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Abstract

The major objective of this work is to design nanostructured and nanoporous materials
targeting the special needs of the energy storage and sensing fields. Nanostructured and
nanoporous materials are increasingly finding applications in many fields, imglud
electrical energy storage and explosive sensing. The advancement of energy storage
devices is important to the development of three fields that have strong effects on human
society: renewable energy, transportation, and portable devices. More sengtogve
sensors will help to prevent terrorism activities and boost national security.

Hierarchically porous LiFePQLFP)/C composites were prepared using a surfactant
and colloidal crystals as dual templates. The surfactant serves as the template for
mesopores and polymeric colloidal spheres serve as the template for macropores. The
confinement of the surfactabh&P-carbon precursor in the colloidal templates is crucial to
suppress the fast crystallization of LFP and helps to maintain the orderetdrstrThe
obtained composites with high surface areas and ordered porous structure showed excellent
rate performance when used as cathode materials for LIBs, which will allow them to be
used as a power source for EVs and HEVs. The synthesis of LiFeP@hree
dimensionally confined spaces within the colloidal template resulted in the formation of
spherical particles. Densely packed LiFeRPheres in a carbon matrix were obtained by
spincasting the LFRarbon precursor on a quartz substrate and therypirg it. The
product showed high capacity and could be charged /discharged with very little capacity

fading over many cycles.

Threedimensionally ordered mesoporous carbons were prepared fromsizado
silica sphere colloidal crystal templates. Theséenms with very high surface areas and
ordered porous structure showed high capacitance and excellent rate capability when used
as electrodes for supercapacitors.

Mesoporous silica thin films of different morphologies, including disordered
(wormlike), 2D-hexagonal, 3Enexagonal, and cubic structure, were prepared. The films
were then doped or bridged with fluorescence compounds and used as sensors for
nitroaromatic compounds. The sensor performance depended on both the film structure and

the mode of fluasphore attachment. The best films showed high quenching rates and were



stable during long time storage. The films can potentially be incorporated in portable

sensing devices. (351 words)
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1.1 Electrical Energy Storage

Electrical energy storage is unarguably a great challenge in thee?tury. The
advancement of electrical energy storage devices is urgently needed to support the
development of renewdsbenergy sourcesGreen, sustainable energy sources have been
attracting intense interest in response to the-exw@easing energy demands due to
population explosion and economic development, which have long been supported with
limited fossil fuels. Solar, wind, hydroeleic, and geothermal power are the most
promising alternative energy sources. These resources are widely available but variable in
time and diffuse in space, so they require efficient energy storage methods to guarantee the
availability of energy when nded. Electrical energy is an ideal form of energy for storage,
as it can be efficiently transmitted over long distances to generate work at the demand
points. Electrical energy is also considered greener than fossil fuels and chemical energy,
because it aabe stored and used without gaseous exhausts. The gaseous emissions from
burning fossil fuels are known to cause environmental pollution and the greenhouse effect.

In efforts to reduce C®emissions from vehicles, pltig hybrid electric vehicles
(PHEV) and electric vehicles (EVs) have been attracting intense interest recently. The
vehicles require light weight, high energy density, and high power density electrical storage
devices that can store more charge and operate at higher rates than all ofethigy cur
available technologies®

The portable device market, which has been prosperous since the introduction of
lithium ion batteries (LIB), also needs power sources with smaller sizes and higher energy
densities. This is crucial indoa y 6 s i narithomoloi@ gocietynwhere miniaturized
but powerful devices are preferred. The advancement of electrical energy storage devices
will clearly benefit the development of the three fields that have strong effects on human
society: renewablenergy, transportation, and portable devites.

Electricity can be stored in electrical eneggrage devices such as teates and

supercapacitors. The two devices share many structural similarities but are quite different



in their performance. Batteries are able to store a large amount of energy but suffer from
slow power delivery, whereas supercapacitors can provideshegtfic power but can only

store a limited amount of energ¥he differences between them are due to the mechanism
by which charge is stored and delivered in these systems. Batteries store charge in the bulk
material, whereas supercapacitors store charge only on the electrode surfaces via ion
adsorption(electrical double layer capacitor (EDLC)) or fast redox reactions (pseudo
capacitor). In this thesis, lithium ion batteries (LIB) and EDLC are topics of interest, and
the subsequent discussion will focus on these systems. Supercapacitors can quasidy rele
stored energy simply by replacing the surfadsorbed ions with counter ions from the
electrolyte. On the other hand, the charge transfer process in a battery is usually coupled
with structural changes of the cathode and the anode materials, wimabhsslower than

the ion adsorption/desorption steps in supercapacitors. The performance of current
batteries and supercapacitors is shown in the Ragone plot of energy density vs. power

density together with the performance of conventional capacitorsughadlls (Figure
1.1).
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Figure 1.1 Comparison of specific power and specific energy of electrical energy storage devices.

According to Figure 1.1, power densities need to be improved for batteries and
energy densities for supercapacitors to meet future requirements. Unfortunately, these
needs are not achievable with conventional migiae electrode materials, which have
reached their performance limits and have shown few significant breakthroughs over the
last decade. As the performance of these electrochemical energy storage devices ultimately

depends on materials properties, numerous efforts have been devoted to img steyat
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electrode materials. In recent years, nanostructured materials have attracted great interest
because of their unusual mechanical, optical, and electrical properties that are not found in
the counterparts made from micrsize particle$® These novel properties were resulted

from confining the dimensions of the materials and from the enhanced suurfedieme

ratio of the nano particles. In this thesis, several nanostructured cathode materials for
lithium-ion battery and nanoporous carbdor EDLC will be investigated. Related to these
discussions, Chapters 2, 3, and 4 will be devoted to nanostructured cathode materials for
LIBs with high rate capabilities. Chapter 5 is the study of hierarchical porous carbons with
ordered mesopores-@ nm) and microporous walls as high energy density and high
power density electrode materials for supercapacitors. However, before addressing specific
electrochemical systems, this chapter aims to cover some basic background information on
LIBs and EDLCs,le current active trends of research in the electrical energy storage field,
and how nanostructured and nanoporous materials can help to achieve the goals in these
fields.

1.1.1 Lithium-ion Batteries

Since they were first commercialized about twenty yages rechargeable lithition
batteries (LIBs) have become ubiquitous power sources for portable devices used in a wide
range of consumer, health, and military applications. They are now beginning to enter the
market in the transportation sector, and limad leveling and largecale storage of
electrical energy from alternative power sources, such as wind and solar energy. Batteries
based on the [LiLi redox couple are attractive for high voltage and high capacity
applications, lithium being the most diepositive metal3.04 V vs. a standard hydrogen
electrode) and having a very low atomic mass. Over two decades of deveiopatien
capacities have slowly improved, but the main components, including cathode and anode
materials, have not changed sigeatntly. A typical modern LIB cell consists of a cathode
made from a lithiumintercalated layered oxide (e.g., LiCQOLIiNixCo01.xO2, or
LiNixMnyCorxyO2) and a graphite anode with an organic electrolyte. The battery operates
foll owi ng a fcep witkanmiyal ahdrging step, durirmgrvhich lithium ions
are extracted from LiIM@(M = Co, Ni, Mn) and intercalate into graphite, and a subsequent
discharging step, during which lithium ions deintercalate from the graphite particles and



are reintrodued into the layered LkMO- structure’ Both electrodes are composed of
micrometersized active particles, mixed with conductive carbon particles to lower the
electrical resistance of the electrodes, and held together by a binder phase. Each cell can
be discharged and recharged for many ycks long as the cathode and anode do not
undergo significant structural changes.

Numerous applications are now putting increased demands on electrical energy storage
devices, calling for higher specific capacities and faster rate performhahoese
requirements are particularly important for electric vehicles (EVs) andiplihgbrid
electric vehicles (HEVS), where energy storage devices must supply sufficient power to
accelerate a Vecle quickly and recover energy during braking. Future portable devices
with smaller sizes but more powerful performance will need batteries with much higher
energy densities that currently available LIB technologies based on graphite anodes and
LiCoO2 or LiMn 204 cathodes would not be able to supply. In transportation applications,
shorter recharge times would increase the consumer acceptance rate of EV and HEV
technology. Improved energy densities and rate performance are also required for devices
storingcharge from renewable energy sources, such as solar and wind energy, which are
seasonal and intermittent.

For LIBs, nanostructured electrodes have many advantages compared togizieron
electrode materials, some of which are listed below:

1 Short pathlengths for electronic transport and® Ldiffusion permitting
operation with low electronic/ionic conductivity and high power

1 Higher electrode/electrolyte contact area leading to higher rate performance
Allow new reactions that are not possible with bulitenials
Better accommodation for volume changes during the cycling, especially
useful for alloy anodes (Sn, Sp@nd Si)

High cost, slow rate performance, and safety are the three biggest obstructions that
prevent current LIB technology from being apgdlie PHEV and EV fields. Considering
the fast advancements of nanotechnology in understanding properties and methods to
fabricate nanosized objects, nanostructured materials are the golden key to solve these

problems. The higher power density of nanostmed electrode materials can be



2
understood via the equatiarn,, ~ o whereteqis the characteristic time for lithium ions

to diffuse through an electrode materiais the diffusion length, anB is the diffusion
coefficient!® The lithium ion diffusion time, the most important factor high rate LIBs,

can either be reduced by increasing the diffusion coefficient (by synthesizing bétter Li
conductors) or by decreasing the diffusion length (by using electrode components with
nanometer dimensions). The latter approach avoids changes in the battery chemistry, has a
larger impact on the diffusion time because of the square relationship, atiteteisre
attracted the attention of many researchers in recent years. It is worth noting that there are
also a number of disadvantages of using reimed electrode materials. namely, a higher

rate of side reactions due to high contacting surface agdaesdn electrode and electrolyte
leading to poor cycling, less efficient packing leading to lower volumetric energy density,
and more costly and difficult syntheses.

A nanoporous material is a special case of nanostructured materials, in which pores
(normally < 100 nm) are deliberately introduced into the bulk materials to obtain systems
with nanaesized walls and preferably interconnected pores. Besides the advantages and
disadvantages of nanostructured materials, porous materials offer importaris fenef
electrical energy storage systems, including batteries and supercapacitors. Some of the
most important features are listed below:

1 Pores provide good access of the electrolyte to the electrode surface.

1 The surface area in a porous material istinadly large, thereby facilitating
charge transfer across the electrode/electrolyte interface.

1 The walls of active material surrounding the pores can be very thin (nanometers
to tens of nanometers), reducing path lengths for ion diffusion.

1 The small feaire sizes permit increased utilization of active material (more
utilized volume, deeper cycling), so that specific capacities can be increased,
particularly at high charge/discharge rates.

1 The walls and pores in a porous electrode can be bicontinuouspyhe
providing continuous transport paths through the active phase (walls) and the

electrolyte phase (pores).



Despite the porosity, the volumetric capacity of some porous electrodes may be
increased compared to packed nanoparticles.

The nanosized featwsen a porous solid are available within a material that has
larger dimensions and can therefore be handled and processed more easily than
discrete nanoparticles.

In some cases, less or no binder is needed to hold the active phase together.
The void spaes separating particles of active material can help to constrain
growth of active material during cycling.

In nanosized particles, irreversible phase transformations that occur in
microcrystalline anodes can be suppressed. Such particles are therd#are bet
able to accommodate volume changes due to first order phase changes during
cycling.

It is also possible to synthesize porous composite electrodes in which a
supporting structure stabilizes active components with short cycle lives (e.qg.,
components thalisintegrate due to large volume changes during cycles).

Porous composites can incorporate a secondary conductive phase to improve
conductivity and high rate capacities of active phases with low intrinsic
conductivity. Inclusion of the conductive phaskminates or reduces the

amount of conductive carbon additive needed in the final electrode.

At this point, porous carbon materials are among the most prominent porous electrode

materials, being found in capacitdtsand different battery systems (lithiion, lithium-

air, and lithiumsulfur batteries), where they help to enhance the system performance when

high power or high current rates are required. However, other porous materials, such

as metal oxides, metahpsphates, metals, alloys, and composites have been investigated

as electrodes, solid electrolytes, or current collector materials over the past years for both

capacitor and battery applications.

1.1.2 Supercapacitors

An electrochemical capacitor, also called supercapacitor is able to store a several

orders of magnitude higher charge than a conventional capacitor at the electrode/electrolyte
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interface, primarily in high surface area carbons. Even though the prinaplel¢atrical

energy can be stored in a charged capacitor was known since 1745, it was not considered
for practical purposes until 1957 in the patent granted to BécRére reason is the very
limited amount of energy that a conventional capacitor consisting of two metal plates can
store. Becker, however, built a télom two porous carbon electrodes immersed in an
agueous electrolyte, which showed capacitance values three to four orders of magnitude
higher than conventional capacitdfsThe hidh capacitance was attributed to the high
surface area of the porous carbon electrodes that are able to store more charge and therefore
higher energy content in the double layer at the electrode/electrolyte interface. The cell
design was not practical, aitdvas never commercialized since both electrodes needed to
be immersed in a container of electrolyte, which was known to have leaking problems as
in a flooded battery. Becker's work was appreciated by researchers at Standard Oil
Company of Ohio (SOHIO)ptwhom the invention of the device in the today's format can

be attributed and who pioneered an industry with sales worth several hundred million
dollars per yeat’

EDLC electrodes are usually made of high surface area, well conducting materials
swch as activated carbons. During the charging process, the anions of electrolytes move
toward the positive surface of EDLCs and absorb on the electrode surface, whereas cations
are accumulated on the surface of the negative electrode (Figure 1.2). Bheaiséace
charge accumulations do not cause chemical or structural changes of the electrodes, EDLCs
usually have extremely long cycle lives (up td t@cles). The excellent cycle life and
reasonably high capacitance have enabled applications of EDLj@stable electronic
devices, memory baekp systems for computers, other electronic devices, and particularly,
low emission hybrid electric vehicles (HEVS)However, due to the limited energy
density, EDLCs are commonly coupled with primary hégtergy batteries or fuel cells to

serve as a temporary energy storage device with a high power capability.
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Figure 1.2 Scheme of an EDLC based on porous electrode materials

The capacitancenergy density, and power capacity of the electrode can be calculated
using the formulas:
-- 0 P ;W@
0O -ow v -
Q C TY
where C, E, P are the capacitanceyisteener gy,
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el ectrol yt e ddisthe dielectricicanstantoftre vaguur, this dfective
thickness of the double layer, A is the electrode surface area, V is the working voltage, and
R is the resistance of the cell. To increase the capaeitaime can either increase the
electrode surface area (replacing metal plates with porous materials) or decrease the
effective thickness of the double layer (using electrolyte with smaller ions). This explains
why activated carbons with very high surfaaeea, low cost, and reasonably good
conductivity have been used predominantly in EDLCs. The energy density and power
density of EDLCs can be improved by using electrodes with good conductivity and
electrolytes with larger potential windows. In fact, uiilg norraqueous electrolytes with
larger working potentials is a more effective way to improve the performance of EDLCs,
since both energy density and power density of EDLCs are exponentially increased with
the working potential. Nanostructured electrodetenals can benefit the advancement of
supercapacitor technologi€s??> To improve both energy density and power density,
electrode materials with optimizgmbre size, pore structure, casurface properties are
required. This will overcome the limited accessibility of electrolyte into isolated pores and
micropores, which is normally found a problematic characteristic of activated carbons.
Also, because recent research has revealed anashalbigh capacitance values in

materials containing mostly sutanometer pores;2¢ it is necessary to develop synthesis



methods with more control over the dispersity of the pores and carry out theoretical studies
to have a better understanding of this phenomenon. Nonetheless, microporous materials
may have limited power capiiity because of the limited accessibility of the small pores.

In this aspect, hierarchically porous materials with microporous walls and ordered
mesoporous system can be a solutfohThe large surface areas from micropores and fast
electrolyte accessibility from ordered mesopores willlegsbetween energy capacity and
power performance. The research in this direction will be described in Chapter 5 of this
thesis with the synthesis of 3DOm carbon with different mesopore sizes.

1.2 Fluorescence Sensors for Nitroaromatic Compounds

Nitroaromatic compounds (NACs) are known to cause environmental pollution and
have severe effects on human he#tin addition, they are frequently employed as
explosives in terrorist activities all around the world. Therefore, detection and
guantification of NACs are of great importance in environmental pollution control and
clearrup, military operations, and homethsecurity. Fluorescence sensing is among the
most sensitive and cosffective detection methods, suitable for incorporation in portable
devices for offield testing?® The operation of fluorescentmsed sensors relies on the
guenching of a fluorophore via a photoinduced electron transfer mechanism. In this
process, the excited electrons of the flubiane do not return to the ground state but are
transferred to the lowest unoccupied molecular orbitals (LUMOSs) of the NAC analytes
through noremitting processes (Figure 138)Because NACs are electroleficient
compounds, electrench fluorophores are usually used to facilitate the electron transfer

process between the fluorophore and the quencher.
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Figure 1.3 General mechanism for the detection of NACs using fluorescent comp8unds.

To date, most work on fluorescence sensors for NACs has focused on conjugated
polymers (CPs), utilizing their ability to amplify the sensing signalréeponse to
interactions with NACSY3’ The sensing performance of CP films was found to depend
strongly on the thickness and the organization of the polymer chains inside thé films.
Therefore, porous, thin films of CPstwihigh analyte diffusivity are preferred. However,
photobleaching of thin CP films limits their usable lifetimes. In addition, because of the
low quantum vyield, relatively thick CP films are usually required to create measurable
fluorescence intensity. hiitations of thick CP films include poor molecular organization
with weak intermolecular interactions that result in slow sensing times.

Small fluorescence molecules offer another effective way to detect NACs at lower cost
and with simpler syntheses coampd to CPs. Differences between polyibased and
smaltmoleculebased detection include the physical mechanism of fluorophore quenching
and the absence of excitation migration in the small molecules. However, the greatest
advantage of using a smdlliorophore sensor is the ability to incorporate the fluorophore
in a matrix that can enhance binding and/or introduce excitation migration. In addition, the
matrix can protect the fluorophore from photobleaching and excimer forniafion.

Mesoporous silica is an ideal host for carrying fluorescence compounds because of its
large surface area and its excelldrermal, chemical, and mechanical stability. Chapter 6
describes the fabrication of several kinds of mesoporous silica films and their use in a
guenching study with DNT in the gas phase. The amphiphilic surfactant P123 was used not

only as a template fahe formation of mesopores but also to improve the binding of DNT
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to the film. Two types of surfactaifitte mesoporous silica films were prepared, including
fluorophoreimpregnated fluorophorbridged films. The quenching performances of these

films werefound to depend on both the structures and the components of the films.

1.3 Preparation of Nanostructured and Nanoporous Materials

1.3.1 Nanoporous Materials

Porous materials can be classified based on their pore sizes (micropores < 2 nm,
mesopores i50 nm, and macropores > 50 nm), their morphologies (ordered anrd non
ordered), and methods of their synthesis (templated anetengpated). One also
distinguishes between "textural” porosity (voids created by the packing of particles), and
"true” or "integral porosity (from pores that are an integral part of a continuous solid
framework). The pore sizes in texturally porous materials are usually correlated to particle
sizes, whereas in materials with integral porosity they are independent of particle size. In
the following discussion of synthetic methods for porous solids, we will emphasize the
influence of the synthetic steps on the pore sizes, pore architecture, and dimensions of the
walls in the synthesis products, as these parameters influence the b&oicat and
optical properties of the materidfs.

1.3.1.1 Soft Templating of Mesoporous Materials.

Soft templating approaches toward porous electrodes typically involve surfactants as
structure directing agents (SDASs). The necessary chemistry has been well developed for
silica systems, where surfactantsedi the formation of mesoporous silicas with pore
diameters covering most of the mesopore size r&rf§eThe pore architecture of
surfactanttemplated materials can be controlled by the choice of surfactants, solvents, and
synthesis conditions. It includeissordered mesopores as well as ordered mesopores with
hexagonal, cubic, lamellar, or other symmetries. Syntheses are generally carried out in
agueous solution under hydrothermal or lower temperature conditions. Thecastited
mechanism for the formain of the mesophase under these conditions was proposed by
Stucky and ceworkers known as cooperative formation mechanism. According to Stucky,

the final mesophase is the 3D arrangement with lowest interface energy resulting from the
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interactions betweenligate species and surfactants. For systems with ionic surfactants,
the assembly process is governed by the matching of charge density at the
surfactant/inorganic species interfaces. For systems with nonionic surfactants, the
assembly process is driven Ilaglsorption and polymerization of silicate species on
surfactants, which reduce the polarity and the water content within micelles. The modified
micelles then undergo continuous transformations from spheroidal micelles into threadlike
micelles. Usingn situ *H NMR and TEM, Flodstrom et al. were able to observe the four
stages of the formation of mesophases in a system using nonionic surfactants, including
the adsorption of silicates on globular micelles, the association of globular micelles into
floes, theprecipitation of floes, and the micelheicelle coalescence. It is worth noting that

the formation of the final mesophase is susceptible to many factors such as pH, ionic
strength, hydrogen bonding, coordination bonds, and covalent bonds. Therefoee, in th
synthesis of mesoporous silica, all of the possible interactions between surfactants and

silicates must be considered and strictly controlled to obtain the targeted phase.

Hexagonal Mesoporous
Array Materials

-
- .~
S ’4"’/
=~ "4

‘@

Figure 1.4 Mechanism for the formation of mesophase using surfactants as SDAs. Path 1 involves pre

Surfactant Micelle Micellar Rod Composite

S,
Gy ©

arranged micelles formed from the surfactants and path 2 involves cooperative interactions between inorganic

species and surfactant molecules which influence the famat the liquid crystal phase®

Alternatively, nonaqueous solvent systems may be used. Particularly for thin film
formation, a process called evaporatioduced seHassembly (EISA) is widely
employed®® The syntheses usually start with inorganic precursors with low
polymerization degrees in volatile solvents. Upon solvent evaporation, inorganic
precursors further hydrolyze and créisk while surfactants form micelles and then liquid
crystal phases at very high concentration. Inorganic precursors assemble either with the
surfactant or around organized surfactant assemblies, forming mesostructured products

(Figure 1.4). Removal of theurfactant phase by extraction or calcination produces the
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mesoporous material. As described in Chapter 6, mesoporous silicas with different
mesostructures (2hexagonal, 3Ehexagonal, cubic, and wormlike) were synthesized via

the EISA pathway (Figure 1.8, B, C, D). The mesoporous silica films were then
doped/bridged with several phersidbstituted pyrene fluorescence compounds. The
composite films were used as sensors toward nitroaromatic compounds, which showed
excellent quenching rate and high resiseagain photobleaching. As shown in Chapter

7, mesoporous carbon spheres were synthesized through a hydrothermal reaction of PF sol
in the presence of F127 surfactant (Figure 1.5E). The mesoporous carbon spheres were
then used as spacers to keep grapHayers apart and the carbon spheres/graphene

composites can be used as supercapacitor materials.

Figure 15 TEM images of (A),(B),(C),(D) silica films with 2fexagonal, 3Ehexagonal, cubic and

wormlike mesopores; (E) mesopaois carbon spheres.

Various softtemplating processes have also been applied to the synthesis of mesoporous
carbons, oxides, phosphates, and metals suitable for LIB and EDLC electrodes. Low
molecular weight cationic @lkyltrimethylammonium) anionic (sodium nranky}1-
sulfonate), and nonionio¢taethylene glycol monohexadecyl ethenfactanthave been
employed to prepare mesoporous materials with relatively small mesopoigsri(@p*

8 A broader mesopersize distribution with a larger average mesopore diameter can be
obtained (87 nm) if a mixture of these cationic surfactants or longer alkyl chain surfactant
is usecP® Mesoporous materials with medium mesoporés$ (@n) can be obtained when

triblock-copolymer Pluronic surfaatts are useth:*?> When these higher molecular weight
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triblock-copolymer surfactants are used to prepare mesoporous electrodes, the mesopore
size depends ro the choice of the polymer surfactant and the particular materials
composition. Diblock copolymers of the KLE type (poly(ethyleoebutylene)block
poly(ethylene oxide) diblock copolymer) produce much larger mesopores and thicker
walls >® Mesoporous hematifeeOs films synthesized with a KLE surfactant by the EISA
method contained mesopores with diameters 6134 m and walls IA6 nm thick>® In

a synthesis of mesoporous titania doped with niobium toease the electrical
conductivity of titania, a KLE surfactant produced disordered mesopores with sizes in the
10i 20 nm rang&® Mesoporoud.isTisO12 (a "zeroestrain" anode material) wagnthesized

by templating with KLE and contained mesopores withvrage diameter of ~18 nm and

a nanocrystalline framework of phagere spinel nanoparticl€s.In the calcined
mesoporous materiahé nanocrystallites in the walls were 11~15 nm in size. The KLE
surfactant has the additional advantage of higher thermal stability than the Ptypanic
surfactants, allowing calcination conditions that result in more complete condensation of
the inorgaic component§? Another amphihilic diblock surfactant with high thermal
stability is polystyrend-polyethylene (P$-PEO). This surfactant was employed in the
synthesis of mesoporous Nb¥@hin film electrodes with wormlike porous networks
whose pore sizes and wall thicknesses could be tuned in the range from 15 to 100 nm,
depending on the molecular weight of the surfactaRartial crystallization of the walls

was possible before the pore structure collapsed dusttyisg of NbVQ crystallites.

1.3.1.2 Hard Templating.

Soft templating is a powerful method to prepare mesoporous materials with different
compositions and morphologies. However, it is sometimes difficult to obtain ordered
mesoporous materials with hightrystalline walls when the crystallization temperatures
of the inorganic phase are higher than the temperatures at which surfactants and block
copolymers are removed. Without support from the assembled surfactants during
crystallization, sintering of cstallites can eventually destroy the mesostructure. For those
systems, hard templates can be used whose rigid structures do not change through
interactions with a precursor, unlike the situation with soft templates. Hard templates

include preformed porousolids, anodic aluminum oxide (AAO) membranes, and
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assemblies of colloidal particles, such as silargpolymerbased colloidal crystals. When

hard templates are used, inorganic precursor solutions are infiltrated into the templates, and
then the composs are treated at high temperatures. During the heat treatment, the
precursor may undergo gelation and crystallization within the support of the template. After
the heat treatment, ideally the inorganic framework is strong enough to maintain the porous
structure, even when the template is removed. In the following sections, hard templating
to syntheses of porous electrodes for LIBs and EDLCs will be discussed. The main focus
will be on colloidal crystal templating as the technique is going to be used tlouis

thesis. Besides, nanocasting and hard templating in various biological templates and in
AAO membranes will be briefly reviewed as they are important methods to prepare

electrode materials for LIBs and EDLCs.

1.3.1.2.1 Colloidal crystal templatimy.

Colloidal crystal templating (CCT) is a versatile method to obtain porous materials with
well-ordered, interconnected pores of larger sizes (large mesopores and macféffores).
The general method is described in Figure 1.6. In this method, monodisperse spheres
(polymer spheres or silica spheres), are assembled intaligearrays, saalled colloidal
crystals. The void space between spheres is then infiltrated with a precursor solution for
the target electrode material. Thermal processing converts the precursor to a solid skeleton
that surrounds the templating spher€sal ci nati on i n air above
polymer sphere templates, such as polystyrene (PS) or poly(methylmethacrylate) (PMMA)
spheres. If pyrolysis is carried out in an inert atmosphere, polymeric templates and organic
precursor components are pdiyi@onverted into a carbon phase that coats the remaining
skeleton. Silica spheres may be removed by etching, e.g., with hydrofluoric acid solution.
As in the case of nanocasting from mesoporous silica, the final product of the CCT process
is an invertedreplica of the original colloidal crystal, i.e., an "inverse opal" or three
dimensionally ordered macroporous (3DOM) or mesoporous (3DOm) solid. The inverse
replica typically inherits the faeeentered cubicf¢c) symmetry of the templating sphere
array. The fcc macropore array is interconnected through windows where templating
spheres were in direct contact (i.e., at twelve points in an ideal and typical structure). As a
result, the cubic 3DOM structure is bicontinuous, with a continuous solid phaset{tiee a
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electrode material) and a continuous void space suitable for accommodating, for example,

an electrolyte solution.

S Precursor ¢ <) Template
Infiltration b v, Removal
— Y — .
4 ddy
<

Colloidal Crystal

Template 3DOM Materials

Figure 1.6 General method to prepare 3DOM electrode materials.

The pore sizes can be modified by adjustimg sizes of colloidal polymer spheres or
silica spheres. For large mesopores B20nm) and small macropores (280 nm), silica
spheres are the most suitable templates as they can be prepared in these sizes ranges with
relatively low polydispersity. Sitiazbased colloidal crystal templates are also
advantageous for electrode materials that require processing at high temperatures (above
ca. 600 eC) as the silica matrix | imits si
structure. For the pore sizarmge from ca. 102000 nm, polymer spheres are often
preferred because they can easily be synthesized in higher yield than uniform silica spheres,
also with low polydispersity. Removal of polymeric templates does not require an
additional etching step. Haaver, larger shrinkage is observed with polymeric templates,
so that the final pore spacing is oftern 20% smaller than the repeat distance between the
templating spheres. Although templating spheres with greater polydispersity may also be
employed in thé type of hard templating, they will not produce periodic structures.
Therefore, a high degree of interconnectedness between pores and low pore tortuosity are
not guaranteed in those cases.

Besides the pore architecture, an important consideration fougpetectrodes is the
wall structure. The morphologies of the walls, their crystallinity, and surface texture can
be controlled by changing the conditions for template removal. Typically, removing the
templates at low temperatures or through etching (soluteatment) yields amorphous
walls, whereas removing them at high temperatures produces crystalline samples in many
cases. For crystaline 3DOM materials, the macropore walls are composed of

interconnected crystallites. The crystallite size depends ernthtarmal history of the
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material. In general, crystallites have dimensions of a few nanometers to a few tens of
nanometers and overall wall thicknesses are tens of nanometers, being thinner at the narrow
struts and thicker at the vertices (replicas ofat&hedral and tetrahedral holes in the fcc
colloidal crystal). This provides short diffusion paths for lithium ions through these walls,
similar to the situation for discrete nanopatrticles, but in a macroscopic material that can be
more easily handled #m nanoparticles.

Some of the earliest works on 3DOM metal oxide electrode materials werglan V
and LiNiQ..5°% Dunn and coworkers fabricated a 3DOMO¢ aerogel cathode oma
indium tin oxidecoated substrate using polystyrene spheres (1 um in diameter) assembled
into anfccarray as templates. The 3DOM aerelijat product containe800 nmdiameter
macropores and ~150 nthick mesoporous walls composed 0bO¢ ribbons with
nanometer dimension¥an et al. developed templated syntheses for different 3DOM
electrode materials, including cathode mateffatseherbinaitedypeV20s and LiNiO,) and
an anode material (Cassitertige SnQ).%” All the samples showed periodic structures
with uniform pores, open windows, and interconnected walls, although, the morphologies
of 3DOM SnQ and LiNiO, depended strongly on the calcination temperatures. At higher
tempeatures, the windows became smaller and the walls became rougher due to grain
growth and sintering effects. In the case of LiNie periodic 3DOM structure was lost
when the material was calcined at a temperature of 650 °C or higher, but an inteembnnect
pore structure was still maintained.

Although the general steps of the synthesis of 3DOM electrodes are conceptually
simple, details in the precursor chemistry, solvents, and template surface chemistry greatly
influence the product structures and pmtips. A recent example demonstrating the
importance of precursor chemistry relates to 3DOM Li®F8 In this system, a templated
structure could be obtained from an ethanolic manganese nitrate precursor solution but not
from a manganese acetate solution in a water/ethanol mixture. Similar precursor effects
had been recognized earlier for general synhede3aDOM materials employing salt
precursor$? Important considerations include the ability of the precursor to wet the
template so that the templatedfully infiltrated, the achievable precursor concentration
which influences the solid filling fraction, and the thermal decomposition/reaction

behavior of the precursor and the template. For polymeric templates, a skeletal structure
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must be sufficientlyvell developed before the template loses its structure. However, even

if some structural order is lost due to crystallite growth, the resulting electrode material
may still contain open, interconnected pores, as was observed in syntheses of macroporous
LiCoO: powders? In these syntheses, which employed a poly(methylmethacrylate)
template and a precursor containing lithium acetate/cobalt acetate mixtures, addition of
poly(ethylene glycol) or platinum modifiers permitted control over Lig€gfin sizes in

the wall skeleton.

Over the last decade, numerous other 3DOM electrodes have been synthesized by
colloidal crystal templating, including those composed of the cathode maltévialsOs,*
LiFePQ,’2 and FePQ,”® and the anode materials anatase 2Jf3¢ LisTisO12,”""8
CoFe0,,° and SnR# In addition, a 3DOM solid electrolyte of the composition
Li1sAlosTits(PQy)s (LATP) has been synthesiz8d.Variations of colloidal sphere
templating with lower dimensionality (2D films) have also been developed to prepare
porouselectrode structures. A 2D macroporous NiO film was prepared on a stainless steel
substrate by firselectrophoretically depositing a polystyrene sphere monolayer on the
conducting substrate and then anodically electrodepositing nickehyaipxide®?

Cal cination at 400 eC produced the macrop
electronic contact with the metallic substrate, permitting use of this electrodehigider

rate lithiation conditions.

1.3.1.2.2 Nanocasting.

A particularly versatile methodology for mesoporous electrodes that require high
temperature processing is called "nanocastifigf'ln the nanocasting process, nanoporous
molds with high thermal stability, such as mesoporous silica or mesoporous carbon, are
infiltrated with the precursor for the target electrode material. This precursor is then
concentrated in the pores via solvenagoration. Often multiple impregnation steps are
necessary to increase filling of the void space in the porous $fSIf¥facuumassisted
impregnatiofi® or the application of centrifugal forcésan also improve the extent of pore
filling and improve the periodicitpf the product structure. After thermal processing, the
template is removed: silica by extraction with HF or hot NaOH or KOH solutions, carbon
by combustion. The product is an inverted replica structure of the original hard template.
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Thus, molds with bicamuous pore/wall structures produce mesoporous replicas, whereas
templates with cylindrical mesopores in a 2D hexagonal arrangement produce nanowire
arrays, which are interconnected only if the template contains secondary pores between the
cylindrical poes.

The most commonly used hard templates for nanocasting of porous electrodes are the
mesoporous silica materials KB%% and SBA15 4% as both are easily synthesized and
contain mesopores that are large enough to accommodate precursor fluids for the target
electrode. Both of these structure types are templated in acidic media by the triblock
copolymer P123. For KFbB, n-butanol is includd as a catructuredirecting agent. KIT
6 has a welbrdered cubic mesopore structure wak8d symmetry, 4.5610 nm mesopores
(depending on synthesis parameters), addriin thick walls (Figure 1.7A). It is important
for the nanocasting process that KEBynthesized at hydrothermal treatment temperatures
>343 K contains pore channels that are well connected, allowing for complete infiltration
of the structure. SBAS5 contains a highly ordered 2D hexagonal mesopore structure with
pémsymmetry, large pose(4.6 11.4 nm, again depending on synthesis parameters), and
thick walls (3.16.4 nm) (Figure 1.7CY. Because the long PEO chains of the P123
surfactant can be inserted into the silica porksywprimary mesopores may be connected
by secondary tunnels, both micropores and small mesopores. These are responsible for

keeping nanowire arrays connected in nanocast replica structures, so that the latter are also

mesoporous.
A K6
Infiltration of Template
precursor removal
Template
C
Infiltration of Template
precursor removal
2X¢)
M eeo 7
@0
SBA-15

Figure 1.7 Nanocasting of mesoporous electrode materials. (A) A scheme illustrating the nanocasting
process in mesoporous silica K6l with a doublegyroid, cubic mesopore structure. The white areas

represent mesopores, and the areas shaded in grey representalghasie. Dark areas correspond to the
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precursor in the composite and to the final solid phase after template removal. (B) TEM image of mesoporous
anatase Ti@ nanocast from KI36.°¢ (C) The nanocasting process in mesoporous silica-$8Avith 2D
hexagonal mesopore stture® In the final replica, nanowires may be interconnected by small struts
resulting from secondary pores. (D) TEM image of mesoporod 1&inowire arrays thavere nanocast

from SBA-15% Reproduced with permissiéf®°7” Copyright 2010, WileyvVCH.8¢ Copyright 2006, Wiley

VCH.® Copyright 2008, American Chemical Society.

Mesoporous electrodes with numerous compositions have been synthesized by hard
templating with KIT6, including the cathode materials=MnO, (tetragonal rutile
structure’®1% LiFePQ (olivine structure}?! and Li+xMn2-«xO4 (Spinel structure)?? as
well as the anode material3,0s,°%1% C0304,881%* anatase TiQ% rutile TiO,,1% NiO, 2,

SnQ,1% W03, and MoQ.1%8 In some of these examples (e.g., Sn@anocasting
methods produce mesoporous $Sn@ith higher crystallinity and more ordered
mesostructures than soft templating because the hard template protects particles from
excessive grain growth by sinterings discussed later, many of these electrodes
demonstrated superior rate capacity comparednesmonding electrodes prepared from

bulk particles. The replica structures typically exhibit similar order as the originabKIT
template and much higher surface areas than bulk particles. Several of the studies pointed
out complex pore structures in tpeoducts. For example, mesoporous W @mplated

from KIT-6 exhibited a bimodal mesopore size distribution (4 nm, ~20 nm paféx)r
mesoporas TiG; with ca. 6.5 nithick anatase walls, a trimodal pore size distribution was
found with peaks at 5 and 11 nm resulting from inverse replication of the silica template
and at 50 nm from interparticle voids (Figure 1.78).

In the cont&t of LIB electrode materials, nanocasting with SB& has been applied
to synthesize anatase and rutile 71€91°°Cr,03,*° LiFePQ,, 1% C0304,28 Si,°” and SnQ,1%®
where either discrete or connected mesoporous nanowire bundles were observed. As a
typical example, the mesoporous nanowires in the case of &e€ composed of
aggregated i® nm nanoparticle¥® A similar structure consisting of packed nanowires
was observed for esoporous Mo% nanocast from SBAS5 using phosphomolybdic acid
and treatment with $51° Although it is usually desirable to remove all of the silica
template from the electrode material because silica does not contribute to lithium ion

storage and is el@onically insulating, residual silica can provide some mechanical
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stabilization. For instance, in the case of mesoporous &maplated from SBAL5 by
meltinfiltration of SNnCp-2H.0, a small amount (6 wt%) of residual Sif@sulting from
incomplete etchrig was believed to prop up the Sighase!! As a result, the mesoporous
SnGwas structurally stable up to 700 eC.
Instead of using a mesoporous silica as a host, mesoporous canblo& impregnated
with active material without the need to remove this matrix. The carbon scaffold provides
a builtin conductive network and facilitates higher charge/discharge rates for the
nanocomposite. An example involves a mesoporous carbon nanagitenywith NiO%
The CMK-3 mesoporous carbon was itself prepared by nanocasting in mesoporous SBA
15 silica, using a sucrose/sulfuric acid solution as the prac@sbsequently, CMi3 was
heated in sulfuric acid and then impregnated with an aqueous solution containing nickel
nitrate and citric acid. The composite was heated in nitrogen, forming an intimate mixture
of mesoporous carbon and ~37 wt% NiO nanopartidiékile the mesopore volume
dropped to 10% of its original value, significant micropore volume remained in the

nanocomposite.

1.3.1.2.3 Nortemplated porous materials.

The main focus of this chapter is on porous electrode materials witicovetblled
pore sizes or architectures, which are best achieved by using templating methods. However,
numerous templatfee methods of obtaining porous electrodes are availegleding
electrodepositiod!® ultrasanication!'® intercalationt'* hydro- or solvothermal
synthese'$>11% and more While these tend to produce materials with broader pore size
distributions, some of the methods are simpler than those requiring templates, and they can
yield materials with features and critical dimensions that benefit the performance of an
electrode.

Aerogel syntheses are well suited to produce mesoporous materials. They have been
widely applied to vanadium oxide systerisOs:xH-O aerogels are synthesized by-sol
gel methods employing supercritical drying, freeze drying, or solvent exchange methods
to mantain open pores after solvent removal by minimizing damaging capillary
forces®®1!” The resulting structures are thwéienensional networks of a solid phase

surrounded by a continuous, random mesopore or macropore network. In typical vanadia
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systems, the solid phase consistsibbons composed of nanocrystalline nanoparticles
(1Gi 50 nm) whose crystalline phase and dimensions can be controlled through subsequent
annealing in various atmosphefésin these thermal treatments the atmosphere also
determines the oxidation statetbe vanadium oxide product. For example, the annealing

of V2Os:xHO aerogel s at 400 eC wunder hi gh wvac:
VO2(B); VsO13 was formed under Ar; and in air, the product wa®©aA!’ However,
sintering during thermal treatment can result in densification of the material and reduce the
surface areas and pore volumes. It is possible to incorporate conductive components like
singlewalled carbon nanotubes (SWNT) during the synthesiseoheroget®In the case

of a vanadia aerogel/SWNT composite, the SWNT formed ca. 10 nm diameter bundles
intertwined between 2B0 nm vanadia ribbons.h& two phases formed good electrical
contact while maintaining sufficient room for electrolyte access.

Several templatéree syntheses involving hydrothermal, solvothermal, or simple
hydrolysis reactions have been employed to produce mesoporous micresphererhe
spherical morpholgy facilitates higher packing densities in an assembled electrode than
individual nanoparticles. In most cases, the microspheres themselves consist of aggregates
of nanoparticles either throughout the microsphere or in a shell layer around a hollow core.
In either case, textural mesoporosity is present throughout the nanoparticle aggregates.

Carboncontaining precursors may be mixed in with the precursors for the target
electrode material to obtain hollow microsphef@$?! Depending on experimental
conditions, the carbeoontaining additives may lead to macroporous structures rather than
hollow spheres. In a synthesis laf{Ni13Co13Mn13)O2 from acetate precursors of the
metals dissolved in an aqueous solution that also contained resorcinol and formaldehyde,
RF polymer was interspersed throughout the electroactive pifa@@@ | ci nati on at
removed the polymer phase, leading to formation of disordered macropores surrounded by
50011000 nm diameter particles of Li(hMC013Mn13)O2. Although not menbned in the
publication, it is possible that the resorchimimaldehyde gel component helped achieve
compositional homogeneity in this multicomponent electrode material, similar to the role
of complexing agents in Pechityipe synthese¥® Irregular macropores were also
generated in an Sp®; electrode material where sucrose was added to the reaction mixture

before the hydrothermal synthe&t$.
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1.3.1.2.4 Electrode materials with hierarchical porosity.

Hierarchy in pore sizes permits better permeation of an electrolyte through a porous
electrode. Secondary mesopores within macropore walls further reduce ion diffusion paths
through the electrode. They increase the interfacial area between the eleatndlyte
electrode. They also provide a way of hosting active material, an electrically conductive
component, or a stabilizing material within the walls of a porous matrix while still
maintaining access for the electrolyte phase.

In general, hierarchical acroporousmesoporous materials can be produced either by
the introduction of macropores into mesoporous materials (e.g., by etching) or by the
introduction of mesopores into macroporous materials (e.g., by dual templating).
Depending on the approach, dtistribution of the pores may be random or ordered in the
porous substrates. If mass transport is the more important factor, it is preferable to have an
ordered, interconnected macropore system with additional mesopores introduced into the
walls. This is sually the case when electrolytes with ions having a small diffusion
coefficient or viscous solvents are used (ionic liquids or high molecular weight solvents).
An ordered, interconnected macropore system with low tortuosity facilitates electrolyte
diffusion in and out of the active materials. If mass transport is less important, then the
macropores can be randomly distributed in the mesoporous substrate, but now they only
function as inner reservoirs supplying electrolyte to the surrounding mesopores.

Seveal of the structures discussed above possess porosity on multiple length scales if
one considers textural mesoporosity between nanocrystals as one of the length scales.
However, it is possible to introduce hierarchical porosity with greater control over p
architecture by employing multiple hard and/or soft templates in a synthesis. The
procedures are similar to those used to prepare macroporous materials, except for the fact
that surfactants, supramolecules, or nanoparticles are added into the psdogi@ the
infiltration of the macropore templates.

3DOM Sn/Ni alloy films with complex hierarchical structure were fabricated by
depositing polystyrene spheres within photoresist patterns on a copper substrate, annealing
the spheres to stabilize thelloadal crystals, and electroplating a-8h alloy within the
colloidal crystals (Figure 1.8/AC).151%® The resulting ricro-patterned macroporous Sn
Ni alloy anode exhibited a high areal capga(.e., a high capacity per unit are@je areal
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discharge capacity increased with the open pore ratio of the photoresist substrate
(cylindrical pattern < square pattern < hexagonal patt&mgther interesting example of
patterning a potential eleotte material with hierarchical porosity involved -aipating of

a TiOx precursor/surfactant solution in lghographically patterned, microstructured

photopolymer resif?’
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Figure 1.8 Electrode structures with hierarchical poros{#)i (C) SEM images of patterned 3DOM -8

alloy films at various magnifications, showing the lithographic patterns and the colioydtditemplated
macropores.4 (D)F) Mesoporous titania nanotubes templated in an AAO memb#&¢iz) SEM image of
nanotube any. (E) TEM image showing the hexagonally ordered mesopore structure in the walls of the
hollow nanotubes. (F) Schematic diagram of the transport path of lithium ions and electrons in the
mesoporous titania nanotubes. Reproduced with permi¥$igh.Copyright 2010, Elsevier Ltd!?®
Copyright 2007, WileywCH.

Templating in anodic aluminum oxide (AAO) films or membrane filters is a well
developed technique to prepare nanotube structtitessluding those of interest for high
rate LIBs3013! This type of templating can be combined with surfactant templating to
obtain nanotubesontaining multiple pore sizes. Titania nanotubes with mesoporous walls
were grown within AAO membranes, employing an alkoxide precursor of titanium and the
P123 triblock copolymer as the structalieecting agent?® Hollow tubes were formed as
solvent evaporatedue to an affinity between the gel and the hydrophilic alumina walls,
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causing the gel to shrink in a direction perpendicular to the pore channels. After calcination,
the membrane was removed by dissolution in NaOH solution. Arrays ofaliggied
nanotules (~200 nm outer diameter) formed after treatment in supercritica(Figure

7Di F). Without the supercritical drying step, surface tension forces between nanotubes
caused the nanotubes to aggregate and entangle. The hierarchical pore structuesfacilitat
the distribution of the electrolyte through ca. 140 nm channels and ~7.5 nm mesopores,
leading to excellent high rate performance (150 mAh/g at 240C rate) and good cycle
performance.

The most common examples of hierarchical electrode templating witidedblcrystals
involve carbon systems, although some oxide materials with hierarchical pore structure,
such as F®3; have also been fabricated by this apprddéiCarbon structures can be
prepared by nanocasginvith hierarchically structured 3DOM/m silica prepared using both
surfactants and polymeric colloidal crystals (Figure 1.5$AThey can also be syrekized
by more direct methods, employing a colloidal crystal template with either a triconstituent
precursor (silicon alkoxide, resol, bleckpolymer surfactant, Figure 1.98)or a simpler
mixture of pheneformaldehyde with a bloekopolymer surfactarif® The last approach
avoids the use of caustic chemicals for silica etching and provides some control over the
mesopore geometry (2D hexagonal vs. cubasopoes surrounding macroporeghe
triconstituent method, on the other hand, produces the largest mesopores and provides a
bimodal mesopore size distribution in the carbon skeleton around the macropores. The
larger mesopores make the triconstituéetived orthe nanocast monoliths most suitable
for preparations of nanocomposite electrodes in which a precursor for active material is
imbibed in the carbon ho&t%1%” All three of these 3DOM/m carbon materials, when used
as monolithic electrodes in a lithium battery, provide improved rate capabilities compared

to 3DOM C hcking the templateshesopores
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Figure 1.9 TEM images of nanoporous carbon materials with hierarchical pore structure prepared by (A)
nanocasting®® (B) a triconstituent synthestd* Macropores arise from colloidal crystal templating.
Mesopores havevormlike geometries in (A) and (BYmage A reproduced with permissiéi.Copyright

2006, American Chemical Society.

1.4 Summary of Thesis Work

The fabrication of nanostructured and nanoporous materials for energy storage and sensing
applications is the basis of this thesis. Chapter 2 describes the preparation of hierarchically
porous LiIFeP@C composites by using an amphiphilic surfactant and colloryatals as

dual templates. The products feature highly ordered macropores and mesoporous walls, in
which the LiFeP®@phase is found mainly in the octahedral sites connected by the carbon
phase in the tetrahedral site. This special structure results thentonfinement of
LiFePQi-carbon precursor in the interstitial spaces between the colloidal spheres. The
obtained LiFeP@C composites have very high surface areas and good mass transport.
They showed very impressive rate performance when used as catatat@ls for LIBs.

The results of Chapter 2 are further expanded in Chapter 3, which describes the preparation
of submicron and microssized spherical LiFeP{particles by confining LiFeP{£carbon
precursors in a two dimensional space (i.e., a thin fillif)e product targets high
volumetric energy density LIBs since uniform spherical particles can generally be packed
with higher efficiency than randomlghaped particlesThe focus of Chapter 4 is on
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electrode materials for supercapacitors with highrggnand power densities. This could

be achieved with hierarchical porous carbons with ordered mesopores and microporous
walls. The challenges are not only the preparation of the carbonaceous materials but also
the fabrication of nansized colloidal templas. As described in this chapter,
monodisperse silica spheres with sizes ranging from 8 to 40 nm were successfully prepared
and used as templates for the preparation of ordered mesoporous carbons. The hierarchical
porous carbon materials were found topauform commercial activated carbon, as they
displayed high capacities and extremely high rate capabilities. Chapter 5 describes the
preparation of several ordered mesoporous silica thin films with different structures and
their use as host materials ftwdrescent compounds. The composite films are then used

as sensors to detect nitroaromatic compounds, and showed excellent quenching
performance and lortgrm storage stability.
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CHAPTER 2

3DOM/m LiFePO4/C Composites as Cathode Materials for

High Rate Performance Lithium lon Batteries
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2.1 Introduction

In recent years, much research on cathode materials for lithium ion batteries has
focused on LiFePf) because it has several advantageous features fowttmee energy
storage applications, e.g., in electric vehicles (EVs) and hybrid electric vehicles (HEVS).
Currently, most lithium ion batteries designed for portable devices use cathodes based on
LiCoOz, but this material is relatilyeexpensive and toxic compared to several alternative
cathode materials and presents safety concerns when the electrode is overcharged,
especially at high temperatures.Overcharging causes the collapse of the Li€oO
structure, which is accompanied by evolution of oxygen and the potential for an
explosion*® These drawbacks can be mitigated to some degree by using mixed metal
oxides (LINkCo1xO2 and LiMnNiyCorxyO2), but the high cost and environmental effects
of Co-based cathodes remain unavoidable. Unlike Ligaflivine LiFePQ and other
phosphatéased cathodes have strongdRcovalent bonds, which stabilize the structure,
preventing abrupt oxygen evolutidiBecause of the relative abundance of iron ores; iron
based cathodes are less costly thanc@Quaaining electrodes. Fudtmore, olivine
LiFePQ: has a reasonably high theoretical capacity (170 mA)kvith almost no capacity
fading even after a few hundred cycles. However, the low electronic conductivityo(10
101° S cm?),® and slow onalimensional lithium diffusia limit the high rate performance
of olivine LiFePQ.

To overcome the low electronic conductivity, LiFeRparticles are usually coated with
conductive agents (carbon, polymers, Rufd others) or doped with supervalent catibns.

° Chung et al. found that the conductivity of olivine LiFeRDped with Mg*, Al Ti**,

Zr**, Nb>*, or W+ was improved by up to eight orders of magnitb&ecently, Kang and
Ceder synthesized naisized LiFeP@coated with a thin layer of lithium phosphate, which
actel as a Li reservoir to direct Liinto theb andc directions of the unit cell, enhancing

the diffusion of Lt in the particle$. This cathode construction could be cycled at rates as
high as 400C (i.e., charged and recharged within a few seconds), which would be sufficient
for EV and HEV applications. However, it has still not been resolved, whether the high
rate performance wakie to carbon residues from an organic source or due to the formation

of other conductive phases, such as FePP.FEluang et al° prepared a LiFeP£C
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composite by mixing a LiFeP(precursor with a carbon gel, which inhibited the growth

of LiIFePQ particles when treated at high tenmgttere and acted as an electronic conductive
matrix in the final composite, giving the material high capacity and good life cycles (158
mA h g! at C/5 and 120 mA h-pat 5C rate). Konarova et Hi.prepared LiFeP@C
composites witldifferent amounts of carbon by ultrasonic spray pyrolysis followed by heat
treatment and found that with 1.87 wt% of carbon, the composite exhibited capacities of
140 mA h ¢ at C/10 and 84 mA h'pat 5C.

The slow lithium diffusion can be addressed legréasing particle dimensions to the
nanometer scale to reduce diffusion pd#i8. However, the surface chemistry of
nanoparticles is more complex than that of their microrrstexd analogues, and factors
such as the interconnectivity of particles, formation of a solid electrolyte interphase (SEI)
layer, nucleation and aggregation of particles during cycling stronfjsctathe
performance of the electrode. Gaberscek ét mported that at a lower rate (<1C), the
ratelimiting step depended on active particle sizes, while at higher rates, the rate
determining step depended on how the particles were wired. Therefore, a method to
synthesize wellvired LiFePQ nanoparticles would be interesting for high rate batteries.

Porous materials have been investigated as electrode materials for high rate lithium ion
batteries due to their nanomeséred features and high surface aredsch increase the
ion-exchange rates between electrolyte and active mat&tfalo-date, much of the work
on porous electrodes, particularly mesoporous ones, has focused on anode materials such
as C, Sn, Sng) TiO,, and their composites, the mesostructurewtath are fairly well
understood, and which have found applications in various fields including catalysis,
separation and adsorptié¥%2’ In contrast, work on mesoporous cathodes, mostly metal
oxides and metal phosphates, has been more limited until recently. The main reason for
this is that the electrochemical performance of cathodes tends to drevideth these are
highly crystalline; higher crystallinity requires higher temperature syntheses, which tend
to produce large grains that are incompatible with maintaining ordered mesopore
structureg®3°

Driven by the needs of the HEV market, a few recent studiesdddressed porous
cathodes, including cathodes with hierarchical pord&t§33 Doherty et aP*3® prepared

macroporous and mesoporous LiFePasing poly(methyl methacrylate) (PMMA)
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colloidal crystal and surfactant templates which showed that thepestermance of
mesoporous LiFePQis better than that of macroporous LiFeP@onfirming the
importance of a high surface area for improving rate capability. High surface area LiFePO
could also be obtained by using a mesoporous support. Wan¢f ptepared LiFeP@C
composites based on the mesoporous carbon -@BKvhile Doherty et &’ prepared
LiFePQ: inside hierarchically porous carbon synthesized from a porous silica template.
They obtained materials with capacities aghhas 118 mA h g at 10C for the material
built around the CMK13 support and 124 mA h'gat 5C when the hierarchical carbon
support was used. However, these approaches required separate synthesis steps for the
formation of the carbon host and the LiFeR@rbon composite phase and careful control
during infiltration of the inorganic precunsto ensure high loadings of the active phase.
Here we synthesized LiFeRf@arbon composites with hierarchical porosity by a
multiconstituent synthesi§2° in which all components (precursors for aamband
LiFePQ together with surfactant templates) were infiltrated into a colloidal crystal
template togethel® Additional heat treatment was applied to improve the dinkig and
polymerization of the precursor so that a robust, interconnected framework was formed
that surrounded the colloidal spheres. Slow ramping rates andstegtitemperature
programs wer@sed to transform the precursor into a solid and remove the template. This
procedure yielded an inverse opal or three dimensionally ordered macroporous and meso
/microporous (3DOM/nf} structure of the target materials. The synthesis of 3DOM/m
LiFePQJ/C composites is outlined in Figure 2.1. For colloidal spheres with58@0nm
diameters, structures were typically characterized by 800 nm pores connected byi50
100 nm windows and 260 nm thick walls. The surfactant templates were intended to
introduce additional mesopores into the walls. The fmittarbon phase wastimately
mixed with the electrochemically active LiFeP@hase, effectively wiring LiFePO
particles together in a loagnge ordered network. In this configuration, carbon bridges
enhanced the conductivity of the system and helped to maintain the ptrtmiigre during
cycling. Compared to conventional coating methods, in which microrazted LiFePQ
particles are covered with thin layers of carbon, the connectivity in the 3DOM/m

LiFePQ/C composite materials is better defined, surface areas are Emggrarticle sizes
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of the cathode phase are smaller. Therefore less polarization and improved rate

performance are expected.

\Qj Precursor ' , Aged 100°C 24 h
|nf||trat|on . . 140°C 24 h
b',"' T
¢ < Pyrolyze
o 600 - 700 °C
N

PMMA Colloidal . % 3DOM/m LiFePO /C
Crystal Template EReRR Compasits Composite )

Figure 2.1 Synthesis scheme for 3DOM/m LiFeRPO composite

2.2 Experimental Section

2.2.1Materials.

The demicals used in this study were obtained from the following soumoetstyl
methacrylate (MMA) monomer ( 9 9 %) , -azob&s(2r@ethyl propionamidine)
dihydrochloride(AMPD) initiator (97%), concentrated aqueousH@; solution (85 wt%)
from Aldrich; lithium perchlorate (99.0%), ethylene carbonate (>99.0%), dimethyl
carbonate (>99.0%) from FlukBgCb-4H-O (98%), LiCl (99.5%)phenol (ACSreagenk
and formaldehyde solution (37% aqueous solution) from Fisher ScieRlifignic F127
from BASF; hydrochloric ad (37%) from Malinckrodt Chemicalsindsodium carbonate
(anhydrous, 99.7%) from J.T. Baker. Deionized water was purified to a resistance higher
than 18Mq .

2.2.2 Poly(phenol formaldehyde) (PF) sol preparation.

Prepolymerized PF sol was prepared follogvian established methét Briefly,
phenol (61 g) was melted at 50 °C in a 500 mL round bottom flask using an oil bath. Under
constant string, 13.6 g NaOH aqueous solution (20 wt %) was added slowly to the melted
liquid over a period of 15 minutes. After that, 110.4 g aqueous formaldehyde solution (37
wt %) was added dropwise into the mixture. The solution was stirred at 500 rpm awd heate
at 70 °C for 1 h to increase the polymerization rate. The product was neutralized with 30

mL HCI (0.6 M), filtered to remove NacCl, and water was removed by vacuum evaporation
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at 50 °C overnight. The dried product was dissolved in 80 g ethanol to dimafi$ol,

which was stored under refrigeration.

2.2.3 PMMA sphere synthesis and assembly of colloidal crystal.

Polymeric colloidal crystal templates composed of 400 = 10 nm diameter PMMA
spheres were synthesized using an emuldifeer emulsionpolymerizatior> MMA
monomer400 mL) and deionized water (1600 mL) were added to a 3 infeed, round
bottom flask. The monomer solution was heated to 70 °C before the addition of initiator.
During heating, the solution was stirred and purged with nitrogen gas. When the
temperatue fluctuation was less than 0.2 °C, 1.50 g of the initiator-az@bis(2
methylpropionamidine) dihydrochloride dissolved in 25 mL of deionized water was added
to the flask. The solution turned milky white as MMA began to polymerize, forming a
colloidal suspension. When the reaction had finished, the milky solution was filtered
through glass wool to remove large agglomerates from the monodisperse sphere
suspension. Subsequently, the PMMA sphere suspension was poured into a crystallization
dish and was allged to sediment. Opalescent PMMA colloidal crystals were obtained
after the spheres settled and water was removed. The material was then broken with a
spatula into small pieces, and pieces with an approximate size of 1x1x0wkmrused
as the template®MMA sphere sizes were determined from scanning electron microscopy

(SEM) images, taking averages and standard deviations over ca. 200 spheres.

2.2.4 3DOM/m LiFePQO; preparation.

3DOM/m LiFePQ/C composites were prepared by a dual templating methodhiamw
the nonionic surfactant F127 (the poly(ethylene oxdy(propylene oxide)
poly(ethylene oxide) triblock copolymer PEEPPGoPEO) and PMMA colloidal
crystals were intended as templates for mesopores and macropores, respectively. All
synthesesvere carried out according to the following proceduresBIH2 g) was mixed
with 2 g aqueous HCI (0.2 M) in a 20 mL vial and stirred for 15 min. F127 surfactant (1 g)
was then added and stirred until a clear solution was obtained. #e¥88 g) and LiC
(0.435 g) were mixed and ground in a mortar, then transferred to the solution. At this point,

the color of the solution changed from light yellow to green. The vial was placed in a larger
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glass bottle under flowing nitrogen to avoid the oxidation of*.F€he mixture was
vigorously stirred until all the salts were dissolved (usudl¥/13 add 0.5 ml ethanol if the
solution is too viscous), then concentratedP@; (0.011 mol) was slowly added to the
solution, and the mixture was stirred overnight. Theepaf addition of each component

was crucial to maintain a clear, homogeneous precursor solution before and during
infiltration into the PMMA templates. In addition, the F127 surfactant was required to
prevent immediate complexation offfF@ith phenol graips in the PFol, which prevented
penetration of the colloidal templates. With F127, the precursor was stable as a
homogeneous solution for 24 h in air and up to 48 h in a nitrogen atmosphere. For template
infiltration, several pieces of PMMA colloidalygtal templates were placed upright in a

20 mL vial, and the precursor solution was slowly added until the template pieces were
partially immersed. The templates were infiltrated as a result of capillary forces. After 4 h,
the infiltrated pieces were remey from the solution, gently touched with KimWipés

paper tissue to wick away excess liquid, and then placed in a vacuum chamber for 30 min
at room temperature. A second infiltration step was carried out following the same
procedure. The samples were tipdaced in a vial that had been purged with nitrogen. The
sealed vial was heated at 100 °C for 24 h, then at 140 °C for 24 h to increase the amount
of crosslinking and to strengthen the composite. The aged composite samples were
polished with 600 grit sahpaper to remove nontemplated LiFeOm the surface before
pyrolysis. 3DOM/m LiFeP@C composites were obtained by pyrolyzing the thermally
cured composite under flowingXD.8 L mintt) at 350 °C for 5 h and then at 600, 700, or
800 °C for another 1B with a heating rate of 1 °C min

2.2.5 Product Characterization

All samples were ground into fine powder before structural analyses. Product
crystallinities and phase purities were determined by powdexyXdiffraction (XRD)
using a PANalytical XPet PRO MPD Xray diffractometer equipped with a cobalt source
and an XCelerator detector. Data were collected from 10° to @bata step size of 0.017°
and a rate of 20.7 s/step. Average crystallite sizes were estimated by Rietveld refinement
using X'pet HighScore Plus 2.0a software. Instrumental broadening was corrected using a

LaBs standard. Smathngle Xray scattering (SAXS) data were acquired on a Rigaku RU
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200BVH 2D SAXS instrument using a 12 kkbftating anode with a Cu source and a
Siemens HiSta multi-wire area detector. Raman spectroscopy was performed with a
Witec Alpha300R confocal raman microscope using 514.5 nm incident radiation at the
lowest possible potential to minimize beam damage of the sample. Scanning electron
microscopy (SEM) wasarried out with a JEOI6700 microscope operating at 5 kV with
emission currents ranging from 2 to 10 pA. Transmission electron microscopy (TEM) was
carried out with Technai T12 microscope operating at 120 kV with emission currents
ranging from 7 to 12 pAThermogravimetric (TG) analysis and differential scanning
calorimetry (DSC) were performed on a Netzsch model STA 409 instrument to determine
a suitable temperature program for the precursor transformation (flowing nitrogen
atmosphere) and to determine tbarbon content in the final products (flowing air
atmosphere), using a heating rate of 5 °Chtina final temperature of 900 °C. Nitrogen
sorption measurements were performed on a Micromeritics ASAP 2000 gas sorptometer.
Samples were degassed to 0.00@Hg for 12 h at 60 °C. Specific surface areas were
calculated by the Brunauer Emmett Teller (BET) method, and pore sizes and volumes were
estimated from pore size distribution curves from the adsorption branches of the isotherms.

2.2.6 Electrochemical Tsts.

All electrochemical tests were carried out using an Arbin batestyng system (ABTS
4.0). Galvanostatic charp@ischarge measurements were performed with a-#estrode
cell, in which a 3DOM/m LiFeP&C monolith was used as the working elec&oand Li
metal as the counter and reference electrodes. The cell was constructed by sandwiching a
monolithic LiIFePQ/C sample and lithium foil separated by two Celgard films between
two glass slides. The cell was then placed in a thes#, rounebottom glass flask
containing an electrolyte solution composed of 1.0 M LiCil®a mixture of ethylene
carbonate and dimethyl carbonate (1:1 vol:vol). The cell was constructed in a dry room
with <1% relative humidity. For cycling experiments, constant curreats &pplied and
the voltages were restricted to a window of 2.2 V with 5 min rest periods between each
step. All potential values are reported vs. Li/land specific capacities are reported per
gram of LiFePQ.
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The electronic conductivity of the cquosites was measured at room temperature via
the 4probe van der Pauw method using a Solartron SI 1287 electrochemical intérface.
The samples were connected to copper wires at four points A, B, C, D using silver paste.
Constant currents were applied through two points A and B, while voltages were measured
between two points C and D. The samplese then rotated to apply current through B
and C and measure voltages between A and D. Two sets of data were linearly fitted to
calculate Recp and Rscap, which were used to calculate conductivity through the van der
Pauw equation.

2.3 Results and Discusion

2.3.1 PMMA Colloidal Crystal Synthesis

Spherical, uniform PMMA (400+10 nm) was successfully synthesized by emulsifier
free emulsion polymerization (Figure 2.2). The spheres were then packed by gravity
sedimentation over a period of one month. ©palescence of the template under room
light confirms the high order of the packed spheres. The SEM image in Figure 2.2B shows
that these spheres are well packed into a-éacgered cubic structure (FCC), in which
each sphere is in contact with six otepheres in a particular (111) plane and three other
spheres in the planes above and below this plane. The contacting points are where the
windows connecting pore system in the final material are formed, which are critical for
mass transport and ionic trgmost of the cathode materials. The wettered, packed
PMMA colloidal crystals were then broken into 0.5x0.5x0.2 trmgments and used as
templates for the synthesis of 3DOM/m LiFelRDcomposites.

Figure 2.2 A) Photograph of PMMA templates with opalescence indicating high order of spheres in the
templates; B) SEM image of PMMA spheres with diameters of about 434+10 nm.
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2.3.2 Thermal Stability of PMMA-LFP Precursor-PF Composite

For high rate batteries, cryiiae cathode materials are preferred to provide fast ionic
transport®® However, in surfactartemplated syntheses, extensive crystallization is usually
deleterious to the mesostructure. An ideal trigle cathode material would have a structure
with interconneatd pores and thin crystalline walls of active material, which can be
obtained by adding supporting agents (e.g. C, Si) and by controlling crystalli¥dtion.
Suitable additives for mesoporous cathode materials should be able to strengthen the
mesostructure and also be electronically conductive to enhance the rate perforniaace of
electrodes. In this work, polymelerived carbon was selected as an integral component in
the composite cathode because it can readily form mesoporous structures and has good
electrical conductivity.

TG-DSC analysis of the thermally cured PMMA/preasrsomposite was carried out
under a nitrogen atmosphere to find a suitable temperature program for obtaining a
LiFePQJ/C composite phase. The TG curve (Figure 2.3) shows three major mass loss steps.
The first mass loss starting at 70 °C is associated avitendothermic peak in the DSC
trace due to evaporation of ethanol. The surfactant and PMMA decomposed between 250
and 300 °C with endothermic DSC peaks at 263 and 294 °C. The third mass loss step
between 300 and 425 °C is related to condensation of #éfls and crystallization of
LiFePOi. According to the DSC data, the crystallization step occurred mainly in the
temperature range from 4025 °C, giving rise to an exotherm peaking at 409 °C.
Removal of the surfactant and PMMA templates before this stefdwesult in the loss
of the supporting and confining scaffold for the inorganic phase, rendering grain growth
during the crystallization process less controllable. It would therefore seem beneficial to
treat the precursor first at temperatures below 280 °C to harden the inorganic skeleton,
while it is still supported by the organic templates, and only then to treat the sample at
higher temperatures (60800 °C) to remove the templates and to induce further
crystallization of the active LiFeR@hase Contrary to our expectations, however, only
powdered samples were obtained if the precursor were pretreated at 300 °C or below. Only
precursors treated at temperatures higher than 325 °C formed monolithic samples. It
appears that an important factor ftetformation of monolithic 3DOM/m LiFeR{C

composites is the slow ramping rate causing slow removal of the template (PMMA and

45



surfactant), and the 5 h treatment at an intermediate temperature right below the
crystallization temperature, which strengthéms composite framework most effectively
before the sample is heated above the crystallization temperature. On the basis of this
information, all samples were aged first at 100 °C and then at 140 °C to enhance
polymerization of the phenol formaldehyde phdyrolysis was then carried out following
programs with a lower temperature pretreatment step at 350 °C for 5 h and a higher

temperature step at 600, 700, or 800 °C for 10 h.
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Figure 2.3 TG-DSC data for the cured LiFeR®FF127-PMMA composite obtainedn a nitrogen

atmosphere.

2.3.3 Structural Characterization of 3DOM/m LiFePQs/C Composites

2.3.3.1 Phase Analysis (XRD, Raman, TGBSC Characterization)

Powder Xray diffraction was used to investigate the crystallinity and phase purity of
the LiFePQ/C composites. Figure 2.4 shows the watggle Xray diffraction patterns of
samples pyrolyzed at different temperatures. In the temperature range from 600 to 800 °C,
olivine LiFePQ was the only crystalline phase present. All of the sample peaks were
indexal to the orthorhombic LiFeP{(phase (Pnmb) with average lattice constaats,

6.01 A,b=10.34 A,c=4.70 A, and a unitell volume of 292 A A broad background
peak between 18° and 32%2observed in all three patterns, originated from the
nongraphiic carbon component. Other impurities such as Fefg,Fend FeP, which are

often found in LiFeP@samples formed in the presence of the reducing agent carbon, were
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not present or only present in such small quantities that they were undetectable by XRD.
Such impurities are well known for improving electronic conductivity but worsening rate
performance of LiFeP{® Crystal sizes of LiFeP{Qn these samples were estimated by
whole pattern fitting using Rietveld refinement. Because carbon was present as glassy
carbon and therefore did not contribute any sharp peaks, all refinements were carried out
for a single phase of LiFeRQ@sing the Pnmhunit cell above. The calculated average
crystallite sizes are summarized in Table 1. Crystallite sizes of LiFaP@ll three
composite samples were small (O 68 nm), pr
increased from 42 to 68 nm as the pyses temperature increased from 600 to 800 °C.

The small crystal sizes can be in part attributed to the isolation of particles by the carbon
phase, as well as the PMMA spheres (before template combustion) or the macrovoid space
(after combustion) which mimizes direct contact between particles and limits mass

transport of the solid phase.
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Figure 2.4 X-ray diffraction patterns of LiFeP£LC composites prepared by pyrolyzing precursors at 600,
700, and 800 °C for 10 h under nitrogen. The experimenttdrpa match the published line pattern for the
olivine phase of LiFePO(PDF # 0040-1499, blue lines). Rietveld refinements are shown using a unit cell
with Pnmb symmetry. The experimental patterns and difference patterns are shown in red, the calculated

patterns in blue. The peak at 52.4f @riginates from the Al sampleotder.
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Table 2.1. Rietveld refinement data of samples pyrolyzed at 600, 700, and 800 °C.

Temperature (°C) 600 700 800

a (A) 6.0108(4) 6.0122(5) 6.0064(3)
b (A) 10.3378(8)  10.3387(8) 10.3300(5)
c (A) 4.6974(4) 4.6969(4) 4.6917(3)
Unit-cell volume (&) 291.9 292.0 291.1
Crystallite size (nm) 41.9 47.6 68.2

R profile 3.56 3.3 3.23
Weighted R profile 4.57 4.32 4.08
Goodness of fit 1.68 1.94 2.08

The carbon content of the 3DOM/m LiFelPO composites was determinbg TG
DSC analysis in air. For the sample synthesized at 600 °C, a mass loss of 30 wt%
overlapped with a broad exothermic peak in the DSC trace (Figure 2.5A) between 350 and
550 °C and corresponds to the carbon component in the composite. The carbon conten
was slightly lower for samples synthesized at 700 and 800 °C (27 and 22 wt%, respectively)
(Figure 2.5B and 2.5C), indicating that the carbon content was weakly affected by the
pyrolysis temperature in this range. The carbon phase was further chaeddbgrRaman
spectroscopy. The Raman spectrum of 3DOM/m LiE£RG8hows two prominent peaks
associated with ggarbon (Gband, 1597 crb) and spcarbon (Bband, 1351 cn¥) (Figure
2.5D). The Gband originates from the 4plane bonestretching motion of pes of sg
carbon atoms, while the-Band involves a breathing mode ofg&ymmetry, which is only
active in the presence of disord&he G peak shifts from 1581 ¢hin graphite to 1597

cm? in LiFePQJ/C composite, which indicates that carbon in the composite is

nanocrystalline graphite. The size domain can be estimated using the ec%ﬂaii&éQ,
G a

where b, I are the intensities of the disordered peak and the graphitic pspkctively,

C( =515.5nm) =4.4 nnh, is the wavelength of the laser used in the Raman spectrometer,
and L is the cluster diameter of nanocrystalline grapHit€he boad peaks contain
additional contributions from $pcarbon sites present in amorphous carbonaceous

materials>® Therefore simply fitting the spectrum with two peaks doegjivetan accurate
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value of b/lc. In order to interpret the Raman features, the spectrum was instead
deconvoluted with four Gaussian peaks situated at 1190, 1351, 1518, and ¥59hene
the additional bands at 1190 and 1518'are associated with $parbon vibrations. On
the basis of the fitted intensity ratios of the D and G peakis; (+ 0.88), one can estimate
the crystallite size in the direction of graphitic planes to be approximately*8>hm.

The difference patterns from the Rietveld refinements (Figure 2.4) correspond mostly
to the carbon phase. Judging from the low intensity and breadth of the peaks atp38.2° 2
(002) and at 24.0°@(101) in the difference patterns, the extent of ss&dickel graphitic
layers perpendicular to the planes is also small. Similar features in Raman spectra and XRD
patterns are typically observed for porous glassy carbon anode materials for lithium ion
batteries made from resorcinol formaldehyde (RF) or phenol ddehyde (PF)
precursor$?>3 Although the conductivity of such carbon materials is lower than that of
graphite (ca. 0110.3 S cm' for 3DOM/m carbon materials}, it is many orders of
magnitude higher than that of LiFeRQhe builtin carbon can enhance the electronic
conductivity of the composite and help to improve rate performance of the cathode

material.
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Figure 2.5A, B, and C are T&SC traces (obtained in air) of 3DOM/m LiFelPO composites pyrolyzed
at 600, 700, and 800 °C respectively. (D) Raman spectrum of the sample pyrolyzed at 600 °C.
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2.3.3.2 Effect of Pyrolysis Temperatures on The Morphologies of 3DOM/m
LiF ePQy/C Composites

The morphologies of the 3DOM/m LiFeRO composites pyrolyzed at different
temperatures were studied using field emission scanning electron microsceBiMHE
Images A and B in Figure 2.6 show cr@estions of a sample pyrolyzedaftO °C. More
than 90% of this sample has a wettlered, interconnected macropore structure, in which
the walls follow the curvature of the original colloidal crystal template. The texture of the
wall provides a first indication of additional porosity (detow). The average macropore
and window diameters of the sample pyrolyzed at 600 °C are 285 £ 10 nm and 90 + 8 nm,
respectively. As is typical for samples prepared from polymeric colloidal crystal templates,
the macropore values are smaller than the eiamm of the 400 nm PMMA templating
spheres, due to shrinkage of the structure during thermal processing. The open,
interconnected pore system in the 3DOM structure facilitates penetration of an electrolyte,
and the large accessible surface of the mateaialenhance the exchange of hétween
the electrolyte and the electrode. The 3DOM structure is also well maintained for a sample
pyrolyzed at 700 °C for 10 h. However, the walls are more-kkeitresulting in larger
windows between interconnectingrps. After a higher temperature treatment at 800 °C
for 10 h, a similar strdlike structure is observed. At this temperature, the 3DOM structure
has undergone some distortion in a few regions, but an interconnected pore system is still

preserved.

F) for 10 h under nitrogen.
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The morphologies of the 3DOM/m LiFeRO composites were further analyzed by
TEM. At lower magnifications, all samples showed featwkthe periodic macropore
structure (Figure 2.7). The 3DOM structure is the inverse replica tifdleelloidal crystal
template. It can therefore be described as a network of interconnected octahedral and
tetrahedral sites (replicas of the octahedral &trahedral holes in the clepacked
template), with twice as many tetrahedral sites as octahedral sites. Interestingly, the
curvature is different for the replicas of tetrahedral and octahedral sites in the materials
pyrolyzed at 600 °C. Although in adeal inverse opal structure, both should be concave,
in the 3DOM/m LiFeP@C materials, only the tetrahedral regions are concave and the
octahedral cubes are slightly convex, almost spherical. Furthermore, the octahedral replica
sites appear significagtdarker than the tetrahedral bridges. These features were observed
for three different samples prepared at 600 °C in most areas of each sample (ca. 90%)
(Figure 2.7). In part, the contrast differences can be attributed to a greater thickness of the
octaheral regions. However, another cause is likely to be an uneven distribution of
LiFePQOs in the composite phases. In TEM, the wrech regions would produce greater
contrast than the carbarch phase with lower electron density. Based on the observed
contrast differences and curvature differences, we propose that the octahedral sites are
richer in LiFePQ (which is more prone to sintering than carbon) and the tetrahedral and
thinner bridging regions are richer in carbon. Unfortunately the resolution foestel
analysis in our TEM is insufficient to confirm this. Seleeteda electron diffraction
patterns (insets in Figure 2.8) show strong dot patterns characteristic of crystalline
LiFePQ, in agreement with XRD data, but they also represent the whaevigwed in
the TEM image that contained both octahedral and tetrahedral replica units. The micro
phase separation is probably caused by a favorable crystallization energy for LiFePO
compared to the interaction energy that stabilizes the inorganic (Lifiel®@anic
(carbon) interface. In terms of site preference, both Like®@ carbon should occupy
octahedral sites (the bigger sites and lower suti@ae®lume fraction) to lower their
surface energy, but the contribution for the system from Likze®Qreater because it is
present in larger amounts (70 wt%). The structure of the sample pyrolyzed at 600 °C can
therefore be described approximately as LiFeREh cubes that are interconnected

through tetrahedral mesoporous carbon linkers. For satnpésed at 700 and 800 °C, the
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features associated with partial phase separation of LiFeR@carbon are still present

but less pronounced (Figure 2.7). Fewer spherical components are observed in the TEM
images and the contrast is more uniform. At thieigler temperatures, more efficient
diffusion may overcome the surface energy differences.

e

Figure 2.7TEM images of 3DOM/m LiFeP®» C s ampl es pyrolyzed at 600 eC (

800 eC (E, F) showi nggsriclophase (dker}, mading in actabedral siteseand. i Fe P O
the carbon rich phase (brighter), mainly in tetrahedral sites
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This structure is especially interesting for higbwer battery applications, because it
may offer several advantages over conventional carbon coatimgs.lihium diffusion
paths are limited by the small crystallite size and the size of the octahedral replica features,
in which the longest possible pathway is less than about 180 nm. Moreover, these sizes are
tunable by altering the size of the PMMA teatp spheres. With conventional carbon
coatings, LiFeP®@ particle growth is unrestricted, and typical particle sizes are a few
micrometers, even if individual crystalline domains may be as small as a few tens of
nanometers. If these continuous crystaltinenains are correctly directed, i.e., in the [010]
direction, the diffusion path lengths double or triple, approaching the overall particle size.
Finally, in the 3DOM/m composite, LiFeR@anoparticles are efficiently wired by carbon,

forming networks that are hundreds of micrometers in size.

Figure 2.8 TEM images of 3DOM/m LiFeP4C samples pyrolyzed at 600 (A and B), 700 (C and D) and
800 °C (E and F). Insets in images (A), (C), dapdre SAED patterns for the corresponding sample regions,

confirming the crystalline nature of LiFeR® the composites.

53



The TEM images also show features that may be associated with- noicro
mesoporosity. In the structural components linking tetnaiedplicas, disordered texture
is visible, with spacings between ca. 1.5 and 4 nm. Larger circular features with sizes
varying from 3 to 15 nm are visible in the darker octahedral replica regions of the sample
pyrolyzed at 600 °C. The SAXS pattern foistsample shows a single weak peak at 0.4°
2q corresponding to a spacing of 22 nm (Figure 6A) which may be associated with the
bigger pores observed in the darker spherical regions (Figure 2.7 and Figure 2.8B). While
a SAXS pattern of 3DOM/m € synthesized from PF and F127 precursors shows two
weak peak between 0.7° and 32none of the SAXS patterns of LiFePO composites
pyrolyzed at different temperatures showed any peaks in this range, consistent with the low
degree of mesopore order observed by TEM (Figures 2.9 and Figure 2.10). The
introductionof LiFePQ: to the PF/F127 precursor mixture changed the interaction between
the surfactant and the polymeric precursor, resulting in smaller and more disordered

mesopores.

50 nm

Figure 2.9TEM images of a 3DOM/m LiFePLLC composite pyrolyzed at 600 °€howing larger pores
(13i 20 nm) that may be associated with the weak peak at @i#°tBe SAXS pattern (Figure 2.10A).
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Figure 2.10SAXS patterns of 3DOM/m C and 3DOM/m LiFePO composites pyrolyzed at the indicated

temperatures.

To further examing¢he textural properties of the 3DOM/m LiFePO composites as a
function of pyrolysis temperature, nitrogen adsorpti@sorption measurements were
performed. All isotherms feature a hysteresis loop between 0.5 and 0yd¢Rl for
mesoporous structes (Figure 2.11B). However, the hysteresis loops are relatively narrow,

characteristic for a pore size range near the border between mesopores (>2 nm) and
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micropores (<2 nm). Except for a small peak at 2.7 nm, the pore size distribution curves
derived fromthe adsorption isotherms show no features that can be associated with
templated mesopores (Figure 2.8C). In fact, for the sample pyrolyzed at 600 °C, which has
the highest surface area (208 gf, see Table 2), the largest fraction of this surface area
and more than half of the pore volume is due to micropores. For samples pyrolyzed at
higher temperatures, the surface areas decrease as high temperature treatment caused
contraction, mainly of the micropores. Surface areas of 12§'nand 86 mMg?! were
obtained for samples pyrolyzed at 700 °C and 800 °C, respectively. In other dual templating
syntheses of carbdmased materials with hierarchical porosity, mesopores tend to be larger
even when the same surfactant (F127) is used. In a direct dual temshatithesis of
3DOM/m C uniform mesopores with diameters of 2.8 nm were fotfheshd in a
triconstituent synthesis of 3DOM/m-8I0;, mesopores were ca.25nm in diametet® In

the current synthesis, the additional inorganic precursor components appear to have
prevented the formation of welbrmed micellar arrays. However, the obtained surface
areas were still much higher than those of nonporous analogues, which are typically in the
range of a few fg™.

Table 2.2Dependence of textural properties of 3DOM/m LiFe®on synthesis temperature.

Pyrolysis Micropore Crystallite
BET surface arec V pore V micropore _

temperature area size
i (m? g% , . mgyr (%)
°C) (m°g”) (nmy
600 200 157 0.13 55 41.9
700 123 90 0.12 36 47.6
800 86 61 0.08 34 68.2

2 Singlepoint total pore volume at P/ 0.983° Crystallite sizes for the LiFeR@hases in the composites

were determined by Rietveld refinement of the powder XRD patterns.
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Figure 2.11 (A) SAXS pattern of 3DOM/m LiFeP{ZC treated at 600 °C, (B) Isotherms of 3DOM/m
LiFePQ/C samples pyrolyzed at 600, 700, and 800 °C, and (C) the corresponding pore size distributions.
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2.3.4 Electrochemical Characterization of 3DOM/m LiFeP@C Composites

Electrochemical tests were carried out in a theleetrode cell on the sample pyrolyzed
at 600 °C, because this sample exhibits the highest surface area, smallest crystallite size,
yet high crystallinity, which are potentially useful features for highe rbattery
applications. Because of the monolithic nature of the electrode, no carbon black additive
or binder were needed, which would lower the capacity of the cell. The cell was cycled at
different rates from C/5 to 16 C in the potential range betwedkaril 4.2 V vs. LiLi. In
this potential range, the contribution of carbon to lithium uptake is neglifitfiat a slow
rate C/5), the discharge curve is characterized by a plateau at 3.39 V, which corresponds
to the reaction LiFePQ? Li* + FePQ+ €. The electrode capacity is 150 mAf@ased
on the mass of LiFeP{) which is 89% of the theoretical capacity. At highates, the
capacity decreases but remains as high as 123 m#ahigC, 103 mA h'dat 4 C, 78 mA
h gtat 8 C, and 64 mA h'gat 16 C rate (Figure 2.12). The good performance is attributed
to the presence of the conductive carbon phase that embed®sraretts the LiFePO
nanoparticles and to the high surface area of the composite that facilitates ionic transport
across the interfaces. The electronic conductivity of the composite pyrolyzed at 600 °C is
0.14 S crtt, i.e., much higher than that of bulkRePQ (10% 10%° S cm?). In our tests,
the monolithic LiFeP@C composite was able to support current densities as high as 2720
mA g (at 16 C rate).

4.5-
4.0-

3A5—

3.04
2.5
2.0

16C 8C 4C C/2 C/5
l

60 80 100 15
Capacity (mAhg™)

Potential vs. Li*/Li (V)

Figure 2.12Discharge profile at different C rates for the 3DOM/m LiFef@omposite samplgyrolyzed
at 600 °C.

Figure 2.13 shows the capacity of the cell cycled at different rates for the first 5 cycles
at each rate. The cell capacity keeps stable, even at a rate as high as 16C, at which the cell

is fully charged or discharged within 4 minutié$s worth noting that as the current density
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is later reduced again to C/5, the capacity returns to its original value, which indicates that
the electrode material remained stable. This stability is attributed to the interconnected
macropore system thaissists mass transport and the buailcarbon component which
improves the mechanical stability of the composite. Both features give the composite the
stability to withstand the stresses caused by the phase change from Li&éR©Q, and

by the infiltration of electrolyte into the composite.
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Figure 2.13Capacity of the 3DOM/m LiFeP£L composite sample pyrolyzed at 600 °C and cycled for 5

cycles each at different rates.

The composite was cycled at rate of 4C over 70 cycles and at 8 C overcl€®toy
test the capacity retention at high rates (Figure 2.14). The data demonstrate the excellent

capacity retention at both rates with coulombic efficiencies almost approaching 100%.
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Figure 2.14Capacity retention and coulombic efficiencyLifFePQ/C composite pyrolyzed at 600 °C when
cycled at 4C and 8C rates.
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2.4 Conclusion

The combination of colloidal crystal templating with surfactant templating provides an
efficient synthetic method for forming LiFeR@Q composites with high capacitiesr f
lithiation (150 mA h ¢ at C/5, 78 mA h g at 8C, and 64 mA h-jat 16C rate) and
excellent capacity retention at high rates. The colloidal crystal templating approach
maintains small particle sizes and easy access for electrolyte and lithium tbestbive
cathode phase through an interconnected macropore system. Although the secondary pore
structure introduced by the surfactant template was not as well defined as in related dual
templating syntheses of pure 3DOM/m C or mixed 3DOM/r%iG, materals, the
additional micropores and small mesopores provided the composites with surface areas as
high as 200 rhg?. Another role of the surfactant was to act as a compatibilizer for the
complex precursor mixture.

In composite samples pyrolyzed at 600 °C, carbon and LiFeBl@ctively occupy
different locations in the inverse opal structure. The resulting structure can therefore be
described as a network of cubic LiFeR@h nanoparticles wired together by tewdpl
mesoporous carbemch particles. This special structure gives the electrode greater
structural stability so that millimetesized monolithic porous electrodes could be formed,
and it provides improved conductivity to support high currents. The ralstare therefore
of interest as cathodes for highte lithiumion batteries. Although the macropore space
contributes to nonactive volume, such volume may be utilized to accommodate additional
active material, for example in a dbterpenetrating, nanasictured battery?®’ The
concepts of micro phasseparation ansite preference found for the 3DOM/m LiFefPO
composite may also apply to other templated electrode systems containing multiple
components, in which active material may be embedded and wired together in an

electronically more conductive phase.
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3.1 Introduction

Its low cost, environmental compatibility, and intrinsieermal safety have placed
lithium iron phosphate (LiFeP{r LFP) among the most promising cathode materials for
LIBs targeting the hybrid electric vehicle (HEV) and electric vehicle (EV) matkets.
However, the intrinsic low electronic and ionic conductivities of bulk LFP particles have
restricted their rate performance, which is critical for HEV and EV power sotfdgse
electronic conductivity of LFP can be improved by coating it with carbon or a metallic
conductive laye#:1° The ionic conductivity can be boosted by doping with isovalent ions
and by nanostructuring the bulk particles into nanosized particldse rate performance
of LFP electrodes can be also improved by using nanoporous electrodes, because the
interfacial area between a nanoporoustetele and the electrolyte is greatly increased.
Combinations of nanostructuring and conductive coatings would increase the electronic
conductivity and ionic conductivity simultaneously. As described in Chapter 2, 3DOM/m
LiFePQ: composites with high surfageeas, welbrdered structure, and good electronic
conductivity have shown extremely good rate performaBdenfA h g* at 5C raty?
Hierarchically porous LiFePQand LiFeP@QC composites have been reported with
extremely high rate performances?® The biggest disadvantage of using porous electrode

materials is their low volumetric energy density, which will be addressed in this chapter.

The volumetric energy density of a battery is an important factor for electronic devices
where the available spador the power source is limited, such as in portable devices. An
electrode composed of nanoparticles generally has good electrochemical performance but
low volumetric energy density as the nanoparticles are poorly packed. The volumetric
energy density adin electrode depends strongly on its tap density, which is a macroscopic
property that is affected by the morphology and the size of the bulk particles. In most cases,
micrometersized particles have higher tap densities but worse electrochemical
performances than those of nanometer dimensions. For particles of similar size, the shape
of the particles has a strong effect on tap denEiigctrodes made of spherical particles
normally have higher tap densities than those composed of irregular particteg, as
spherical particles can be packed with higher efficiency. One way to overcedilemma

of increasing the electrochemical performance but worsening the tap density is to fabricate
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micronsized particles with nanmetersized features, which are accdse to the
electrolyte. Hollowsphere LiFeP@ and porous LiFePOmicrospheres have been
fabricated for LIBs, and showed both high rate performance and high volumetric energy
densities'®18

Carbon coatings are known not only to boost the electronic conductivity of LFP particle
but also limitthe growth of LFP particles at high temperatt#&2* In the synthesis of
3DOM/m LiFePQ/C composites, the precursor was confined in the octahedral and
tetrahedral sites of the FCC structure created from the packing of 400 nm Rphéres,
which resulted in the formation of a network of spherical LiFep@rticles that were
connected through carbon mattXThe spheres themselves are composed of nanoparticles
with nanopores, which can be used as the cathode materials without the need of carbon
matrix. This cathode material would have higher vatimo energy density and should
preserve the high rate performance of the original composite as long as tHeatanes
remain after the carbon removal step. It seems that in the colloidal crystal template
synthesis, the special interactions betweenR{Eserecursor, PF sol, and surfactant inside
the confined spaces (the octahedral and tetrahedral sites) resulted in the formation of nano
spherical LiFeP®@particles. We therefore wondered if this would also be true for different
types of confinement whegrowth is limited toonly two dimensions such as in thin films.

In this chapter, we describe syntheses afiaspherical LiFex(PQw)z and LiFePQ/C
composites whose morphologies were influenced through the interplay between LFP
precursor, PF sol, and amphilic surfactant inside confinement. sEe(PQy); was
synthesized by burning 3DOM/m LiFeR€omposites in air to removhke carbon phase.
Spherical LiFeP®particles embedded in a carbon matrix were synthesized by first spin
coating the precursor containing L¥pRecursor, PF sol, and F127 in ethanol onto a quartz
substrate and then pyrolyzing the aged compositesi®hdunder nitrogen at different

temper#éures. These syntheses are outlined in Figure 3.1 below.
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Figure 3.1Synthesis schemes of LFP spheres and LFP spbe@mposites.

3.2 Experimental Section

3.2.1Materials.

The demicals used in this study were obtained from the following soumoetstyl
methacrylate (MMA) monomer ( 9 9 %) , -azob&s(2r@ethyl propionamidine)
dihydrochloride(AMPD) initiator (97%), concentrated aqueousH solution (85 wt%),
N-methyl-2-pyrrolidone (NMP) battery quality electrolyte (99.5%), polyvinylidene
fluoride (PvdF), lithium foil, and Ketjeblack from Aldrich;lithium perchlorate (99.0%),
ethylene carbonate (>99.0%), dimethyl carbonate (>99.0%) from Fk&@p-4H.O
(98%), LiCl (99.5%),phenol (ACSreagent and formaldehyde solution (37% aqueous
solution) from ksher ScientificPluronic F127 from BASF; hydrochloric aqi@7%) from
Malinckrodt Chemicals;and sodium carbonate (anhydrous, 99.7%) from J.T. Baker.

Deionized water was purified to a resistance higher thavi 4.8

3.2.2 3DOM/m LiFePQ: preparation.

3DOM/m LiFePQ/C composites were prepared by a dual templating method, in which
the nonionic surfactant F127 (the poly(ethylene oxdy(propylene oxide)
poly(ethylene oxide) triblock copolymer PEEPPGoPEO) and PMMA colloidal
crystals were intendeas templates for mesopores and macropores, respectively. The

detailed synthesis was described in section 2.2.4 of Chapter 2.
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3.2.3 Preparation of LsFe2(PO4)3 nanospheres.

LisFe(PQy)s nanospheres were prepared by calcining 3DOM/m Likefd@posites
in air at 400, 600, and 700 °C for 5 h with a heating rate of 1 °Cl.nfihe original
3DOM/m LiFePQ composite was pyrolyzed at 600 °C, which resulted in the formation of

spherical LiFeP®@connected by a carbon matrix.

3.2.4 Preparation of LiFePQ/C composie nanospheres.

Nanaspherical LiFeP@was prepared by spitpating LFP/C precursors anquartz
substrate at 4500 rpm for 45 s. Two different precursors with different aswfUPE sol
were used. PBol (2 g or 1 g 50 wt% in ethanol) was mixed with 2 g aqueous HCI (0.2 M)
in a 20 mL vial and stirred for 15 min. F127 surfactant (1 g) was then added and stirred
until a clear solution was obtained. Fe(Cl.988 g) and LiCl (0.43%) were mixed and
ground in a mortar, then transferred to the solution. At this point, the color of the solution
changed from light yellow to green. The vial was placed in a larger glass bottle under
flowing nitrogen to avoid the oxidation of #eThe mkture was vigorously stirred until
all the salts were dissolved (usualiyd3h). If the solution became too viscous for stirring,
0.5 mL ethanol was added. Then concentraté®{d(0.011 mol) was slowly added to the
solution, and the mixture was stirredeonight beforebeing used fospin-coating. The
spincoatedilm was aged at 100 °C for 24 h, then at 140 °C for 24 h to increase the cross
linking of the polymer. The aged film was then stripped from the substrate and pyrolyzed
at 600 or 700 °C for 5 h Wi a heating rate of 1 °C mtrunder nitrogen.

3.2.5 Product characterization.

All samples were ground into a fine powder before structural analyses. Product
crystallinities and phase purities were determined by powdeayXdiffraction (XRD)
using a PANMytical X-Pert PRO MPD Xray diffractometer equipped with a cobalt source
and an XCelerator detector. Data were collected from 10° to @bata step size of 0.017°
and a rate of 20.7 s/step. Average crystallite sizes were estimated by Rietveldaefinem
using X'pert HighScore Plus 2.0a software. Instrumental broadening was corrected using a
LaBs standard. Smathngle Xray scattering (SAXS) data were acquired on a Rigaku RU
200BVH 2D SAXS instrument using a 12 kkbtating anode with a Cu source and a

68



Siemens HiStar multiwire area detector. Raman spectroscopy was performed with a
Witec Alpha300R confocal Raman microscope using 514.5 nm incident radiation at the
lowest possible potential to minimize beam damage of the sample. Scanning electron
microsc@y (SEM) was carried out with a JEEH700 microscope operating at 5 kV with
emission currents ranging from 2 to 10 pA. Transmission electron microscopy (TEM) was
carried out witha Technai T12 microscope operating at 120 kV with emission currents
ranging fom 7 o 12 pA. Thermogravimetrianalysis(TGA) and differential scanning
calorimetry (DSC) were performed on a Netzsch model STA 409 instrument to determine
a suitable temperature program for the precursor transformation (flowing nitrogen
atmosphere) ando determine the carbon content in the final products (flowing air

atmosphere), using a heating rate of 5 °Chuina final temperature of 900 °C

3.2.6 Electrochemical tests.

All electrochemical tests were carried out using an Arbin batestyngsystem (ABTS
4.0). Galvanostatic chargdischarge measurements were performed in a coin cell, in
which the spherical LFPs (80 wt%) with 10 wt% carbon black and 10 wt% PVDf in NMP
were used as the cathode and Li foil as the anode. The cell was constndcésdembled
in a dry room with <1% relative humidity. For cycling experiments, constant currents were
applied and the voltages were restricted to a window ®#20V with 5 min rest periods
between each step. All potential values are reported vs.L#hd specific capacities are

reported per gram of active materials.

3.3 Results and Discussion

3.3.1 LisFex(POa4)3 nanospheres

In Chapter 2, we described that 3DOM/m LiFeRDcomposites were constructed by
spherical LiFeP®in octahedral sites connected by mesoporous carbon in tetrahedral sites.
To obtain nanepherical LiFeP® particles, the carbon phase must be removed. It is
desired that the removal of carbon does not affect the LiFpR&e. The easiest way to
remove cebon is to burn it in air. Phosphate compounds are known to be thermally stable
up to 700 °C and were not expected to be affected by the carbon restegvdhe TGA
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andDSC tracs of 3DOM/m LiFePQ/C in air showed thahe carbon phase was removed
between 350525 °C (Figure 3.2). The amount of carbon in the sample was calculated from

the TGA trace to be 30 wt% of the sample.
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Figure 3.2TGA and DSC traces (obtained in air) of SDOM/m LIFRP@ composi tes pyrolyze

It is well known that LiFePQ will undergo oxidation when heated in air at

temperature higher than 700 °C to giveAex(PQy)3 and FeOs, following the reaction:

However, the XRD patterns of LFP obtained from the calcination of 3DOM/m LiFEPO

at different temperatures showed that the reaction actually happened at temperatures as low
as 400 °C. When treated at 400 °C for 5 h, a dark red powder was obtained which indicated
the presence of E®s, which was confirmed by XRD of the obtained prodiitte fact that

the reaction happened at lower temperatures can be attributed to the higher reactivity of
nanosized LiFeP£and to the extra heat produced from carbmmbustionwhich creates

local temperaturehigher than the temperature set by the faend his made it impossible

to remove carborby calcination without affecting the LiFeP© phase. However,
LisFe(PQy)3, the main product of the oxidation reaction is another LFP electroactive phase
with a theoretical capacity of 120 mA ht @nd an averagdischarge voltage of 2.78 V,

and it is also an attractive cathode matéfi#l. XRD characterization was used to

investigate theroducts obxidation of 3DOM/m LiFeP@C compositsin air at 400, 600,
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and 700 °C. All XRD patterns showed three crystalline phases, 1GFeBisFe(PQy)s,

and FeOs. The fraction of each phase was calculated uthegnormalized referere
intensity ratie (RIR)method since no other phases weegected in the XRD patterns of

the calcined 3DOM/m LiFePfC composites. For the sample calcined at 400 °C,
monoclinic LeFex(PQy)3 contributed to 76% of the molar ratio of the mixture (Figuré.3.3

The LiFeROy crystalline phase was also observed for samples calcined at 600 or 700 °C,
although its content became smaller as the calcination temperatures increased (Table 3.1).
It is possible that the oxidation reaction of 3DOM/m LiFefcompositeg air is a twe

step reaction. First, LiFeRQundergoes a conversion to LiE€R, then LiFeRO; is
oxidized to LiFe(PQs)s and FeOs. In addition, the second reaction is endothermic, so that

more LiFeBOy is oxidized at higher temperatures.
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o
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Figure 3.3XRD pattern of calcined 3DOM/m LiFeRZ compositeat 400, 600 and 700 °C showing
LiFeP.Oy, LisFex(PQy)s, and FeOs crystalline phases.
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Table 3.1XRD semiquantitative analysis for LiFeBy, LisFex(PQy)3, and FeOs

content based on their reference intensity rations (RIRS).

400°C 600°C 700°C
FeOs (%) 6 9 11
LiFeR.0r (%) 18 11 9
LisFex(PQu)s (%) 76 80 80

The effect of calcination temperature on morphologies ofF&{PQy); was
investigated using SEM and TEM. Figure 3.4A shows a TEM image of the spherical
LiFePOs phase in the carbon matrix before calcination and Figure 3.4B an image of
LisFe(PQy)s particles after calcinatioat 400 °C When calcined at 400 °C, the sizes of
the obtained laFex(PQy)s spheres were smaller than the sizes of spherical LiF&Pbe
carbon matrix, which may be attributed to loss of the carbon component and collapse of
the porous structure. The sizes of these dense, crystalline spheres ran@y8Znom to
155 nm, thereby creating short diffusion paths for lithium ions. In addition, the spheres are
guite monodisperse, which ensures a high packing efficiency and high volumetric capacity
of the electrode materials. For samples calcined at 600 antiC7@Be sizes of isolated
particles are smaller than the sizes of particles calcined at 400 °C, which indicates further
condensation of the spheres at higher temperatures. In these samples, big particles formed
from the aggregation of smaller particlesr&valso observed. These aggregated particles
are more noticeable in the sample calcined at 700 °C (Figure 3.4E). The saleeted
diffraction patterns of samples calcined at 400 and 600 °C (insets in FidBrarl 34C)
feature bright dots, which confir the crystalline nature of these materials. The highly
crystalline nature of these samples was also confirmed by lattice fringes shown in an image

with higher magnification (Figure &F).
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100 nm

Figure 3.4 TEM images of (A) 3DOM/m LiFePQ/C composite; B(C and D), and (E and Fgre
LizFe(PQy)3 obtained from the calcinatioof 3DOM/m LiFePQ/C composite at 400, 600, and 700 °C
respectivelyThe insets in figure (B) and (C) are electron diffractions patterns of the TEM images showing

crystallinity of thee samples.

The morphologies of spherical sEex(PQy)s particles were further investigated by
SEM. All the SEM images of samples calcined at 600 and 700 °C show evidence for the
aggregation of spherical particles into elongated particles. The aggregatsomare
prominent in the sample calcined at 700 °C. These samples also feature small pores
between particles, which can enhance the mass transport of electrolyte inside the material.
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The elongated particles formed from the aggregation 8fspherical paitles, consistent

with observations in the TEM images (Figure 3.4 C and D).

R

Figure 3.5SEM images of (A) LaFex(PQy)scalcined at 600 °C; (B) kiFex(PQy)scalcined at 700 °C, showing

thatspherical particlebave sintereihto longer particles.

3.3.2LiIFePO4/C Nanosphere Composites

Spherical LiFeP®@is of great interesfor high volumetric energy dengiLIBs. The
spherical shape was achievable by confining PRLEBI precursor in thaterstitial sites
of an FCCclosepacked array of colloidal PMMApheres The sizes of the LiFeRO
spheres were found to depend on the voluntaefnterstitial sitesnd onthe sizes of the
colloidal spheresThe colloidal crystal providethe three dimensionabnfinementin the
following part, we will try to invesgate if it is possible to achieve spherical shape of

LiFePGrin two dimensionatonfinemensuch asn athin film configuration.

Because two different precursors with different amounts ekdtRwvere used, the
samples were named after the amount of iPthe precursors. For instance, the sample
made from the precursor containing 1 g PF and 2g PF and pyrolyzed at 600 °C will be
named as PF_600 dnd PF_600_2 respectively. The different amounts of PF in the
precursors were expected to produce produdts afferent contents of carbon. The TG
traces for samples pyrolyzed at 600 °C showed that the carbon content for samples made

from 1 g PF and 2 g PF precursors was 15 and 28 wt%, respectively (Figure 3.6).
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Figure 3.6 TGA-DSC traces in air of samplesade from (A) 1 g PF and (B) 2 g PF precursor.

The crystallinity of samples pyrolyzed at different temperatures was investigated using
XRD. All samplesproduced apattern of LiFeP®@ (ICCD#0040-1499) as the only
crystalline phaseother crystallinempurities were not present or in such small quantities
that they could not be detected by XRD. For the sample with the higher content of PF sol
precursor (2 g), the background between 8 and 30Was higher than the background for
the sample with a lower contissf PF precursor (1 g), which is attributectagher content

of amorphous carbon in the final products.
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Figure 3.7 XRD pattern 6 LFP/C composites showirlgFePQ patterns (ICCD#0@10-1499).
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In the synthesis of spherical LiFeP@®mbedded in a carbon film, after sjmoating
and aging at 100 and then at 140 °C, both precursors formed very homogeneous films
(Figure 3.8A). It was important to process the film by annealing immediately after spin
coating, otherwise micresized, sphecal iron-rich particles formed within the polymeric
network. Figure 3.8 B is the image of a film that was left at room temperature for 48 h
before performing the annealing steps at 100 and 140 dpp#arghat the mobility of
iron species in the preolymerized solution is high and they have strong affinity to each
other, resulting in aggregation. The heat treatment accelerates thénttogsof the pre
polymerized PF sol. Once a stable network is formed, it can prevent aggregation more
effectively a iron ions are now strongly bonded to phenol groups in the rigid netdvork.
dark precipitate resultinijom the chelation between phenol groups in PF sol and iron ions
was observed for the precursor solution after being leftifBrd2ayys at roontemperatre
The chelation happened quicker if F127 was not added to the solution. However,
complexation leading to the formation of a precipitate in the solution is not desired as it

makes it impossible to casbmogeneouthin films.

Figure 3.8 Images of LiFeP@C thin film compositgA) annealecat 100 °C then at 140 °@nmediately

afterspin-coating (B) an unannealed filrteft in the atmosphere for 48 h

Film morphologies of all samples were characterized using SEM and TEM. The film
thickneses were estimated from cressctions of SEM images and were approximately 1
and 2 um for samples prepared from 1 g and 2 g PF precursor, respectively (Figure 3.9).
The thicker films resulted from the higher viscosity of the precursor containing more PF.
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film thickness.

The morphologies of LiFePZC samples were found to depend on both compositions
and pyrolysis temperatures. For samples with las@gbon content, submicron to micron
sized spheres were found that protruded from the surfaces (Figure 3.10A, 3.10 C), whereas
the surfaces of samples with higher carbon content were smoother and contained smaller
spheres (Figure 3.11A, and 3.11C). In additthe spheres inside the film are much smaller
than the spheres found on the surface of the film. The reason is the higher mobility of iron
species on the surface compared to the ones inside the film, where they are restricted by
the rigid polymer neterk. It is interesting that inside the films, smaller LiFeP@rticles
were found to be embeddedirecarbonmatrix. This carbon network effectively connects
the LiFePQ particles, providing short, conductive paths for electrons. Higher pyrolysis
tempeatures created bigger spheres and more rugged film surfaces even though the carbon

phase seemed not to be affected by the temperature.
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Figure 3.10SEM images of (A) and (B) PF_600_1; (C) and (D) PF_7@&holving microspheres protruding

from the filmsand a carbonetwork

For samples with higher carbon content, the film surface was smoother with fewer big

spherical LiFeP®@particles found outside of the carbon film (Figure 3.11). Yet the cross

section of the film still showed stricron spheres (Figurg.11B), particularly at the
gure 3.11D).

o\ )

higher temperature (Fi

L oS

Figure 3.11SEM images of (A) and (BPF_600 2; (C) and (D)PF 700 2 showing a smoother film surface

with fewer microspheres protruding from the films.
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The carbon phase was characterize®Rbynan spectroscopy. The Raman spectrum of
the LiFePQ/C film shows two prominent peaks associated witrcapoon (Gband, 1606
cm?) and sp carbon (Bband, 1351 ¢ (Figure 3.12). The @and originates from the
in-plane bonektretching motion of pairsf s carbon atoms, while the-Band involves a
breathing mode of & symmetry, which is only active in the presence of disottiehe G
peak shifts from 1581 cin graphite to 1606 crhin the LiFePQ/C film, which indicates
that carbon in the composite is nanocrystalline graphite. The size domain can be estimated

using the equation:}a :%, where b, I are the intensities of the disordered peak and

G a
the graphitic peak, respaeely, C( =515.5 nm) = 4.4 nn, is the wavelength of the laser

used in the Raman spectrometer, andid the cluster diameter of nanocrystalline
graphite?” The broad pee contain additional contributions from*sgarbon sites present

in amorphous carbonaceous materf&l§herefore simply fitting the spectrum with two
peaks does not give accurate value obllc. In order to interpret the Raman features, the
spectrum was instead deconvoluted with four Gaussian peaks situated at 1190, 1351, 1518,
and 1606 cm, where the additional bands at 1190 and 1518 are associated with $p

carbon vbrations. On the basis of the fitted intensity ratios of the D and G paag&san
estimate the crystallite size in the direction of graphitic plafiészigure 3.11 showed the

fitted curves and the calculated graphitic size domains of &ICHKilms. It is interesting

that the crystalline sizes are actually decreased with the increase of pyrolysis temperature.
In general, carbon with larger graphitic domain has better conductivity. It is likely that the
electronic conductivity of LFP/C filmgyrolyzed at lower temperatures is higher than those

of samples pyrolyzed at higher temperatur@svilla et.al investigated the effect of
pyrolysis temperatures on the crystalline size and the electronic conductivity of iron
catalyzed graphitic carbod$The result showed that the sample pyrolyzed at 500 °C has
higher electronic conductivity than samples pyrolyzed at 550 and 600 °C, while only
amorphous carbon with very low electronic conductivity was obtained when theesampl

was pyrolyzed at 800 °C.
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Figure 3.12Raman spectra of LFP/C filmsed to estimate the graphitic domain size of the carbon phase.

packed spherical LiFeR®articles inside a thin filmvith the sphere sizes were less than
200 nm (Figure 3.13 Many nanocrystalline LiFePQparticles smaller than 8 nm were
observed inside the carbon matbhe HRTEM image in Figure 3.14d&early shows the
lattice fringes of rystalline LiFePQ particles, which are different from the surrounding
amorphous carbon pha3€&M images of PF_700_2 also showed the presence of spherical
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LFP particles embedded in carbon matrix with the particle sizes ranging from 10 to 150
nm (Figure3.14C and3.14D). To summarize the structural informatioorin SEM and

TEM analysesthe 1 2 umthick, spin-coated filmsvere composed of nanospheres smaller
than 350 nmpacked inside a fibrous carbaontaining matrixOn the surface of the films,
sphereswith sizes ranging from 0.7to 1.5 um were present. The carbon phase itself

containgmanyrandomly distributed nanocrystalline LiFePgarticles smaller than 10 nm

Figure 3.13TEM images of LiFeP@C composite thin film pyrolyzed at 600 °C undhtrogen.
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Figure 3.14.TEM images of LiFeP@C composite thin film made from 2 g PF precursor and pyrolyzed at
A and B) 600 °C, and C and D) 700 °C under nitrogen.

3.4 Electrochemical Tests

3.4.1 LisFex(POs)3 Nanospheres

The discharge profile of sample calcined at 600 °C shows two plateaus at 2.4 and 2.7
V (Figure 3.BA), which are characteristic for the discharge profile aF&i(PQy)3.3%32 At
slow rates (C/2), the specific discharge capacities for the samples calcined at 600 °C and
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700 °C are 100 and 50 mA i gespectively. It is interesting that the capacity of the sample
calcined at 600 °C is much higher thine capacity of the sample calcined at 700 °C even
though the two samples showed similar morphology and crystallinity. The capacity of the
sample calcined at 600 °C is about 83% of the theoretical capacity, which is very promising
for using this materidior LIB cathodes. At different rates varying from C/2 to 2.5C, the
capacity of the sample calcined at 600 °C was retained while the capacity of sample
calcined at 700 °C continuously decreased. This may be attributed to the loss of surface

area and the her degree of aggregationtbbs a mpl e cal ci ned at 700
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Figure 3.15 (A) discharge profile of lsFe(PQy)s calcined at 600 °C; (B) cyclability of e (PQy)s at

different rates.

3.4.2 Spherical LiFePQ/C Composites

Electrochemical tests weperformed with coin cells of spherical LiFel#O composites.

The cells were tested at different rates, ranging from C/2 to 16 C for many cycles. The
discharge profiles of all samples showed the characteristic plateau of LiaeB@ V.

The two samplePF_600_1 and PF_700with the lower carbon content showed similar
performance. At a slow rate (C/2), both samples were able to deliver about 120"fA h g
and at higher rate (4C) their discharge capacities were about 65 mAFRiggre 3.5).
However, ifwe take a closer look at the discharge profiles of these samples, they are quite
different. The saple pyrolyzed at 700 °C has mooé its capacity delivered at 3.4 V,
whereas a large portion of the capacity of the sample pyrolyzed at 600 °C is dedivared
lower potential. This means that evémugh both materials have the same lithium
capacity, the sample pyrolyzed at 700 °C has a higher energy density than the sample
pyrolyzed at 600 °CThe plateau at 3.4 V is the characteristic potential for tieedalation
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of Li ions into crystal lattice of FePO4 forming LiFeR@he extraction of lithium ions at
lower potential (from 1.8 to 3.4 V) may originate from the removal of interfacial lithium
ions at the LiFePgcarbon interfaces where lithium ions at@ed on the ionic conductive
side (surface of FeRPQiFePQ; particles) and electrons are localized on the electronic
conductive side (surface of conductive carbBjhe interfacial lithium ion storage was
also observedn several nanometeized transition metal oxidé$%® In this regard,
LiFePQy/C films pyrolyzed at lower temperature has larger graphitic domain size, which
is able to store more lithium in the interfaces and have mors chpacity delivered at
lower potentialBoth of the samples are able to operate at extremely high rate (16C) and
are able to deliver about 25 mA # githout fading for 20 cycles.
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Figure 3.16 Discharge profiles of spherical LiFeRRO compositeprepared from 1 g PF precursor and
pyrolyzed at different temperatures.
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Figure 3.17 Rate performance of spherical LiFelf© composites prepared from 1 g PF precursor and

pyrolyzed at different temperatures.

The electrochemical performance of the sampliés higher contents of carbon was
vastly different and strongly depended on the pyrolysis temperature. Samples pyrolyzed at
lower temperatures (500 and 600 °C) were able to deliver 130 m#ah @/2 rate while
the value for sample pyrolyzed at 700 °C was only 60 mA-hTis is quite surprising
since the morphologies of the two samples pyrolyzed at 600 and 700 °C were quite similar
and no impurity phases were detectable by XRD for the sgoypbdyzed at 700 °C. It is
worth noting that only the PF_700_2 sample was not able to maintain the current when
cycled at a 16C rate; the other two samples cycled without any problems.
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Figure 3.18 Discharge profiles and rate performance of spherigaRQ/C composites prepared from 2 g

PF precursor and pyrolyzed at different temperatures.

The amount of capacity delivered by the PF_600_2 sample at 3.4 V was higher than
that of the PF_500_2 sampighich is also ascribed to the interfacial lithium agge, in
which PF_500_2 with larger graphitic domain is able to store more lithium at the
LiFePQy/carbon interfaceThe PF_600_2 sample also had a better rate performance than
the PF_500_2, particularly at higher rates. When cycled at a slow rate (C/2), both
PF_600_2 and PF_700_2 samples showed increasing capacity over multiple cycles. During
each cycle the sample gathabout P5 mA h g*, which can be attributed to the presence
of big LFP particles on the surface of the films, which need more time for lithium ions to
intercalate/deintercalate. This effect disappeared when the sample were cycled at high rates
as the cpacity contribution from big LiFeP{particles at these rates are very limited. The

PF_600_2 sample showed the best performance of all tested samples with 130" @A h g
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C/2 rate and 50 mA h'gat 16 C rate. The good performance is attributed to thechidgon
content and the small size and high crystallinity of the LFP phase that facilitated the

diffusion of Li ions and the movement of electrons in the composite.

3.5 Conclusions

LFP cathode materials are of great interest for HEV and EV applicationsudg to
be useful for portable devices, which require much higher volumetric energy density,
morphology control of electrode materials must be considered. Spherical microspheres
with nanometesized features are of great interest because of their Ipgthetasity and
good electrode performance. In this chapter, two different spherical LFP materials were
described. Nanspherical LiFex(PQs)z was obtained from the calcination of 3DOM/m
LiFePQJ/C composites. The sample calcined at 600 °C showed good elential
performance with 100 mA h-gat 2.5C rate and good cyclability. The capacity was
normalized for the actual weight percentage ofF&i(PQu)s in the sample. The cell
capacity did not change when the rate was increased from C/5 to 2.5C, and wan at
high rate (2.5C) the capacity was maintained after 50 cycles. However, the disadvantage
of this material is the presence of:Bg as a norfreactive phase, which decreases its

specificcapacity

Spherical LiFeP@C composites prepared bgpincasting showed very good
electrochemical performance. All samples were able to maintain a current when cycled at
very high rates (up to 16C). The capacity contribution was closely related to the LFP and
carbon phases, and the sample with a carborephgls higher conductivity had most of
its capacity delivered at a higher potential (3.4 V). The best performance was observed for
a sample with 72 wt% of LiFeRQpheres and 28 wt% of carbon pyrolyzed at 600 °C,
which delivered 130 mA hyat C/2 rate ath 100 mA h ¢ at 2C rate.
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4.1 Introduction

Electrical doubldayer capacitorsEDLCs) areincreasinty finding applications in
consumer electronics, memory baghk systems, industrial power and energy management
due to their high power capability and uitceng cycle life! The devices can work as
alternative or supplemerstto batteries in energy storage field, which will support the
advancement dhefields such as renewable energy, transportation, and podabices
in the futuré? For instancein EVs and HEVSEDLCs can be used to accelerate vehicles
at their startup and regain the enedgyingbraking. The EDLCsanact as an intenediate
power source reducing the stress on the baitteryng high current processeshis
combination is more feasible than using EDLCs or LIBs alone in HEVS or EVs because
each of them has its own limitations. Batteries are able to store a large ahenatgy
but suffer from slow power delivery, whereas supercapacitors can provide high specific
power but can only store a limited amount of energy. The differences between batteries
and supercapacitors are due to the mechabismhich charge istored ad delivered in
these systas. Batteriestore charge in the bulk material while supercapacitors store charge
only on electrode surfaces via ion adsorption. An EDLC can quickly release its stored
energy simply by replacing the surfaadsorbed ions with cmter ions from the
electrolyte. On the other hand, the charge transfer process in a battery is usually coupled
with structural changes of the cathode and the anode materials, which is much slower than

the ion exchange process at the electrode surface.

The performance of a supercapacitor is described by the following equations:

6 —  [41]
0 -67Y [4.2]

0 — [4.3]

whereC is the capacitancé the electrode surface aré&athe energy density the power

density,U the working potential, anR the cell resistance. According to these equations,
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the energy density and power density can be improved by increasing the electrode surface
area, lowering the cell resistance, and using an electrolytawitiher working potential.

To improve the capacitance, traditional planar metal electrodes were replaced with porous
carbon electrodes with higher surface area.

In practice, activated carbswith asurface area up to 2006 gi* and reasonably high
electronic conductivity have been widely used for supercapacitor applicatidfise high
surface areaareproduced by activating carbon using water vapor, carbon dioxide, or KOH
at high temperatures. The process usually leads to the formation of carbonaceous materials
with wide pore size distributions ranging from swmometer micropores to large
macropores? The randomness of pore size distribution and the lack ofqdeging limit
acces®f theelectrolyte to the micropores and slow down the mass trandpeleabrolyte
inside the active material©n the other handmacropores wastactive volume and
thereforereduce theenergy densityf the materialsince thearge pores onlyactasan
electrolyte reservoir and have little contribution to the total dtgrare. Instead,
microporous and mesoporous carbons with narrow pore size distribution and controlled

pore structures are desired as electrode materials for supercapacitors.

Microporous carbons potentially hatree highest capacitance due to their highface
areas. Particularly, some research groups have recently reported on the anomalous high
capacitance of materials with snbBnometer pore$!® Counter to the traditional
Helmholtz electrical double layer model for supercapacitor, wdssimedhat the energy
of an EDLCis stored via adsorption of solvateds on the electrode surface, the solvation
shelkof ions are partially removed whéme ionsare insideverysmall pores! This results
in smaller charge separation between the ion and the pore walls (smaller d in equation [1])
leading toanincreasean capacitance. However, the accessibility of thesensutometer
poresis very limited, whichcanadversely impact the power capability of the materials. It
is clear thasupercapacitors with bothigh energy and high powedensitiesnust be built
on hierarchically porous materials since micropores are needed for hightaapaand
mesopores (2 50 nm) are necessary for efficient transport of electrolyte into the
micropores->27 This is particularly importantor systems using organic or ionic liquid
electrolytes, which have wider potential windows buonallerdiffusion coefficients than

agueous electrolytes. More importantly, these mesoporesomdssigned in the best way
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to facilitate the transport of electyb while avoiding significant reductiotine volumetric

energy density of the materials.

Using nonaqueous electrolytes such as organic electrolytes and ionic liquids with
wider working potentials is an effective way to improve the energy density and powe
density of supercapacitors. These +amueous electrolytes can potentially increase the
working potential of a supercapacitor cell i43v, which result in #9 times increase of
energy and power density B&ndP vary with the square of the potentiaihgow (U). To
get the same enhancement by increasing the surface area of electrode materials, electrode
materials with excluded micropores must be utilized. However, the power capacity of these
materials will be definitely very limited and it is not a godhbice to trade the power
density for the capacitance since their energy densities will never approach the levels of
batteries.

This chapterdescribes the fabrication of carbowgh well-ordered, interconnected
mesopore structure and microporous wallse capacitive behavior of thesarbonsare
thenstudiedusinganionic liquid with working potential up to 3.5 V #seelectrolyte. The
carbon was prepared viecolloidal crystal templating (CCT) method usiagsembles of
monodispersailica spheres different sizes ranging from 8 to 40 nm as templates. The
CCT offers a versatile method to fabricate nanostructured materials with open,
interconnected structure and controlled pore size.general, he method uses
monodisperse spheres (polymer spheresilica spheres), which are assembled into
periodic arrays as templates. The void space between spheres is then infiltrated with a
precursor solution for the target electrode material. Thermal processing converts the
precursor to a solid skeleton thatreunds the templating spher&dica spheres can be
removed via reatment with concentrated baselution or hydrofluoric acid. The final
product of the CCT process is an inverted replica of the original colloidal crystal, i.e., an
Ai nver se o-fdirmdnsionalty rordetett macmporous (3DOM) or mesoporous
(3DOm) solid. The inverse replica typically inherits the faeatered cubic (fcc) symmetry
of the templating sphere array. The fcc macropore array is interconnected through windows
where templatinggheres were in direct contact (i.e., at twelve points in an ideal and typical
structure). Ordered mesoporous carbampleswith pore sizes ranging from 8 to 40 nm,

and surface areas as high as 166§’ mvere prepared. The PF carbon showed very high
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capadance, high rate performance, and excellent cyclability, which is suitable to build

high energy and high power supercapacitor cells.
4.2 Experimental

4.2.1 Materials.

Resorcinol (99%), phenol (99%), formaldehyde aqueous solution (37 wt%), sodium
carbonate, anhydrous ethanol, methanol, tetrahydrofuran, polytetrafluoroethylene (PTFE)
60 wt% dispersion in water, tetraethylorthosilicate (TEOS) (99 %Yysine (98 wt%),
hydrochloric acid (0.1 M), potassium hydroxide (98 wt%), and the ionic licuaithyll-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIFSI) were purchased from
SigmaAldrich and used without further purificatioBeionized water was purified to a
resi stance higher than 18 Mq.

4.2.2 Preparation of Silica spheres.

Silica sphees (8.540 nm) were prepared by the hydrolysis of TEOS in the presence
of L-lysine at different temperatures. Spheres with diameters >20 nm were synthesized by
seed growth from the smaller spheres. In genesbisibe (70 mg) was dissolved in 70 mL
waterin a 125 mL polytetrafluoroethylene (PTFE) bottle and stirred for 10 min. TEOS (5.3
g) was added into the-llysine solution and vigorously stirred at room temperature for 30
min before being transferred into an oil bath and stirred at the designed temgsefat
different times, as indicated below.

1 The ~10 nm Si@spheres were synthesized by stirring the mixed solution at 500
rpm for 48 h at 70 °C.

1 The ~15 nm Si@spheres were synthesized by stirring the mixed solution at 500
rpm for 48 h at 90 °C.

1 The~20 nm SiQ spheres were praped using seeded growth frorh5 nm spheres
by addinga total of 5.4 g of TEOS i& separatdractions, each 1 h apart.

1 The ~40 nm Si@spheres were prepared using seeded growth from ~20 nm spheres
by addinga total of TEOS (1.5 g)in three separate fractionsach addition 48 h
apart while stirring at 500 rpm at 90 °C.
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The dispersions were then poured into Petri dishes and placed into an oven at 70 °C to
allow the spheres to settle and to remove water. The obtaihésl were then calcined at
550 eC for 6 h in air to remove any organi
templates.

4.2.3 Preparation of 30Dm carbon.

Two different carbon precursors including poly phenolformaldehyde (PF) and poly
resorcinolfomaldehyde (RF) were used to prepare PF carbon and RF carbon respectively.
The RF precursor was freshly prepared for each batch of carbon, whereas the PF precursor
was prepolymerized at 70 °C for 1 h, then dispersed in THF and kept in a retioges

a stock solution.
4.2.3.1 RF precursor.

Resorcinol (3.3 g) and sodium carbonate (0.06 g) wesolved in 4.5 mL aqueous
solution of formaldehyde (37 wt%) and vigorously stirred at RT for 20 min before being

infiltrated into the silica colloidatrystal template.
4.2.3.2 PF precursor.

Phenol (61 g) was melted at 50 °C in a 500 mL reooitiom flask. Aqueous
formaldehyde solution (200 mL, 37 wt%) was added dropwisdhetoelted phenol while
stirring. After that, the mixture was heated at T for 1 h to increase the extent of
polymerization between phenol and formaldehyde. Water was removed from the mixture
by rotary evaporation at 50 °C. The viscous, wétee polymer was then dispersed into

THF to obtain a 50 wt% dispersion and kept ia tefrigerator before use.
4.2.3.3 Preparation of 3DOm Carbon.

3DOm carbon was prepared by infiltrating carbon precursors into siitaidal
crystaltemplates for 4 fithen aging the infiltrated composites at designated temperatures
(85 °C for RF and 40 °C for PF) for 24 h. The aged composites were then pyrolyzed at
900 AC for 4 h (5 eC/min ramping rate) to -t
into carbon. Silica spheres were then etched out by hydrothdrestiment with
concentrated KOH (1) at 180 °C for 48 h. The obtained carbon was neutralized with

96



HCI solution (1 M) and washed with copious amounts of water to remove any remaining

inorganicsalts
4.2.4 Product Characterization.

Raman spectroscopy was performed with a Witec Alpha3606ffocal Raman
microscope using 514.5 nm incident radiation at the lowest pods#alen powerto
minimize beam damage of the sample. Scanning electron microscopy (SEM) was carried
out with a JEOE6700 microscope operating at 5 kV with emission currents ranging from
2 to 10 gA. Because of the high coremucti vi
metal coated. Transmission electron microscopy (TEM) was carried out with a Technai

T12 microscope operating at 120 kV with em
4.2.5 Cell preparation and electrochemical tests.

Carbon was mixed with polytetrabbwethylene (PTFE) (5 wt%) and extensively
ground in a mortar to form a homogeneous mixture. The mixture was rolled into thin films
with a pastanaker, then cut into 1 c¢hrircles and used as electrodes. To prepare
electrochemical cells, two carbon electes separated by a Cellgé8801 membrane were
prewetted with electrolyte and then packed into a two edéetcell. The ionic liquid EMI

TFSI wasused as the electrolyte.

Galvanostatic conditions were used to measure the capacitance and to test the
cyclability of supercapacitors. For capacitance measurement, the cells were charged and
discharged at different rates for 10 to 20 cycles. For cyclability test, tiseveedt charged

and discharged at a current of 10 mA for a few thousand cycles. The camacias
calculated using the equatian: ~— wherel is the discharge currentt id the time for

the cell to discharge starting at the voltage determined by the maximum potential (3.5 V)
minus the potential due to ohmic drop, aMdgithe maxinnm potential minus the potential
due to ohmic drop.

The electrochemical impedance spectroscopy (EIS) tests were carried out using a
Solartron 1260 frequency analyze in the frequency range from 10 mHz to 100 kHz with a
20 mV AC amplitude. The gravimetraapacitance, C (FYJ, was calculated according to

C

6 T
¢ Rliwl
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Wheref is the operating frequency (Hz), I18)(is the imaginary part of the total device

resistance (ohm), amdis the mass of carbon in each electrode (in units of g).

Cyclicvoltammetry(CV) curves wasobtainedwith Solartron 1287 electrochemical
stationusinghomemade software. CV curves were scanned agmitamp rates from 20
to 100 mV/s Capacitance values were calculated for the CV curves by dividing the current
by the voltage scarate

0

oo
Qo
The reportedsecific capacitance is the capacitance of the cell normalized to the mass

8

of one electrode.

4.3 Results and cussion

4.3.1 Preparation of silica spheres and silica templates.

In general, monodisperse colloidal silisgheres readily pack into ordered structures,
whereas silica spheres of different sizes assemble into less ordered or even disordered
structures. For colloidalrystaltemplated materials, the pore size is determined by the size
of each sphere while thedered pore structure is inherited from the order of the templates.

In this chapter, 3DOm carbon materials templated from silica spheres were used as
electrodes in supercapacitors to study the effects of pore size on the capacitance. Therefore,

it is critical to use highly monodisperse silica spheres with controllable sizes as templates.

TEOS 500 rpm O OO drying calcination

L-lysine —=—=—> OO 70°C, 24 h 550 °C, 6 h

Water 48 h
Colloidal crystal

Silica @ L-Lysine template
Figure 4.1 Synthesis scheme of the preparation of silica spheres and colloidal crystal templates.
The preparation of periodic arrays of dulndred nanometer silicpheres assisted by
amino acids was first reported by Takashi and coworkers and is outlined in Figéfte 4.1.

An earlier study showed that the sizes of silica spheres are affected by many factors, such
as the concentration of the silica precursor (TEOS), temperature, and stirrifyjlnate.
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general, higher initial TEOS concentration, lower stirring rates, and higher temperatures
result in bigger spheres. However, to achieve full control over the size of the silica spheres
in the range from 8 to 40 nm, a more detailed study on how strongly each factor affects the
sphere size had to be carried out.

In direct syntheses of silica spheres, the sizes of the spheres can be controlled with high
accuracy by adjusting the hydrolysis genatures. However, only relatively small spheres
can be obtained through this method, as hydrolysis at 90 °C produced only 14.5 nm spheres.
Larger spheres must be prepared by a seeded growth method. However, it was observed
that the sizes of seeded splsedal not increase linearly with the amount of silica precursor
added. The following paragraph will show how the size of the seeded spheres can be
calculated for this simple case.

First, the total mass of spheres in the solution is proportional to tleeah8EOS used,

which can be described by the following equation:
a x Ba 0z-“Y z2Q [4]

wheremreosis the mass of TEO® is number of spheres in the solutidtis the average

radius of each sphere, adghereis the density of each sphere. It is safe to assume that the
densities of the seed spheres and the final spheres are the same since they are all formed
from the hydrolysis of TEOS at the same temperature and in the presence of extra amount
of water. The sig of the final spheres is then related to the seed spheres according to the

eqguation:
—— =) B

whereSandF refer toseed and final. If the number of spheres does not chakgeNFr,

which means that added TEOS only forms layers outside of the seeded spheres, not any
new spheres), the sphere size then varies as the cube root of the mass fraction of the two
TEOS precursors that were udedproducehe two sphere sizes. However, we found that

the actual sphere size®rebigger than the theoretical values based on the assumption that
the numbers of the spheres did not change. This means that the number of spheres actually
decreased after new TEOS was added into the solution containing spbedesssThe

decreasghowever, was not a constant number but depended on the size of the seed spheres.
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To have better control over the size and dispersity of the seeded spheres, it is crucial to
know the exact percentagiecreasing the number of sphedesing the reaction. To do

this, we used 14.3 nm silica spheres as the seed and then monitored the sphere size versus
the amount of TEOS added. For each addition of TEOS, the solution was stirred for an
extra 48 h at 90 °C to make sure that hydrolysitefnewly added TEOS was complete.

After that, a small amount of solution was used to prepare a TEM sample, and the sphere

size was averaged from the sizes of 200 spheres. Figure 4.2 shows the increase in sphere

sizes after adding 10g} 20.8 g, and 31.¢ of TEOSto 14.3 nm seed silica spheres.

Figure 4.2 TEM images of the silica spheres of different sizes prepared by the seed growth method. The

average diameter of the seeds was 14.3 nm. Average product diameters are shown.

The sizes of seed spheres, final spheres and their theoretical sizes after each addition
of TEOS are shown in Tabdel. In all cases, the sizes of the theoretical spheres are smaller
than the sizes of the actual ones measured from TEM images. This meapghéres
undergo dissolution/reprecipitation processes in solution, in which the dissolution process
may be accelerated by collisions between spheres at high stirring rates and long reaction
times. The dissolution of spheres should also depend on the# Isecause the bigger
spheres are more stable and harder to break down than the smaller spheres. The fractions
of spheres in solution after 48 h, 96 h, and 144 h stirring estimated using equation [5] are
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0.88, 0.96, and 0.99, respectively. This meansitB&no of the 14.3 nm seed spheres were

dissolved into solution while the fractions for the 21.4 and 25.8 nm spheres were only 4 %
and 1 %, respectively.

Table 4.1Sizes of silica spheres prepared by the seed growth method.

Seed size (hm) Theoretical size  Measured size

(nm) (nm)
14.3 20.5 21.4+1.3
21.4 25.4 25.8+1.6
25.8 28.8 29.2+1.7

Knowing these percentages, highly monodisperse silica spheres of different sizes

ranging from 8 nm to 40 nm were prepared by direct syntheses (Figure 4.3 A and B) and
seeded growth (Figure 4.3C, D, E, and F).

Figure 4.3(A) 9.5+£0.6 nm, (B) 14.3+1nm; (Q21.441.3 nm; (D) 25.8+1.6 nm; (E) 29.2+1nmM; (F) 39.5+2
nm SiQ spheres. Samples were taken from the solution before calcination.
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After evaporation of water, the spheres were packed into ordereddatsred cubic
arrays, which can be seen in Figurd.4The small spheres (< 10 nm) are usually less
monodisperse and therefore harder to be packed into ordered structures. However, the Fast
Fourier Transform (FFT) of the TEM images from the 9.5 nm silica spheres still shows a
ring pattern with a-spacingof about 9.5 nm. The bigger spheres (25.8 and 39.5 nm) with
higher monodispersity are packed into very ordered structures (Figure 4.4B and C). The
FFT of the 25.8 nm and 39.5 nm Si€amples showed bright dots from the diffractions of
highly ordered Si@arrays.

Figure 4.4TEM images of A) 9.5+0.6 nm; B) 25.8+1.6 nm; C) 29.24#in7; D) 39.5+2 nm calcined SO
spheres showing ordered structures. D, E, F) FFT of A, B, and C correspondingly.
4.3.2 Preparation of 3DOm carbon.

The orderly packedilica spheres were calcined in air to remove organic components,
and were then used as templates to prep@f@m carbon. It is worth mentioning that all
spheres showed small shrinkage after calcination, which can be ascribed to the loss of
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organic components antthe further condensation of silica at high temperature. The
shrinkagevaried from 5 t0l0% for spheres of different sizes. The synthesis of 3DOm
carbon is outlined in Figure 4.5. First, carbon precursor is infiltratedhasilica template

by capillay forces. The composites are then aged at a moderate temperatiifie!QLT0)

to further polymerize the carbon precursor to strengthen the polymer network surrounding
the silica spheres. This step must be done in a closed vial and is necessary to allaiw mos
formaldehyde to react with phenol groups since it is quite volatile and would be lost if the
composite were pyrolyzed directly after infiltration. The polysiéica composite is
pyrolyzed at 900 °C to transfortinepolymer into carbon. The silica tgate is then etched

out using a hot, concentrated KOH solution, creating the porous structure. To study the
effects of pore size on the performance of supercapacitor electrodes, four different sphere
sizes (9.5+0.6, 21.4+2, 29.2+2, and 39.5+2 waje setcted to prepare 3DOm carbons.

In addition, two different carbon precursors, including poly(resordmohaldehyde) (RF)

and poly(pheneformaldehyde) (PF), were used to prepared carbons. These precursors
differ in the number of the phenol group attachedhe aromatic ringand, therefore,
produce carbons with different oxygen content and functional groups on the surface. It is

known that carbons with a higher content of oxygen usually have lower electronic

conductivity.
£ >
s = 2 OO0 o . 1) pyrolysis
/% infiltration of - 900°C, 6 h
—

carbon precursor 2) silica etching

W)
4
el

Silica-polymer

Silica template :
composite

3DOm carbon

Figure 4.5 Synthesis scheme for 3DOm carbon.

Both precursorsverereadily infiltrated into silica templates. During the infiltration,
bubbles evolved from the templates, which indicated these were well wetted by the carbon
precursors. The bubbles surrounding the spheres may block access precursor into the
template andlsw down the infiltration; therefore they nestto be removed, for example
by disturbing the solution with a stirring rod. Becaduise infiltration usually took long

time, itwasimportant to control the gelation of the carbon precursors. RF sol, Veithex
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number of phenol groups, gels faster than PF sol, which limits its usable tiirhaer

the precursor is freshly made. To prolong the gelation time, it is necessary to conduct the
infiltration in capped vials, because oxygen from the air newk to catalyze the
polymerization between phenolic compounds and formaldehyde. After aging at the
designated temperatures, both precursors produced robustredankolymersilica
composites, which were transformed into carbiica composites by treatj at high
temperatures under an inert atmosphere. One advantages of using silica hard templates is
that the template provides continual support for the carbon framework during
carbonization, preventing structural collapse. SEM images of the ealllm@composites

(Figure 4.6) show that the ordered structure remained even with the presence of carbon

precursor in between the spheres.

Figure 4.6 SEM images of carbe8iO, composites made from A) 29.2 nm and B) 39.5 nm silica spheres.

TEM images of silicacarbon composites show similar features with the periodic
structure of the silica template surrounded by the carbon phase (Figure 4.7). The carbon
phase is very thin, and the spheres are in close contact, which is critical for the formation
of windows to canect pores once the spheres are removed. At this stage, the spheres are
already shrunk comparing to the spheres in the solution due to the condensation of silica at
high temperature. As estimated freinese TEM images, the shrinkageabout 23 nm for
bath sphere sizes of 29.2 and 39.5 nm.
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Figure 4.7 TEM images of carboiO, composites made from (A and B) 29.2 nm, (C and D) 39.5 nm silica

spheres, showing the ordered structure of the silica template and the presence of the carbon phase.

The pyrolyzed composites were hydrothermaiatedwith concentrated KOH at 180
°C for 48 h to remove the silica templates. After this template removal step, highly ordered
mesoporous carbons wembtained (Figure 4.8). The symmetry of these ordered
mes@orous carbon samples was solved by taking TEM images at multiple angles, then
indexing the fast Fourier transforms (FFT) of these TEM images. Figure 4.8 shows TEM
images of a carbon sample templated from 21.4 nm silica spheres, which showed different
ordeed patterns from different viewing angles. The FFTs of these images can be indexed
to a facecentered cubic (FFC) structure with a unit cell of 19.4 nm. Other structures such
as hexagonally closed pack or disordered structures can be found in diffeatioini® of
the sample. However, they only occupy a very small fraction of the sample (ca. 5 %). All
other carbon samples templated from silica sggheof different sizes also haeFC

symmetry, whichwas inherited from the mother templates.
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