For AC electrode, the
CV plot is fully developed at positive polarization, which is associated with solvated BF,4
(12.35 nm) adsorption. The CV plot shows obvious distortion at negative polarization,
though, which is associated with adsorption of solvated NEt;" (1.40 nm). Generally,
commercial activated carbons have abundantly irregular micropores and small mesopores in
the range of 0.3-4 nm with narrow bottlenecks that limit ion transport and adsorption. In
addition, at sweep rates as low as 5 mV s, ohmic drop across the electrode is not significant.
Therefore, such an asymmetric CV characteristic could be attributable to a micropore-size
effect on electrode kinetics, which has been recently confirmed on carbide-derived carbons in
the same electrolyte system.[?)  When potential sweep rates reach 50 mV s* (Figure 2.5B),

CV plots of the AC electrode distort dramatically over the whole potential range. Such
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behavior can be ascribed to both the increased ohmic drop and the limited ion transport

within their tortuous pore structure.
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By comparison, at both potential sweep rates, the CV plots of the aerosol-carbon- and
CNT- based electrodes show symmetric characteristics at both positive and negative
polarizations, suggesting facile ion transport and adsorption behavior. Although there are
broad humps at potentials below 0.5 V on the CV curves of the aerosol-carbon electrodes, the
charge and discharge processes are defined to not be limited by any kinetics issue since the
voltammetric response is very fast. Figure 2.5C shows the voltammetric current (i.e., the
current value at potential of -0.4 V) dependence on potential sweep rate. Unlike the AC
electrodes, a perfect linear plot can be seen at sweep rates ranging from 5 to 50 mV s for the
aerosol-carbon electrodes, confirming that their currents are purely capacitive in nature.
Note that, due to the large ohmic drop, the current response at high sweep rate of 100 mV s
is nonlinear. This phenomenon was not observed for CNT electrodes due to their better
conductivity and lower porosity. For both the aerosol-carbon and CNT electrodes, only
limited distortion of CV curves can be observed when the sweep rate increases to 100 mV s
(Figure 2.6), demonstrating very high rate-capability. We attribute this excellent capacitive
performance to facile ion transport in their open pore structures and good electrode

conductivity.
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Figure 2.6. Cyclic voltammograms of various carbon electrodes at scan rate of 100 mV s,

The facilitated ion-transport kinetics within hierarchical pore channels was further
studied by electrochemical impedance spectroscopy (EIS). Figure 2.5D compares
capacitance dependence on frequency (10 mHz to 100 kHz) of each electrode. Clearly, the
capacitance gradually decreases with increasing frequency, which is a common feature for
porous carbon electrodes. The CNT electrodes exhibit slow capacitance drops due to fast
ion transport and adsorption on their surface. Similarly, because of their open pore structure,
the capacitance of aerosol-carbon electrodes approaches saturation at frequencies close to 0.1
Hz, meaning that their ion-adsorption can reach equilibrium in 10 s. By comparison, the AC

electrodes show no sign of saturation at frequencies as low as 0.001 Hz, indicating slow
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electrolyte ions diffusion within their tortuous pore structure.

Also, aerosol-carbon

electrodes retain over 60% of their maximum capacitance at a frequency of 1 Hz, about three

times higher than that of AC electrodes.

This result further confirms the importance of

creating easy ion-transport pathways in pursuit of high-rate supercapacitor electrodes.
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various carbon electrodes (C) (aerosol-carbon particles: a; AC: m; CNTs: e; LN-porous
carbon: 0; SK2200: »; Ness4600: v), and long-term cycling performance of symmetric

supercapacitor made from aerosol carbon particles (D).

To further quantify their specific capacitances, galvanostatic charge/discharge tests were
performed, and specific capacitances Cs (F g™*) were calculated from the discharge curves of
galvanostatic profiles. For example, as shown in Figure 2.7A, at a current density of 1 A
g™ the CNT-, AC- and aerosol-carbon- based electrodes show capacitances of 34, 95, and 102
F g, respectively. The aerosol-carbon electrodes display a more pronounced ohmic loss
(IR drop) than the CNTSs electrodes, but the IR drop is much less than that of the AC
electrodes. Calculated from the IR drop, the maximum power density of the aerosol-carbon
electrodes (55 kW kg™) reach ~70% of the CNT electrode (78 kW kg™), which is 2.2 times
that of the AC electrodes (25 kW kg™?). Different current densities from 0.1 to 10 A g™* were
used to further investigate the rate capability (Figure 2.7B). The CNT electrodes keep ~95 %
of its initial Cs (35 F g™) as current density increase from 0.1 to 10 A g*.  Although showing
a much higher Cs of 106 F g™ at current density of 0.1 A g™, the AC electrodes have only 45 %

capacitance retention (50 F g™*) at 10 A g*. By comparison, the aerosol-carbon electrodes
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show a high Cs of 115 F g™ at a current density of 0.1 A g*, and retain 83 % of this
capacitance (95 F g?) at 10 A g*, displaying excellent high-rate performance. Such
capacitive performance is superior to the pore-opened single-walled CNTs with surface area
of 2200 m? g*? and chemically modified graphene with surface area of 705 m? g™
Note that recent carbide-derived carbon exhibits somewhat greater capacitances in

acetonitrile, which has lower viscosity and 5 times higher ionic conductivity than PC and is

an electrolyte solvent generally known to lead to higher capacitance.??

Consistent with electrochemical studies, these hierarchical aerosol-carbon particles
exhibit outstanding device performance. In this work, symmetric supercapacitors were
assembled to evaluate energy and power performance. The AC supercapacitor possesses a
gravimetric energy density of 27 Wh kg™ at a power output of 270 W kg™ when only
considering the mass of electrode active materials, however, its energy density drops to 12
Wh kg™ at a power density of 20 kW kg™*. The CNT supercapacitor shows good rate
capability but low energy density due to its low capacitance. In comparison, the
aerosol-carbon supercapacitor reaches a gravimetric energy density of 30 Wh kg™ at a power

density of 270 W kg™, or 24 Wh kg™ at 25 kW kg™.  If considering the material density, our
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aerosol-carbon has a maximum volumetric energy density of 22.5 Wh L™ which is about 2
times of that of AC (13.5 Wh L™). It still has 18 Wh L™ at 18.8 kW L™, even significantly
higher than AC (6 Wh L™ at 10 kW L™). For better comparison, all the energy and power
density are normalized to the mass of whole device using a packaging factor of 0.4.[4
Figure 2.7C shows the Ragone plot, which displays the energy density dependence on the
power output of various symmetric supercapacitors. The aerosol-carbon supercapacitor
shows superior performance to other devices. In particular, at 4 s of charge/discharge, the
energy density of the aerosol-carbon supercapacitor is about 2 and 3 times higher than that of
the AC and CNT supercapacitors, respectively. Compared with the state-of-the-art
supercapacitors, our aerosol-carbon-based devices outperform many other prototypes and
commercial devices as well, including those based on ACs, pore-opened CNTs,??' LN-porous
carbon,®® SK2200,%%) and Ness4600.%8!  Besides their high energy and high power
performance, aerosol-carbon supercapacitors exhibit outstanding cycling stability. Figure
2.7D shows the results of long-term cycling tests at a current density of 2 A g™, suggesting

capacitance retention of ~98% after 5000 cycles of charge and discharge.

3. Conclusion
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In summary, we have synthesized a class of graphitized porous carbon particles using a
continuous, scalable approach. Such carbons contain hierarchical pore structure and
graphitized shells, providing a new material platform for high-performance supercapacitors
with high packing density. This new family of porous carbons could also be adapted for

battery electrodes, fuel-cell catalyst supports and other applications.

4. Experimental Section

4.1 Synthesis of porous graphitized carbon nanoparticles

For the synthesis of the graphitized carbon particles, aqueous solutions containing
de-ionized water (40 mL), sucrose (12 g), nickel (Il) nitrate hexahydrate (10 g), HCI (20 g,
0.1 m) and silicate templates including colloidal silica (20 g) (AS 30%, Nissan Chemicals.
Inc.) and of TEOS (16 g) were sent through an atomizer using nitrogen as carrier gas. The
atomizer dispersed the solution into aerosol droplets, which were then passed through a
ceramic tube that was heated to 450 °C. Continuous solvent evaporation at the air/liquid
interface of the aerosol droplets enriched the sucrose and silica, resulting in the formation of
spherical silica/sucrose/nickel moiety nanocomposite particles. The particles were then

collected on a membrane filter in a press, and subsequent carbonization to 900 °C of the
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composite nanoparticles under N, atmosphere resulted in the formation of spherical

silica/carbon/nickel composite nanoparticles. 1 m HCI and 5 m NaOH were used in

sequence to remove the nickel and silica respectively, which produced the porous carbon

particles with graphitized shell structures.

4.2. AC and CNTs
Commercially available activated carbon (Yihuan Carbon Co., Ltd. Fuzhou, China) after
vacuum-dry was used for comparison. Multi-walled CNTs were synthesized using a

[27]

catalytic chemical vapor deposition in a nano-agglomerate fluidized bed. Before

electrode fabrication, CNTs were functionalized by attaching carboxylic groups on the

surface using a method similar to that developed by Gao and co-workers.!?®!

4.3 Characterization

Nitrogen sorption isotherms were measured at 77 K with a Micromeritics ASAP 2020

analyzer (Micromeritics Instrument Corporation, Norcross, GA). Specific surface areas

(Sget) were calculated by the Brunauer-Emmett-Teller (BET) method using the adsorption

branch in a relative pressure range from 0.04 to 0.25. Scanning electron microscopy (SEM)
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experiments were conducted on a JEOL JSM-6700 FE-SEM (JEOL Ltd., Japan).
Transmission electron microscopy (TEM) experiments were conducted on a Philips CM120

operated at 120 kV (Philips/FEI Inc., Eindhoven, The Netherlands).

4.4 Electrode Fabrication and Electrochemical Measurements

The aerosol-carbon particles, AC and CNTs were assembled onto nickel foam current
collectors. Briefly, 85% of the electrochemically active material, 5% carbon black, and 10%
poly(vinylidene fluoride) (PVDF) dispersed in N-methylpyrrolidinone (NMP) were mixed to
form slurries. The homogenous slurries were coated on nickel foam substrates and dried at
80 °C for 10 min under vacuum. As-formed electrodes were then pressed at a pressure of 2
MPa and further dried under vacuum at 100 °C for another 12 h. Electrodes were obtained
by coating an active mass of 1~3 mg on each current collector (0.5 cm * 0.5 cm).

The electrochemical measurements were carried out on a Solartron 1860/1287
Electrochemical Interface (Solartron Analytical, Oak Ridge, TN). The electrolyte solution
was a 1 m tetraethylammonium tetrafluoroborate (NEt;BF,) in propylene carbonate (PC)
solution and platinum foil was used as the counter electrode. Silver wire was used as a

quasi-reference electrode. CV measurements were carried out in an argon-filled glove box
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using cutoff voltages of -1.5 and 1.2 V versus Ag.  The specific capacitance, C (F ™) of the
electrode materials was calculated from the discharge curve of galvanostatic cycles,
according to C = I/(dV/dt) = 1/(AV/At), where | is the constant discharge current density, E is
the cell voltage, and dV/dt is the slope of the discharge curve. The EIS tests were operated
in the frequency range of 10 mHz — 100 kHz with 10 mV AC amplitude. The gravimetric
capacitance, C was also calculated according to C= 1/[2xf Im(Z)M], where f is the operating
frequency (Hz), Im(Z) is the imaginary part of the electrode resistance (ohm), and M (g) is
the mass of electrode.

To make 2032 type coin cells, glass fiber (GF/D) from Whatman was used as a separator.
The cells were assembled in a glovebox under an argon atmosphere. Charge and discharge
measurements and long-term cycling tests were carried out by LAND CT2000 (Wuhan
Jinnuo Electronics, Ltd., Wuhan, China) at different current densities. Symmetric cells were
charged and discharged between 2.7 and 0 V. The specific capacitance, and power and
energy density were calculated based on the total mass or volume of anode and cathode
materials. Energy density was calculated using E=1/2 CV? where C is the total cell
capacitance and V is the cell operation potential. The maximum power density was

calculated by Pra= VZ/(4ESR*M), where ESR is the equivalent series resistance and M (g) is
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the total mass of anode and cathode materials.
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Chapter 3: Hierarchically Porous Graphitized Carbon Particles

for aqueous Supercapacitors

1. Introduction

Supercapacitors, a class of electrical energy storage devices with high power density
(10°-10* W kg™) and long cycling life (>100,000 cycles), hold great promise for a broad
spectrum of applications, such as hybrid electric vehicles, power tools and mobile electronic
devices. However, current applications of supercapacitors are still limited by low energy
density; developing better electrode materials leading to improved device energy density has
been an essential but challenging topic.

In this context, carbon materials, such as activated carbons, mesoporous carbon and
carbon nanotubes, have been extensively investigated.*®  Activated carbons may
respectively provide capacitances up to 300 F g™ in aqueous electrolyte or 120 F g™ in
organic electrolyte at low discharge rates. However, their storage performance radically
deteriorates at high discharge rates due to the lagged transport of ions within their torturous

microporous channels.” ®

Mesoporous carbons, on the other hand, exhibit uniform pore
geometry and larger pore size; however, they did not show exciting improvement in either

energy or power density, possibly due to unfavourable ion transport within their long-range
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%10 Carbon nanotubes possess excellent electronic conductivity and readily

pore channels.
accessible external surfaces that can provide outstanding rate performance. However,
carbon nanotubes generally possess low surface areas, which provide low specific
capacitances of less than 100 F g* in aqueous electrolyte or less than 50 F g™ in organic
electrolyte, respectively.™™™** Recently, high-surface-area microporous carbons with regulated
pore channels, such as carbide-derived carbon and zeolite-templated carbon, were
synthesized with capacitances up to 150 F g* and improved high-rate performance in organic
electrolytes,®**** however, their synthesis is extremely ineffective.

Recently, we developed a continuous aerosol process leading to the formation of
hierarchically porous graphitized carbon particles. The synthesis of such carbon particles is

16,17 Briefly, the synthesis was started with an aqueous solution

quite simple and efficient.
containing sucrose, nickel nitrate, colloidal silica particles and silicate clusters; an
atomization process using nitrogen as the carrier gas continuously generated aerosol droplets,
which were passed through a heating zone and converted to nanocomposite particles.
Subsequent carbonization in the presence of the nickel moieties in-situ converted the sucrose

into graphitized carbon.’®  Further removal of the templates resulted in graphitized, porous

carbon particles with high surface area and hierarchical pores.
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Such carbon materials exhibited impressive cycling stability in organic electrolyte and

significantly improved energy and power density comparing with the commercial activated

carbons and carbon nanotubes. However, the achievement of such performance relies on

utilizing high-cost electrolytes and cell-fabrication process; moreover, the use of flammable

solvents and electrolytes presents potential safety issues that may prevent their widespread

applications. Herein, we explore the use of such hierarchically porous graphitized carbon

for aqueous-electrolyte based devices. Owing to the unique structure, such as high surface

area, small particle size, hierarchically porous architecture and conductive graphitic

framework, such graphitized carbon material may provide large double layer area, fast ion

transport and efficient charge harvesting in aqueous electrolytes. In this work, asymmetric

supercapacitors with high energy density that is close to those of the organic devices were

successfully fabricated, offering a new method towards cost-effective energy storage.

2. Results and Discussions
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Figure 3.1. SEM and TEM images of the hierarchically porous aerosol-carbon particles.

Figure 3.1A shows representative scanning electron microscope (SEM) images of the
carbon particles. Such particles are polydisperse with diameters mainly ranging from 50 to
300 nm, which are much smaller than that of activated carbon normally used in commercial
supercapacitor devices (5-20 um). Transmission electron microscope (TEM) image (Figure
3.1B) reveals a highly porous sponge- or foam-like pore structure with interconnected
mesopores and micropores. High-resolution TEM (inset, Figure 3.1B) image suggests that
the “bubbles” observed around each particle are graphite shells formed by the catalytic
carbonization of sucrose.®® Raman spectrum of the carbon particles clearly show two bands,
at around 1345 cm™ (D band) and 1583 cm™ (G band), with a relatively intensity ratio (Ip/lg)

of ~2, which further confirms the existence of a large amount of graphitized carbon (Figure
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3.2). Inaddition, an interconnected mesopore and micropore structure can also be observed.
Nitrogen sorption isotherms and pore size distributions of the particles clearly suggest the
coexistence of micropores and mesopores (Figure 3.3). The mesopores are narrowly
distributed and centred at 11 nm, which is consistent with the size of the colloidal silica
template. ~ These particles exhibit a large pore volume of 2.02 cm® g* and
Brunauer—-Emmett-Teller (BET) surface area (Sger) of 1522 m* g, of which ~80% (1208 m?
g™) is contributed by external surface, as calculated from the t-plot method. Such carbon
architecture provides an ideal platform for fast ion transport and double layer formation, and

thus is of great interest for capacitive energy storage.
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Figure 3.2. Raman spectrum of the porous graphitized carbon particles.
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Figure 3.3. Nitrogen sorption isotherms and pore size distributions (inset) of the

hierarchically porous aerosol-carbon particles.

Capacitive performance of the particles was first examined in 3 M KOH, an alkaline
electrolyte commonly used for carbon-NiO-based hybrid capacitors.’® Figure 3.4A shows
their typical cyclic voltammetry (CV) curves at potential scan rates from 10 to 100 mV s?in
a three-electrode cell using a platinum foil as the counter electrode and an Hg/HgO as the
reference electrode. The cut-off potential was defined to be -0.9 and 0.1 V (vs. ref.) for
stable and reversible cycling. The CV curves exhibit near-rectangular shapes even at high
scan rates, suggesting a pure double-layer charge storage behavior with excellent rate-

capability. The normalized specific capacitance Cs (F g™) was calculated from the discharge
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curves of galvanostatic charge/discharge profiles at current densities from 0.5 to 10 A g*

(Figure 3.5).
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Figure 3.4. Cyclic voltammograms of aerosol carbon electrodes at potential sweep rate from

10 to 100 mV st in 3 M KOH (A), 1 M Na,SO, (B) and 1 M Li,SO, (C); Dependence of

specific capacitance and charge/discharge current density for aerosol carbon electrodes in

different electrolytes (D).
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Figure 3.5. Galvanostaic charge/discharge curves of porous graphitized carbon electrodes at

different current densities in 3 M KOH aqueous electrolyte.

It was found that the electrode possesses a Cs of 220 F g™ at the current density of 0.5 A
g™ and retains about 73 % of this capacitance (160 F g™*) at a high current density of 10 A g™*.
In comparison, a commercial activated carbon (Sger = 1900 m? %) shows a Cs of 250 F g™ at
05 A gtand 105 F g* at 10 A g*, a moderate rate performance commonly observed for
activated carbons.?® In addition, in comparing with the carbon materials reported recently,
such as activated hierarchical porous carbon (Sger = 1660 m? g, Cs = 180 F g%),% partially
graphitic ordered mesoporous carbon (Sger = 1300 m? g, Cs = 155 F g™, nitrogen-enriched

porous carbon (33 to 153 F g),?? and modified graphene (Sger = 950 m? g*, Cs = 101 F
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g1),?® this unique carbon materials also show significantly improved performance. Such a
high capacitance and high rate-capability is ascribed to the large accessible surface area and
hierarchically porous structure which together provide efficient ion-adsorption and fast
charge transport. Note that mesoporous carbon nanospheres (Sger = 2396 m? g?) can
provide a similar high capacitance and rate capability in a similar testing condition, however,
the synthesis is extremely inefficient.'®

Besides the alkaline electrolyte, capacitive performance of the carbon particles was also
evaluated in 1 M Na,SO,4 and 1 M Li,SO,4 aqueous electrolytes, the electrolytes commonly
used for carbon//MnO,** and carbon//LiMn,0,% asymmetric supercapacitors. The carbon
electrodes were tested in three-electrode cells using a platinum foil as the counter electrode
and an Ag/AgCI as the reference electrode. Highly reversible charge and discharge behavior
was also observed at a potential window from -0.8 to 0.6 V (vs. ref.). Similar to that in
alkaline electrolytes, the electrodes show ideal CV curves with excellent rate performance in
both electrolytes (Figure 3.4B, C). Notably, the curvature of the CV curves in the three
electrolytes shows different features, which is due to the size difference of electrolyte ions
adsorbed on the electrode surface. According to galvanostatic charge/discharge tests, the

electrode shows a capacitance of 170 F g™ at a current density of 0.5 A g and 115 F g™ at 10
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Aglin1 M Na,SO,, and a capacitance of 175 F gt at0.5 Agtand 122 Fgtat 10 Agtin1
M Li,SQy, respectively (Figure 3.4D). Due to a lower electrolyte concentration and larger
anions, these capacitance values are relatively lower than that in KOH electrolyte.
Nevertheless, the rate-capability for all electrodes is similar (~70% of initial capacitance was

retained at 10 A g%), which suggests a rapid ion response of such carbon electrodes in all the

electrolytes.
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Figure 3.6. XRD pattern (A) and SEM image (B) of NiO nano-flakes.

To further demonstrate their device applications, prototype coin-type devices were
assembled using nickel oxide (NiO) as the positive material and the aerosol carbon particles
as the negative material. In such devices, the carbon electrodes store charges by

electrical-double layer process, while the oxide electrodes are based on redox reaction. To
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match the high rate-capability of the carbon electrode, a high-rate NiO electrode was also
fabricated from nano-flakes of NiO (~ 10 nm thick) synthesized using a chemical deposition
process (Figure 3.6).2°  As-synthesized NiO flakes show a surface-redox process according
to the CV curve shown in Figure 3.7A. The electrochemical reaction occurs at the NiO
electrode can be expressed by NiO + OH™ < NiOOH + ¢".%*?"  Two pairs of peaks appear
symmetrically in the CV curve, indicating a good reversibility of this reaction.
Galvanostatic charge/discharge was used to further quantify the capacitance of NiO electrode;
the Cs was calculated to be ~800 F g™ at a potential window from 0.1~0.5 V and a current
density of 0.5 A g*. According to a charge balance between positive and negative

electrodes, an optimal negative-to-positive mass ratio was determined to be 3.6:1* in this

asymmetric supercapacitor.
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Figure 3.7. Typical CV curves of aerosol carbon electrodes in combination of NiO (A),
MnO, (B) and LiMn,O, (C) electrodes in different electrodes; comparison of

charge/discharge potential window of different prototypes (D).
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Figure 3.8. CV of a prototype asymmetric carbon/NiO device at 2 mV s™ using porous
carbon particles as anode and NiO as cathode (A); and galvanostaic charge-discharge curves
at various current density (a: 1.5 mA cm?; b: 3.1 mAcm?; ¢: 6.2 mAcm?; d: 12.5 mAcm?;

d: 24.6 mA cm) of NiO-aerosol carbon in 3 M KOH (B).

Considering the working potential for graphitized carbon anode and NiO cathode are
-0.9-0.1 V and 0-0.5 V, respectively, a maximum operation potential of the full cell was
achieved at 1.4 V, which was confirmed by galvanostatic charge/discharge of the assembled
prototype cells (Figure 3.7A, C and Figure 3.8). For a device at optimal configuration, it
reached a capacitance of ~ 80 F g™ at a discharge current density of 0.25 A g™, corresponding
to an energy density of 25.0 Wh kg™ at a power density of 180 W kg™ (based on the total

weight of cathode and anode active materials). This device could still possess an energy
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density of 8.5 Wh kg™ even at a power density of 6000 W kg™, suggesting a very high
rate-capability. In addition, long-term cycling test shows that the device still retains ~75%
of the initial capacity after 2000 cycles under a current density of 5 A g™, suggesting a good
cycling stability of the cell.(Figure 3.9) Comparing with the symmetric supercapacitor
based on the hierarchical porous carbon (Figure 3.10), Maxsorb activated carbon, chemically
modified graphene,® or asymmetric capacitors based on hierarchically porous NiO and
carbon,?® this asymmetric capacitor represents a significant improvement in terms of energy
and power density, thus demonstrating the superiority of using our aerosol carbon for

high-performance asymmetric devices.
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Figure 3.9. Cycling performance of the Carbon/NiO asymmetric capacitor.
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Figure 3.10. CVs of symmetric supercapacitor with porous carbon particle electrodes.

Successful implementation of our hierarchically porous carbon electrodes in other devices
was also demonstrated using manganese oxide (MnQO;) and lithium manganese oxide
(LiMn,0,) as the cathode materials. Nano-sized MnO, (Figure 3.11) and LiMn,0O, (Figure
3.12) were synthesized according to our previous work®® or reported method with some
modification.*® Fig. 3.4B shows typical CV plot of MnO; in 1 M Na;SO, together with a
graphitized carbon electrode. The electrochemical reaction occurs at the MnO, electrode

can be expressed by MnO, + xNa* +xe” <> MnOONa,.*!

The MnO electrodes show ideal
pseudocapacitive behavior with a specific capacitance of ~150 F g between a potential

window from 0 to 0.8 V, which agrees well with the previous reports.
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Figure 3.11. XRD pattern (A) and SEM image (B) of MnO,/C nanocomposite for

asymmetric carbon/MnQO; devices.
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Figure 3.12. XRD pattern (A) and SEM image (B) of LiMn,O,4 nanoparticles for asymmetric

carbon/LiMn,0O, devices.
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The electrochemical reaction occurs at the LiMn,O, electrode can be expressed by
LiMn,O, + XxLi* +xe” < LiMn,04.% Slightly different from the MnO, electrodes, the
LiMn,O, electrodes store charge by lithium intercalation reaction, which gives a charge
capacity of 95 mAh g™ (averaged to be 700 F g™) at potential between 0.6 and 1.1V (Figure
3.7C). Similar to the above carbon//NiO asymmetric cells, in combination with the carbon
electrodes, therefore, asymmetric devices can provide a maximum cell voltage of 1.6 and 1.9
V when using MnO; and LiMn,0O, as cathode, respectively (Figure 3.7D). At a slow rate
(0.1 mA cm™), optimal asymmetric carbon/MnO- and carbon/LiMn,O., devices provided an
energy density of ~14 and 32 Wh kg™, respectively. The energy density of the cells
decreased to 4.2 and 4.5 Wh kg™, respectively, at high rate (5 mA cm™), revealing that the
structure of the oxides need to be further tuned for high-rate application. Nevertheless, such
high energy densities approach those of the organic electrolyte-based devices, and are
significantly higher than those of the carbon-based symmetric devices in aqueous electrolytes.
These results further reveal the great potentials of using such aerosol carbons as the anodes
for hybrid capacitive energy storage. Further effort to make high-rate MnO; and LiMn,O,
bulk electrodes will enable us to fabricate these high-energy supercapacitors with improved

power density.
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3. Conclusions

In summary, we have showed excellent capacitive performance of hierarchically porous
carbon in aqueous electrolytes, where high-energy asymmetric supercapacitors were
fabricated using this carbon material as anodes. The appealing capacitive performance is
attributed to its unique structure that provides large double layer capacitance, fast ion
transport and efficient charge harvesting capability. This new family of porous carbons

offers great opportunity to fabricate high-energy and safer supercapacitor devices at low cost.

4. Experimental
4.1 Synthesis of hierarchically porous graphitized carbon particles

In a typical synthesis, aqueous solutions containing 40 mL of de-ionized water, 12 g of
sucrose, 10 g of nickel nitrate, 20 g of 0.1 M HCI and silicate templates (20 g of colloidal
silica particles (AS 30%, Nissan Chemicals. Inc.) and 16 g of TEOS) were sent through an
atomizer using nitrogen as carrier gas. The atomizer dispersed the solution into aerosol
droplets, which were then passed through a ceramic tube that was heated to 450 °C.
Continuous solvent evaporation at the air/liquid interface of the aerosol droplets enriched the

sucrose and silica, resulting in the formation of spherical silica/sucrose/nickel moiety
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nanocomposite particles. The particles were then collected on a membrane filter in a press,
and subsequent carbonization to 900 °C of the composite nanoparticles under N, atmosphere
resulted in the formation of spherical silica/carbon/nickel composite nanoparticles. 1 m HCI
and 5 m NaOH were used in sequence to remove the nickel and silica respectively, which

produced the porous carbon particles with graphitized shell structure.

4.2 Material characterization

The X-ray diffraction measurements were taken on Panalytical X'Pert Pro X-ray powder
diffractometer using the copper Ka radiation (A=1.54 A). Nitrogen sorption isotherms were
measured at 77K with a Micromeritics ASAP 2020 analyzer.  All the samples were degassed
in vacuum at 180°C for three hours. The specific surface areas (Sger) were calculated by the
Brunauer-Emmett-Teller (BET) method using adsorption branch in a relative pressure range
from 0.04 to 0.25. The pore size distributions (Dp) were derived from the adsorption
branches of isotherms using the Barrett-Joyner-Halenda (BJH) model. Scanning electron
microscopy (SEM) experiments were conducted on a JEOL JSM-6700 FE-SEM.
Transmission electron microscopy (TEM) experiments were conducted on a Philips CM120

operated at 120 kV. The Raman spectrum was recorded by a Jobin Yvon micro-Raman
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spectroscope (Super LabRam I1) with a mode of 50 >objective (8 mm), a holographic grating
(1800 g mm™), 1024 x 256 pixels charge-coupled device detector and 5 mW He-Ne laser at
632.8 nm as an excitation line. Each Raman spectrum was obtained using three

accumulations, and the acquisition time in each case was typically 8 s.

4.3 Electrochemical test

All the electrodes were prepared by a slurry-coating process using nickel foam as
substrates.  Briefly, 80% of the testing materials, 10% carbon black, and 10%
poly(vinylidene fluoride) (PVDF) dispersed in N-methylpyrrolidinone (NMP) were mixed to
form slurries. The slurries were ultrasonically treated at 60°C for 0.5 h, coated on a nickel
foam substrates, and dried at 80°C for 10 min under vacuum. As formed electrodes were
then pressed at a pressure of 2 M Pa and further dried under vacuum at 100°C for 12 h. The
electrochemical measurements were conducted in a Solartron 1287 electrochemistry
workstation.  The specific capacitance (C) of the electrode materials were derived from C =
I/(dE/dt) = I/(AE/At), where 1 is the constant discharge current density, E is cell voltage, and

dE/dt is slope of the discharge curve.
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Chapter 4: Hierarchical Manganese Oxide/Carbon

Nanocomposites for Supercapacitor Electrodes

1. Introduction
Supercapacitors are emerging as a class of high-power energy-storage devices™ *: their

broader uses, however, are still limited by their energy density®® ).

Generally, a
supercapacitor is based on the electrical double layers formed along carbon electrodes, which
may provide capacitance of up to 300 F/g in an aqueous electrolyte®® °!.  Oxides of transition
metals, such as RuO, 4 Mno, % Njo " 8 Co,0, ™ and V,05 2 possess
significantly higher capacitances; however, harvesting such capacitance has been limited by
their low conductivity and redox kinetics. To address such intrinsic limitations, a common
strategy is to integrate low-dimensional oxide materials with conductive components, such as
carbon, which has led to the development of various nanocomposites with significantly

(22241 Nevertheless, many essential questions about such

improved energy density
composites, such as how the structure, composition and interfaces of the composites may
affect the capacitive performance, remain open.

We report herein the synthesis of MnO,/carbon nanocomposites with controlled structure

and composition and the study of the role of these properties in determining capacitive
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performance. MnQO; is currently considered as one of the most promising redox components
for supercapacitor applications owning to its high capacitance, low cost and low toxicity. To
date, various MnOj/carbon composites have been synthesized, such as composites with

n 28 29 carpon

planar graphite *®, acetylene black ?® 21 ordered mesoporous carbo
nanotubes %33 and carbon aerogels and nanofoams B*. These have generally been
synthesized by physical mixing of MnO, with carbon B, or electrochemically or chemically

depositing MnO, on carbon substrates 233,

Among these synthesis methods, the chemical
deposition of MnO, through self-limiting redox reactions of KMnO, and carbon is of
particular interest >?°1. In such a synthesis, carbon substrates are exposed to KMnOy,
solution at room temperature or an elevated temperature, and a spontaneous redox reaction
described as
4AMNnO,” +3C+2H,0 — 4MnO, +3CO, +40H" (1)

occurs producing MnO, on the sacrificial carbon substrates .  The resulting MnO, layer
reduces the diffusion of the MnQO, ions, generating conformal MnO, coatings on the
conductive carbon substrates. Such a self-limiting growth confers several major advantages,

such as intimate interfaces between the oxide and the carbon, nanosized oxide particles, and

controllable oxide thickness.
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Nevertheless, the structure and composition of such MnOj/carbon composites are
governed by transport of the KMnQOy, in solution and its reaction with carbon, which is very
rapid even at room temperature. Note that the diffusion of KMnO, in porous carbon
substrates, such as activated carbon and mesoporous carbons, is generally slow in comparison
with the fast reaction kinetics %37, The rapid reactions result in the preferential formation
of MnO, layers located on the exterior of the carbon substrates, blocking inwards diffusion
and reaction of KMnO,. This technical difficulty inevitably leads to a low MnO; loading in
the composites, which is detrimental for overall capacitance. Moreover, the formation of
MnO; is often associated with reduced pore accessibility and electron conductivity. In fact,
it has been observed that increasing the oxide loading in such carbon composites by further
promoting the redox reaction resulted in a reduction in the overall capacitance 2.
Therefore, the synthesis of MnO,/carbon composites with higher oxide loading and
controlled pore structure for fast transport of ions, which retain the carbon framework needed
for electron conductivity is essential to ensure a satisfactory capacitance performance.

To address this challenge, carbon substrates with hierarchical pores (pores with
multiple-length-scale diameters) rather than uniform pores were used in this work. The

presence of large pores ensures the effective transport of KMnQO, to the substrate interior,
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while the mesopores provide high surface area for effective reaction. Such a structure
allows the formation of composites with high oxide loadings that are homogenously and
intimately coated on the sacrificial carbon scaffold. Moreover, the resulting nanocomposites
still retain an interconnected porous structure, which facilitates effective electrolyte diffusion
and charge transport and ensures higher specific capacitance and better rate capability.
Resulting from this unique design, nanocomposites with MnO, loadings of up to 80 wt.%
have been achieved, which is a significant advance on the current state of the art. For the
first time, electrochemical impedance spectroscopy has been used to study the synergic
effects between the MnO, mass loading and conductive carbon scaffold, providing insights

leading to better capacitance performance.

2. Results and Discussion
2.1 Composition and structure of the composites

The structure and composition of the nanocomposites were found to depend strongly on
the reaction conditions. Figure 4.1(a) compares the thermogravimetric analysis (TGA)
traces of the carbon substrate and a representative composite synthesized using 0.1 M

KMnQO, at 50 <C with a reaction time of 120 min (denoted as MnQOj/carbon-120). The
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carbon substrate lost 99.7 % of its weight at 640 <C, while the TGA curve of
MnO,/carbon-120 can be divided into three regions. The weight loss (~15%) below 200 <C
can be ascribed to the removal of adsorbed water. It is worth mentioning that the weight
loss for MnO,/carbon-10 in this region was slightly less (~ 11%), which is due to its thinner
MnO, coating that retains less interlayer hydration .  The weight loss between 200 < and
400 <C corresponds to the combustion of residual carbon catalyzed by MnO, and its
derivatives [40]. At the same time, the layered structure transformed to a
thermodynamically stable tunnel structure “** and in addition 8-MnO, decomposed to
Mn3;O0,4 with release of oxygen at around 400 <C, which also contributed to the weight loss.
Above 500 <C, residual carbon underwent combustion and MnzO4 was transformed to Mn,0O3
[43]

Based the TGA analysis, the MnO; contents of the composites synthesized with reaction
times of 1, 5, 10, 30, 60, 120 and 240 min are compared in Figure 4.1(b). It was found that
the MnO; content increased rapidly to 46 wt.% within minutes and more slowly subsequently,
due to the self-limiting growth mechanism, reaching 67 and 83 wt.% after 60 and 240
minutes of the reaction, respectively. The rapid formation of MnO, can be attributed to the

large carbon/KMnQO, contact area and rapid KMnO, diffusion and reaction Kkinetics.
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Composites with 83 wt.% of MnO, were obtained; this is significantly higher than those
prepared using mesoporous carbon or activated carbon as the sacrificed substrates (~ 40
wt.9%)P.  To be best of our knowledge, this content is higher than that of materials prepared

using other carbon scaffolds 2% 3.
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Figure 4.1 (a) Thermogravimetric analysis (TGA) curves of (A) the carbon substrate and (B)
MnQO,/carbon-120 in air (100 mL/min) (b) Dependence of the MnO; content on the reaction

time of the carbon substrates with KMnQO, solution as measured by TGA.

The structure of the composites was characterized using scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) and other
techniques. Figure 4.2(a) shows a representative SEM image of the hierarchical carbon

substrate showing the presence of macropores with diameter from 70-100 nm. Their
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mesoporous structure is clearly revealed under TEM observation (Figure 4.2(c)). These
mesoporous channels have uniform diameters in the range 6-8 nm, which is consistent with

the use of F127 surfactant as the template 141,

Upon reaction with KMnQO, for 120 min, the
composite exhibited a rougher morphology whilst retaining the macroporous structure, and
deposition of MnO, particles was also observed (Figure 4.2(b)). TEM images (Figure
4.2(d)) confirmed the retention of macropores necessary for effective electrolyte transport;
the ordered carbon mesoporous texture was destroyed; however, and disordered pores are
clearly present in the composite. A high-resolution TEM (HRTEM) image (Figure 4.2(d))
suggests that the MnO, in the composites is polycrystalline, which is confirmed by XRD.
The diffraction peaks in this figure marked Bir (birnessite) and Bur (buserite) are
characteristic of two different types of layered 5-MnO, [*°!: the sharp peaks occur at 26 values
of 12.5°(002) and 25<(212) can be assigned to Na-birnessite and the peak at a 20 value of 17°
to Na-buserite, with these layered structures having an interlayer separation of 0.7 A and 1 A,

respectively [,

The reflection marked Feit at a 20 value of 19.1° (002) represents
feitknechtite (B-MnOOH) derived from a phase transformation which depends on the

MnO, /Mn?* ratio ¥,
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Figure 4.2 SEM images of (a) the carbon substrate and (b) MnO,/carbon-120; TEM images

of (c) the carbon substrate and (d) MnO,/carbon-120 (inset, high-resolution TEM of the

MnO, within the composite).

The pore structure of the nanocomposites was further probed using the nitrogen

sorption technique. Figure 4.3(a) shows the nitrogen sorption isotherms and pore size
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distribution of the carbon substrate, clearly suggesting a hierarchical pore structure. The
significant nitrogen uptake at relative pressures below 0.3 is consistent with the microporous
to mesoporous structure (2-3 nm in pore diameter) created by removal of silicate clusters [“2.
In addition, the isotherm curves show two substantial hysteresis loops which confirm the
bimodal porosity in the meso- and macro- range, which are associated with mesoporous
channels templated by the F127 surfactant and macropores templated by the silica colloids,
respectively. For comparison, MnOj/carbon-120 shows significantly different isotherms
(Figure 4.3(b)). The uptake at low relative pressure is significantly lower, suggesting a
reduced microporosity and mesoporosity; significant uptake at high relative pressure (P/Py) is
still retained, suggesting retention of the macroporosity. In particular, the presence of the
hysteresis loop concluding at a relative pressure of 0.8 indicates that the macropores are
connected through a mesoporous network, forming hierarchically connected pore channels.
The above studies confirm the successful synthesis of MnO,/carbon nanocomposites
with a hierarchically porous network and tunable oxide content. The relationship between
the exact location of the carbon and the oxide within the nanocomposites is unclear. Since
the redox reaction was initiated from the pore surface of the carbon substrates, the rapid

reaction resulted in the carbon framework becoming wrapped with a layer of MnO,. Such a
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reaction may create porous nanocomposites in which the frameworks possess a “cable-like”
structure made with a residual carbon core and an oxide exterior layer. Such a structure will
be highly beneficial for harvesting the capacitance of the oxide; however, it is difficult to

observe directly using electron microscopy and other techniques.
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Figure 4.3 Nitrogen sorption isotherms and pore size distributions (insets) of (a) the

hierarchical carbon substrate and (b) MnO,/carbon-120 nanocomposite.

2.2 Capacitive performance of MnO,/carbon nanocomposites

The synthesis of MnO,/carbon nanocomposites with a hierarchically porous network and
tunable oxide content provides a unique material platform for a study of capacitance.
Figure 4.4(a) shows the cyclic voltammetry (CV) curves of the carbon electrode. CV

curves with nearly symmetrical rectangular shape were observed at potential scan rates of 5,
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10 and 20 mV/s, owning to the connective pore structure and good conductivity. The
MnO,/carbon-120 electrode showed an obvious polarization, indicated by the distorted CV
curve as the scan rate was increased to 20 mV/s (Figure 4.4(b)). The polarization is
believed to be due to the increased electron and transport resistance mentioned above.
Nevertheless, with a mass loading of 70 wt.% MnQO,, the specific capacitance increased to

218 F/g at a current density of 0.1 A/g, which was three times of that of the carbon substrate

(Figure 4.4 (c) and 4.4(d)).
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Figure 4.4 Cyclic voltammograms of electrodes made from (a) hierarchical carbon substrate
and (b) MnOy/carbon-120 at potential sweep rates of 5, 10 and 20 mV/s in 1 M NaySO,
aqueous electrolyte at room temperature; Typical charge and discharge curves of the (c)
carbon and (d) MnO,/carbon-120 electrodes at different current densities of 0.1, 0.2 and 1

Alg.

It is well known that the capacitance generally decreases with increasing current density
due to the polarization from electrolyte transport, ion diffusion or charge transfer %, To
investigate the relation between the rate capability and the oxide content, galvanostatic charge
and discharge (GC) tests at various current densities were conducted (Figure 4.5). Owing
to the favorable pore connectivity and good conductivity, the carbon electrode retained 81%
(a decrease from 71 F/g to 58 F/g) of its capacitance as the current density was increased
from 0.1 to 2 A/g. After introducing the oxide with its high specific capacitance, the
nanocomposites exhibited improved capacitance.  For example, the MnO,/carbon-5
electrode, with 48 wt.% MnO, content, gave a moderate specific capacitance of 164 F/g at a
current density of 0.1 A/g; 79 % capacitance was retained (130 F/g) at a current density of 2

Alg, exhibiting a good rate capability. The MnO,/carbon-120 electrode, with 70 wt.%
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MnO, content, showed an even higher capacitance of 218 F/g at 0.1 A/g and good
capacitance retention of 70 % at 2 A/g. This value is about twice that of the capacitance of
the MnQO_/carbon nanofoam composite prepared by a similar approach (110 F/g at 2 mV/s)
U However, further increasing the MnO, content resulted in a deterioration in the
capacitance of the nanocomposites. For example, although the MnO,/carbon-240 electrode
has the highest MnO loading (83 wt.%), its overall capacitance was only 166 F/g at 0.1 A/g;
only 40 % of its capacitance was released at a current density of 2 A/g, which is similar to

that for a pure MnO; electrode. The deterioration in capacitance performance is due to the

reduced electron conductivity (less residual carbon skeleton) and increased ion diffusion

resistance (thicker MnO, layer).
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Figure 4.5 Gravimetric capacitance of the carbon substrate and composites with different
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MnO, content measured at charge—discharge current densities of 0.1, 0.2, 0.5, 1, and 2 A/g in

1 M Na,SO4 aqueous electrolyte at room temperature.

To further understand the galvanostatic charge and discharge results, EIS was used to
quantify their conductive and diffusive behavior. Figure 4.6 shows Nyquist plots of the
composite electrodes with different oxide content, all of which have a comparable ohmic
resistance. Polarization resistance (or charge transfer resistance Rp) of the electrode, shown
in the high frequency region, increased gradually as the oxide content was increased. The
MnOy/carbon-240 electrode has an R, of ~14 Q calculated from the diameter of the
semicircle, which is significantly higher than that of the MnO,/carbon-120, MnO,/carbon-30,
and MnO,/carbon-5 electrodes (10, 3, and 2 Q, respectively). Assuming a bulk resistivity of
MnO, of 5 <10°> Q cm, a pure birnessite MnO;, electrode with the same thickness (~20 pm) as

341 It is clear that the carbon

the composite electrode will have a resistance of 1000 Q
framework in the composites does serve as an effective conductive pathway, dramatically
reducing the resistance. Note that with increasing MnO, content, the slope of the Nyquist

plot in the low frequency region decreased gradually, indicative of the increasing Warburg

resistance (or diffusion resistance). These results are in good agreement with the CV and
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galvanostatic charge/discharge results, verifying that higher MnO, content leads to larger

charge transfer resistance and diffusion resistance.

Therefore, to achieve good capacitance

performance, it is necessary to maintain a connective carbon framework for good

conductivity, and a high MnO, content for high specific capacitance.
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Figure 4.6 Nyquist plot from impedance spectroscopic analysis of the MnOj/carbon-5

nanocomposite (0), MnOy/carbon-30 nanocomposite (o), MnO,/carbon-120 nanocomposite

(A) and MnO,/carbon-240 nanocomposite (V).

Besides the improved capacitance and good rate performance, the unique composite

structure creates robust oxide/carbon interfaces, which endows the nanocomposites with
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outstanding cycling stability. Using MnO,/carbon-120 as an example, Figure 4.7 shows the
charge—discharge cycles at a constant current density of 1 A/g in 1 M Na,SO, electrolyte.
The cycling performance is shown in the inset plot, which gives the galvanostatic cycling
(GC) plots from the 91st to 100th cycles. As shown, the electrode retained a very stable

capacitance over 100 cycles (the capacitance decays by only 0.1%), suggesting a good

electrochemical cycling stability.
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Figure 4.7 Cycling stability and typical charge and discharge curves (insert) of the

MnO,/carbon-120 nanocomposite at a current density of 1 A/g in 1 M aqueous sodium sulfate

electrolyte at room temperature.

98



3. Conclusion

We have developed a general approach to synthesize MnOj/carbon nanocomposites with
hierarchically porous structure and controllable MnO, loading using hierarchical carbon as
the sacrificed substrate.  Such unique porous substrates enable the formation of
nanocomposites with high MnO, loading and capacitance. An EIS study suggests that
increasing the MnO; loading also reduces the conductivity of the composites. Optimizing
the MnO; loading and conductivity of the nanocomposites provides high specific capacitance
and excellent rate capability. The fundamental understanding gained in this work will
promote the design and fabrication of high-performance supercapacitors for a large variety of

applications.

4. Experimental

4.1 Synthesis of carbon substrate and MnO,/carbon nanocomposites

The porous carbon substrates were synthesized by an assembly process using phenolic
resol as the carbon precursor. Tri-block copolymer F127 (Mw = 12600,
PEO106PPO7PEO106, Where PEO and PPO are poly(ethylene oxide) and poly(propylene
oxide), respectively) was used as a soft template; silicate clusters formed by hydrolysis and

condensation reactions of tetraethyl orthosilicate (TEOS) and colloidal silica particles
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(70-100 nm in diameter) were used as the hard template. Briefly, F127 (1.6 g), 0.2 M HCI
(1.0 g), ethanol (8 g), TEOS (2.08 g) and colloidal silica (1.5 g) were mixed in a flask and
vigorously stirred for 4 h. The mixture was transferred to a glass dish and after evaporation
of the solvent for 12 h at room temperature; the mixture was put into an oven at 100 <C for 24
h to affect the thermo-polymerization. The samples were then carbonized in a tubular
furnace under nitrogen flow. The samples were heated from room temperature to 350 <C at
2 T/min, kept at 350 <T for 2 h and heated to 500 <C at 1 <T /min, followed by heating to
900 <€ at 10 C/min and holding at 900 <C for 2 h. After carbonization, the as-formed
carbon/silica composites were soaked with 5 wt.% HF for 12 h to remove the silica,
converting the composites into hierarchical porous carbons. For comparison, ordered
mesoporous carbon (OMC) with a uniform pore structure was also synthesized according to
the method reported by Zhao et al. (4.

The synthesis of MnO,/carbon composites was conducted by a procedure adapted from

the literature 2%,

Briefly, 0.08 g of carbon substrate was soaked in 25 mL of Na,SO,
solution (0.1 M) at 50 <T in vacuum and stirred with 25 mL solution containing 0.1 M

KMnQO, and 0.1 M Na,SO, for 1, 5, 10, 30, 60, 120, or 240 min. The products were then

washed with deionized water and dried at 80 <C in vacuum for 24 h; the products are denoted
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MnQO,/carbon-time (e.g., MnO,/carbon-240).

4.2. Material and electrode characterization

X-ray diffraction patterns were recorded on a PANalytical X'Pert Pro X-ray powder
diffractometer using copper Ka radiation (A = 1.54 A). Nitrogen sorption isotherms were
measured at 77 K with a Micromeritics ASAP 2020 analyzer. The samples were degassed in
vacuum at 180 <C for 3 h before measurements were taken. The specific surface areas were
calculated by the Brunauer—Emmett—Teller (BET) method using the adsorption branch in the
relative pressure range from 0.04 to 0.25. The pore size distributions (Dp) were derived
from the adsorption branch using the Barrett-Joyner—Halenda (BJH) model.
Thermogravimetric analysis (TGA) was carried out in a PerkinElmer analyzer from 25 <C to
800 <TC with a heating rate of 10 <C/min and air flow rate of 100 ml/min. Scanning electron
microscopy (SEM) images were obtained using a JEOL JSM-6700 FE-SEM. Transmission
electron microscopy (TEM) images were obtained using a Philips CM120 microscope
operated at 120 kV.  High-resolution transmission electron microscopy (HRTEM)
experiments were conducted on a Titan 300 kV S/TEM operated at 300 kV.

The electrodes were assembled on nickel foam collectors. Briefly, 80 wt.% of the test

material, 10 wt.% of carbon black, and 10 wt.% of poly(vinylidene fluoride) dispersed in
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N-methylpyrrolidinone were mixed to form a slurry.  The slurry was ultrasonically treated at
60 <C for 0.5 h, coated on a nickel foam substrate, and dried at 80 <C for 10 min under
vacuum. As formed electrodes were then subjected to a pressure of 2 MPa and further dried
under vacuum at 100 <C for 12 h.  The electrochemical measurements were conducted using
a Solartron 1860 electrochemistry workstation. Cyclic voltammetry measurements were
conducted in 1 M Na,SO,4 aqueous solution at room temperature using a platinum wire as the
counter electrode and an Ag/AgCI electrode as the reference electrode. Electrochemical
impedance spectroscopy (EIS) measurements were conducted on a Solartron 1287 using a
sinusoidal signal with an AC voltage of 13 mV amplitude in the frequency range from 1 x
105 to 1 <102 Hz. The specific capacitance (C) of the electrode materials were derived
using the equation C = I/(dE/dt) = I/(AE/At), where I is the constant discharge current density,

E is the cell voltage, and dE/dt is the slope of the discharge curve.
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Chapter 5: Design and Synthesis of Hierarchical Nanowire

Composites for Electrochemical Energy Storage

1. Introduction

Electrochemical capacitors have been attracting numerous interests because they can
instantaneously provide higher power density compared to batteries and higher energy
density compared to the conventional dielectric capacitors. Such outstanding properties
make them excellent candidates for hybrid electric vehicles, computers, mobile electric
devices and other applications.?'  Generally, an electrochemical capacitor may be operated
based on the electrochemical double-layer capacitance (EDLC) formed along an
electrode/electrolyte interface, or a pseudocapacitance resulted from a fast reversible faradic
process of redox-active materials (e.g., metal oxides and conductive polymers). For an
EDLC-based capacitor, the rapid charge/discharge process provides the capacitor with a high
power density, yet the energy density is limited by its effective double-layer area. To date, a
large number of high-surface-area materials, such as activated carbon, templated carbon, and
carbon nanotubes (CNTSs), have been extensively studied. Activated carbons, with surface

areas from 1000-2500 m? g™, are the most commonly used materials, which may provide a
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capacitance up to 320 F g™ at low potential scanning rate. However, the capacitance may
drop dramatically at high scanning rates because of their tortuous pore structure and high
microporosity.®!  The templated carbons, on the other hand, exhibit uniform pore geometry
and larger pore size; however, they did not show any exciting improvement in either energy
or power performance.’  For comparison, multi-walled CNTs show capacitances up to 135
F g and single-wall CNTs show capacitances up to 180 F g™, which are still low for an
actual device application. Compared with the EDLC-based capacitors, pseudocapacitors
based on transition metal oxides or conducting polymers, such as RuO,,"™ Mn0,,®! NiO,™
C0304,2° V,05,™ and polyaniline,™? may provide much higher specific capacitances up to
one thousand F per gram of the active material. Nonetheless, their actual applications are
still limited by high cost, low operation voltage, or poor rate capability, mostly because of
inefficient mass transport or of slow faradic redox kinetics.

To design a better electrochemical capacitor with both high energy and power density, a
common strategy is to construct a hybrid capacitor that integrates both the electric
double-layer capacitance and pseudocapacitance within a single electrode. For example,
Sato et al. loaded ruthenium oxide onto activated carbon, resulting in a capacity of 308 F g™

at 7.1 wt % ruthenium loading and a low scanning rate of 2 mV s.**!  Dong et al. reported
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the composite of MnO, and the templated carbon with a capacitance of 156 F g at 20 wt-%
MnO, loading and a scanning rate of 50mV s, which is about two times of that of the
constituent carbon.™!  Kim et al. dispersed ruthenium oxide nanoparticles on carboxylated
CNTs and obtained a total capacitance of 304 F g™* at a RuO, loading amount of 50 wt-%.**!
Similarly, composites prepared by electrodepositing MnO, on vertically aligned CNT arrays
exhibit a capacitance up to 199 F g™ (or 305 F cm™) with long cycle life; however, the
complex fabrication process may limit their actual use.™®

In spite of extensive research and effort, making supercapacitors with high energy and
power density still remains challenging.  Herein, we report the synthesis of novel
supercapacitor materials based on the composites of low-cost, interpenetrating CNTs and
V,0s5 nanowires, as illustrated in the Figure 5. 1.  This unique architecture provides several
major advantages: 1) the small dimension of the CNTs and the nanowires provide high
surface areas, leading to a high EDLC and better utilization of the V,0Os active sites (higher
specific pseudocapacitance); 2) the interpenetrating nanotube/nanowire structure creates
hierarchical porous channels, enabling effective electrolyte transport and active-site

accessibility; (3) the nanowires are intimately intertwined with highly conductive CNTSs,

facilitating a faster electron transport and efficient current collection. Experimentally, these
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novel composites were readily synthesized using a one-pot hydrothermal approach. Briefly,
multi-wall CNTs were firstly modified to attach carboxylic groups on the surface.
Hydrothermal reaction of vanadium-oxide precursors in the presence of the modified CNTs
led to the formation of the composites. Note that V,0s/CNT composites were prepared by
depositing a thin layer of V,0s (6 nm thick) on a CNT film, exhibiting a high Li-ion
capacitance up to 910 F g™ at a scan rate of 10mV sl However, such composite thin
films with extremely low V,0s loadings may not be suitable for practical applications. This

work provides a simple but effective synthesis route and structure design towards better

supercapacitors.
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Figure 5.1 Schematic of forming supercapacitor material based on interpenetrating networks

of CNTs and V,0s nanowire.

2. Results and Discussion
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2.1. Characterization of V,0s nanowire/CNT composite

To systematically study the structure of the composites, we firstly studied the structure

and morphology of the CNTs and the V,0s nanowires. Figure 5.2 shows representative

SEM (A) and TEM (B) images of the CNTs, revealing a porous network of entangled CNTs

of which diameters are around 20-30 nm and lengths up to micrometers. Similarly, the

diameter of the V,05 nanowires is around 20-50 nm and length is up to tens of micrometers

(SEM image, Figure 5.2C). High resolution TEM image (Figure 5.2D) indicates the

nanowires contain an ordered layered structure; selective area electron diffraction (SAED)

pattern (Inset, Figure 5.2D) suggests that they are single crystalline. In-situ growth of the

V05 nanowires within the porous CNT networks led to the formation of flexible, dark-brown

nanocomposites (Figure 5.3A), of which the V,0s loading can be readily controlled by

tuning the ratio of CNTs to the V,0s precursor used. Figure 5.2E shows a SEM image of a

representative composite with 33 wt-% of CNTs (CVC-2), showing a continuous fibrous

structure with pores up to micrometers in diameter.
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Figure 5.2 SEM (A) and TEM (B) images of the modified CNTs; SEM (C), TEM (D) images

and selective area electron diffraction (SAED, Insert) of the V,0Os nanowires; SEM images of

CVC-2 before (E) and after (F) etching showing an interpenetrating structure.
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Figure 5.3 Photographs of (a) CVC-2 nanocomposite film collected by filtration of the

hydrothermal product and (b) a single electrode made from the composite.

Figure 5.4A shows nitrogen sorption isotherms of the CNTs, V,0s nanowires and
CVC-2, all of which are similar in shape. The CNTs show a surface area of 150 m? g, pore
volume of 0.488 cm® g™, and an average pore diameter of 12.5 nm (Figure 5.4B). The
V05 nanowires show a lower surface area of 83 m? g, larger pore diameter of 26.7 nm, and
a pore volume 0.552 cm® g*.  The CVC-2 exhibits a comparable surface area of 125 m? g*
and average pore size of 15.2 nm, suggesting the composite is hierarchically porous. The
composites with different CNT loadings show the similar porous fibrous structure (Figure
5.5, Table 1); the morphology of the composites with high CNT content is generally less
uniformed with more CNTs exposed on the surface. Such hierarchical structure is essential

to ensure a good capacitance performance, since the large pore channels allow rapid
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electrolyte transport; while the small ones provide the composites with higher surface areas

and more surface active sites.
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Figure 5.4 Nitrogen sorption isotherms (A) and pore size distributions (B) of CNTs (m), V2,05

nanowires (@) and CVC-2(A).
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Figure 5.5 SEM images of nanocomposites with different compositions: (a) CVC-1, (b)

CVC-3 and (c) CVC-4.

Table 1. Surface area, pore volume and pore size of the CNTs, V,0s nanowires and their

composites.
Samples Surface area Pore volume Average pore size

(m*g™) (em’ g™ (nm)

CNTs 156 0.488 12.5

CVvC-1 108 0.639 20.9

CVC-2 125 0.445 15.2

CVC-3 144 0.645 17.8

CvC-4 142 0.486 13.7
V,0s-nanowire 83 0.552 26.7

Furthermore, in-situ growth of the nanowires within the CNT network leads to an
interpenetrating network structure. X-ray diffraction (XRD, see Figure 5.6) indicates that

the free-growth V,0s nanowires are highly crystalline with well-defined (00I) reflections at
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two-theta degree of 9.1, 13.5, 25.5, 32.5 and 42.0, consistent well with the lamellar structure
shown in the Figure 5.2D. The CVC-2 composites show similar reflections but with
significantly lower intensity, indicating the nanowires grown within the composites contain
smaller crystalline domains. Partial removal of the nanowires using 1 wt-% HF solution
exposed the constituent CNT networks on the composite surface (Figure. 5.2F), further
confirming the interpenetrating network structure. Such interpenetrating network structure
creates intimate contact of the CNT and nanowire networks, enabling rapid charge transport

to the current collector through the highly conductive CNT network.
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Figure 5.6 XRD patterns of the V,05 nanowires and CVVC-2 composite.

2.2. Electrochemical testing of V,05 nanowire/CNT composite
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Such a unique hierarchical architecture endows the composites with high capacitance and
rate capability. Figure 5.7 shows cyclic voltammograms (CVs) of the CNT, nanowire, and
CVC-2 electrodes. The CNT electrode shows vague peaks at 0.12 V and 0.05 V, which are
attributed to the anodic oxidation and cathodic reduction of the surface carboxyl groups.i*®
The nanowire electrode shows two broad peaks of anodic oxidation (0.50 and -0.05 V) and

reduction (0.35 and -0.10 V), which are typical for the crystalline V,0s.[*!

For comparison,
the composite electrode shows a rectangular-shape CV curve with a much larger area
indicating a much higher capacitance. Furthermore, the redox peaks (anodic peaks at 0.51,
-0.10 -0.40 V, cathodic peaks at 0.37, -0.28, -0.42) are much better defined, suggesting a
more pronounced contribution of redox capacitance to the overall capacitance.*® Such
three-redox pairs are rare in a V,05-Na,SO,4 aqueous electrolyte system, which may be due to
the ion (e.g., Na') insertion and de-insertion reactions at different energy states.!*”
Moreover, as shown in Figure 5.7c, the current of the nanocomposite electrode responses to
the switching potential rapidly, particularly at the potential switching point of 0.8 V,
indicating the composite electrode exhibits a lower equivalent series resistance (ESR) than

that of the nanowire electrode. A small ESR is vital to achieve a high rate capability and

power density, since the maximum power density (Pmnax) Of a capacitor is generally
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determined by Prax = Vi?/4R, where V; is the initial voltage and R is the ESR from electrode

materials, electrolyte, and the contact resistance between electrode and current collector.
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Figure 5.7 Cyclic voltammograms (CV) of CNT (a), V20s (b) nanowire and CVC-2 (c)
electrodes at a scanning rate of 10 mV s* in 1 M Na,SO4 aqueous solution at room

temperature.

To further quantify their specific capacitance, galvanostaic charge-discharge curves were
measured in the same working cells. Figure 5.8 shows the charge-discharge curves of the
CNT, nanowire and CVC-2 electrodes at the current density of 1 Ag™*. The CNT electrode
shows nearly linear charge and discharge curve, an indication of an ideal EDLC behaviour

with a specific capacitance of 75 F g*. The nanowire electrode shows similar
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charge-discharge curves with a slightly increased curvature, indicating that EDLC is still the
primary contribution to the overall capacitance, which is 146 F g*. Note that V,Os may
provide a pseudocapacitance as high as 530 F g™, poor conductivity of the nanowires may
attribute to the poor use of its pseudocapacitance. Intimately weaving these poorly
conductive nanowires with the highly conductive CNTs into the composites led to
dramatically increased capacitances. Indeed, the charge-discharge plots of the composite
electrode displays a pronounced transition between the two linear ranges, indicating the
capacitance is contributed from both EDLC and pseudocapacitance.  The specific
capacitance calculated is around 313 F g%, which is significantly higher than that of the CNTs
(75 F g*) and the V,0s nanowires (146 F g).  Since the surface area of the composite (125
m? g) is less than that of the CNTs (150 m? g%), such a high capacitance should be attributed
from the synergic effect of the composite constituents with the unique hierarchical structure.
Considering the energy density of a capacitor is generally determined by E=CV;*/2, where C
is the capacitance, composites with high capacitance are of great interest for
high-energy-density device applications. To the best of our knowledge, although it is still
lower than those of high-cost ruthenic-oxide- or ruthenic-acid- based supercapacitors, this is

the highest capacitance reported among the macroscopic V-0s- Y and MnO,- based
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supercapacitors. 416!
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Figure 5.8 Galvanostaic charge-discharge curves of CNT, V,0s nanowire and CVC-2

electrodes at charge-discharge current density of 1 Ag™.

To further quantify their rate performance, CV studies at different scanning rates were
conducted. Figure 5.9 shows CV curves of the CNT, V205 nanowire and CVC-2 electrodes
at scanning rates from 5 to 100 mV s*. Due to its excellent conductivity and porous
structure, the CNT electrode shows excellent power performance,™ evidenced from their
rectangular shape of the CV curves at the high scanning rates (see Figure 2.9A). Consistent
with its poor conductivity, the nanowire electrode shows a poor rate capability evidenced

from its highly distorted CV curves at high scanning rates (Figure 5.9B). As expected, CV
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curves of the composite electrode CVC-2 maintain the rectangular shape even at high

scanning rates (Figure 5.9C), which is more pronounced for the composites with higher

content of CNTs (Figure 5.10). Compared with the CV cures of the CNT electrode, the

slight shape distortion is due to the overlapping effect of the two different energy-storage

mechanisms, nevertheless, this study fully confirms the excellent rate performance of the

composites.
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Figure 5.9 CV curves of the CNT (A) and V,0s nanowire (B) and CVC-2 (C) electrodes at

various potential scanning rates from 5 to 100 mV s™ in 1 M Na,SO, aqueous solution at
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room temperature.
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In short, the unique composite structure integrates the high rate performance of the CNT

constituent with the high capacitance of the V,0s constituent, leading to the synergic energy
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storage materials. Nevertheless, CNTs have low energy density whereas V,0s has poor rate
performance; optimization of the composition is therefore essential towards high capacitance
performance. Figure 5.11 compares the overall specific capacitance vs. current density of
the composites with different CNT contents. The CVC-2 electrode shows the highest
specific capacitance at different current densities. It affords a capacitance of 440 F g™* at the
current density of 0.25 A g™ and preserves about 50% capacitance retention (200 F g™) even
at the current density of 10 Ag™. For comparison, the CNT electrode shows more than 60%
capacitance retention at the same condition; however, its overall capacitance is low (55 F g™
at the current density of 10 Ag™). Similarly, although the V,Os nanowire electrode shows a
high capacitance at low discharge rates (e.g., 388 F g™ at the current density of 0.25 A/g),
only 20 % of the capacitance is retained at the current density of 10 A g™, showing a poor rate
capability. The inserted plot in the Figure 5.11 illustrates the V,Os-based specific
capacitances of the composites vs. the V,0s content at the current density of 1 Ag*. The
composite electrodes consistently show much higher specific capacitance than that of the
pure V.05 electrode, indicating that the CNT scaffold indeed facilitates the harvest of the
V05 pseudocapacitance. The CVC-2 electrode exhibits the highest overall capacitance and

V,0s-based specific capacitance.  These charge-discharge behaviours are in good
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consistence with the results from the cyclic voltammograms, further suggesting that

improving conductivity of capacitor materials is essential towards designing better

electrochemical capacitors.
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Figure 5.11 Gravimetric capacitance of the composite electrodes with different CNT contents

at different current densities: CNT electrode (m), V,Os nanowire electrode (), CVC-1 (e),

CVC-2 (A), CVC-3 (V) and CVC-4 (%).

2.3. Device application of V,0s5 nanowire/CNT composite

To further evaluate these nanocomposites for real device application, we assembled an

asymmetric supercapacitor using CVC-2 as the anode and MnQO,/carbon composite as the

cathode (see Experimental section for the preparation of MnO,/C electrode). The typical
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cyclic voltammogram of the MnO,/C electrode are given in Figure 5.12A. The
rectangular-shaped CV plot indicates the ideal capacitive behavior of the electrode.
Galvanostaic charge-discharge curves of MnO./C electrode at current density of 0.1 A g*
reveals that the electrode material can provide a specific capacitance of 145 F g*, as

calculated from Figure 5.12B.

A) a1 (B)

0.4

Current / mA
Potential / V (vs. Ag/AgCl)

T T T T T T T T T
00 02 0.4 08 0.8 0 1000 2000 3000 4000 5000
Potential / V (vs. Ag/AgCl) Time /s

Figure 5.12 (A) CV curves of mesoporous carbon supported MnO, (MnQO,/C) at scanning
rate of 10 mV s™ in 1 m aqueous Na,SO, solution and (B) Galvanostaic charge-discharge

curves of MnO,/C at current density of 0.1 A g at room temperature.
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Figure 5.13 (A) CV curve of asymmetric supercapacitor consists of CVC-2 as anode and
MnO,/C as cathode at scanning rate of 10 mV s™; and (B) Galvanostaic charge-discharge of
the asymmetric supercapacitor at different current densities (a-0.64 mA cm?, b-3.2 mA cm?,

and ¢-6.4 mA cm™) in 1 m aqueous Na,SO, solution at room temperature.

For the asymmetric supercapacitor consists of the CVC-2 and MnQO,/C electrodes, an
ideal capacitive behavior was observed from 0~1.6 V in 1 M Na,;SO,4 (Figure 5.13A). A
capacitance of 45 F g™ (based on the total weight of the anode and cathode materials) was
achieved at the discharge current density of 0.64 mA cm™, corresponding to an energy
density of 16 Wh kg™ at power density of 75 W kg™. The device still possesses an energy
density of 5.5 Wh kg™ even at power density of 3750 W kg™ and retains more than 90% of

the initial capacitance after 100 cycles of charge and discharge, indicative of high power

129



performance and good cycling stability. Figure 5.14 shows the Ragone plot derived from
the constant-current charges and discharges (Figure 5.13B) of the asymmetric supercapacitor,
in comparison with some advanced aqueous-based supercapacitors from recent literature.
The energy and power performance of this asymmetric supercapacitor are highly competetive
with Ni-MH batteries and significantly improved over the current electrochemical capacitors.
Considering the specific capacitance of the cathode materials (MnO,/C) is below 150 F g™
(Figure 5.12), an even higher energy density could be realized if a better cathode material is
available. Moreover, considering that the CNT, V,0s precursor, and processing can be
achieved at the cost comparable to that of traditional carbon-based devices; these composites

hold great promises as the next generation electrical energy storage materials.
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Figure 5.14 Ragone plot of the asymmetric supercapacitor (%) consisting of an CVC-2
anode and MnO,/carbon cathode in comparison with carbon-based supercapacitors from
active carbon (m),””*! mesoporous carbon CMK-3 (e),[?? hierarchical porous graphitic carbon

(#),%%1 and phosphorus-enriched carbon (a ).[%*!

3. Conclusions

In summary, we have developed a class of supercapacitor composites based on confined
growth of V,0s nanowires within a conductive porous CNT scaffold. The hierarchically
porous, interpenetrating network structure provides the composites with high capacitance and
excellent rate performance. This design concept can be generalized towards other capacitor
composites containing other low-dimensional metal oxides, such as MnO,, Co30,4 and NiO,

opening a new avenue for a large spectrum of device applications.

4. Experimental Section
Synthesis of the CNT/V,0s Composites: Multi-wall carbon nanotubes (CNTs) were
functionalized to attach carboxylic groups on the surface using a method similar to Gao [25].

Briefly, pristine CNTs (12.0 g), HNOj3 (65%, 100 mL) and H,SO, (98%, 300 mL) were mixed
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in a flask, vigorously stirred and reflux for 100 min. The mixture was diluted with

deionized water, filtered, and re-dispersed in water. This process was repeated until the pH

of the filtrate is around neutral. Then modified CNTs were dried in vacuum oven for 24 h at

80 ‘C. A hydrothermal method similar to that of Xiong [26] was used to synthesize the

composites. Briefly, appropriate amount of the modified CNTs, HCI (2 m, 0.5 mL),

ammonium metavanadate (NH;VOgs, 0.15 g) and surfactant P123 (EO20PO7oEOq, where EO

and PO is ethylene oxide and propylene oxide, respectively, 0.25 g) were mixed under

ultrasonication for 10 min.  After stirring for 1 h, the mixtures were transferred to a 20 mL

Telflon-lined autoclave and heated to 120 ‘C for 24 h. The resulted precipitates were

filtered and rinsed with water and acetone for several times and dried at 80 °C for 12 h under

vacuum. The amounts of CNTs used were varied from 0.037, 0.078, 0.15 to 0.6 g, resulting

in the composites with 20, 33, 50, and 67 wt-% of the CNTs, which were denoted as CVC-1,

CVC-2, CVC-3 and CVC-4, respectively.

Synthesis of mesoporous carbon supported MnO, (MnO,/C): Mesoporous carbon was

synthesized according to the method reported by Pang et al [27], using sucrose as carbon

source and silica cluster and colloid as templates. Growth of MnO, onto the mesoporous

carbon was realized according to the method reported by Long et al [28]. Simply,
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as-prepared mesoporous carbon (0.1 g) was soaked into a flask containing KMnO, aqueous
solution (0.1 m, 100 mL) under vacuum for 10 min.  The mixture was kept stirring at 50 ‘C
for 2 h for direct growth of MnO, onto the carbon surface. After reaction, the as-derived
powder was washed by deionized water for several times and dried at vacuum at 80 C for
12 h.

Material and Electrode Characterization: The X-ray diffraction measurements were
taken on Panalytical X'Pert Pro X-ray powder diffractometer using the copper Ka radiation
(A=1.54 A). Nitrogen sorption isotherms were measured at 77 K with a Micromeritics
ASAP 2020 analyzer. The samples were degassed in vacuum at 180 °C for three hours.
The specific surface areas (Sger) were calculated by the Brunauer-Emmett-Teller (BET)
method using adsorption branch in a relative pressure range from 0.04 to 0.25. The pore
size distributions (Dp) were derived from the adsorption branches of isotherms using the
Barrett-Joyner-Halenda (BJH) model. Scanning electron microscopy (SEM) experiments
were conducted on a JEOL JSM-6700 FE-SEM. Transmission electron microscopy (TEM)
experiments were conducted on a Philips CM120 operated at 120 kV.

The V,05 nanowire/CNT composites or MnO,/C were assembled onto foam nickel

collectors to fabricate porous electrodes (see photograph of V.05 nanowire/CNT electrode in
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Fig. S1b). Briefly, 80% of the testing materials, 10% carbon black, and 10%
poly(vinylidene fluoride) (PVDF) dispersed in N-methylpyrrolidinone (NMP) were mixed to
form slurries. The slurries were ultrasonically treated at 60°C, coated on a nickel foam
substrate, and dried at 80 ‘C for 10 min under vacuum. As formed electrodes were then
pressed at a pressure of 2 M Pa cm™ and further dried under vacuum at 100 ‘C for 12 h.
The electrochemical measurements were conducted in a Princeton VMP3 electrochemistry
workstation. Cyclic voltammetry measurements were conducted in 1 m Na,SO, aqueous
solution at room temperature using a platinum wire as the counter electrode and an Ag/AgCl
electrode as the reference electrode. The specific capacitance (C) of the electrode materials
were derived from C = I/(dE/dt) =~ I/(AE/At), where | is the constant discharge current density,

E is cell voltage, and dE/dt is slope of the discharge curve.
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Chapter 6: Asymmetric Hybrid Lithium-ion Supercapacitors

Based on Intertwined CNT/V,05 Nanowire Composites

1. Introduction
An ideal electrical energy storage device provides both high energy and power

density.*?

Supercapacitors exhibit significantly higher power densities compared to
batteries and would be excellent candidates for numerous electronic devices and industrial
applications if their energy density could be improved.B#  Since the energy density (E) of a
capacitor is governed by E=1/2 CV?, where C is the capacitance and V is the cell potential,
increasing the potential or capacitance leads to higher energy density.® In this context, the
most commonly used electrode material (porous carbon) generally possesses double layer
capacitances of around 100 F g™, which can provide a specific energy density up to 25 Wh
kg™ in an organic-electrolyte based symmetric device. Somewhat greater energy densities
can be reached as specific capacitances of up to 150 F g™ with carbide-derived carbon have
been reported.’” By comparison, transition-metal oxides possess significantly higher

specific capacitance via pseudocapacitance. For example, RuO,"! MnO,® and NiO™! have

demonstrated specific capacitances up to 1300, 1200, and 940 F g™, respectively. Thus, an
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asymmetric supercapacitor consisting of a carbon cathode and an oxide anode may provide a
significantly higher energy density than symmetric capacitors based on carbon; asymmetric
cells containing an anode of LisTisO1, and a cathode of activated carbon (AC) can provide an
energy density in excess of 35 Wh kg™.l'®™ Nevertheless, building such high-energy
density asymmetric devices has been highly challenging, mainly due to the kinetics of the
pseudocapacitive electrode. In order to minimize the Kkinetic limitations, most of the

.12 gince

pseudocapacitive electrodes made today are limited to sub-micron thin film
the electrochemically inert components of a supercapacitor, including the current collectors,
separator, and packaging, account for a large fraction of the total weight of the device, the use
of thin electrodes results in a significantly lower energy density than what could be attained
using thicker electrodes.®!  Therefore, the development of thick electrodes for
supercapacitors represents an important direction for making high-energy supercapacitors for
practical applications.

We have recently developed a class of pseudocapacitive anode materials for asymmetric
supercapacitors composed of interpenetrating networks of carbon nanotubes (CNTs) and

V505 nanowires.’®!  The CNTs and nanowires were intimately intertwined into a

hierarchically porous structure, enabling effective electrolyte access to the electrochemically
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active materials without limiting charge transport. Such composites exhibited high specific
capacitance (>300 F g) at high current density (1 A g™) in aqueous electrolyte. In this
paper we report the fabrication of high energy-density asymmetric supercapacitors containing
thick-film electrodes (over 100 pum thick) of our CNT/V,0s nanowire composite in
combination with an organic electrolyte, which allows for a higher initial cell potential. The
excellent conductivity, high specific capacitance, and large voltage window of the CNT/V;05
nanocomposite enable the fabrication of devices with an energy density as high as 40 Wh kg™
at a power density of 210 W kg™.  Even at a high power density of 6300 W kg™, the device
possesses an energy density of nearly 7.0 Wh kg™. Moreover, the resulting devices exhibit
excellent cycling stability. This work demonstrates that the nanowire composite approach is

an effective strategy towards high-energy and high-power density supercapacitors.

2. Results and Discussion

Figure 6.1A shows a representative scanning electron microscope (SEM) image of a
nanocomposite with 18 wt-% of CNTs, demonstrating a continuous fibrous structure (Figure
6.1A). The intertwined networks of the CNTs and nanowires exhibit an electrical

conductivity of ~3.0 S cm™, which is 80 times higher than that of V,0s nanowires (0.037 S
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cm™).  Figure 6.1B is a transmission electron micrograph (TEM) of a V,0s nanowire with a
diameter of around 50 nm. The high-resolution TEM (HRTEM) image (inset) suggests the
nanowire contains a layered crystalline structure; the small nanowire dimension allows
effective Li* diffusion. Moreover, nitrogen sorption isotherms (Figure 6.2), and higher
resolution SEM of the etched composite film (Figure 6.1A, inset) show that the composite
possesses a hierarchically porous structure; the presence of large pores enables rapid
electrolyte transport while the small pores provide large area of oxide surface. The latter is

responsible for the surface area of 125 m? g determined for the composite.

Figure 6.1 (A) SEM images of a representative CNT/V,0s nanocomposite film containing 18

wt-% of CNTs, and the same film etched by 1 wt- % HF (inset); (B) TEM and HRTEM (inset)

images of a V,0s nanowire with a layered crystalline structure.
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Figure 6.2 Nitrogen sorption isotherms (A) and pore size distributions (B) of CNTs (m), V205

nanowires (®) and CNT/V,0s nanocomposites (A ).

The electrochemical behavior of the composite was investigated using
three-electrode cells, in which lithium foils were used as both the counter and reference
electrodes. Charge storage behavior was characterized by cyclic voltammetry (CV). The
electrochemical Li* insertion process occurring at V,Os electrodes can be expressed by V,0s
+ xLi* + xe” — Li,V,0s, where x is the mole fraction of inserted lithium ions.*”!  Figure
6.3A compares the cyclic voltammograms of V,0s nanowire, CNT and CNT/V;0s
nanocomposite electrodes. The nanowire electrode shows two pairs of broad, symmetric,
and well-separated redox peaks, indicating sluggish lithium ion insertion/de-insertion

kinetics.*®  In contrast, the nanocomposite electrode shows two pairs of well defined redox
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peaks (anodic peaks at 2.8 and 3.0 V, with corresponding cathodic peaks at 2.4 and 2.7 V).
The shift of anodic and cathodic peaks to the lower and higher potentials, respectively, is
consistent with electrode polarization. The improved electrode kinetics observed in the
nanocomposite electrode is associated with the presence of a hierarchical pore structure and
more importantly, increased conductivity, which is strongly supported by recent studies on
CNT-loaded V,0s nano-crystals™ and carbon nanofiber (CNF)-grafted nano-crystalline
Li,TisO12.2”  In comparing the cyclic voltammograms, it is evident that the charge storage
behavior of the nanocomposite is not due to a simple addition of the current response of the
CNT and nanowire electrodes. It is interesting to note that the peak potentials of the
nanowire and nanocomposite electrodes are close to those reported for V,0s aerogel- or
xerogel-based thin film electrodes (anodic peaks at 2.8 V),?*??! which are much lower than
those of a crystalline V,0s electrode (anodic peaks at 3.4 and 3.2 V respectively),!*”

suggesting its application as an anode in asymmetric devices.
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Figure 6.3 (A) Cyclic voltammograms of the electrodes made of (a) V,0Os nanowires, (b)
CNT/V,0s nanocomposite and (c) CNTs at a potential scan rate of 2 mV s™; (B) Comparison
of the rate capability of V,0s nanowires (m), CNT/V,05 nanocomposite (@), CNTSs (A) based
electrodes, and total charge storage by simply adding the capacity contribution of each

constituent of the composite electrode (V).

To further explore the charge storage ability, all the electrodes were first charged and
discharged at slow rates. At a charge/discharge time of 2000 seconds, the CNT electrode
gave a capacity of 86 C g™ between 1.8 and 4.0 V (Figure 6.4). For the nanowire electrode,
at a charge/discharge time of 4 hours (C/4 rate), the electrode provided a total charge storage
of 792 C g™, which corresponds to a specific capacity of 220 mAh g*. This value is

comparable to that of crystalline V,Os prepared at higher temperatures.['*#!  Considering
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that 18 wt-% of CNTs were incorporated into the composite, the nanocomposite electrode
should exhibit a capacity of 663 C g™ by simply adding the capacity contribution of each
constituent. This behavior was observed in galvanostatic experiments which showed that
the nanocomposite electrode exhibited a capacity of 650 C g™ indicating that each constituent

contributes independently to the total charge storage at slow charge and discharge rates.
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Figure 6.4 Galvanostatic experiments. (A) Charge-discharge curves of pretreated CNT
electrode at a charge/discharge of 2000 seconds and (B) lithium insertion into V.05 nanowire

and the nanocomposite electrodes at a C/4 rate.

Much more interesting results were obtained in characterizing the rate capability of the
nanocomposite electrode. In these experiments, CVs were carried out at different sweep

rates with the areas under the curves used to determine the total electrode capacity.’"
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Figure 6.3B compares the charge storage of nanowire, CNT, and nanocomposite electrodes at
sweep rates ranging from 1 to 20 mV s* (equal to charge/discharge times from 2200 to 110 s,
respectively). As expected, the CNT electrode shows very high rate capability but low
capacitance as there is only capacitive storage arising from the electrical double-layer
(Figure 6.5). At1mV s the CNT and nanowire electrodes show capacities of 85 and 448
C g™, respectively. Simply adding the capacity contribution of each constituent at this
sweep rate would give a capacity of 383 C g™, which is significantly lower than that
measured for the composite electrode (498 C g™, x=0.89). Interestingly, the measured
capacity of the nanocomposite electrode is even higher than that of the pure V,0s nanowire
electrode, suggesting that the addition of the CNTs leads to improved charge transfer for the
V,0s nanowires.  This effect becomes more pronounced at higher scan rates. At 20 mV s™
the V,0s nanowire electrode exhibits only 20 % (90 C g) of the capacity measured at 1 mV
s’ In contrast, the CNT/V,0s nanocomposite electrode exhibits substantially higher
capacity (228 C g*) at 20 mV s, which is nearly 50% of its value at 1 mV s™*.  This high
rate capability is consistent with the notion that the CNTs effectively ‘wire’ the V05 to

provide enhanced electronic conductivity, leading to increased rates of charge transfer, thus

making these materials of potential interest for supercapacitor applications.
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Figure 6.5 Cyclic voltammograms of the electrodes made of pure pretreated CNTs.

It is worth mentioning that the intercalation of Li* into the V,0s solid phase is
intrinsically slow, with a reported diffusion coefficient on the order of 10 cm? s1.%°!  The
maximum diffusion length of Li* at the time scale of 100 s is approximately 45 nm, which is
close to the diameter of the V,0s nanowires. However, our voltammetry results with the
V,05 nanowires show that insertion of one equivalent of lithium per vanadium requires a
time scale longer than 2200 s. The poor rate capability observed for the nanowire electrode
can arise from poor charge transfer. The low electrical conductivity of a thick electrode (c =

10°-10° Q@' em™™ results in large uncompensated ohmic drops during fast charging and
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discharging.®®

Intimately intertwining the nanowires with the highly conductive CNTs
leads to composite electrodes which support high rate capability without compromising high

energy density.

To assess the feasibility of using the composites for actual device fabrication, we
assembled asymmetric supercapacitors using the CNT/V,0s nanocomposite as an anode and
a commercial AC as the cathode material. Figure 6.6A compares the Ragone plots derived
from constant-current charge/discharge characteristics for different prototype supercapacitors
(see Figure 6.7), along with symmetric supercapacitors made from AC for comparison. For
the asymmetric device made from the nanocomposite anode, using a discharge current
density of 0.5 mA cm™ (corresponding to a power density of 210 W kg™*) we obtain an energy
density of 40 Wh kg™. Even at a power density of 6300 W kg™ (charge and discharge time
of 4 s), the device still possesses an energy density of 6.9 Wh kg™, an indication of its
high-power performance. The energy and power performance of this asymmetric
supercapacitor is competitive with that of graphitic carbon,’?” Li,T501,%® or other metal
oxide based hybrid systems®, and represents a significant improvement over the current

state-of-the-art electric double-layer capacitor (EDLC) technology. Also shown here are
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recent results for CNF-grafted nano-crystalline LisTsO1,-based hybrid supercapacitors.

The

improvement in energy and power density compared to other LisTsO;, electrodes is due to

the increased electrical conductivity.
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Figure 6.6 (A) Ragone plots of an asymmetric supercapacitor made from AC cathode and
CNT/V,05 nanocomposite anode, a symmetric supercapacitor made from the same AC, and
various supercapacitor types developed recently. All the data is based on the mass of
electrode materials. For the devices reported in Reference [29], the mass of the electrode
materials was estimated to be 40% of the total device weight. A packaging factor on the
order of 0.4 has been used by several authors [** *-%: (B) Calculated maximum energy
density vs. the anode capacitance at a cathode capacitance of 100, 120 and 150 F g*,
respectively, at a cell voltage of 2.7 V; (C) Long-term cycling performance of the asymmetric
devices based on (a) a nanocomposite anode and AC cathode and (b) a nanowire anode and

AC cathode operated at cell potential of 2.7 V.
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Figure 6.7 Constant current charge/discharge curves for an asymmetric CNT/V,0s-AC

supercapacitor. The devices were discharged and charged at a power density of 210 W kg™.

An important question to address for this technology is what directions will be necessary
to further improve energy density. As shown above, the energy density of a supercapacitor
is governed by the overall capacitance (C) and the operating voltage (V). Assuming a fixed
potential window of 2.7 V (a typical operating voltage for supercapacitors using organic
electrolytes) and a specific capacitance for the AC cathode of 100, 120 or 150 F g, the
maximum energy densities (Enax) Of the capacitors can be calculated by adjusting the mass

[5,32]

ratio of the cathode and anode to achieve a balanced charge on both electrodes. Figure
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6.6B plots the Emax Vs. the specific capacitance of the anode for the different cathode
capacitances. The results indicate that an increase in Emax occurs with increasing specific
capacitances for both electrodes. However, for a device built with a carbon cathode of
specific capacitance less than 100 F g™, Enax is below 50 Wh kg™ irrespective of how much
charge can be stored in the anode. In our devices, the specific capacitances of the cathode
and anode are considered to be 115 and 288 F g™, respectively, leading to a theoretical Eqay0f
42 Wh kg™.  This value is in good agreement with the energy density measured (40 Wh kg™)
for our asymmetric supercapacitor. In order to boost the energy density to 50 Wh kg™, the
specific capacitance of the cathode has to be increased or the operating potential window has
to be broadened.

In addition to demonstrating high energy density and high power, the asymmetric devices
based on the CNT/V,0s nanocomposite electrode also exhibit excellent cycling properties.
Figure 6.6C shows the cycling behavior for asymmetric devices which use either a
composite anode or a V05 nanowire anode.  The device with the CNT/V,05 nanocomposite
electrode retained ~80% of the initial energy density after 10,000 cycles at a 30 C
charge/discharge rate (power density of 820 W kg™), while the nanowire-based device

retained only ~50% of its initial energy density after 5,000 cycles. The long cycling life
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observed for the nanocomposite electrode is attributed to the unique intertwined
CNT/nanowire structure. It has been commonly observed that nano-dimensional materials,
such as MnO, nanoparticles, may lose most of their initial capacitance during cycling, mainly
due to agglomeration and reduced surface area exposed to the electrolyte.’® For the V,0s
nanowire electrode, the observed degradation in capacity may be attributed to a similar
mechanism. However, the formation of intimately intertwined CNT/nanowire networks
effectively provides the composite electrode with structural integrity, as agglomeration is

suppressed and long-term charge storage is achieved.

3. Conclusion

In summary, we have designed and fabricated asymmetric supercapacitors based on
using a thick-film CNT/V,0s5 nanowire composite anode and commercial AC-based cathode
in combination with an organic electrolyte. The nanocomposite electrode exhibits excellent
rate capability, high capacity and cycling stability. A prototype asymmetric supercapacitor
showed an energy density of 40 Wh kg™ at a power density of 210 W kg™, and a maximum
power density of 20 kW kg™. The overall energy and power performance of such an

asymmetric cell is superior to the current technology based on electric double layer capacitors
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(EDLCs). The improvement in energy density without compromising power density
suggests that this supercapacitor approach may be attractive for a wide range of device
applications. This work also validates the nanocomposite approach for the design and
fabrication of new types of higher-energy and high-power electrochemical devices using

heterogeneous nanocomposite materials.

4. Experimental
4.1 Synthesis of the CNT/V,05 Composites

This CNT/V,0s nanocomposite was synthesized through a one-pot hydrothermal process
using aqueous vanadium-oxide precursors in the presence of pre-treated hydrophilic CNTs.
Grams of this composite were produced using a lab-scale reactor. Details of the materials
synthesis were described in our previous publication [16]. The composition of the
CNT/V,05 composite was determined by thermogravimetric analysis (TGA, Figure 6.8).
Nitrogen sorption isotherms were measured at 77 K with a Micromeritics ASAP 2020
analyzer. The specific surface areas (Sger) were calculated by the Brunauer-Emmett-Teller
(BET) method using an adsorption branch in a relative pressure range from 0.04 to 0.25.

Scanning electron microscopy (SEM) experiments were conducted on a JEOL JSM-6700
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FE-SEM. Transmission electron microscopy (TEM) experiments were conducted on a

Philips CM120 operated at 120 KV.
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Figure 6.8 Thermogravimetric analysis for electrodes made of V,0s nanowires (a),

pre-treated CNTs (b) and CNT/V,0s composites (c).

4.2. Electrode Fabrication and Electrochemical Measurements

The V,05 nanowires, CNT/V,0s nanowire composites or AC were assembled onto

nickel foam current collectors. The AC (Sger=1900 m? g*) has a gravimetric capacitance of

115 and 61 F g™* at CV scan rates of 1 and 20 mV s™ (Figure 6.9), respectively. Briefly, 80%

of the electrochemically active material, 10% carbon black, and 10% poly(vinylidene fluoride)

(PVDF) dispersed in N-methylpyrrolidinone (NMP) were mixed to form slurries.
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homogenous slurries were coated on a nickel foam substrate and dried at 80 °C for 10 min
under vacuum. As formed electrodes were then pressed at a pressure of 2 MPa cm™ and
further dried under vacuum at 100 °C for another 12 h. Thick electrodes were obtained by
coating an active mass of 3~5 mg on each current collector: a nanocomposite electrode with
an active mass of 3.8 mg has a thickness of ~120 um (Figure 6.10). The electrochemical
measurements were carried out on a Solartron 1860/1287 Electrochemical Interface. The
electrolyte solution was a 1 m LiCIO, in propylene carbonate (PC) solution and lithium foils
were used as both the counter and reference electrodes. CV measurements were carried out
in an argon-filled glove box using cutoff voltages of 4.0 and 1.8 V versus Li/Li*. To make
2032 type coin cells, glass fiber (GF/D) from Whatman was used as the separator. The cells
were assembled in a glovebox under an argon atmosphere. The charge and discharge
measurements were carried out by LAND CT2000 at different current densities.
Asymmetric cells were charged and discharged between 2.7 and 0.1 V, and AC-based
symmetric cells were charged and discharged between 2.7 and 0 V.  The specific capacitance,
power and energy density were calculated based on the total mass of anode and cathode

materials.
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Figure 6.9 Cyclic voltammograms of the electrodes made of commercial activated carbon.
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Figure 6.10 SEM image showing the thickness of the nanocomposite electrode to be over
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100 pm.

Energy density is calculated using E=1/2 CV?, where C is the total cell capacitance and V
is the maximum cell potential. For Enax calculation, the cell potential is considered as 2.7 V
for all configurations. The charge stored by each electrode is determined by g= Cs*m*4U,
where C; is the specific capacitance, AU the potential range for the charge/discharge process
and m the mass of the single electrode. To obtain the maximum cell energy of the prototype
supercapacitors, the cathode (represented by “ca”) and anode (represented by “an’) mass
ratio was optimized according to mMca/Man= (Can*AUan)/(Cea*4Uc).  The total cell
capacitance is calculated by C= I/[-(dU/dt)*M], where | is the discharge current density and

M the total mass of anode and cathode materials.
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Chapter 7: Asymmetric Hybrid Sodium-lon Pseudocapacitors

Based on Intertwined CNT/V,05 Nanowire Composites

1. Introduction

Electrical energy storage plays an increasingly important role in modern society. In our
daily lives, a number of portable devices, as well as the development of electric vehicles and
smart grid energy storage, are highly dependent on lithium-ion energy storage devices.
However, extensive use of such devices is likely to affect existing lithium reserves.!
Seeking alternative materials for sustainable energy storage is emerging as an essential topic
within the electrochemical energy storage community.

Sodium, the second lightest metallic element after lithium, is four to five orders of
magnitude more abundant than lithium. In this context, it holds great promise for
economical and sustainable energy storage devices. Moreover, the standard Na/Na®
electrode potential (2.71 V) is very close to that of Li/Li* (3.02 V), and sodium-based
non-aqueous electrolytes generally exhibit stabilities, ionic conductivities, and
electrochemical windows comparable to their lithium-ion counterparts.”? These features

make sodium-ion based electrochemical storage devices very attractive. A key requirement
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for Na-ion based energy storage is finding suitable electrode materials in which to store
sodium ions. Very recent studies show that sodium metal fluorophosphates,®
lithium-sodium-mixed layered oxides* and sodium manganese oxide® store impressive
amounts of sodium and may serve as cathode materials for Na-ion batteries. For anode
materials, some hard-carbon materials could show reasonable sodium-storage capacities but
their cycling stability is poor.>®  Some nanocrystalline iron oxides may reversibly store Na*
ions with capacities of 100-130 mAh g™, however their charge/discharge process is
characterized by slow electrode kinetics.” To date, there is a lack of suitable anode materials
for Na-ion batteries.

An alternative to energy storage with batteries is electrochemical capacitive storage,
which offers faster charge and discharge operation, longer cycle life and significantly higher
power density than batteries.>® Although most of this technology is based on carbon
electrodes which store energy via an electrical double layer, there recently has been
considerable interest in using pseudocapacitance, which is based on faradaic reactions, to

store energy.”'°

The specific capacitance for pseudocapacitive materials can be an order of
magnitude larger than that of carbon because of the higher levels of charge storage from

redox reactions.®*  The most common devices which incorporate pseudocapacitive
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materials are hybrid asymmetric capacitors which typically have a carbon electrode as the

cathode and the pseudocapacitor material as the anode.***®

Electrolytes can be aqueous or
non-aqueous depending upon the pseudocapacitor material.®™*3

In this work, we report a high-rate sodium-ion nanocomposite electrode material based
on vanadium pentoxide (a-V.0s) nanowires. These materials can be used as a

pseudocapacitive anode for an asymmetric electrochemical capacitor. a-V,0s is a layered

material that can accommodate a variety of metal ions, such as Li*, Na" and K*;:**" however,

l

it generally exhibits poor electronic conductivity (c =~ 10%1 Q% cm™)®® and slow
ion-diffusion. Recently, it was shown that electrodeposited V,0s thin-film electrodes can
accommodate 2 Na/V,Os, achieving the theoretical capacity for sodium in vanadium oxide.*®
However, for device fabrication, thin films do not store adequate levels of energy and for this
reason the electrode thickness should be at least in the micron range.’® However, with such
thicknesses, detrimental performance frequently occurs due to the increased electronic and
ionic resistances. Fortunately, these technical barriers can be effectively circumvented by
creating a porous composite architecture that integrates layer-structured V,0s nanowires with
carbon nanotubes (CNTSs). As illustrated in Figure 7.1, such a composite architecture consists

of interpenetrating networks of V,0s nanowires and CNTs. The interpenetrating structure
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leads to the formation of interconnected pore channels which are filled by the electrolyte,
thus ensuring facile ion transport and providing access of the electrolyte to the redox-active
material. Furthermore, the conductive CNT network enables effective electron transport,
while the small dimension of the nanowires shortens ion diffusion paths. As a result, a fast
pseudocapacitive charge storage process occurs, which seemingly avoids phase
transformations during ion intercalation and de-intercalation, and enables enhanced cycling
stability. Because of the electronic conduction of the CNT, it is possible to increase the
mass loading of the nanocomposite electrodes to as much as 3 mg cm™. At this loading
density, asymmetric devices produce practical levels of energy and power, unlike sub-micron
thick electrodes.’® The high rate capability, capacity, and cycling stability of our Na-ion
electrodes and asymmetric capacitors have not been achieved by other Na-ion materials.
This work provides a promising direction for high-performance and sustainable energy

storage systems.
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Figure. 7.1 Schematic of (A) a nanocomposite consisting of interpenetrating networks of
V,0s5 nanowires and CNTs, (B) Intimate contacts between the V,Os nanowire and CNTs

facilitating charge transport, and (C) Na" intercalation within the V,0s layer structure.

2. Results and discussion

Figure 7.2A shows a representative scanning electron microscope (SEM) image of a
nanocomposite obtained directly from the in-situ hydrothermal reaction, demonstrating
nanowire V,0s networks penetrated with CNTs. The V,0s5 nanowires formed clusters due
to the capillary force during water evaporation, while the CNTs are clearly observed
penetrating through the nanowire network. Figure 7.2B shows a representative scanning
electron microscope (SEM) image of the nanocomposite obtained from filtration and washing
the as-synthesized product, which leads to the formation of a free-standing, flexible film
(inset of Figure 7.2B). The nanocomposite, with 13 wt-% of CNTs (determined from
thermogravimetric analysis, Figure 7.3A) demonstrates a continuous fibrous structure with
abundant macropores formed by the network structure. A high-resolution SEM in Figure
7.2C shows a part of the composite film etched by 1% HF, indicating an intertwined porous

network structure. The nanowires and CNTs possess an average diameter of ~50 and ~30
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nm, respectively, and both of them have lengths of up to tens of micrometers. The
formation of such interpenetrating networks relies on the dispersion of functionalized CNTs
in solution followed by in-situ growth of V,0s nanowires. The intertwined networks of the
CNTs and nanowires exhibit an electrical conductivity of ~3.0 S cm™, which is substantially

higher than that of bulk V,0s.*%8

Intensity (a.u.)

20 30 40
2 Theta (deg)

Figure 7.2 (A) SEM image of a V,0s/CNT nanocomposite demonstrating nanowire V,0s
networks penetrated with CNTs.  The sample was obtained directly from the as-synthesized

product. (B) Representative low-magnification SEM image of a V,0s/CNT nanocomposite
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film obtained from filtration. Inset of Figure 7.2B presents a digital photograph of such a
flexible nanocomposite film with a dimension of 1 cm>3 cmx>130 um. ©
High-magnification SEM image of the nanocomposites etched by 1 wt-% HF. The image
corresponds to the selected area in Figure 7.2(B). (D) XRD patterns of the nanocomposite
showing typical 00l diffraction. (E) TEM image of a nanocomposite showing embedded
CNTs within the V,0s nanowires. (F) HRTEM image of a V,0Os nanowire showing the

layered structure with dgo; spacing of 0.95 nm.
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Figure 7.3 (A) Thermogravimetric analysis for V,Os nanowires (a), functionalized CNTs (b)

and V,0s/CNT nanocomposites (c). (B) XRD patterns of V,05 and V,0s/CNT composite.

Figure 7.2D shows a representative x-ray diffraction (XRD) pattern of the
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nanocomposite, suggesting a well-resolved layered structure with an interlayer spacing of ~1
nm. The layered structure supports Na-ion transport, thus enabling the material to
reversibly intercalate Na-ions. The XRD pattern also suggests a small average crystallite
grain size, which is calculated to be on the order of 9 nm using the Scherrer equation. The
inappreciable diffraction peak of CNTs (at a 2 theta of ~26°, Figure 7.3B) is mainly due to the
acid-treatment of CNTs, which reduces the 002 ordering. In addition, the composite contains
a relatively small mass fraction (~13%) of CNTs. Figure 7.2E shows a transmission electron
microscope (TEM) image of V,0s nanowires intertwined with CNTs. The nanowires and
CNTs exhibit intimate interfaces due to the abundant hydrophilic groups (-OH and —COOH)
on their surfaces, which form a strong interaction upon drying. In addition, the
high-resolution TEM (HRTEM) image shown in Figure 7.2F further suggests that the
nanowires are composed of a layered crystalline structure with a layer-to-layer distance (dgo1)
of ~9.5 A, in good agreement with XRD results. This structure is similar to the
hydrothermally synthesized V,0s reported previously.?’ Besides the visible macroporous
features observed from the microscopic images, nitrogen sorption isotherms (Figure 7.4A)
suggest that such composites exhibit a hierarchically porous structure comprised of abundant

micropores (~1.1 nm) and mesopores (3-50 nm). The calculated average pore size is around
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12 nm (assuming slit pore geometry) and the porosity of the composite is ~58%. Moreover,
such nanocomposites exhibit a high BET (Brunauer-Emmett-Teller) surface area of around
114 m? g, which is substantially higher than bulk V,Os crystals (~ 6 m? g, Figure 7.4B).
In short, the above physicochemical characterization indicates that the nanowire composite
has a highly conductive, porous network structure with high surface area and hierarchical

porosity, which are favorable features for fast electrode kinetics.
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Figure 7.4. Nitrogen adsorption-desorption isotherms of the V,Os/CNT nanocomposite (A)
and the commercial V,0s5 (B). The isotherm of V,0s/CNT nanocomposite clearly shows the
presence of both micropores and mesopores. Pore size distribution of the nanocomposite is

also presented in the inset.
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Figure 7.5 CV curves at 2 mV s™ for the first three cycles of a V,0s/CNT nanocomposite

electrode (A) and a commercial V,0s electrode with orthorhombic structure (B).

The electrochemical behavior of the nanocomposites was investigated using
three-electrode cells with 1 M NaCIlO, in propylene carbonate (PC) as an electrolyte, in
which sodium foils were used as both the counter and reference electrodes. Charge storage
behavior was characterized by cyclic voltammetry (CV). The electrochemical Na®
insertion/extraction process occurring at the V,0s electrodes can be represented by

V,0s5 + xNa* + xe” <> Na,V,05 (1)
where x is the mole fraction of inserted sodium ions.?>  Reversible charge storage is obtained
by cycling the V,0s/CNT composite to 1.5 V, demonstrating that the structure is stable during

Na® insertion and extraction. Further charging of the electrode to lower potentials is
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possible, but the reaction might be less efficient due to irreversible structural changes.”*%* A

pure V,0s nanowire electrode (i.e., without CNTs) shows appreciable capacity degradation
during initial cycling (~30% capacity loss in the first 20 cycles), further confirming the
advantage of utilizing V,0s/CNT nanocomposites for Na® electrodes. It is worth
mentioning that commercial orthorhombic V,0s materials are not feasible for Na
intercalation, possibly due to a rapid capacity degradation induced by structural changes

(Figure 7.5).'8

(Azsoo- (B) (C) s
400 - .
4004 . - 44 g
= . s
= 200 2300 . o 2] .
o Q ¥ < 5
L o - v
w ?"? L4 » ‘% 04 ’ L 4 v b
3 2004 £ 200 . S $oooa &
g : : : :
2 » € 23
-4001 5 . & 2w Cathodic(v,0/CNT)
-600 - V,0,/CNT @ 1004 oV, 0,/CNT 3 _4|* Anodic (v.0/CNT) .
e VO, VO s cathodic (v,0,)
b T T T T T T 0 6 v Anodic (V.0,)
15 20 25 30 35 40 0 500 1000 1500 2000 2500 0 5 10 15 20
Potential (V vs. NaNa') Charging time (s) Sweep rate (mV/s)
(D) (E) (F)s00
24 5004 ¢ Diffusion controlled charge
% ! 777} Capacitive charge
§ - 4004 |
3 50 ]
< o = S 300 i !
£ 01 = 300 * . o) | a i
g & . s 7
g 2,
3 14 5 2004 . 2 2001 |
o
- . "
o —
24 (% 100 oV 0JCNT * 100+ '
- V,0, 7 | 1 v
-3 T T T T 0L+ . . . . . 0 f f | Vi /-
15 20 25 3.0 ) 35 0 10 20 30 40 50 1 mVis 10 mVis 20 mVis
Potential (V vs. Na/Na ) Sweep rate (mV/s)

Figure 7.6 (A) Cyclic voltammograms (CVs) of V,0s/CNT and pure V,0s electrodes at a

potential scan rate of 2 mV s in 1 M NaClO, in PC. The CV curves of the electrodes were
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acquired after 10-15 cycles in order to obtain stable capacities. (B) Kinetic behavior of
V,0s/CNT and pure V,0s electrodes; (C) The voltametric current (at 2.5 V vs. Na/Na")
dependence on the sweep rate. (D) Capacitive and diffusion-controlled contribution to
charge storage. The capacitive current is shaded and compared with the total measured
current. (E) The surface-area normalized capacitance for V,0s/CNT and pure V,0s at
different sweep rates. (F) Separation of contributions from capacitive and diffusion

controlled capacities at different sweep rates (I: V,0s/CNT; II: pure V,0s).

Figure 7.6A compares the cyclic voltammograms of a V,0s/CNT nanocomposite
electrode and a pure V,Os nanowire electrode at a sweep rate of 2 mV s*. The
nanocomposite electrode shows a pair of broad redox peaks between 2.4 and 2.8 V. The
broad redox peaks arise from the large surface of the V,0s crystal structure which lead to

21-29 Sodium ion

numerous active sites over a wide range of energy levels.
insertion/extraction into the V,0s/CNT nanocomposite occurs at similar potentials as lithium
ions.® In contrast, the pure V,05 nanowire electrode shows an almost featureless CV curve

due to the relatively poor Kinetics arising from slow diffusion and inefficient electron transfer.

Using the CV curves to calculate the specific capacitances of V,0s/CNT and pure V205
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electrodes (vide infra), we find that the nanocomposite electrode provides a capacity of ~400

C g* between 1.5 and 3.5 V, which is higher than the V,0s electrode (~300 C g), and

comparable to other high-performance Li-ion electrodes.

Current density (A/g)

Figure 7.7 CV plots of a V,0s nanowire
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To investigate the rate capability of the nanocomposite electrodes, CVs were carried out

at different sweep rates and the areas under the CV curves were used to determine the total

electrode capacity.® Figure 7.6B compares the capacities of the nanocomposite and pure

V.05 electrodes at sweep rates from 1 to 50 mV s™ (Figure 7.7).

For a typical voltage

window at 1.5-4 V for V,0s based electrodes, these rates correspond to a charge/discharge
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time between 50 to 2500 s. Without a CNT network, the pure V,0s nanowire electrode
shows fast capacity degradation: the electrode loses ~70% of its initial capacity as the
charging time decreases from 2500 to 50 s. In contrast, the nanocomposite electrode
exhibits a substantially higher capacity (~400 C g™) at a charging time of 2500 s (1 mV s™),
and still preserves 60 % of the total capacity (~240 C g™) as the charging time decreases to 50
s (50 mV s?). The substantial charge storage occurring on the order of a few minutes or less
is a characteristic feature of capacitive storage. Such a high rate capability is consistent with
the notion that the CNTs can effectively ‘wire’ the small V,05 crystal domains and provide
enhanced electronic conductivity, leading to an increased rate of charge transfer. While this
behavior has been demonstrated with non-aqueous Li-ion electrolytes, the present work
shows that comparable performance can be achieved with non-aqueous Na-ion electrolytes,

thus making these materials of potential interest for high-rate sodium storage.***

In using CV to characterize the capacitive charge-storage, one assumes that the current
response is proportional to the sweep rate according to:
i=dg/dt=C -dE/dt=C -v 2

Where i is the current, g is the stored charge, C is the capacitance and dE/dt is equal to the
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sweep rate v. Figure 7.6C shows the voltammetric current (i.e., the current values at a
potential of 2.5 V) dependence on the sweep rate (Figure 7.7). Note that the current
response for the pure V,0s nanowire electrode deviates from linearity as the sweep rate
increases to 10 mV s, This behavior is the result of slow charge transfer. This response
was not observed for the V,Os/CNT electrode due to its better conductivity and hierarchical
porosity. For both cathodic and anodic sweeps, a nearly perfect linear plot can be seen at
sweep rates from 1 to 20 mV s}, confirming that the currents for the V,0s/CNT electrode are

mainly capacitive in nature.

To quantitatively understand the charge storage mechanism for the nanocomposite
electrode in the sodium-ion system, the measured current is separated into two components: 1)
the capacitive contribution from pseudocapacitance and double-layer processes and 2) the
contribution from diffusion-controlled current of Na® insertion. Using the previous
approach developed by Dunn et al,?®3 we were able to use the dependence of current on
voltammetric sweep rate to quantitatively determine the capacitive contribution. Figure
7.6D shows the voltage profile at a sweep rate of 10 mV s™ for the capacitive current (shaded

region) in comparison to the total measured current. The capacitive contribution is 82 % for
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the nanocomposite electrode, indicating that this is the dominant charge storage process.
Since the surface areas of the nanocomposite and pure CNT are around 114 and 210 m? g™,
respectively, the surface-area normalized specific capacitance for V,0s in the composite is
calculated to be approximately 380 pF cm™ at 10 mV s (Figure 7.6E). This value is
substantially higher than the pure V,0s electrode (205 pF cm™) and about one order of
magnitude higher than pure double-layer based capacitances (5~20 pF cm®).>**®  This
calculation confirms that charge storage of the V,Os/CNT nanocomposites in Na-ion
electrolyte is primarily associated with pseudocapacitance. Our results also agree well with
previous studies, which suggested that pseudocapacitive effects play an increasing role as the

metal oxide particle size decreases and/or the porosity increases.?’ 2933

To further understand why such nanocomposites could store sodium ions with fast

3839 The total voltammetric

kinetics, we employed an analysis based on the work of Trasatti.
charge (gr) of the electrode materials was separated into two parts: surface capacitive charge
(gs) and diffusion controlled charge (qq):

0t = 0s + qd (3)

Due to its faster Kinetics, gs can be correlated with double-layer capacitance and
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pseudocapacitance, while qq mainly depends on the slower diffusion process. Therefore,
electrodes presenting a large fraction of gs in the total capacity could exhibit a high rate
capability. Assuming semi-infinite linear diffusion, within a reasonable range of sweep
rates, gs can be derived by plotting the total voltammetric charge gr against the reciprocal of
the square root of the potential sweep rate (v) and extrapolating v to o, according to the
following equation (Figure 7.8):
Or =g+ cv''’ (4)
Deviation from the linearity of such a plot at high sweep rates is indicative of polarization

effects that are ignored in the above equation.*

The capacitive and diffusion controlled
contributions to total capacity are displayed in Figure 7.6F. It clearly shows that capacitive
charge storage plays a significant role in the total capacity of the nanocomposite electrode,
and that this role increases as the sweep rate increases. Thus, at 1 mV s capacitive
processes account for some 70% of the charge storage, while at 20 mV s it is 95%. This
result is consistent with the capacitive current contribution shown in Figure 7.6C-E, strongly
suggesting that most of the V,0s intercalation sites within the nanocomposites are easily

accessible to the electrolyte. In contrast, the pure V,0s nanowire electrode has a significant

diffusion contribution to charge storage at all sweep rates, implying difficult ion access and
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charge transfer in the active material.
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Figure 7.8 Examples of plotting the total voltammetric charge gr against the reciprocal of the
square root of the potential sweep rate (v) and extrapolating v to o« (A: V,0s/CNT

nanocomposite electrode; B: pure V,0s nanowire based electrode).

To assess the feasibility of using such nanocomposites for actual sodium-ion energy
storage devices, we assembled coin-type asymmetric supercapacitors using the V,0s/CNT
nanocomposite as an anode and a commercial activated carbon (with BET surface area of

2100 m* g%, Figure 7.9) as a cathode material. Figure 7.10 shows a typical CV curve of the

activated carbon (AC) electrode in the Na-electrolyte, indicating a pure double-layer charge
storage process.

In such asymmetric devices, the charging process involves sodium

insertion into the anode and perchlorate anion absorption onto the carbon cathode. Sodium
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extraction and perchlorate anion desorption occur on the anode and cathode, respectively,
during a discharge process.”> Due to the facile kinetics on both the anode and the cathode

electrodes, this class of devices demonstrates high power and high energy density.
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Figure 7.9 Nitrogen adsorption-desorption isotherms of the commercial activated carbon (AC)

used for cathode in our hybrid asymmetric capacitors.
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Figure 7.10 CV curve of an AC electrode at sweep rate of 2 mV s in 1 M NaClO4/PC.
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We evaluated the asymmetric supercapacitor using several techniques. Based on the
storage capacities and electrochemical windows of both materials, an optimal mass ratio
between the cathode and anode is found to be 3.8 in an asymmetric cell.’* The devices
show an open circuit potential of ~0.1 V. Therefore, CV sweeps were performed from 0.1 V
to different cell voltages to identify a suitable operating window. As shown in Figure 7.11A,
the devices show rectangular CV curves at voltage windows up to 2.8 V, indicating an ideal
capacitive behavior. However, further increasing the cell voltage caused appreciable
irreversible capacitance, which should be avoided for long-term device operation.
Galvanostatic cycling was also performed to evaluate the maximum voltage. Figure 7.11B
(inset) shows the coulombic efficiency (i) of the prototypes at different maximum voltages.
It is shown that devices operated over 2.8 V gave a coulombic efficiency lower than 98 %,
probably due to irreversible reactions induced by overcharge. Therefore, the maximum cell

voltage was controlled to 2.8 V for the device configuration.
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Figure 7.11 (A) CV curves of an asymmetric Na-ion supercapacitor device cycled in various
potential windows at a sweep rate of 2 mV s*. (B) Galvanostaic charge/discharge curves
from 0-2.8 V at different current densities in 1 M NaClO, in PC (a: 0.5 mA, b: 1 mA, c: 3 mA,
d: 15 mA, the footprint areas of anode and cathode were about 0.4 and 1 cm?, respectively).

Inset shows the dependence of coulombic efficiency on the maximum charging voltage.

Representative galvanostatic charge/discharge curves for the asymmetric prototypes at
different current densities are shown in Figure 7.11B. At a charge/discharge time of ~18
minutes, the devices provide an overall cell capacitance of ~35 F g™ (capacitance was
calculated based on the total mass of cathode and anode active materials), giving an energy
density of 38 Wh kg™ and a power density of 140 W kg™. The energy density is close to

that of lithium-ion asymmetric devices.®® Even at a power density of ~5 kW kg™ (charge
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and discharge time of 5.8 s), the devices still provide a cell capacitance of ~7 F g7,
corresponding to an energy density of ~7.5 Wh kg®, an indication of the high power
performance. From the internal resistance (iR drop) of the devices, a maximum power
density was calculated to be 45 kW kg™. Moreover, the time constant (t = RC) was
calculated to be ~2.0 s, which is comparable to conventional carbon-based supercapacitors

(~1 s), further confirming the high power capability.
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Figure 7.12 Ragone plots of Na-ion and Li-ion asymmetric supercapacitors made from a
V,0s/CNT nanocomposite anode and an AC cathode, a symmetric supercapacitor made from
the same AC, and various supercapacitor devices recently developed. All the data is based
on the mass of electrode materials. For the devices reported,*® the mass of the electrode

materials was estimated to be 40% of the total device weight. A packaging factor on the
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order of 0.4 was used.***

For another perspective of the Na-ion asymmetric devices, Figure 7.12 compares the
Ragone plots derived from galvanostatic cycling tests of different prototype supercapacitors.
The power density is calculated based on the average power for each charge/discharge
(Figure 7.13). Overall, the energy and power performance of the sodium-ion asymmetric
supercapacitor is highly competitive with that of lithium-ion supercapacitors.*® Moreover
these devices offer significantly higher energy and power than that of AC-based symmetric
cells (Figure 7.14) and the current state-of-the-art electrical double-layer capacitor (EDLC)
technology. Considering that the specific capacitance of the cathode materials (AC) is still
relatively low, an even higher energy density could be realized if a better cathode material

was available.
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Figure 7.13 Galvanostatic charge/discharge curve of an asymmetric V,0s/CNT-AC device at
different current rates (the footprint areas of anode and cathode were about 0.4 and 1 cm?,

respectively).
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Figure 7.14 Representative galvanostatic charge/discharge curve of a symmetric AC-AC

supercapacitor at a current density of 0.5 mA cm™.

The sodium-ion devices based on the V,0s/CNT nanocomposites retained ~80% of the
initial capacity after 900 cycles at a charge/discharge rate of 60 C (power density of ~1700 W
kg™, Figure 7.15A). Electrochemical impedance spectroscopy (EIS) was used to determine

whether any structural or interfacial changes occurred upon cycling the electrodes. Figure
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7.15B shows the Nyquist plots for a sodium-ion asymmetric supercapacitor as a function of
cycling. The cell exhibited similar uncompensated resistances (Rs) from the electrolyte,
current collectors and contacts before and after cycling, indicating a stable electrode structure.
A slight decrease of Ry was measured after the first cycle, which could be due to the in-situ
formation of a conductive sodium bronze (Na,V»0s).** The observed semicircles are caused

448 The R, increased

by polarization or charge transfer resistance (R;) from both electrodes.
from ~10 to ~20 ohms after 900 cycles, which could be ascribed to an increased interfacial
resistance due to interfacial changes or side reactions*® occurring during the cycling process.
The fact that R; increased slowly in the first few cycles suggests that that no obvious structure
change occurred on the Na-ion electrode, and that a robust electrode structure can be
maintained.®® In addition, the decrease in cell capacitance on cycling may also be due to
slight dissolution of the V,0s active material in the electrolyte.®® The cycling results

provide the insight that further improvements in cycling performance can be achieved by

stabilizing the electrode interface and/or by judiciously choosing an electrolyte.
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Figure 7.15 (A) Cycling performance of a V,0s5/CNT-AC sodium-ion device for 900 cycles
at a charge/discharge rate of 60 C. (B) Nyquist plots of the V,0s/CNT-AC hybrid sodium-ion

device for different cycles (the plots of the fresh and 5™ cycle electrode almost overlap).

3. Conclusions

In summary, we have demonstrated fast, reversible sodium-ion storage in V,0s/CNT
nanocomposite electrodes. The V,0s/CNT nanocomposite exhibits far better rate capability
and charge storage compared to V,0Os electrodes that do not contain CNTs. Various
analytical methods show that charge storage in these materials arises from a pseudocapacitive
process. Using the nanocomposite electrode as an anode and commercial AC as a cathode,
we have demonstrated that sodium-ion asymmetric capacitors in organic electrolyte exhibit

excellent energy and power densities. These results show that sodium-ion based energy
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storage devices can exhibit comparable performance to lithium-ion devices, thus providing an

attractive, cost-effective alternative for a wide range of applications.

4. Experimental
4.1 Synthesis of the V,0Os/CNT Nanocomposites

The nanocomposites were synthesized through a one-pot hydrothermal process using
aqueous vanadium-oxide precursors in the presence of pre-treated hydrophilic CNTs, which
were synthesized by a mass production process with a capability of ~400 tons year™.>
Grams of this composite were produced using a lab-scale reactor (volume of 120 mL).
Details of the materials synthesis were described in previous publications.®**®  The
composition of the V,0s/CNT composite was determined by thermogravimetric analysis
(TGA, Figure. S1). Nitrogen sorption isotherms were measured at 77 K with a
Micromeritics ASAP 2020. The specific surface areas were calculated by the
Brunauer-Emmett-Teller (BET) method using an adsorption branch in a relative pressure
range from 0.04 to 0.25. SEM and TEM experiments were conducted on a JEOL JSM-6700

FE-SEM and FEI Titan S/TEM operated at 300 KV, respectively.
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4.2 Electrochemical Characterization

To make electrodes, the V,0s/CNT nanocomposites, pure V,0s nanowires or activated
carbon (AC) were assembled onto stainless steel current collectors. Briefly, 80% of the
electrochemically active material, 10% carbon black, and 10% poly(vinylidene fluoride)
(PVDF) dispersed in N-methylpyrrolidinone (NMP) were mixed to form slurries. The
homogenous slurries were coated on substrates and dried at 90 °C for 30 min. under vacuum.
As-formed electrodes were then pressed at a pressure of 2 MPa and further dried for another
12 h. Typical mass loadings were 1-3 mg cm™ of active material on each current collector.
The electrochemical measurements were carried out on a Bio-Logic VMP3 or Solartron
1860/1287. The electrolyte was 1 M NaClO,4 in propylene carbonate (PC) solution and
sodium foils were used as both the counter and reference electrodes. CV and EIS
measurements were carried out in an argon-filled glovebox in three-electrode cells. To
make 2032 type coin cells, glass fiber (GF/D) from Whatman was used as the separator.
The cells were assembled under an argon atmosphere with moisture and oxygen levels of < 1
ppm. In asymmetric devices, the operation windows for the nanocomposite anode and AC
cathode are 1.5-3.2 V and 3.3-4.3V, respectively, and the maximum operation window of whole

devices is 2.8 V.

190



The specific capacitance, power and energy density were calculated based on the total
masses of anode and cathode materials. The iR drop is used to calculate the cell’s resistance
using R=U/I and the RC constant by using T = R*C;, where C; is the capacitance of the device
and U is the maximum cell potential. The maximum power density is calculated based on
Pmax = U?/(4RM).>*  The device energy density is calculated using E=1/2 CU?, where C is
the normalized cell capacitance. Asymmetric cells were charged and discharged between
2.8 and 0.1 V, and AC-based symmetric cells were charged and discharged between 2.8 and 0
V. The charge stored by each electrode is determined by q= Cs*m*AU, where C; is the
specific capacitance, AU the potential range for the charge/discharge process and m the mass
of a single electrode. To obtain the maximum cell energy of the prototype supercapacitors,
the cathode (represented by “ca”) and anode (represented by “an’’) mass ratio was optimized
according to Mea/Man= (Can*4Uan)/(Cea*4Ucs). The total cell capacitance is calculated by
C= I/[-(dU/dt)*M], where | is the discharge current density and M the total mass of anode

and cathode materials.>®
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Chapter 8: Fabrication of Thin-Film Electrodes from Building

Nanocrystals for Micro-Supercapacitors

1. Introduction

Micro-power-sources, which are commonly based on thin-film batteries and
supercapacitors, are essential for micro-electronics, such as non-volatile memory, smart
sensors, radio frequency identification tags (RFIT), implantable medical devices and
micro-electromechanical systems (MEMS)." Their current fabrication mainly relies on
complicated processes that often involve the use of expensive equipment with high operation
cost, leading to solid-state devices often with low rate-capability and poor durability.?
Although lower-cost micro-supercapacitors could also be made from activated carbons with
higher power,® activated carbons generally possess large particle size in the range of microns,
which limits their use for thin devices. Note that thinner carbon-based devices may be made
by controlled etching of metal carbide films.’¢  Such etching process, however, brings up the
fabrication cost significantly. In addition, such carbon-based devices are generally operated
based on double-layer capacitance, which offers energy densities that are much lower than

those of micro-batteries.
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Towards better micro-devices, one promising direction is to fabricate
micro-pseudocapacitors using thin films of transition metal oxides. Compared with the
carbon-based devices, such devices could store significantly larger amount of charge by fast
redox reactions, providing new opportunities for high-energy and high-power micro-devices.
For example, thin-films of RuO, and MnO, may provide specific capacitance up to 700 and
1200 F g*® respectively, which is an-order-of-magnitude larger than those of the carbon
materials (~100-200 F g™*).* However, current fabrication of such RuO,-based thin films
relies on the electrophoresis deposition techniques® or an evaporation-induced self-assembly
process with the aid of copolymers.®®  Similarly, MnO, thin films were normally made by
electrochemical deposition on porous metallic templates.®**  Although other methods,
including sputtering,® pulse laser deposition®® and chemical vapor deposition,* were also
used to fabricate the oxide-based thin films, the processes developed so far are not effective
enough for low-cost and large-scale device fabrication.

Herein, we report a facile coating technique that enables effective fabrication of
high-performance micro-pseudocapacitor electrodes at low cost. Our strategy is based
on a simple wet-chemical approach using nanocrystals (NCs) of transition metal oxides as

the building materials. The past decade has witnessed a rapid advance in NCs synthesis;
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large families of NCs were effectively synthesized with controlled structure, morphology,
and composition,® which offers a large variety of building NCs for the fabrication of
micro-pseudocapacitors. To demonstrate this concept, NCs of titanium dioxide (TiO>)
was used as the model system. TiO; has been extensively explored for energy storage
applications partially due to its abundance, low cost and environmental benignity. Some
high-rate electrodes were reported using nanoparticulate or mesoporous TiO, for
lithium-ion anodes;’ however, their rate-performances are still far below the requirement
for supercapacitors. We note mesoporous TiO, thin films have been reported for
pseudocapacitor electrodes; however, their fabrication highly is depended on the assembly

of inorganic clusters with copolymers that are difficult to synthesize.®

2. Results and Discussions

To form the thin-film pseudocapacitor electrodes, monodispersed TiO, NCs were first
synthesized using a simple two-phase thermal reaction method, where toluene and water were
used as the reaction media and oleic acid (OA) was used as the capping agent. The resulting
OA-capped TiO, NCs can be easily dispersed in toluene to form a nano-ink, which could be

readily coated on conductive substrates such as indium-tin-oxide (ITO) glass and doped
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silicon. Post-sintering treatment of the thin films in air removes the OA from the NCs,
creating porous channels and networks of NCs for effective transport of charges, ions and
electrolyte molecules. Compared with the current fabrication techniques, this simple

coating technique enables effective fabrication of thin-film electrodes with controlled

thicknesses at low cost.
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Figure 8.1 (A) Representative TEM image of TiO, nanocrystals. Inset showing a
high-resolution TEM image of two closely attached TiO, nanocrystals with (101) plane and a
lattice distance of 0.35 nm. (B) size-distribution of the TiO, nanocrystals. Inset showing a

photograph of TiO,-toluene solution containing 5 wt-% of TiO, nanocrystals.

Figure 8.1A displays a representative transmission electron microscopic (TEM) image of
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the as-synthesized TiO, NCs. These nanocrystals are well dispersed and show narrow
size-distribution as shown in Figure 8.1B. An average crystal size is calculated to be 4.9
nm. While the crystals are ultrafine, they are highly crystallized as shown in high-resolution
TEM (inset, Figure 8.1A); well-defined lattices with distance of 0.35 nm are clearly observed.
In addition, a toluene solution containing such TiO, NCs could be stable for a few months
without any precipitation due to the presence of capping agents (inset, Figure 8.1B), which is

favorable for large-scale fabrication.
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Figure 8.2 XRD patterns of TiO, nanocrystals before and after the sintering treatment that

removed the capping agent.

Figure 8.2 shows the x-ray powder diffraction patterns of TiO, NCs before and after
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sintering treatment to remove the capping ligands (oleic acid). The diffraction pattern of
as-synthesized TiO, NCs matches well to that of tetragonal anatase TiO, (according to
JCPDS reference card no. 21-1272) with no indication for either rutile or brookite phases.
The broadening of peaks is originated from the small crystal size, which is calculated to be
5.3 nm from Scherrer equation and is close to the average size observed from TEM.
Sintering treatment at 450 °C effectively removed the ligands (Figure 8.3) leading to slight

increase of grain size (~ 8.2 nm), which is favorable for fast ion-storage kinetics.
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Figure 8.3 TGA plot of OA-capped TiO, NCs.
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Figure 8.4 (A) Representative SEM image on the surface of a TiO, NCs thin-film and (B)
Nitrogen adsorption isotherms of TiO, nanocrystals with sintering treatment (inset shows the

corresponding pore-size distribution).

Figure 8.4A shows scanning electron microscopic (SEM) image of the calcined thin-film
electrode, revealing porous networks of close-packed NCs. The porous structure was
further confirmed by the nitrogen adsorption-desorption isotherms shown in Figure 8.4B. It
gives a type-1V isotherm with an Hi-type hysteresis loop at a relative pressure between 0.45
and 0.8, which is typical of mesoporous structure. Such materials exhibit a high
Brunauer—Emmett-Teller (BET) surface area of 140 m® g and a narrow pore diameter

distribution centered at about 6.5 nm.
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Figure 8.5 (A) Cyclic voltammograms of thin-film electrode based on TiO, nanocrystals
(0.20 mg cm™); (B) Capacity dependence on sweep rate of different TiO- electrodes; (C)
Normalized rate-capability of different TiO, electrodes; (D) Separation of surface charge and
diffusion-controlled charge of different TiO, electrodes (a: TiO, NCs; b:

templated

mesoporous TiOs, ¢: P25-TiOy; “1” or “20” indicates a sweep rate of 1 or 20 mV s™).

The electrochemical behavior of the TiO, NCs-based thin-films was investigated using
three-electrode cells, in which lithium foils were used as both the counter and the reference

electrodes. Charge storage behavior was first characterized by cyclic voltammetry (CV).
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Figure 8.5A shows typical cyclic voltammograms for the thin-film electrodes at various
sweep rates. The area under the curves represents the total stored charge arising from both
surface reaction and bulk diffusion processes. Generally, the electrochemical Li* insertion
and extraction process occurring at anatase TiO, electrodes can be expressed by TiO, + xLi*
+ xe” < Li,TiOy, where x is the mole fraction of the inserted lithium ions.” The theoretical
capacity is 168 mAh g* (605 C g*) based on x=0.5 for bulk anatase TiO,. Consistent with
the lithium insertion and extraction behavior of anatase TiO, at slow rates, two well-defined
current peaks are observed at 1.7 V (cathodic sweep) and 2.0 V (anodic sweep), which are
corresponding to the biphasic transition between tetragonal anatase (I41/amd) and
orthorhombic lithium titanate (Imma). However, unlike the sharp lithium insertion and

extraction peaks often observed for bulk anatase,®

the peaks on the CV curves show broad
feature even at slow sweep rates, which indicates a pseudocapacitive effect arising from the

ultra-small crystal size and high surface area. This effect has also been observed on a

variety of templated mesoporous thin films.®

To further explore their lithium storage, Figure 8.5B compares the capacities of different

TiO; thin-film electrodes made by P25-TiO, (a commercial TiO, with particle size of ~25
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nm), templated mesoporous thin-film reported by Dunn® and ultrafine TiO, NCs at sweep
rates from 1 to 20 mV s™*. All these films have comparable thickness around submicron
level. The P25 electrodes provide a capacity of ~355 and 190 C g™* at 1 and 5 mV s™,
respectively, indicating a moderate capacity and rate capability. The templated mesoporous
thin films with pore size of ~20 nm and grain size of ~15 nm show a high capacity of ~460 at
340 C gt at 1 and 10 mV s™ (corresponding to charging time of 1500 and 150 s), respectively.
In contrast, the ultrafine NCs-based electrodes exhibit a substantially higher capacity, ~580 C
gt at1 mVs? and still preserves ~370 C g™* at 20 mV s (a charge-discharge time of 75 s).
It is noted that higher specific capacities (up to ~320 mAh g™ or 1150 C g* at x=0.92) have
been reported for TiO, previously, which relied on higher surface area, lower charging

potential and longer charging time (Figure 8.6).
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Figure 8.6 A representative galvanostatic charge/discharge plots of TiO, thin-film electrode
at a rate of 0.5C. The plots show two regions, plateau region which is mainly associated
with bulk diffusion process (A) and sloping region which is more likely related to interfacial
charge storage (B),™® which corresponds to different phase compositions and agrees well with

CV measurement.

From CV and galvanostatic charge/discharge at a rate of 0.5C, we note a maximum
specific capacity of ~ 200 mAh g* (x=0.59 in Li,TiO,) was achieved for the NC thin-film
electrodes, close to most of anatase TiO, (150-230 mAh g™*)* but lower than the theoretical
maximum capacity based on x=1 (~330 mAh g') and some other high-surface-area

nanoporous anatase electrodes. %2

In order to understand and explain the different charge

storage behavior, we compared various anatase TiO; electrodes and found the following

possible reasons leading to relatively lower capacity of the NC thin-film electrodes:

1) Relatively small surface area. For nanostructured anatase TiO, electrodes, various
studies have revealed that the overall charge storage is contributed from two different

storage modes: a) bulk diffusion-controlled insertion which relates to a charge/discharge

plateau at ~1.75 V (vs. Li/Li"), and b) interfacial storage which corresponds to a linear
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2)

3)

charge/discharge region below 1.75 V.***2

Typically, the higher surface area enables
shorter diffusion length and more surface active sites, which lead to larger overall
capacity. For example, we note capacities of >300 mAh g™ (close to theoretical
capacity) for TiO, with surface area of over 200 m? g>.*®*  For other nanostructured
TiO, with moderate surface areas, the capacities range from 150-230 mAh g*.**  Our
NC TiO, has a surface area of ~140 m? g%, which provides a moderate capacity of ~200
mAh g™,

High charge voltage. The overall storage capacity strongly depends on the cut-off
charge voltage (1.2V). The maximum TiO, capacity has been reported based on
charging down to 1 V.2%*? In such cases, much more interfacial storage was realized at
the low voltage window. Our electrodes were charged to 1.2V, which further resulted in
a lower capacity. It is worthwhile to mention that we emphasized the supercapacitor
application, where the easy formation of solid-electrolyte-interface at ~1 V should be
avoided. Therefore, we chose 1.2V as the cut-off voltage.

Rapid charge/discharge rate. The overall storage capacity also strongly depends on
the charge/discharge rate. The largest TiO, capacity was achieved by

10,12

charging/discharge for a few hours, which allowed full Li-insertion in the anatase
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framework, leading to high capacity. With regard to supercapacitor application in our
case, much higher rates were used (charging/discharge in mins), which sacrificed some

capacity simply due to less time for Li* to diffuse into the titania framework.

In addition, as far as the theoretical capacity concern, a lithium concentration of x=1 in
Li,TiO, will result in a maximum capacity of 336 mAh g™ at cut-off charging voltage at 1.0 V.
However, at x>0.5, the Li-rich titinia no longer reversibly dissolve Li and the diffusion
kinetics is slow.® Although high capacity can be achieved at the first charge cycle, the
capacity might decrease appreciably at the second cycle due to the irreversible reactions.***?
Similarly, for NC-based thin films, we noted a first-cycle charge capacity of ~220 mAh g™
which decreased to ~200 mAh g™ in the second cycle due to the similar reason.

A direct comparison of the rate-capability of three types of electrodes is shown in Figure
8.5C, where the capacities are normalized at 1 mV s™. Clearly, the NCs films present a
similar rate-capability to those of templated mesoporous films, showing a ~70% capacity
retention as sweep rate increased from 1 to 20 mV s™.  Overall, the excellent lithium-storage

performance of the NCs electrodes is attributed to their small crystal size and mesoporous

architecture. Such high-capacity and high-rate performance has rendered such NCs films to
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be one of the best lithium-storage electrodes for thin-film pseudocapacitors where high power
is highly demanded. This result underscores the superiority of using NCs to make ultrafast
thin-film pseudocapacitors since higher capacity can be achieved without sacrificing
rate-capability. Moreover, such electrodes were fabricated by directly casting the NCs inks
without using any scarce polymer template, making it more attractive towards low-cost
energy storage devices.

It is also essential to understand how such ultrafine NCs could store lithium with high
capacity and ultrafast kinetics. Recent studies on nanoscale energy storage reveals that
thermodynamic and kinetics properties of particulate electrode materials could be strongly
impacted by surface/interface effect, particularly, when the particles sizes approach certain
critical values.® To study the possible surface/interface effects, we separated the surface-
and bulk- contributions from the total charge storage based on the Trasatti method.** In this
approach, the total voltammetric charge (qr) was separated into surface-capacitive charge (qs)
and bulk-diffusion controlled charge (qq) by:

Qr=0s + qa (1)
where (s is correlated with double-layer capacitance and pseudocapacitance, which are

associated with surface lithium adsorption accompanied by a charge transfer process; while
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gq mainly depends on slow diffusion process followed by lithium intercalation within the bulk
crystal. Due to faster kinetics associated with surface lithium adsorption, electrodes
presenting a large fraction of gs in the total capacity will exhibit a high rate-capability. In
this context, reducing the particle size will enhance the surface contribution and improve

electrode rate-capability.
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Figure 8.7 Example of plotting the total voltammetric charge gr of TiO, NC thin-film
electrode against the reciprocal of the square root of the potential sweep rate (v) and

extrapolating v to oo.

Based on the semi-infinite linear diffusion law, within a reasonable range of sweep rates,

gs can be derived by plotting the gr against the reciprocal of the square root of the potential
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sweep rate (v) and extrapolating v to o, according to the following equation (Figure 8.7):
ar=gs+ ov'? (2)

A separation of surface (capacitive) and diffusion controlled charge contribution to total
capacity is displayed in Figure 8.5D. It is clearly shown that the surface charge indeed
plays an important part at various sweep rates for all electrodes, especially for templated
mesoporous film and TiO, NCs electrodes. The templated mesoporous film electrodes show
a surface contribution of 278 C g™, which accounts for 60 % of the total capacity at 1 mV s™
and 91 % at 20 mV s™*. Owing to their smaller crystal size, the NCs electrodes show even
more surface contribution of 345 C g™ (accounting for 60 % at 1 mV s and 94 % at 20 mV
s™), which is a ~25 % higher capacity than that of templated films. As a result, such large
surface-capacity contribution endows electrodes with ultrafast charge and discharge
capability since the slow diffusion process is no longer needed. The fast kinetics feature has
also been confirmed by impedance study (Figure 8.8). Moreover, this effect results in a
~25 % higher total capacity than the templated mesoporous thin films, suggesting a larger
portion of lithium titanate in the equilibrium composition where anatase TiO, and lithium
titanate coexist.® While the dependence of particles size on the lithium storage

9c,e

performance has been investigated before,”™" this result clearly discloses the significant
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surface effect on the electrode kinetics and thermodynamics, providing better understanding

on charge storage for thin film electrodes based on ultrafine NCs.
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Figure 8.8 Nyquist representation of impedance spectra for the TiO, NC thin-film electrode
(0.2 mg/cm?) at four different potentials, before any lithiation at open-circuit (2.2 V) and after
lithiating to 2.0, 1.8 and 1.7 V. Inset shows enlarged Nyquist plots. The electrode showed
a typical capacitive feature as indicated by the close-to-vertical line at low-frequency region.
The small semicircle at high-frequency region showed the charge-transfer resistance from
electrode reaction.  After slightly lithiating (at 1.8 V), the electrode showed a small Warburg
region, which was associated with lithium diffusion in the titania framework. The electrode

at 1.7 V showed a typical Warburg tail, indicating the electrode kinetics was then limited by

217



diffusion after substantial lithiating.
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Figure 8.9 Cycling performance of a representative TiO, NC thin-film electrode with a mass
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Figure 8.10 Cyclic voltammograms of TiO, NC thin-film electrodes at mass loading of 0.12
mg/cm? (A) and 0.32 mg/cm? (B); Capacity and rate dependence on the thickness of the NC
thin-film electrodes (The electrodes with NC loading of 0.12, 0.20, and 0.32 mg/cm? showed

thickness of 0.78, 1.3 and 2.1 um, respectively).

Besides the fast kinetics observed, these NCs thin-films also show impressive cycling
stability as evaluated from long-term galvanostatic cycling tests. Figure 8.9 shows the
cycling performance of a NC thin-film electrode at a rate of 10 C (1C=170 mA g™). The
electrode could still preserve ~92% of its initial capacity after 200 cycles, indicating reliable
structure stability of such binder-free NC thin-film electrodes. In addition, although we
noted that the electrode performance was also affected by the film thickness (Figure 8.10),

one typical thickness (~1 um) was adapted to demonstrate the fabrication strategy and study
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the storage property.

3. Conclusion

In summary, we have demonstrated a simple yet effective strategy towards
high-performance thin-film pseudocapacitors using NCs of transition metal oxides as
building blocks. These electrodes show high capacitance, excellent rate capability and
reasonable stability. In light of recent advances in the synthesis of NCs with controlled
structure and composition, this strategy provides a general fabrication approach towards
NCs-based micro-pseudocapacitors. This strategy could also be extended to fabricate thin

films for other applications such as anti-corrosion coatings and photocatalysis.

4. Experimental
4.1 Synthesis of TiO, NCs

The TiO, NCs were synthesized using a two-phase hydrothermal reaction.” In a typical
synthesis, 0.4 mL of tert-butylamine was dissolved in 40 mL of de-ionized water and the
solution was transferred into a 100 mL Teflon-line stainless-steel autoclave. Subsequently,

0.6 g of titanium (1V) n-propoxide (2 mmol) and 4.0 mL of oleic acid were dissolved in 40
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mL of toluene in air and the solution was transferred into the autoclave without any stirring.
The autoclave was sealed and maintained at 180 °C for 8 h and cooled to room temperature
with tap water. The crude solution of TiO, NCs was precipitated with methanol and further
isolated by centrifugation and decantation. The purified TiO, NCs were re-dispersed in

toluene to form a NCs ink with desired concentration.

4.2 Fabrication of TiO, NCs thin-films

To make NC thin-films, different amounts of above NC solution were directly coated on
clean indium tin oxide (ITO) substrates. After solvent evaporation at room temperature, the
films were sintered at 450 °C for 1 hr at a ramp rate of 2 °C min™. The NC loading can be
varied from pg to mg by controlling coating solution, though typical thin-films reported here

have an active mass loading of 0.1-0.2 mg cm™.

4.3 Fabrication of P25 TiO,-based thin-films
To make P25-based films, powder sample was dispersed in ethanol under sonication and
stirring. The formed solution was directly coated on ITO substrates and thermal treated at

250 °C to removal solvent.
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4.4 Material and Electrode Characterization

The X-ray diffraction measurements were taken on Panalytical X'Pert Pro X-ray powder
diffractometer using the copper Ko radiation (A=1.54 A). Nitrogen sorption isotherms were
measured at 77 K with a Micromeritics ASAP 2020 analyzer. The samples were degassed in
vacuum at 200 °C for three hours. The specific surface areas (Sget) were calculated by the
Brunauer-Emmett-Teller (BET) method using adsorption branch in a relative pressure range
from 0.04 to 0.25. The pore size distributions were derived from the adsorption branches of
isotherms using the Barrett-Joyner-Halenda (BJH) model. Scanning electron microscopy
(SEM) experiments were conducted on a JEOL JSM-6700 FE-SEM. Transmission electron
microscopy (TEM) experiments were conducted on a Philips CM120 operated at 120 kV.

To test thin-film electrodes, CV and galvanostatic charge/discharge measurements were
carried out in three-electrode flood cells in an argon-filled glove box. The measurements
were carried out on a Solartron 1860/1287 electrochemical interface. The electrolyte
solution was a 1 m LiClO, in propylene carbonate (PC) solution and lithium foils were used

as both the counter and reference electrodes.
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Chapter 9: Flexible Energy Storage Architectures from Carbon

Nanotubes and Nanocrystal Building Blocks

1. Introduction

High-rate energy storage devices have been attracting tremendous interest due to their
promising applications, such as cordless power tools, hybrid electric vehicles (HEVs) and
renewable energy storage. Current lithium-ion batteries have been widely employed for
small electronic devices; however, their application in HEVs and other fields are still limited
by low power and energy densities. Developing high-performance electrodes and devices
has been an essential component of the current endeavor in energy storage.!*!

Fundamentally, lithium-ion batteries rely on shuttling of lithium ions and electrons
between the cathodes and anodes. To realize high power and energy densities, sufficient
number of lithium ions and electrons need to be rapidly shuttled between the electrodes,
which implies that high-performance architectures should possess effective ion- and electron-
transport pathways and high active-material loading. In this context, much efforts have been
devoted to the synthesis of low-dimensional active materials (e.g., nanoparticles,®

nanowires,’®® and nanosheets®™ ') with high surface area and shortened lithium-diffusion
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length. However, the use of such low-dimensional materials often leads to decreased
volumetric density and increased contact resistance. To ensure good conductivity,
significant fractions of conductive agent and binder were used, which inevitably sacrifices
overall energy storage capacity. For example, high-rate electrodes of lithium iron phosphate
(LiFePO,)®! and titanium dioxide (TiO,)!! were fabricated from their ultrafine particles.
Such electrodes may use up to 70- and 50- wt% of carbon and binder (vs. the total weight of
electrode materials), respectively, which led to electrodes with less than half of the capacity
based on pure active materials. To circumvent this problem, one promising strategy is to
construct conductive scaffolds and subsequently deposit active electrode materials on these
scaffolds. Recently, several high-performance electrodes have been reported based on this
approach using porous copper,*) nickel™ and gold™® as the conductive scaffolds.
However, the fabrication of such electrodes was inefficient with extremely low
active-material loading in the form of ultra-thin coating.

Herein, we report a general fabrication strategy towards high-performance electrodes from
conductive scaffolds of carbon nanotubes (CNTs) and the nanocrystals (NCs) of active
materials. To demonstrate this concept, anatase TiO, NCs were used as a model material

due to its abundance, low cost and environmental benignity. TiO, has been extensively
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explored for lithium anode applications and high-rate anodes based on low-dimensional TiO,
were also reported ™ * 1481 However, similar to the fabrication of other high-rate electrodes,

large fractions of conducting agents and binders were used in these electrodes.

2. Results and Discussions
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Figure 9.1 Schematic of preparing binder-free high-rate electrodes through the formation of

conformal TiO, nanocrystals (OA-TiO, NCs) coatings on a CNTs scaffold followed by a

sintering process that removes the capping agents on the NCs.

Figure 9.1 illustrates our strategy towards the binder-free high-rate electrodes. Uniform

TiO, NCs capped with oleic acid (OA) (OA-TiO, NCs) were first synthesized and dispersed

in nonpolar solvent such as toluene. Upon dropping the NCs solution to a CNTs paper

prepared from unmodified ultra-long CNTs, the NCs solution rapidly spread throughout the

CNTs scaffold owning to its excellent wettability with the CNTs. Subsequent solvent
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evaporation enriches the NCs; driven by the hydrophobic interactions, the NCs spontaneously

assemble on the CNTs.lt"]

A subsequent sintering process removes the capping ligands from

the NCs assemblies, creating conformal mesoporous TiO, coatings on the CNTs. Such a

hydrophobic-interaction driven process provides two key features required for high-rate

electrode:

1. Effective transport of electrons and ions. The conformal coatings ensure intimate
contacts and effective electron transport between the CNTs scaffold and the NCs coatings.
Besides the NCs with shortened ion-diffusion length, the conformal coating process also
retains the scaffold’s porous channels, providing hierarchical pathways for effective ion
transport.

2. High loading of active materials. Compared with the metallic scaffolds, CNTs scaffolds
possess high porosity, low density and large thickness, which enable the fabrication of
electrodes with high loading of active materials. For example, coating the CNTs scaffold
with 5 nm- and 20 nm-thick of NCs could result in an active material loading ~ 20 wt-%
and 100 wt-% (vs. the weight of the CNTS), respectively (see Figure 9.6).

In the light of recent advances in the synthesis of NCs with controlled structure and

composition,*® this strategy provides a general fabrication approach towards CNTs-NCs
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based high-rate electrodes through judicious choice of building NCs. We noticed that CNTs
were commonly used to fabricate the electrodes for energy storage and other applications.
Their use often requires surface functionalization to improve their dispersion; however, the
functionalization process also reduces their conductivity and structure stability. Moreover,
such electrodes were often prepared by simply mixing active materials with the
functionalized CNTs, where the interfaces between the active materials and the CNTs were

poorly controlled.[* %22

Although some ultra-thin coatings (~5 nm) were also applied to
the surface of functionalized CNTs, the materials rendered poor stability and mass loading
was difficult to control.® 2! By comparison, the strategy presented here utilizes the
hydrophobic interactions between the NCs and the unmodified CNTs, which enables the

efficient assembly of the NCs confined around CNTs and the formation of CNTs/NCs

composite electrodes with the abovementioned outstanding features.
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Figure 9.2 Representative TEM image of TiO, NCs (inset, high-resolution TEM of two
closely attached TiO, NCs showing 101 (0.35 nm) lattice) (A) and corresponding size
distribution of the NCs (inset, a photograph of TiO,-toluene solution containing 5 wt-% of
TiO, NCs in a 4 mL glass vial) (B). (C) XRD patterns of the NCs before and after sintering
treatment. (D) Nitrogen adsorption isotherms and pore size distribution (inset) of CNT/NCs

nanocomposites after the sintering treatment.
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Figure 9.2A displays a representative transmission electron microscopic (TEM) image of
the NCs, suggesting a narrow size distribution with an average diameter of 4.9 nm (Figure
9.2B and Figure 9.7). While the NCs are ultrafine, they are highly crystallized as shown in
the high-resolution TEM image (inset, Figure 9.2A). In addition, since these NCs are
capped with capping agents, they are stable in solvent (toluene) for a few months without
precipitation (inset, Figure 9.2B). Figure 9.2C shows x-ray powder diffraction patterns of
the NCs before and after removal of the capping agents. The diffraction pattern of
as-synthesized NCs matches well to that of anatase TiO, (JCPDS reference card no. 21-1272).
The peak broadening originates from their small crystallite size, which is calculated to be 5.3
nm from the Scherrer equation and consistent with those observed from TEM. Heating the
CNT/NCs composites in air at 450 C removes the capping agent (Figure 9.8). We noticed
that such a heat treatment did not lead to noticeable growth of grain size; the NCs kept an
average size of 5.3 nm after the removal of the capping agent.

As expected, removal of the capping agent creates a hierarchically porous structure
confirmed by the nitrogen adsorption-desorption isotherms shown in Figure 9.2D. A
type-1V isotherm with significant nitrogen uptake from the relative pressure 0.45 is consistent

with a hierarchically porous network (see pore size distribution in the inset). Note that the
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presence of macropores cannot be seen from the pore size distribution due to the intrinsic
instrumental limitation. The calcined nanocomposite exhibits a Brunauer—Emmett—Teller
(BET) surface area of 148 m? g and a pore diameter distribution centered at ~ 3 nm.
Interestingly, without the CNT scaffold, sintered NCs gave a similar BET surface area (~140

m? g™) but slightly larger pore size (~ 6.5 nm) (Figure 9.9).

Figure 9.3 (A) Low magnification SEM image of a 3D CNT/NCs electrode showing the

CNTs scaffold coated with TiO, NCs. Inset shows a digital photograph of a freestanding
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flexible CNT/NCs electrode. (B) High magnification SEM image confirming the conformal

coating of NCs on CNT surface. (C) Representative cross-section SEM image of the

CNT/TiO, NCs electrode. (D) TEM image showing TiO, NCs coated on CNTSs.

Inset of Figure 9.3A shows a freestanding flexible electrode with a thickness of ~ 100 pum.

Figure 9.3A presents a scanning electron microscopic (SEM) image of the CNT/NCs

electrode, clearly showing a macroporous 3D network structure with uniform NCs coating,

which is further confirmed by the high-magnification SEM in Figure 9.3B. Figure 9.3C

shows a SEM image of cross-section view of the electrode, further confirming that the

super-long CNTs are intertwined through the whole electrode without obvious NCs

aggregation. The successful formation of conformal NC coatings on the CNTs is further

confirmed by TEM observation in Figure 9.3D. Layers of NCs coatings on the CNTs with

thickness of ~20 nm are clearly shown. Such structure ensures short diffusion length,

continuous conductive pathway, and intimate interface contacts between the NCs and the

CNTs, which endows the electrodes with excellent lithium storage performance.

As mentioned above, making high-rate bulk electrodes has been an essential topic due to

their broad uses in high-energy and high-power energy storage. This strategy enables us to
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effectively construct bulk electrodes with high loading of active materials without additional
binder and conductive-agent. For example, the CNTs scaffold used here (~ 100 um thick)
has a density of ~3 mg cm™ (equivalent to a volumetric density of 0.3 g cm™), which is about
two orders of magnitude lighter than that of copper foil (~ 9 g cm™) commonly used in the
commercial lithium-ion anodes. Directly measuring the mass of the CNT scaffold and that
of the CNT/TiO, NCs electrode shows that the NCs loading is ~ 130 wt% (4 mg cm®) of the
CNT’s weight, which is consistent with the estimation shown in Figure 9.6. Such an
effective loading results in an overall volumetric density of the CNT/TiO, NCs hybrid
electrode to be ~ 0.7 g cm™, which is close to the common tap density (< 1 g cm™) of many
nano-powder-based electrodes (e.g. nano-sized LiFePO,). In contrast, previous 3D
porous metal-based thin electrodes normally present active-material loadings far below 1 mg
cm2 281 Moreover, our electrode is based on a 3D continuous conductive pathway with

intimate contacts between active materials and current collector.
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Figure 9.4 (A) CV plots of the CNT/NCs electrode for the first three cycles at a sweep rate of
0.2 mV s, (B) Typical charge-discharge curves of the hybrid electrode at a current rate of
0.25 C, (C) Comparison of rate-capability of a variety of TiO,-based high-rate electrodes
reported recently. The capacities were estimated based on their effective mass of the whole
electrodes. Their electrode compositions are listed using the mass ratio of active materials:
conductive carbon: binder (TiO.-SWCNT,**! TiO,-graphene,™ TiO,-Ru0,,1*®! ultrathin TiO,

NSPD. (D) Long-term cycling performance of the hybrid electrode at different C-rates.
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The electrochemical behavior of the electrodes was investigated using coin-cell devices, in
which lithium foils were used as both the counter and the reference electrodes. Charge
storage behavior was first characterized by cyclic voltammetry (CV) studies. Figure 9.4A
shows representative cyclic voltammograms for the hybrid electrodes at a sweep rate of 0.2

mV st

The electrochemical Li* insertion and extraction process occurring at anatase TiO>
electrodes can be expressed by TiO, + XLi* + xe” < Li TiO,, where x is the mole fraction of
the inserted lithium ions (x <1).®!  Slight shift of the CV curves were observed during the
first three scans (especially cathodic scans) due to some irreversible reactions. Consistent
with the insertion and extraction of lithium in anatase TiO,, two well-defined current peaks
are observed at 1.7 V (cathodic sweep) and 2.0 V (anodic sweep), corresponding to the
biphasic transition between tetragonal anatase and orthorhombic lithium titanate. However,
unlike the sharp insertion and extraction peaks observed in bulk anatase,?” %! these
electrodes show broad feature, which is consistent with the pseudocapacitive effect arising
from their small crystallites and high surface area (see supporting information and Figure

9.10). In addition, the cathodic curves are broader than the anodic ones, suggesting the

insertion and extraction kinetics may be slightly different. Such effects were also observed
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in mesoporous thin films.2-34

Figure 9.4B shows typical charge/discharge curves of CNT/NCs electrodes at 0.25C (1C
=170 mA g ) with a total capacity of ~ 200 mAh g*. A distinct voltage plateau can be first
observed for the discharge plot, indicating coexisting of anatase and lithium titanate phases.
A capacity of ~ 95 mAh g™ can be estimated from this plateau region, which is controlled by
the bulk diffusion and insertion process. The slope voltage region in the discharge plot
accounts for a surface lithium storage process, which contributes a capacity of ~ 103 mAh g™*.
This region agrees well with the broad feature of the CV curves, and is similar to a typical
capacitive discharge profile. For the charging process, a slope region followed by a voltage
plateau at higher voltage was also observed, indicating a similar lithium extraction feature.
Note the CNT scaffold only provides a capacity of ~15 mAh g™ in this potential range.
Such high capacity is among the highest ones achieved from a variety of TiO, electrodes.™ *
14-16]

To investigate the rate-capability, electrodes were charged and discharged at different
C-rates. Figure 9.4C shows the rate performance of the CNT/NCs electrodes in comparing

o [0, 14-16]

with several high-rate TiO, electrodes from recent literatur As discussed above,

traditional TiO,-based high-rate electrodes often utilized a large fraction of binders and
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conductive agents that do not contribute to the overall capacity. For example, an ultrathin
TiO, nanosheet electrode (20 um thick) could deliver a capacity (based on its TiO, loading)
of 191- and 135- mAh g* at 2C and 20C, respectively.® Taking the total electrode mass
(excluding the current collector) into consideration, its capacity deceases to 134 and 95 mAh

(41 graphene™

g™, respectively. Similarly, the composites of TiO, with single-wall CNTs,
and RuO,1*® exhibit enhanced rate-capability but also with reduced capacity for whole
electrodes. By comparison, the CNT networks serve as both the conductive agent and the
current collector in these electrodes, which respectively provides a capacity of 170- and 110-
mAh g™ at 2C and 20C based on the total weight of the materials, which is similar to the best
nanostructured or hybrid TiO, electrodes reported so far. In addition, the area-normalized
capacity reaches ~ 1 mAh cm; further increasing the NC coating thickness to 40 nm will
result in such capacity comparable to those of practical batteries (~2 mAh cm™).  If the mass
of current collectors were further considered, such 3D NC/CNT hybrid electrodes may show
more significant advantage in terms of specific capacities than those of the traditional TiO;
electrodes reported.

Besides their outstanding capacity and rate performance, these composited electrodes also

exhibit impressive cycling stability. Figure 9.4D displays a long-term cycling performance
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at different charge-discharge rates. In spite of the capacity drops in the initial cycles that are
commonly observed,?* the electrodes show stable capacity at 1C and 2C. The capacity
faded gradually at high rates (e.g., capacity loss of 10 mAh g™ for 200 cycles at 10C or 9
mAh g for another 200 cycles at 20C), which might be caused by increased loss of active
materials and irreversible reactions. Upon returning to 2C, a stable capacity of 150 mAh g™
was resumed and negligible capacity loss was observed after another 100 more cycles.
Overall, the electrode retained ~90% of the capacity over 700 cycles, which has never been
achieved for electrodes made with nanostructured TiO,, binder and conductive agent (usually
less than 100 cycles). ! 14161

The durable performance of the electrodes is attributed to their robust structure, which can
be probed using electrochemical impedance spectroscopy (EIS) study. Nyquist plots of the
CNT/NCs electrodes at different cycling status are shown in Figure 9.11. It was found that
the fresh electrode exhibits a relatively large single semicircle and an intercept at high
frequency range, which is associated with a combination of ohmic and charge transfer
resistance. The low-frequency Warburg tail presents a relatively low slope, implying a

surface-wetting process is required for such thick electrodes (over 100 um). The diameter

of the semicircle decreases and the slope of the Warburg tail increases dramatically after 10
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cycles at 1C, indicating a decreased charge-transfer resistance and improved lithium-diffusion
rate (see insets). The impedance behavior shows similar features after 400 cycles,
confirming the robust electrode structure. After cycling at high rate (20C) for 200 cycles
followed by 100 cycles at 2C, slight increase of diffusion resistance can be detected from the
Warburg region. Nevertheless, the total electrode resistance remains small due to the robust

CNT network, which is consistent with its excellent long-term cycling stability.

100 400

80
300

4 —o—fresh electrode

60
—e— after 10 cycles

E E 200
o 5
& 404 —o—fresh electrode =
h N
—e— after 10 cycles !

100

20
0 T T H.W T 0 1= R T T T T T
0 20 40 60 80 100 0 100 200 300 400
Z' (Ohm) Z' (Ohm)

Figure 9.5 (A) Representative SEM image of the simply mixed CNT-TiO, composite.

Nyquist plots of a 3D binder-free (B) and a binder-containing electrode (C) at fresh state and
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after 10 cycles of galvanostaic charge/discharge at 2C-rate.

To further verify the role of the CNT/NCs intimate structure in the electrode performance,

we also made electrodes using the traditional process in which binder was used. In this

work, TiO, NC powders were mixed with CNTs at a mass ratio of 3:1; the mixture was

sintered at the same condition as that used for the CNT/NCs hybrid electrode. The resulted

powder was used to fabricate the electrodes with TiO,, CNTs, carbon and binder at a mass

ratio of 3:1:1:1, which provided comparable TiO, content with the 3D CNT/NCs electrodes.

Figure 9.5A shows a representative SEM image of this electrode. Significantly different

from the conformal CNT/NCs electrodes, such electrodes display appreciable NCs

aggregation without a clear CNTs conductive scaffold. Consistently, such electrodes show

much larger impedance (~ 80 ) than those of the conformal electrodes (55 Q) in the first

cycle (Figure 9.5B). After 10 cycles of galvanostaic charge/discharge, the total resistance

of the binder-containing electrode increases to 220 Q (Figure 9.5C), while the electrode with

the conformal coating only exhibit an resistance of ~ 40 Q, which is ~5 time less than that the

binder-containing electrode. This experiment fully proves that the conformal coating of the

NCs onto the preformed CNTs scaffold indeed provide the electrodes with cycling stability.
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Consistently, such binder-containing electrode exhibits a low capacity of 73- and 13- mAh g*
at 0.2C and 5C, respectively (Figure 9.4C), which are significantly lower than that of the
conformal CNT/NCs electrode (200- and 162- mAh g?). These results strongly highlight
the importance of building a 3D continuous conductive architecture for high-performance
electrodes.

In addition, it is important to point out that the CNT/NCs electrodes are highly flexible
(Figure 9.2A), which is of interest for rollup displays, smart electronics, wearable devices and
other applications.®™ Recently, several flexible anodes have been reported, such as the
composites of CNTs or graphene with active anode materials,*®*® and the composites of
graphite with fibrillated cellulose.*%¥  However, rate-capability of these flexible anodes are
rather low. Our electrode design combines both high-rate and flexibility, holding great

promise for flexible device application.

3. Conclusions
In summary, using TiO, NCs and ultra-long CNTs, we have demonstrated an effective
conformal coating strategy to fabricate flexible lithium electrodes with high capacity, high

rate, and cycling stability. The high performance arises from their small building NCs,
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effective pathways for charge and ion transport, and robust scaffold structure.
Considering the vast library of NCs that have been synthesized (eg. Fe,O3 NCs, Figure
9.12), such a strategy may be extended to fabricate various high-performance
architectures for energy storage, catalysis, sensing, photo-synthesis and other

applications.

4. Experimental Section

4.1 Synthesis of TiO, NCs

The TiO, NCs were synthesized using a two-phase hydrothermal reaction. In a typical
synthesis, 0.4 mL of tert-butylamine was dissolved in 40 mL of water and the solution was
transferred into a 100 mL Teflon-line stainless-steel autoclave. Subsequently, 0.6 g of
titanium (I1v) n-propoxide (2 mmol) and 4.0 mL of oleic acid were dissolved in 40 mL of
toluene in air and the solution was transferred into the autoclave without any stirring. The
autoclave was sealed and maintained at 180 °C for 8 h and cooled down to room temperature
with tap water. The crude solution of TiO, NCs was precipitated with methanol and further
isolated by centrifugation and decantation. The purified TiO, NCs were re-dispersed in

toluene to form a NCs solution with desired concentration.
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4.2 Fabrication of binder-free CNT/TiO, electrodes

To fabricate the binder-free CNT/TiO, NC hybrid electrodes, as-grown super-long CNTs
(diameters of ~ 30-80 nm and length of ~5 mm, Figure 9.13) were dispersed in
N-methylpyrrolidinone (NMP) and filtrated to make CNT papers that were cut into discs.
~50 pL of 5 wt- % NCs solution was dropped onto a CNT disc while the solvent evaporates
rapidly in air. The coating process was repeated to tune the TiO, loading. The discs were
then sintered at 450 °C for 1 h in air at a ramp rate of 2 °C min™, resulting in flexible
electrodes. The loading of TiO, was further determined by comparing the mass difference
between the original CNT sheet and the composites and confirmed by TGA. Electrodes
with different NCs loadings were fabricated and tested (Figure 9.14); yet the 130 wt%

NC/CNT was mainly used for all the characterization and measurement.

4.3 Fabrication of binder-containing electrodes

As synthesized TiO, NCs were dispered and isolated for three times and dried under
vacumm to get NC powders. Then TiO, NCs and CNTSs (3:1 w/w ratio) were milled to fully
disperse CNTs with NCs. Such TiO, NCs/CNTs mixture, carbon black and poly(vinylidene

fluoride) (PVDF) binder were mixed in a mass ratio of 4:1:1 and homogenized in NMP to
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form slurries. The homogenous slurries were coated on Cu foil substrates and dried at 100
°C for 30 min under vacuum. As formed electrodes were then pressed at a pressure of 2
MPa and further dried under vacuum at 100 °C for another 12 h. The mass loading was
controlled to be ~4 mg cm™ on each current collector. Such electrodes present comparable

loading and TiO; content with above binder-free CNT/TiO, NC electrodes.

4.4 Synthesis of Fe;O3 NCs

The synthesis of Fe,O3 was similar to ref.[40].

4.5 Material and Electrode Characterization

The x-ray diffraction measurements were taken on Panalytical X'Pert Pro x-ray powder
diffractometer using the copper Ka radiation (A=1.54 A). Nitrogen sorption isotherms were
measured at 77 K with a Micromeritics ASAP 2020 analyzer. The samples were degassed in
vacuum at 200 °C for three hours. The specific surface areas (Sget) were calculated by the
Brunauer-Emmett-Teller (BET) method using adsorption branch in a relative pressure range
from 0.04 to 0.25. The pore size distributions were derived from the adsorption branches of
isotherms using the Barrett-Joyner-Halenda (BJH) model. Scanning electron microscopy

(SEM) experiments were conducted on a JEOL JSM-6700 FE-SEM. Transmission electron
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microscopy (TEM) experiments were conducted on a Philips CM120 operated at 120 kV.

To test electrodes, 2032-type coin cells were assembled in the glovebox, using glass fiber
(GF/D) from Whatman as the separator. Lithium discs were used as both the counter and
the reference electrodes and 1 M LiPFg in a 1:1 (w/w) mixture of ethylene carbonate and
diethyl carbonate was used as the electrolyte. The CV measurements were performed on a
Bio-Logic VMP3 electrochemical workstation at a scan rate of 0.2 mV s in a voltage range
between 2.6 and 1.0 V (vs. Li/Li"). Galvanostatic charge-discharge measurements were
carried out by a LAND CT2000 battery tester at different current rates. EIS tests were

carried out on a Solartron 1860/1287 Electrochemical Interface.

5. Supporting Materials
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Figure 9.6A A Schemetic of CNT structure before (left) and after (right) NC coating (2R,

and 2R;: inner and outside diameter of CNT; 2R;: outside diameter of CNT/NCs hybrid.)

From SEM and TEM, we can use R,= 30 nm and R;=60 nm for the super-long CNT.
The density of wall of CNT is 2.1 g cm™ and bulk density of anatase TiO, is4.2gcm™. The
nitrogen adsorption test shows that the TiO, NCs have a mesoporous structure with a pore
volume of 0.236 cm® g™.  Therefore, a porosity of 50 % should be considered to caculate the
effective mass of NC coating layer. If assuming a leght of L for a CNT, the mass of CNT
and TiO, NC layer can be respectively expressed by:

Mcnt=2.1%2nL(R1%-Ro?)=4.2nL(R1*-R.?)
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Mnc=0.5* 4.2 * 27L*(R,%-R:%) = 4.21L(R,*-R%)
therefore, the loading ratio of the TiO, NCs to CNT can be expressed by:
Mnc/Ment=[4.27L(R2%-R1))/[4.27L(R1*-R))]=(R*R2)/(R*-Ry%).  Using different coating

thicknesses, we can get various loading ratios as shown in Figure S1B below.
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Figure 9.6B Dependence of TiO, NCs loading on the coating layer thickness.
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Figure 9.7 Low magnification TEM of monodisperse TiO, NCs.
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Figure 9.8 TGA plots of OA-capped TiO, NCs and Super-long CNTSs.
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Figure 9.9 Nitrogen adsorption isotherms and pore size distribution (inset) of TiO, NCs after

sintering.

To study the pseudocapacitive property (from surface/interface effect) of ultrafine TiO,
NCs, we tested CV behavior of pure NCs based thin film electrodes. We separated the
pseudocapacitive and bulk- diffusion contributions from the total charge storage based on the
Trasatti method.[41] In this approach, the total voltammetric charge (qr) was separated into
surface-capacitive charge (qs) and bulk-diffusion controlled charge (gq) by:

Gr =0s+da (1)

where (s is correlated with double-layer capacitance and pseudocapacitance, which are
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associated with surface lithium adsorption accompanied by a charge transfer process; while
gq mainly depends on slow diffusion process followed by lithium intercalation within the bulk
crystal. Due to faster kinetics associated with surface lithium adsorption, electrodes
presenting a large fraction of gs in the total capacity will exhibit a high rate-capability. In
this context, reducing the particle size will enhance the surface contribution and improve
electrode rate-capability.

Based on the semi-infinite linear diffusion law, within a reasonable range of sweep rates,
gs can be derived by plotting the gr against the reciprocal of the square root of the potential
sweep rate (v) and extrapolating v to oo, according to the following equation:

qr=gs+ v (2)
A separation of surface and diffusion controlled charge contribution to total capacity is
displayed in Figure S5. It is clearly shown that the pseudocapacitive (surface charge) indeed
plays an important part at various sweep rates for the NC electrodes. For example, the

electrodes show pseudocapacitive contribution of 60 % at 1 mV s™ and 94 % at 20 mV s™.
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Figure 9.10 (A) Cyclic voltammograms of thin-film electrodes based on TiO; nanocrystals.
(B) Separation of pseudocapacitive charge and diffusion-controlled charge of TiO, electrodes

at different sweep rates.
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Figure 9.11 Nyquist plots of the binder-free CNT/ TiO, NCs hybrid electrode at different

cycling status.
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Figure 9.12 (A) TEM image of hydrophobic monodispersed Fe,O3 NCs with diameter of 6-7

nm. (B) SEM image of Fe,O3; NC/CNT composite electrode (the Fe,O3 NC loading was

~100 % vs. the mass of the CNT scaffold) made from the same method of fabricating TiO,

NC/CNT electrode. (C) First four cycles of charge/discharge curves of the Fe,O3 NC/CNT

electrode at a rate of ~0.05C. (D) Cycling performance of the Fe,O3 NC/CNT electrode at

different rates.
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Figure 9.13 (a) SEM image and digital photograph (inset) of pristine ultra-long CNT arrays.
(b) Digital photograph of dispersed ultra-long CNT; inset shows a TEM image of a single

CNT.
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Figure 9.14 The dependence of specific capacity on the loading of TiO, NCs (wt-% vs. the

mass of the CNT scaffold).
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Chapter 10: Carbon-Nanotube-Threaded Nanocrystal

Architecture for Lithium-ion Pseudocapacitors

1. Introduction
Supercapacitors hold great promise for energy storage owing to their high power density
and long cycling life; however, broader application of supercapacitor has been hampered by

(81 To address this challenge, extensive effort has been devoted to

low energy density.
developing better electrode materials with controlled architecture, such as high-surface-area
carbons and low-dimension redox-active metal oxides.2® However, despite much progress
made, capacitances of the current-state-of-art carbons are still less than 150 F g™ in an
organic electrolyte [® or 300 F g™ in aqueous electrolytes,® which can only provide
moderate energy density (~10 Wh kg™).  Transition-metal oxides, on the other hand, possess
significantly higher capacitance (up to 1000 F g™*);%*? however, it is difficult to harvest
such high capacitance due to their slow ion diffusion and poor electronic conductivity.

To circumvent this limitation, the most effective strategy is to form the nanocomposites

of conductive agents (e.g., carbon black,"™® 1 carbon nanotubes (CNTs) 5% and

graphene*™) and the low-dimension oxide materials, such that the low-dimension structure
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shortens ion-diffusion length while the conductive agents construct electron conductive
pathways. Synthesizing such nanocomposites with effective structure and interface control
is therefore essential to ensure effective electron and ion transports.

Towards this aim, nanocomposites with various structures have been explored, such as
the cable-like structure formed by coating CNTs with active oxide layers, the interpenetrative
network structure constructed by intertwining growth of nanowires within CNTs networks,
and the sandwich structure made by alternative stacking of oxide particles and graphene
layers. The cable-like structure facilitates effective charge transport locally; the oxide layers,
however, increase the CNT contact resistance resulting in mediocre rate performance. For
example, electrodes prepared by coating CNTs with TiO, exhibit improved rate performance
in comparison with those made by physical mixing of TiO, and CNTs; their
charge/discharging time, however, is still more than 10 mins.l*¥! The interpenetrative
network structure, on the other hand, provides better network conductivity; the loose
CNTs-nanowire interface, however, reduce the electrode stability. Accordingly, electrodes
based on interpenetrative V,0s5 nanowires and CNTs exhibit excellent rate performance but
lose more than 10% of their capacity in the first 20 cycles.*® Compared with the former

structure, the sandwich structure enables intimate contact between the graphene and the
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active materials; their two-dimensional structure, however, intrinsically limits
three-dimensional mass and charge transport. Consistently, sandwich-structure electrodes
made from graphene and Fe3O4 show good cycling performance but still with mediocre rate
performance.[*”

Herein, we report a novel three-dimensional (3D) architecture for high-performance
pseudocapacitive electrodes by solvation-induced assembly.  Note that hydrophobic
nanocrystals (NCs) of oxides can be homogenously dispersed within non-polar solvent in the
presence of CNTs. We hypothesize that, upon addition of polar solvent, solvation force will
induce the NCs to assemble around the CNTs, which results in the formation of nanocrystal
spheres threading through by the CNTs. Subsequent calcination will remove the capped
ligands on the NCs and convert the composite spheres into robust CNT-threaded mesoporous
particles.

Unlike the aforementioned structures, this architecture not only enables intimate contact
locally between the oxide and the CNTs scaffold, but also provides excellent electrode
conductivity through the CNTs networks formed in the process. In the aspect of ion
transport, the mesoporous structure provides effective channels for electrolyte transport,

while the nanocrystal structure retains the shortened ion-diffusion length. In the aspect of
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electrode stability, the porous network structure also helps to buffer the stress during charge
and discharge. More importantly, such compact spherical structure offers mechanical
robustness and minimizes the electrode-electrolyte interface, which will render the electrodes
with better stability. Note that the past two decades have witnessed incredible development

in the synthesis of nanocrystals, which make this strategy a versatile approach towards

high-performance pseudocapacitive storage.

: Solvation-induced

assembly
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Figure 10.1 Schematic of forming 3D spherical NC/CNT nanocomposite and electrode.

Figure 10.1 illustrates the synthesis of such composite architecture using anatase TiO;
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nanocrystals (NCs) and massively produced cluster-like CNTs as an example.
Monodispersed TiO, NCs were synthesized using oleic acid (OA) as the capping ligand,
which allows their uniform dispersion in toluene. TiO, has been long considered as a
promising energy storage material owning to its impressive lithium-storage capacity, low cost
and superior safety;?” however, despite the great efforts made, current TiO,-based electrodes
still exhibit moderate rate performance and cycling stability. It is also important to point out
that the CNTs used herein were massively produced with low cost; moreover, such CNTs
contain intertwined network structures, allowing efficiently encaging the NCs. The
nanocomposites were prepared by simply adding methanol into the mixture of CNTs and NCs
in toluene, which generates the spherical composites of NCs and CNTs precipitated out from
the mixture. Subsequent annealing process creates a class of mesoporous TiO,/CNTs

spherical composites for high-performance pseudocapacitive electrode.
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Figure 10.2 (A) Representative TEM image of TiO, NCs (inset, HRTEM of two TiO; NCs
showing 101 (0.35 nm) lattice). (B) SEM image of CNT used in the experimental. Some
examples of cluster structures are shown in the circled areas. (C) and (D) SEM images of
TiO, NC/CNT composites presenting sphere-like shape. Inset of D shows high-resolution
SEM image of selected area of a typical composite sphere. (E) TEM image of a typical
NC/CNT sphere. (F) HRTEM image of selected area of the sphere in (F). The linked NCs

and CNT network can be clearly distinguished from the image.
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Figure 10.2A shows a representative transmission electron microscopic (TEM) image of
the NCs, which possess a narrow size distribution with an average diameter of ~5 nm (Figure
10.6A). The NCs are highly crystallized as revealed in the high-resolution TEM image
(HRTEM, inset in Figure 10.2A). In addition, since these NCs are capped with OA ligand,
they can be stable in solvent (toluene) for a few months without appreciable precipitation
(Figure 10.6B). Figure 10.2B presents a scanning electron microscopic (SEM) image of
the CNTs used for building 3D spherical NC/CNT architectures. The CNTSs, with diameter
of 20-30 nm and length of 5-10 pm, intrinsically show intertwined network structures.
Figure 10.2C shows a SEM image of the as-prepared NC/CNT composites, presenting a
spherical morphology with size ranging from a few hundred nm to a few pum. A
representative spherical composite particle is presented in Figure 10.2D, in which an inset
high-magnification SEM clearly shows the CNTs threading through the NC networks.
Figure 10.2E and 1F show TEM images of a typical composite particle with mesoporous
NCs penetrated through by CNTSs, further confirming the formation of CNT-threaded

nanocrystal particles.
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Figure 10.3 (A) TGA curves of CNTs, as-synthesized OA-capped TiO, NCs and annealed

TiO, NC/CNT. (B) XRD patterns and of as-synthesized TiO, NCs and NC/CNT

composites. (C) Nitrogen adsorption isotherms of TiO, NCs and NC/CNT composite after

annealing. (D) Pore-size distribution of CNTs, annealed TiO, NCs and annealed NC/CNT.

Figure 10.3A shows thermogravimetric analysis (TGA) curves of TiO, NCs, CNTs, and

the NC/CNT composite. No appreciable weight loss can be observed for the CNTs at
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temperature below 600 °C, indicating a superior thermal stability of these CNTs. The
weight loss of NCs is ~20%. Accordingly, the sintered NC/CNT composite consists of ~80
wt-% of TiO, and 20 wt-% of CNT. The mass ratio of TiO, and CNT in the composite can
be easily tuned, while we mainly focused on the composite with 20 wt-% of CNT in this
work. Figure 10.3B shows x-ray diffraction (XRD) patterns of as-synthesized TiO, NCs
and the NC/CNT composite after removal of capping agents. The diffraction pattern of
as-synthesized NCs matches well to that of anatase TiO, (JCPDS card No. 21-1272). The
peak broadening originates from their small crystallite size, which is calculated to be 5.3 nm
from the Scherrer equation and consistent with the TEM observation. Sintering the
NC/CNT composites in air successfully removed the capping agent (Figure 10.3A) and led to
unnoticeable growth of grain size; TiO, NCs retained the anatase phase with an average size
of ~5.5 nm.

The pore structure of the composite was further probed using nitrogen sorption technique.
The CNTs show a macroporous structure according to the tremendous nitrogen update at
relative pressures above 0.85 (Figure 10.7), which agrees with the open network structure
observed in SEM (Figure 10.2B). The sintered TiO, NCs display a type-IV isotherm

(Figure 10.3C) with appreciable nitrogen uptake at the relative pressures below 0.45, which
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implies micropores or small mesopores formed by NCs. The hysteresis loop at relative
pressures between 0.45 and 0.75 indicates the presence of larger mesopores. By comparison,
NC/CNT composites presented a hierarchically porous structure. Besides significant
amount nitrogen uptake at relative pressures below 0.4, the NC/CNT composites also showed
co-existence of mesopores and macropores revealed from two substantial hysteresis loops at
higher relative pressures. Pore-size distributions shown in Figure 10.3D further confirms
the hierarchical porosity of the NC/CNT composites. Note that the presence of macropores
may not show in the distribution due to the intrinsic instrumental limitation. In addition,
CNTs and sintered TiO, NCs exhibited a surface area of 212 and 140 m? g, respectively.
Remarkably, the NC/CNT composites with 20 wt-% of CNT had a surface area of 204 m? g,
significantly higher than the sum (146 m* g%) of contributions from CNT and NC
constituents. This result indicates that threading NCs with CNTs can also effectively
prevent nanocrystal fusion during sintering process. Such a hierarchical porosity and high
surface-area provide the NC/CNT electrodes with fast kinetics due to efficient ion transport

and abundant surface active sites.
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Figure 10.4 (A) CV plots of the CNT-threaded TiO, NC/CNT composite electrode on the
first a few cycles at a sweep rate of 0.5 mV s*. (B) CV plots of the TiO, NC/CNT
composite electrodes at various sweep rates. (C) Typical charge/discharge curves of the
TiO, NC/CNT electrodes at a current rate of 0.25C, and (D) from 0.5C to 100C. (E)
Comparison of rate-capability of a variety of TiO,-based high-rate electrodes reported
recently (TiO.-CNT,*® 6 nm TiO, with 45% carbon black,!?® cable-like titania nanosheet,?
sandwich-like TiO,/graphene,*® 3 nm TiO, particles®™). The capacities were estimated
based on the effective mass of TiO; in electrodes. (F) Comparison of long-term cycling
performance of the CNT-threaded TiO, NC/CNT electrode and cable-like TiO,-CNT

electrode at a rate of 20C.
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Charge storage behavior was first characterized by cyclic voltammetry (CV) using
coin-type half cells. Figure 10.4A presents representative cyclic voltammograms for the
spherical NC/CNT composite electrodes at a sweep rate of 0.5 mV s, The electrochemical
Li* insertion/extraction processes occurring at anatase TiO, electrodes can be expressed by
[21]

TiO, + XLi" + xe™ «> LixTiO> (1)
where X is the mole fraction of the inserted lithium ions (x <I). Slight shift of the CV curves
were observed during the first a few cycles (especially cathodic scans) due to irreversible
reactions. The observed capacity loss from initial scans may be ascribed to irreversible
replacement of absorbed protons on composite surface by lithium ions and other
electrolyte-related surface reactions. Nevertheless, the charge/discharge efficiency
increased from 90% to 100% after first five cycles. Two well-defined current peaks are
observed at 1.7 V (cathodic sweep) and 2.1 V (anodic sweep), corresponding to the biphasic
transition between tetragonal anatase and orthorhombic lithium titanate, which is consistent
with typical insertion/extraction behavior of lithium in anatase TiO,.[?> %!

CV measurement at different sweep rates was performed to evaluate the rate behavior.

Figure 10.4B shows cyclic voltammograms of NC/CNT electrodes at various sweep rates.
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Although slight peak shift can be observed due to increased rates, the current peaks
corresponding to characteristic lithium reactions were well retained as sweep rates increased
from 1 to 20 mV s*. The decreased peak intensity suggests that the bulk lithium reaction
were retarded. Nevertheless, the broad CV curves with large symmetric under-curve areas
at high sweep rates indicate significant charge storage from surface reactions. Such a fast
voltametric response was only achieved by ultra-thin-film (~200 nm) TiO, electrodes,!
while our electrodes had typical thickness of 15-20 um, indicating fast electrode Kinetics
enabled by the CNT-threaded architecture.

Typical galvanostatic charge/discharge curves of TiO, NC electrodes at a rate of 0.25C
(1C = 170 mA g™ are shown in Figure 10.4C. The electrodes delivered a reversible charge
storage capacity of ~270 mAh grio>™, which is amongst the highest TiO, capacities reported
so far. Note that the CNTs are only responsible for a small portion of capacity (~20 mAh g*)
in the composite electrodes. Distinct voltage plateaus can be observed for both the charge
and discharge plots, indicating coexistence of anatase and lithium titanate phases during
charge/discharge process. A capacity of ~130 mAh g™ can be estimated from this plateau
region in the discharge plot, which can be ascribed to diffusion-controlled intercalation

capacity in the crystal structure. The following slope voltage region accounts for a surface

272



lithium storage process, which contributes a capacity of ~140 mAh g™.?% 24 This charge

storage process agrees well with the small TiO, NC size and high surface area which provides
abundant surface active sites for fast surface/interfacial lithium reaction. This behavior
represents a typical capacitive feature where surface process significantly contributes to total
charge storage. During the charging process, a slope region followed by a voltage plateau at
higher voltage was also observed, indicating a lithium extraction process also involving
diffusion and surface processes.

Figure 10.4D shows charge/discharge curves of TiO, NC/CNT electrodes at different
C-rates. The TiO; in electrodes delivered a reversible capacity of ~265 and 220 mAh g*at a
rate of 1 C and 20 C, respectively. Remarkably, even at an extremely high rate of 100C and
200C (charge/discharge in 22 and 11s), the electrodes still retained a capacity of ~150 and
104 mAh g*, respectively, showing super-fast electrode kinetics. The significant charge
storage occurs in charging time of less than a minute also represents a typical capacitive
behavior. It should be noted that previous application of TiO, for lithium-ion capacitors has
been only achieved in ultra-thin films due to its poor electronic conductivity (108-10" s cm™)
[25.261 and low lithium diffusion coefficient (10™-10"*% cm? s).122 2”1 Here, the realization

of super-fast charge storage in bulk TiO, electrodes with hierarchical spherical NC/CNT
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architecture should be attributed to the efficient ion transport, high electronic conductivity
and large surface active sites.

To better evaluate the charge storage behavior of the TiO, NC/CNT electrodes, various
high-rate nanostructured TiO, composite electrodes reported recently are compared in Figure
10.4E. As shown, the CNT-threaded NC/CNT architecture is amongst the best hybrid TiO,

electrodes reported so far.[t8 28 2931

Essentially, compared with cable- or sandwich-like
TiO, structures, this new 3D spherical architecture showed dramatically enhanced rate
capability. Some electrodes fabricated with a simple mixture of 6-nm anatase and carbon
black showed slightly higher rate capability but with an extremely high content of carbon (45
Wt-%) and very low densities (0.15 g cm™),!?®! while our NC/CNT electrodes contain much
less carbon and present a high density of ~1.1 g cm™ due to effectively assembly of NCs and
CNTs into spherical structures. The CNT-threaded NC/CNT may show more advantage if
considering the charge storage of the whole electrodes since less amount of inert component
was adopted. Moreover, due to the robust 3D spherical architecture, the NC/CNT electrodes
kept 87% of its initial capacity after 1000 cycles (Figure 10.4F), which is even much better

(18]

than the cable-like structure reported recently. In contrast, the simple mixture of 6-nm
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anatase and carbon black led to electrodes fast capacity loss due to randomly formed

conductive network and poor electrode/electrolyte interface.?®!
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Figure 10.5 (A) Capacity dependence of diffusion and capacitive charge on the discharge
rate. (B) Comparison of Ragone plots of asymmetric supercapacitors made from a TiO,/CNT
nanocomposite anode and AC cathode, a symmetric supercapacitor made from the same AC,
and asymmetric supercapacitor devices recently developed (CNT/V,0s-AC,!

LisTisO1/CNF-AC [34]). All the data is based on the mass of electrode materials.

To further understand the effect of capacitive charge storage on the high rate performance
of TiO, NC/CNT composite, the stored charges were further analyzed based on Trasatti

d.[32 331

metho The capacitive and diffusion controlled contributions to total capacity are

displayed in Figure 10.5A. It clearly shows that capacitive storage plays a significant part
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in the total capacity of the nanocomposite electrode, and that this part increases as the
charging rate increases. For example, capacitive contribution accounted for about 60% of
the total charge at 0.25C and increased to 95% at 100 C. This result strongly suggests that
effective utilization of capacitive charge storage could enable significant charge capacity
even using materials with poor intrinsic Kinetics.

Moreover, taking into account of the surface area (212 m? g%), the surface-normalized
specific capacitance of TiO, in the NC/CNT composite was calculated to be ~150 pF cm™ at
a rate of 100C. This value is about one order of magnitude higher than those normally
observed for double-layer capacitance (5~15 pF em™),? further confirming that charge
storage occurs in the NC/CNT electrodes is strongly associated with pseudocapacitance.
This result agrees well with previous studies which suggest that surface pseudocapacitive
effect plays an essential role as the metal oxide particle size decreases and electronic
conductivity increases.

The high-capacity and high-rate TiO, NC/CNT provides as an ideal candidate for
high-energy asymmetric supercapacitors by replacing carbon-based anodes. To assess actual
capacitive devices application, asymmetric supercapacitor prototypes were assembled using

the NC/CNT composite as the anode and a commercial activated carbon (AC) electrode as
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the cathode. Representative galvanostatic charge/discharge curves at different rates are
shown in Figure 10.8. At a current of 0.25 A g, the devices provided a maximum cell
capacitance of ~54 F g, giving an energy density of 59.6 Wh kg™ at a power density of 120
W kg®. This energy density is about two time that of double-layer capacitors and close to
that of lithium-ion capacitors. Even at a power density of about 7 kW kg™ or 18.6 kW kg™
(charge/discharge in 16 or 2.3 s), the devices still provided an energy density of 31.2 or 22.3
Wh kg, an indication of the ultrahigh power performance.

For another perspective of the asymmetric lithium-ion devices, Figure 10.5B compares

(1934 Overall, our devices offer

the Ragone plots of different prototype supercapacitors.
significantly higher energy and power densities than that of carbon-based symmetric cells and
the current state-of-the-art EDLC technology. Moreover the energy and power performance
of the TiO, NC/CNT-carbon asymmetric supercapacitor is also superior to other lithium-ion
supercapacitors reported recently. Such excellent performance provides our materials with
great promise for many critical applications where both high energy and high power are
needed. Considering that the specific capacitance of the cathode materials is still relatively

low, an even higher energy density could be realized if a better cathode material was

available.
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3. Conclusions

In summary, we have demonstrated an effective design and fabrication of
high-performance pseudocapacitive architecture. By threading active nanocrystals with
CNT network, we fabricated 3D composite architecture providing efficient charge transport,
large active surface and high durability, which enabled ultrafast electrode kinetics with
tremendous pseudocapacitive charge storage and excellent cycling stability. Using the
composite electrode as an anode and commercial AC as a cathode, we also demonstrated
asymmetric capacitors with energy and power densities superior to current supercapacitor
devices. The materials strategy developed in this work may be extended to fabricate other
functional architectures for high-performance energy storage, catalyst, sensing and other

emerging application.

4. Experimental
4.1 Synthesis of TiO, NCs

The TiO, NCs were synthesized using a two-phase hydrothermal reaction. In a typical
synthesis, 0.4 mL of tert-butylamine was dissolved in 40 mL of water and the solution was

transferred into a 100 mL Teflon-line stainless-steel autoclave. Subsequently, 1.0 g of
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titanium (1V) n-propoxide and 4.0 mL of oleic acid were dissolved in 40 mL of toluene in air
and the solution was transferred into the autoclave without any stirring. The autoclave was
sealed and maintained at 180 °C for 8 h and cooled down to room temperature with tap water.
The crude solution of TiO, NCs was precipitated with methanol and further isolated by
centrifugation and decantation. The purified TiO, NCs were re-dispersed in 20 mL of

toluene to form a TiO, NC solution for future use.

4.2 Synthesis of CNT-threaded 3D spherical architectures

CNT-threaded 3D spherical architectures were fabricated through a solvation-induced
assembly process. Controlled amount of CNTs were dispersed into a pre-formed TiO, NC
solution under ultrasonication and stirring. 25 mL of methanol was added into the above
mixture with agitation. The TiO, NCs precipitated within CNT networks and the product
was further separated by centrifuge or filtration. A composite of TiO, NCs/CNT with
capping agents on NC surface was obtained after drying at 50 °C. Finally, an annealing
treatment of the composite at 450 °C for 2 hrs in air removed the capping agents and resulted
in the CNT-threaded 3D NC/CNT architecture. While the composition of the composite can

be easily tuned by changing the amount of CNTSs used in the preparation, the sample with 20
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wt-% of CNTs content was mainly investigated. Details of the chemicals, TiO, NCs

synthesis, electrode fabrication and charizations are provided in the Supporting Information.

4.3 Fabrication of electrodes

A convential slurry-coating process was used to fabricate electrodes. The TiO,
NC/CNT composite was first pulverized into fine powders. This TiO, NC/CNT power,
carbon black and poly(vinylidene fluoride) (PVDF) binder were mixed in a mass ratio of
8:1:1 and homogenized in N-Methyl-2-pyrrolidone (NMP) to form slurries.  The
homogenous slurries were coated on Cu foil substrates and dried at 100 °C for 30 min under
vacuum. As formed electrodes were then pressed at a pressure of 2 MPa and further dried
under vacuum at 100 °C for another 12 h. The mass loading was controlled to be 1.5~2 mg
cm™ on each current collector. The electrode loadings corresponded to active layers with

thickness of 15-20 um and density of ~1.1 g cm™ according to the mass loading.

4.4 Single-Electrode test (half-cell)

To test electrodes, 2032-type coin cells were assembled in the glovebox, using Celgard

2500 membrane as the separator. Lithium discs were used as both the counter and the
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reference electrodes and 1 M LiPFg in a 1:1 (w/w) mixture of ethylene carbonate and diethyl
carbonate was used as the electrolyte. The CV and galvanostatic charge/discharge
measurements were performed on a Bio-Logic VMP3 electrochemical workstation at
different scan rates (0.5-20 mV s™) or C-rates (0.25-200C) in a voltage range between 3.0 and
1.0 V (vs. Li/Li*). EIS tests were carried out on a Solartron 1860/1287 Electrochemical

Interface.

4.5 Material and Electrode Characterization

The x-ray diffraction measurements were taken on Panalytical X'Pert Pro x-ray powder
diffractometer using the copper Ka radiation (A=1.54 A). Nitrogen sorption isotherms were
measured at 77 K with a Micromeritics ASAP 2020 analyzer. The samples were degassed in
vacuum at 200 °C for three hours. The specific surface areas (Sget) were calculated by the
Brunauer-Emmett-Teller (BET) method using adsorption branch in a relative pressure range
from 0.04 to 0.25. The pore size distributions were derived from the adsorption branches of
isotherms using the Barrett-Joyner-Halenda (BJH) model. Scanning electron microscopy
(SEM) experiments were conducted on a JEOL JSM-6700 FE-SEM. Transmission electron

microscopy (TEM) experiments were conducted on a Philips CM120 operated at 120 kV.
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4.6 Assembly of Asymmeric Supercapacitors

To assess actual capacitive devices application, we assembled asymmetric
supercapacitors using the NC/CNT composite as the anode and a commercial activated
carbon electrode (with a typical thickness of 80 pum) as the cathode. In such asymmetric
devices, the charging process involves lithium ions insertion into the anode and
hexafluorophosphate anions absorption onto the carbon cathode. Lithium extraction and
hexafluorophosphate anions desorption occur on the anode and cathode, respectively, during
a discharge process. Moreover, according to the operation potential windows of anode (1-3
V vs. Li/Li*) and cathode (3-4 V Li/Li"), such devices possess a maximum cell potential of 3
V, which is higher than that of typical EDLCs (2.3-2.7 V). Thus higher device energy
density can be achieved. The overall cell capacitance was calculated based on the total mass
of cathode and anode active materials. The power density is calculated based on the average
power for each charge/discharge. From the internal resistance (iR drop) of the devices, a
maximum power density was calculated to be 120 kW kg™. Moreover, the time constant (t
= RC) was calculated to be ~0.11 s, which is significantly lower than many conventional

carbon-based supercapacitors (~1 s), further confirming the high rate capability.
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5. Supporting Materials
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Figure 10.6 (A) Size distribution of the TiO, NCs, (B) A photograph of TiO,-toluene solution

containing 5 wt-% of TiO, NCs in a glass vial.
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Figure 10.7 Nitrogen adsorption isotherms of CNTs.
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Figure 10.8 Galvanostaic charge/discharge curves of TiO,/CNT-AC asymmetric
supercapacitors from 1.0-3.0 V at different current densities in 1 M LiPFg in EC/DMC (a-e: 1,

2,6, 10, 15A g™, the current density is based on the mass of TiOo/CNT electrode).

The analysis of capacitive charge storage:
The total charge storage (qr) of the electrode materials was separated into two parts:
capacitive charge (gs) and diffusion controlled charge (qq):

g7 = Qs + Qg (2)
Due to its faster Kinetics feature, gs can be correlated with EDL capacitance and
pseudocapacitance, while gq mainly depends on the slower diffusion process. Therefore,

electrodes presenting a large fraction of gs in the total capacity could exhibit a high rate
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capability. Assuming semi-infinite linear diffusion, within a reasonable range of charging

rates, gs can be derived by plotting the total charge gr against the square root of the charging

time (t) and extrapolating t to zero, according to the following equation (Figure S4):

gr = gs + ot )

Deviation from the linearity of such a plot at very high charging rates is indicative of

polarization effects that could be ignored in the above equation.
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Chapter 11: Conclusion

Energy storage performance of current batteries and ECs are constrained by poor
material properties. The work in this dissertation is to address the limitation of current
energy storage materials by rational structure designs according to well-recognized principles
and criteria. The overall research strategy is to design and fabricate multifunctional
architectures by integrating distinct material structures and properties to create a new family
of high-performance energy materials with desired performance.

Different types of energy storage architectures were investigated and compared with
conventional structures to demonstrate such design concepts. First, hierarchically porous
carbon particles with graphitized structures were designed and synthesized with an efficient
aerosol-spray process. By comparison with commercially available activated carbon and
CNTs, it was found that hierarchical pore architecture is important for providing high surface
area and fast ion transport, which leads to high capacitance and high power EDLC materials.
Secondly, MnO,/mesoporous carbon nanocomposites were designed. MnO, layers with
different thicknesses were deposited on mesoporous carbon scaffolds with hierarchical pore
structure and the charge storage performance of the composites was correlated to MnO, layer

thickness. It was determined that a suitable thickness is critical to ensure good electronic
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conductivity, electrolyte diffusion and high capacitance. Thirdly, interpenetrating oxide

nanowire/CNT network structures were designed and fabricated by an in situ hydrothermal

reaction. The composition, CNT length, pore structure, V,Os structure, electrode thickness

and architecture are critical factors. Synergistic effects obtained between V,0s nanowires

and CNTs resulted in an optimal composition with the highest storage performance. Long

CNTs led to robust flexible electrodes, while a hierarchical V,0s structure enabled storage of

both lithium and sodium ions at high rate. Thus, electrode architectures can be engineered

and led to high-rate, thick electrodes for bulk energy storage. Last, various architectures

obtained through integrating nanocrystals and CNTs were designed and fabricated using

ultrafine TiO, nanocrystals as a model system. Electrodes were fabricated by directly

coating thin film TiO, on conductive Indium-Tin-Oxide (ITO) glass, by conformably coating

nanocrystals on pre-formed CNT papers, or by solvation induced assembly between

nanocrystals and CNTs. It was demonstrated that thick electrodes with high charge capacity,

high rate performance and cycling stability rely on functional architecture that simultaneously

provides high electronic conductivity, easy ion diffusion, abundant surface actives sites and

robust structure and interfaces.

The general conclusion derived from these studies is that the energy storage performance
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of electrode materials can be significantly improved by constructing rational architectures

that provide effective ion diffusion, good electronic conductivity, fast electrode reaction,

robust structure and a stable interface, which normally cannot be obtained with conventional

materials. This strategy also can be extended to other devices, such as batteries and fuel

cells, providing a general design platform for high performance energy materials. Further

exploration in this research direction will ultimately lead to high energy, high power, and long

life energy storage devices for many applications, including portable electronics, EVs and

grid-scale energy storage.
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