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Abstract

This dissertation discusses work aimed at developing and improving nanostructured
materials for electrochemical energy storage, specifically electrochemical double layer
capacitors (EDLCs) and lithium-ion batteries (LIBs). This was achieved through a
combination of templating, precursor selection, and heteroatom doping to control the
morphology and composition of the materials for improved performance in both types of
energy storage.

The first part of the thesis discusses EDLCs. First, a new method to produce soft-
templated carbon materials is described. This process allows for improved production of
mesoporous carbon made through soft templating. The work continues with using ionic
liquids to dope nitrogen into hard templated mesoporous carbon. This led to a 40%
improvement in specific capacitance due to improved conductivity. The section
concludes with an investigation of physical and electrochemical properties of twelve
ionic liquid electrolytes to determine which parameters are most important to achieve a
high energy density.

The second part discusses my work on LIBs, starting with a design of a low-cost
electrochemical cell for in-situ X-ray diffraction monitoring during galvanostatic cycling.
It continues with the development of a novel cathode material, LigZrOg, with a high
lithium content. In this material, the redox activity is localized on oxygen atoms. LigZrOg
displays initial capacities higher than those of commercial materials but has large
polarization. The capacity is further improved with transition metal doping, leading to a

final specific capacity of over 175 mAh/g after 140 cycles at a rate of C/5.
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Chapter 1: Introduction to Rechargeable Electrical Energy Storage

As climate change becomes an ever increasing problem, due in large part to the
increase in fossil fuel use during the last century, alternative sources of energy are being
explored while improvements in the efficiency of existing technologies are also sought.
Many energy sources, such as wind- and solar-based power sources, are variable,
producing fluctuating and unpredictable outputs of electrical energy.’ To balance the
supply and demand needs on a grid-level scale, electrical energy must be stored and
redistributed for better overall grid level efficiency. Another application needing
improved electrical energy storage systems relates to hybrid and all-electric vehicles for
commercial and personal transportation.” Therefore, a major challenge for the coming
decades is improving electrical energy storage technology on multiple scales, from grid
level to personal vehicles, and timeframes, from seconds to days.® This thesis work
explores two primary technologies, electrochemical double-layer capacitors (EDLCs) and
Li-ion batteries (LIBs), specifically developing materials for improved performance of

these types of electrical energy storage devices.
1.1 Methods for Electrical Energy Storage

While multiple requirements must be met for rechargeable electrical energy storage
devices, two primary parameters used typically used to determine performance: specific
power and specific energy.? Specific power can be described as the rate at which the
energy can be delivered, or how quickly one can charge and discharge a cell. This is

proportional to the potential energy of the cell squared divided by the total resistance of



the cell. Specific energy can be described as the amount of energy that the cell can
deliver and is proportional to the capacity of the cell times the potential energy squared.
As can be seen from these relationships, the potential energy of the cell is of great
importance for the final performance of the device, and will be discussed later for each
device.

There are two primary devices to store electrical energy: capacitors and batteries.
Figure 1.1 shows the relative range of power and energy densities of typical devices used
to store charge." Capacitors can be divided into two primary types — electrolytic
capacitors and so-called supercapacitors, which are based on double-layer capacitance
and/or pseudocapacitance.” These devices generally have a high power density but
limited energy density, making them ideal for situations where rapid charging and
discharging is desired, such as in regenerative braking for hybrid vehicles.? Specifically,
EDLCs are currently used commercially in areas such as harbor cranes, flash
photography, and emergency exits on Boeing airplanes.”® On the other hand, batteries
generally have much higher energy density but lower power density.**® For high
performance rechargeable batteries, LIBs are currently the technology used in common

portable electronic devices due to their low weight and high energy density.** ™
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Figure 1.1. Ragone plot of typical electrical energy devices showing the relative energy and power density

ranges of each type. Adapted with permission from reference 13. Copyright 2008 Nature Publishing Group.

1.2 Electrochemical Double-Layer Capacitors

EDLCs are a type of rechargeable electrical energy storage device that utilizes
surface-based electrostatic adsorption of ions onto an electrode surface.** This
phenomenon was first described by Helmholtz in 1853 when he proposed a system based
on a double-plate capacitor in which charge separation occurred between the electrolyte
and the surface of the electrode.* This differs from conventional capacitors where charge
separation occurs between two parallel plates. However, it was not until 1957 when
Becker et al. built the first large-scale experimental design that demonstrated the
electrochemical double-layer.’> This system was based on porous carbon electrodes

derived from lampblack and an aqueous H,SO, electrolyte. Unfortunately, this design
3



was unable to be commercialized due to limitations of the cell design and a high cost.
The first commercial design was created by the Standard Oil Company in 1970 and was
based on a carbon paste electrode and a similar sulfuric acid electrolyte.'® This system
was able to deliver 67 F/g and utilized a coin cell design (a standard cell design that aptly
looks like a coin, both in size and shape); this was a much more practical alternative to
Becker’s cell. The first US mandate for improved EDLCs came in 1989 when the
Department of Energy began a development program to promote advances in EDLCs."
This was done to boost development into battery or fuel cell power sources for hybrid
vehicles and provide necessary power for acceleration and efficient energy recuperation
during braking. Since that time, research has aimed to increase the specific surface area

19, 20

of the electrodes,*” *® develop novel electrolytes,*® ?° and reduce the resistance within the

electrode.?! %

1.2.1 Mechanism of Charge Storage

As mentioned, the basic mechanism for charge storage within an EDLC is based on
the reversible, electrostatic adsorption of electrolyte ions on the surface of an electrode.™*
2324 Figure 1.2 shows an idealized representation of a charged EDLC where the anions
are adsorbed onto the positively charge cathode and the cations are adsorbed onto the
negatively charged anode. The directly adsorbed ions and their solvation shell create
what is known as the Inner Helmholtz Layer.®® The capacitance derived from this
behavior described by Helmholtz in 1853 and can be modeled by Equation 1.1:

(14

06 — (1.1)



where C is the capacitance of the electrode, A is the surface area of the electrode
available for ion adsorption, & is the electrolyte dielectric constant, & is the dielectric
constant of a vacuum, and d is the effective thickness of the Inner Helmholtz Layer.
However, this model does not accurately match experimental results, leading to Guy and
Chapman proposing the Outer Helmholtz Layer, where more distant, less well-adsorbed
ions can orient towards the charged electrode surface.”® A unified theory was later
described by Stern and Geary that combined the two theories to create the modern model
of an EDLC.? The remainder of the volume is filled with the diffuse layer, or disordered
electrolyte, that does not contribute significantly towards charge storage within the EDLC
and does not typically exist within the confines of small mesopores on which this thesis

work focuses.?*
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Figure 1.2. Schematic of the charge storage mechanism in an EDLC. The charge is stored primarily in the
Inner Helmholtz Layer whose thickness is determined by the ions in the electrolyte and the level of solvent
interaction. The Outer Helmholtz Layer helps stabilize the system. The diffuse layer consists of disordered

electrolyte and does not contribute to the capacitance.

The Stern and Geary model can be used to accurately model infinitely parallel, flat
surfaces, but as Equation 1.1 shows, the capacitance is proportional to the surface area
available for electrode adsorption.?® To attain higher capacitance, greater surface areas
are needed, leading to the use of highly porous materials. As the pore sizes drop below 50
nm into the mesopores range (2-50 nm),>" and especially below 5 nm, the Stern and
Geary model breaks down significantly due to increased interactions between the ions on
the highly curved surfaces.”® Furthermore, the ions are unable to pack efficiently, and
solvation shells are forced closer together, changing the interactions of the Inner
Helmholtz Layer. Additionally, the Outer Helmholtz Layer has reduced volume in which

to form, leading to a further breakdown in the model. The effect is that charge is stored in



cylindrical layers,> ?® rather than the parallel plates described by Helmholtz, and can be
more accurately modeled by Equation 1.2:

0 —— (1.2)
where d is the distance between the ions and the electrode, b is the pore radius, and the
other variables remain the same as in Equation 1.1. In the case of organic and aqueous
electrolytes (solutions of ions based on either organic solvents or water, respectively), a
minimum pore diameter of around 2 nm is required for the double-layer, based on typical
solvation shell diameters.?

However, in the case of electrolytes that do not require a solvation shell, such as ionic
liquids (which are salts that remain a liquid at room temperature), even smaller pores can
be utilized for double-layer capacitance.® In this case, the capacitance model does not
involve a double-layer, as there is no room for this to occur; rather, the ions form a
“wire” within the pores, leading to an ideal pore diameter based on each ionic liquid
where the ions match the pore size for maximum capacitance. It has been shown that for
the ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI
TFSI), the optimal pore size is similar to the ionic dimensions of the salt determined from
X-ray crystallography (Figure 1.3).*® Therefore, while double-layer capacitance occurs
primarily in the mesopores of a structure, micropores can also contribute significantly to

the total capacitance.
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Figure 1.3. Results showing capacitance in micropores that are too small to form an EDL. The peak
capacitance occurs at approximately the diameter of the ions used as the electrolyte. Adapted with

permission from reference 30. Copyright 2008, American Chemical Society.

Beyond the double-layer capacitance described, EDLCs can exhibit what is known as
pseudocapacitance.> ** In double-layer capacitance, electrons are removed or added in a
delocalized fashion, creating an overall charged surface with little formal oxidation state
changes. However, in pseudocapacitance, which can occur in tandem with double-layer
capacitance, a redox active material is included in the electrode leading to localized
electron transfer and a formal oxidation state change.** This can add a significant amount
of capacitance to a system, for instance, the capacitance of carbon nanofoams increases
from 53 F/g to 110 F/g with the addition of a MnO, coating.** Figure 1.4 shows typical
capacitance ranges of various EDLC materials, with carbons typically exhibiting only
double-layer capacitance and polymers and metal oxides exhibiting pseudocapacitance.*

While pseudocapacitance can significantly increase the specific capacitance of an
8



electrode material, there are several downsides, most notably, increased cost and limited
lifespans.®* While double-layer capacitors can be charged and discharged for hundreds of
thousands to millions of cycles with little loss in performance, pseudocapacitors can be

limited to fewer than 1000 cycles due to irreversible reactions on the surface of the

electrodes.
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Figure 1.4. Comparison of various pseudocapacitive materials and their relative capacitances. RuO, has the
highest capacitance; however its high cost makes it unattractive for widespread commercial use. Reprinted

with permission from reference 33. Copyright 2010, Royal Society of Chemistry.

1.2.2 Components of an EDLC

EDLCs are composed of two primary components that limit their performance: the
electrodes and the electrolyte.*® The two electrodes need to be electrically separated;
otherwise the device will short out because current can travel directly between the

9



electrodes, eliminating the stored potential energy. This can be done through either an
electrically resistive spacer, such as porous polymers or glass, or spatially separated.
However, the specific energy of the EDLC is determined by the specific capacitance of
the electrode (generally reported in farads per gram) and the potential limit of the
electrolyte.? %

In the case of double-layer capacitance, on which this thesis work focuses, most
electrodes are made from porous carbon, as porous carbons are easily synthesized, low in
cost, and possess high conductivity.***® Activated carbon materials derived from biomass
have been used extensively as electrode materials.®** Typically, the carbon is heated
under an inert atmosphere, such as nitrogen, to carbonize the material, followed by
secondary treatment in an oxidizing solution to improve the surface area and specific
capacitance of the material. The resulting materials can have high surface areas of over
2000 m?/g with specific capacitances of over 300 F/g.*> * However, these materials have
a wide distribution of pore sizes, ranging from micropores of less than 2 nm to large
textural mesopores in the 100s of nanometers. This disordered structure leads to many
dead ends throughout the material, limiting the effectiveness of the high surface area.*®
Density functional theory (DFT) calculations combined with experimental work on
commercial activated carbons suggests that surface areas above 1200 m?g do not
significantly increase the specific capacitance of the electrode.*’*®
The electrochemical performance can be improved by increasing external surface

area, for example by using nanofibers,”® or with internal surface area, such as with

nanostructured materials.*® Graphene, for instance, has a theoretical specific surface area

10



of approximately 2600 m?%g, one of the highest in potential electrode materials.*

However, due to agglomeration concerns and the readiness of graphene sheets to re-stack
and form graphite nanocrystals, these materials are typically used in composites, such as
with nanofibers.”™® Additionally, composites of carbon nanotube-graphene can been
used to create an open 3-D porous structure with large surface area.>* Such a composite
showed a high capacitance of nearly 200 F/g in the ionic liquid electrolyte 1-ethyl-3-
methylimidazolium tetrafluoroborate. One of the advantages to using an ionic liquid
electrolyte is the higher potential limits within which the cell can cycle due to the lack of
a solvent.”

The other component of the supercapacitor cell that primarily limits the overall
performance of the device is the electrolyte. There are four primary classes of
electrolytes; aqueous, organic, ionic liquids, and solid electrolytes. Aqueous electrolytes
were the first type of electrolyte used in the development of EDLCs." They are the least
expensive option and are composed of ionic species in water, commonly strong acids or
bases.”® *" Aqueous electrolytes have higher capacitances than organic- or ionic liquid-

based electrolytes due to the smaller size of the ions®>* *

and have higher conductivity
than organic electrolytes.”" However, aqueous electrolytes are limited to a working
potential around 1 V due to the decomposition of water at higher voltages,*® although this
can sometimes be extended to 2 V with some pseudocapacitive electrodes.®?

Organic electrolytes are organic salts, such as tetraethylammonium tetrafluoroborate,

dissolved in an organic solvent, like ethylene carbonate or acetonitrile.?” ® ® These

electrolytes have a larger attainable working potential, up to around 3.5 V,*® with some

11



systems reaching 4.8 V at room temperature.”® They also typically exhibit lower
capacitance than aqueous electrolytes in similar systems,® but the increase in working
potential produces an EDLC with a higher specific power.®* Organic electrolytes are also
water sensitive; capacitor failure occurs at higher operating voltages due to the
decomposition of residual water within the electrode.®® Additionally, the use of organic
solvents raises health and safety concerns for organic electrolyte-based EDLCs.?

lonic liquids are salts that are liquid at or below room temperature®® and provide a
high maximum working potential of up to 6 V.%° There are many commercially available
ionic liquids, providing a wide range of options to use in an EDLC." lonic liquids are
safer than organic electrolytes because they are not flammable and generally less toxic.?
Also, these electrolytes have a larger maximum potential window than aqueous or
organic electrolytes.?” ® Additionally, most ionic liquids are able to operate at a wider
temperature range than aqueous or organic electrolytes,”® and they can be synthesized
from a number of renewable and recyclable sources, making them a more
environmentally friendly option.®® " However, ionic liquids are more expensive than
aqueous or organic electrolytes, limiting their usage in commercial applications.*® ™

Solid electrolytes are also used in EDLCs, usually in the form of a conductive
polymer mixed with an active electrode material.” ™ Pseudocapacitive materials, such as
Nal/l, or polyaniline, are also often added to improve the capacitance.”> ® The primary
benefit of solid electrolytes is the ability to synthesize an all solid-state capacitor that is
lightweight and mechanically robust.”* Using a carbon nanotube ink and a polyethylene

terephthalate electrolyte, Hu et al. produced micrometer-thick EDLCs with capacitances
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of 140 F/g within a 3 V potential window.”* These flexible capacitors are suitable for
wearable energy storage devices and other technologies that require flexibility and
durability. Additionally, to make an entirely self-contained system, gold current

collectors have been decorated onto the active material.”
1.3 Lithium-lon Batteries

Lithium-ion batteries (LIBs) are another type of rechargeable electrical energy
storage device that is more prevalent in modern personal electronics, such as cell phones
and laptops.***? LIBs have a higher energy density than EDLCs, but generally lower
power density.” * The first widespread commercial success of LIBs occurred in 1991
based on a carbon anode, non-aqueous electrolyte, and a lithium cobaltate (LiCoOy)
cathode.” The primary advantage of LIBs over other battery technologies is the much
higher energy density available, typically over 250 Wh/kg, compared to lead-acid
batteries which are usually around 30 Wh/kg.”® This high energy density is a result of the
mechanism for charge storage and the lightweight materials that are used to produce the
battery.

LIBs are composed of four primary components: an anode, cathode, electrolyte, and a
porous spacer to separate the anode and cathode, as seen in Figure 1.5.”°"" The cathode is
made from a material that has a high lithium content by weight, such as LiCoO, or
LiFePO,. The anode is made from a material that can accept lithium ions during cycling,
typically a layered material, such as graphite,’® or a metal or semiconductor that can form
a solid solution with lithium, such as silicon.” The electrolyte is a solution of a lithium
salt, such as LiPFg, in an organic solvent that usually consists of mixed carbonates such

13



as ethylene carbonate, dimethyl carbonate, and diethyl carbonate.”® The spacer is used to
eliminate an electrical short between the anode and cathode, similar to the spacer in
EDLCs, while providing a pathway for electrolyte ions to freely pass between the
electrodes.”
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Figure 1.5. Schematic of a typical LIB composed of a graphite anode, LiCoO, cathode, LiPFg electrolyte,
and porous separator. The direction of charge flow is shown in black for discharging the cell and in green
for charging the cell. Reprinted with permission from reference 76. Copyright 2015, American Chemical

Society.

LIBs store charge through a “rocking chair” mechanism where lithium ions travel
between the electrodes while electrons travel through the circuit to balance the charge.
When the cell is being charged, the electrons and ions travel from the cathode to the
anode, with the reverse direction during discharge, as seen in Figure 1.5. In this case, the
charge is stored through changing the composition of the electrode materials, and

subsequently the chemical potential energy of each electrode. The standard cell potential
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(E®) is then related to the standard free energy of formation of the reaction between the

electrodes according to Equation 1.3:
w0 ¢ 00 (1.3)

where A @ is the standard free energy of the electrode reactions, F is the Faraday

constant, and n is the number of electrons involved in the reactions.®
1.3.1 Contemporary Cathode Materials

LIB cathodes are made from materials that initially contain lithium in the crystalline
structure. These lithium ions can be organized in 1-D, 2-D, or 3-D arrangements (Figure
1.6).”" The first structure shown to work efficiently as a LIB cathode material was the
LiCoO, layered structure, with two dimensional Li-ion diffusion paths. The first
published use of this material was in 1980, when J. Goodenough’s group showed that Li-
ions can be electrochemically extracted from the parent LiCoO, material, giving a
theoretical energy density of 1.11 Wh/kg.?° In this structure, the oxygen atoms form a
cubic close-packed array, with lithium and cobalt occupying alternating layers of
octahedral holes.”” During cycling, the cobalt atoms primarily provide the electrons for
charge balance. At half an equivalent of lithium removed (Lip5C00,), cobalt tends to
form an intermediate oxidation state of +3.5, which induces a crystalline change to a
monoclinic structure, which prevents further cycling.®® Furthermore, the cobalt can
dissolve into the electrolyte solution during cycling, leading to oxygen release and
structural breakdowns. To address this issue, surface oxide coatings have been used, such
as ZrO,, Al,O3, or TiO,, providing an effective strategy to reduce cathode breakdown and

allow for longer lifetimes of the battery.?*®
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Figure 1.6. Crystal structures of three Li-ion cathode materials showing the different lithium ordering in

one, two, or three dimensions. Reprinted with permission from reference 77. Copyright MDPI AG.

The next major composition shown to reversibly cycle Li-ions as a cathode material
was LiMn,0,, which exhibits the spinel structure and has 3-D Li-ion diffusion paths.®*®
This structure also has a cubic close-packed arrangement of oxygen atoms, with
manganese occupying half of the octahedral holes, leading to a network of edge-sharing
MnOs octahedra.”” The lithium ions occupy tetrahedral holes that exist between empty
octahedral holes, leading to the three dimensionality of the lithium diffusion. This
material was first published in 1983 when it was shown that lithium ions could be
inserted electrochemically into LiMn,04.% In this case, a slight phase change was
observed when above one stoichiometric equivalent of lithium was added. In 1984, a

follow-up paper showed that the material could have up to 0.6 equivalents of lithium

reversibly extracted, giving a total compositional range of Lig4Mn,04 to Li;Mn,0,.%
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It wasn’t until the late 1990s that a new cathode structure was shown to exhibit
promising electrochemical behavior. In 1997, LiFePO, was shown to be able to
reversibly extract and insert lithium ions.?® This material has an olivine structure with
orthorhombic symmetry.”” It is similar to the naturally occurring mineral triphylate
(Li(Mn, Fe)PO,), although the pure iron-containing phase that is useful as a cathode
material is an artificial product.®” In this case, the oxygen atoms form a hexagonally
close-packed array, with Li-ions occupying half of the octahedral holes formed, the other
half filled by iron. This creates the 1-D channels of Li-ions seen in Figure 1.6. When
cycling, up to 0.8 Li-ions can be reversibly extracted and reinserted before irreversible
crystalline changes occur.®® One significant advantage of LiFePO, over LiCoO, and
LiMn,0Oy is the relatively low cost of the materials, because iron is significantly cheaper
than the other two transition metals, making it a more attractive commercial material.®

Currently, most high-performance cathodes are made from LiCoO,-based materials
due to their higher capacity than the other materials, in spite of the higher cost. Typically,
in the commercial versions of this material, some of the cobalt is replaced with nickel,
which reduces the cathode breakdown and increases cell lifespans.®® Pure LiNiO; cannot
be used, because it exhibits exothermic oxidation of the electrolyte when the material
begins to break down, leading to cell failure and potential fires.”® Additionally, the
realized specific capacity can be increased from 127 mAh/g to 180 mAh/g due to the
higher structural stability allowed by the nickel atoms.®® However, while the replacement
of nickel reduces the cost of the cathode, the materials used account for approximately

80% of the cost of the final cell.** **%?
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One of the most promising new cathode materials is LiFePO,. It has a reasonably
high theoretical capacity of 170 mAh/g, though typically only about 150 mAh/g is
reached in devices due limitations resulting from low intrinsic conductivity.! It also
exhibits increased structural stability due to strong covalent bonding between the oxygen
and phosphorus atoms in the PO,* units.*® This stabilizes the antibonding Fe**/Fe?* state
through inductive effects. This structural stability also leads to increased thermal stability
compared to LiCoO, and LiMn,04.2° Finally, LiFePOy, is significantly cheaper than other
alternatives, potentially reducing the cost of a final cell by between 10 and 50 percent
while utilizing a more environmentally friendly transition metal compared to cobalt or
manganese.*

However, there are three primary disadvantages to LiFePO,: one, a low intrinsic

conductivity of <10 S/m;***® two, low volumetric density compared to other cathode

96-97

materials leading to low volumetric capacity; and three, a low Li-ion diffusion

coefficient limiting the rate performance of the material.*®

Of particular note is the low
electric conductivity, as this thesis (chapters 6 and 7) describes the development of a new
layered cathode material, LigZrOg, that also exhibits low electric conductivity. Therefore,
the methods used to address this issue in LiFePO, are discussed as guidelines for how
they were approached in the LigZrOg system. There are three primary ways to reduce the
effect of the low conductivity. The first is to reduce the active material grain size by
altering the synthetic conditions.”® ® Secondly, secondary conductive phases can be

added, such as carbon or metal nanoparticles, to increase the overall conductivity. %%
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And finally, dopants can be added to improve the electronic structure of the material,
improving both the conductivity and lithium diffusion coefficients.'***1

In the case of LiFePOy,, it has been shown that the rate capability is mainly controlled
by the specific surface area of the active material.!®* *! One method to increase the
specific surface area is to alter the synthetic parameters used to produce the material. Xia
et al. prepared LiFePO, through a sol-gel method, creating a sample with a specific
surface area of 24.1 m?/g."** The sample was able to deliver a specific capacity of 115
mANh/g at a rate of 5C. For batteries, the C rate is defined as one Faraday constant per
mole of the active material (or one stoichiometric equivalent of lithium) per hour. When
using a polyol-based synthesis, homogenous nanoparticles of LiFePO, were produced,
also giving excellent rate performance.” In general, results have shown that the smaller
the particles, the better the electrochemical performance.™? Another promising method to
produce small grains of active material involves the use of a supercritical hydrothermal
synthesis, though the samples tend to suffer from significant levels of impurity.”

Beyond changing the synthetic conditions, smaller grains can be achieved by the
addition of carbon to the synthesis mixture, which has the further advantage of adding in
a conductive element to the final composite. Ravet et al. coated LiFePO, particles with
carbon and reached practical specific capacities approaching the theoretical value of 170
mAh/g.**® This carbon coating accomplishes four primary functions. *® The first is to
act as a reducing agent to minimize formation of trivalent iron ions during synthesis. It
was shown that only 5% of added carbon can eliminate the formation of any Fe®" phases

during the synthesis.'® Second, the carbon acts to spatially separate the particles,
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reducing grain growth. Third, the carbon acts as an electronic bridge between particles to
enhance the interparticle conductivity."* And finally, it helps avoid aggregation between
particles, leaving pathways for lithium ions to easily travel through the composite during
cycling.!® As the carbon content increases during the synthesis, the particle size
decreases, although the increased amount of the nonactive carbon phase reduces the
volumetric energy density.'° Utilizing an intermediate level of carbon gives a very small
charge-transfer resistance and superior electrochemical performance.

Another way to gain the benefits of both reducing the grain size and providing
excellent contact between carbon and the active material is to use a multiconstituent
synthesis, along with templating to create excellent pathways for electronic diffusion. In
2011, Vu et al. published the synthesis of three-dimensionally ordered macroporous
LiFePO4/C composites.”® By mixing both the active material and carbon precursors,
followed by infiltration into a polymer template, an ordered structure was produced that
provided spatial distribution of the active material inside the nodes of the structure (seen
in Figure 1.7) with carbon connecting these nodes to provide electronic conductivity
within the material. The open structure also allows for a high surface area contact
between the composite and the electrode. This composite showed a specific capacity of

150 mAh/g at C/5 and was able to retain 64 mAh/g at the very high rate of 16C.
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Figure 1.7. Transmission electron micrographs showing the structure of the hierarchically porous
LiFePO,/C composite synthesized at 600 (A and B), 700 (C and D), and 800 °C (E and F). The dark areas
are the LiFePO, dispersed into the nodes of the structure. Reprinted with permission from reference 115.

Copyright 2011, American Chemical Society.

1.3.2.Effect of Doping on Cathode Materials

As previously discussed, doping is another method for improving the performance of

LiFePO,. This can alter the electronic structure of the active material, increasing the
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electronic conductivity and lithium ion diffusion. A large body of research has
demonstrated the benefits of doping cathode materials for lithium-ion batteries.? 1617
In the case of LiFePQy, the introduction of Ti** or Zr** into the Fe?" sites increases p-type
semiconductivity within the cell.**”" *** When Ni?* is incorporated into the Fe** sites, the
nickel doping increases the P-O bond strength, stabilizing the structure, reducing the Li-
ion charge transfer resistance, and improving the capacity and rate performance of the
cathode material."** Other dopant atoms, such as Mg, Ni, Al, and V have also been
studied, generally leading to a decrease in the polarization resistance and an improvement
in the capacity, with VV°>* having the greatest effect.?®> Beyond doping the iron sites, the
lithium sites can also be exchanged with supervalent atoms, such as Mg?®*, AI**, Ti**, and
Nb>*, which has increased the conductivity by a factor of 108 through the introduction of
p- and n-type conductivity in the lithiated and delithiated states, respectively.

Other cathode materials also exhibit benefits from doping. LizV2(PO4); has been
doped with Fe,*** Co,"*" and Cr.'* When doped with Fe, the doped structure retains 71%
of the initial capacity compared to 58% in the undoped sample. This improvement in
performance is attributed to increased conductivity and structural stability deriving from
the incorporation of the Fe** ions. Additionally, Fe has been used as a dopant in LiMn,O,
where an improved capacity was observed and correlated to the changing oxidation state

of the doping atom.**®
1.4 Synthesis of Nanostructured Materials

As discussed, nanostructuring materials gives many advantageous properties, from

128-129

improving specific surface area and electrolyte wetting in supercapacitors to
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reducing grain size and increasing interfacial area in lithium ion batteries.’® %

Nanostructuring can be accomplished through a few strategies, such as through
templating or textural structure resulting from synthetic conditions. Textural structure
occurs naturally, based on the synthetic conditions and precursors used, making it an
attractive alternative to templating, although only limited control over the final structure
and be exercised.'*®® The advantage of templating is that it forms a more ordered structure
that can be optimized for a particular application. However, templating usually requires
additional steps, creating a more complicated synthesis.***™**2 There are two primary

methods of templating, soft templating and hard templating, which are discussed below.
1.4.1 Soft Templating of Materials

Soft templating utilizes a solution-based macromolecule, referred to as a structure-

129,133 or surfactant.™**** This agent

directing agent, and can be a block co-polymer
creates the desired structure during the synthesis, and the shape and ordering of the pores
are determined by the selection of the structure-forming agent and the ratio of precursor
to agent. This method can be used to template a range of products, from carbon to silica,
as well as composites of materials. For the purpose of this thesis, the following discussion
will focus on soft templating of carbon products, because the thesis focuses primarily on

templating carbon materials for EDLCs.

There are multiple synthetic strategies that utilize soft templating. The structure can

136-137 136, 138

be formed through a hydrothermal synthesis, a multi-constituent synthesis. or
thin-film-based evaporation-induced self-assembly.’*® The general synthesis involves
creating a solution of a carbon precursor and the desired structure-directing agent. This
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solution is then treated using the desired method, which involves some curing step to set
the structure prior to final pyrolysis in an inert atmosphere to form the carbon product.*?*
139140 If 3 multiconstituent synthesis is used, an additional etching step can be necessary
to remove any other precursors, such as silica, to form the final product.?® %13

This thesis work utilized evaporation-induced self-assembly (EISA) as the primary
method of introducing diblock copolymers as a soft template. In this case, no additional
precursors beyond the polymer and carbon precursor (a phenol-formaldehyde resol) were
used in the initial solution. During EISA, the precursor solution is spread thinly over a
substrate and allowed to dry.*?® >3 Dyring this process, the structure-directing agent
increases in concentration as the solvent evaporates and then forms micelles at what is
known as the critical micelle concentration. This occurs because of the amphiphilic
nature of the template. One portion interacts with the carbon precursor while the other
phase separates into the interior of the micelle. As additional solvent evaporates, the
space between the micelles is reduced, eventually ordering into the final structure.**4?
This process is shown in Figure 1.8, showing the general mechanism of the formation of

the formation of the intermediate ordered structure, in this case forming spherical

micelles.'*?
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Figure 1.8. Schematic of the EISA process showing the formation of the micelles leading to the final

ordered structure. Reprinted with permission from reference 143. Copyright 2014, Elsevier.

1.4.2 Hard Templating of Materials

Hard templating, for comparison, uses a pre-formed structure as a mold to create the

131, 144

final morphology. Template structures include microporous zeolites, mesoporous

145146 and silica or polymer spheres in a range of sizes.!™ ¥’ As the original

silica,
structure, by necessity, is connected, the resulting inverse replica has interconnected
pores, which is advantageous for applications such as in supercapacitors. Furthermore,
the wide range of potential templates provides the basis for a wide range of
morphologies, allowing for optimization of pore size and shape. In this thesis, hard
templating using silica spheres was used to create three-dimensionally ordered
mesoporous (3DOm) carbon electrodes for use in supercapacitors. In this case, the

template was removed through the use of a hydrofluoric acid etch. Figure 1.9 shows the

general synthesis scheme for producing 3DOm carbon.
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Figure 1.9. Schematic showing the process of forming 3DOm carbon using an ordered array of silica

spheres as a hard template.

The final 3DOm structure is a face-centered array of spherical pores as a result of the
ordered array of spheres used as the template.**® The pores are well interconnected
through windows that result from the interfaces between the silica spheres. This structure
is ideal for the supercapacitor application, because the connected pores allow for easy
electrolyte infiltration to access the high specific surface area of the material. In addition,
the 3DOm framework is also well-connected, giving excellent electronic conductivity

through the electrode material.**
1.5 Summary

This introduction has discussed the importance of improving rechargeable electrical
energy storage and the general parameters used to determine their properties. The first
half of the remaining thesis covers my work on supercapacitors. Chapter 2 focuses on
soft templating of mesoporous carbon films, specifically using EISA. As mentioned, the
precursor solution is spread thinly over a large area in order to get more even evaporation
and a more ordered structure. However, this means that to isolate the product prior to
carbonization, a tedious removal process must be used. In order for the film to spread

evenly, the substrate must have a small contact angle with the solution. For phenol-
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formaldehyde resol, the carbon precursor used here, a glass substrate is commonly used;
however, the cross-linked phenol-formaldehyde resol adheres to the glass substrate. To
isolate the product prior to carbonization, this involves manually scraping the films off
the substrate. Chapter 2 discusses an alternate method that involves using a sacrificial
layer between the glass and the phenol-formaldehyde resol. This does not significantly
change the obtained product and eases the product isolation with a much higher yield.
Chapter 3 describes the use of a hard templated 3DOm carbon electrode in EDLCs
and focuses on the electrolytes used in these devices. As discussed above, ionic liquids
offer a higher potential window than many alternative electrolyte solvents, leading to a
higher energy density. My work studied a selection of commercially available ionic
liquids and compared measured physical and electrochemical properties, such as
viscosity, ion size, and conductivity, to their potential window and specific capacitance.
This was used to determine which properties lead to a better ionic liquid electrolyte.
Chapter 4 focuses on altering the electrode composition of 3DOm carbon synthesized
in a similar method to Chapter 3. This was done to improve the specific capacitance of
the electrode material in an ionic liquid electrolyte. To accomplish this, a nitrogen-
containing ionic liquid, separate from the electrolyte, was used in the synthesis of the
carbon, which resulted in nitrogen doping. By varying the ratio of phenol-formaldehyde
resol to the ionic liquid, the level of nitrogen doping in the final product could be
controlled. As the nitrogen level increased, the specific capacitance improved, especially
at higher cycling rates. However, after the nitrogen increased beyond 7.6%, the

interconnected pore structure that is important to electrode performance deteriorated,

27



leading to a significant loss in specific capacitance. This study shows that an optimal
level of nitrogen doping is necessary for increased performance while maintaining the
3DOm structure.

Chapter 5 begins the work on lithium-ion batteries. One of the important areas to
study is the mechanism of charge storage within the electrode, specifically any crystalline
changes. While this can be modelled computationally, experimental in-situ observations
help confirm the results and give additional insight. Specifically, monitoring the
crystalline changes can be done with X-ray diffraction, but conventional methods can be
cumbersome and require specialized equipment. To overcome these limitations, |
developed a low-cost electrochemical cell that can be used for in-situ monitoring of
crystalline changes of an electrode material while cycling. The work used LiFePO, as a
model compound, as a significant amount of prior literature was available for
comparison.

Chapter 6 begins the main portion of my involvement with the lithium-ion battery
project, namely the development of a novel cathode material, LigZrOg. In this chapter, the
initial work is outlined, along with some of the computational predictions and
explanations of the performance of LigZrOg as an electrode material. The chapter further
describes the use of carbon as a secondary phase and yttria doping to reduce the active
material grain size and create intimate contact with a conductive carbon phase. This
material was able to reversible cycle over 140 mAh/g for 60 cycles, with initial specific

capacities of over 200 mAh/g.
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Chapter 7 continues this work, studying the effects of transition metal dopants on the
specific capacity of LigZrOg, combined with additional computational modeling.
Specifically, Mn, Fe, Co, Ni, Cu, and Ce were studied as potential dopant atoms, with all
dopants resulting in improved specific capacities compared to an undoped control
sample. Of these metals, Fe showed the highest specific capacity, with over 175 mAh/g
maintained after 140 cycles, and over 80 mAh/g at a rate of 5C. This improvement in
specific capacity is likely due to the dopant atoms lowering the band gap of the cathode
material, allowing for a more favorable delithiation potential within the decomposition
limits of the electrolyte.

Finally, the thesis concludes with closing thoughts and future directions for
supercapacitors and lithium ion batteries. Overall, this thesis describes methods used to
synthesize and characterize improved electrode materials used in rechargeable

electrochemical storage devices.
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Chapter 2: Use of a Sacrificial Layer for an Efficient EISA Synthesis of

Mesoporous Carbon

Reproduced with permission from “Use of a Sacrificial Layer for an Efficient EISA
Synthesis of Mesoporous Carbon” by Wilson, B. E.; Rudisill, S. G.; and Stein, A. in

Microporous and Mesoporous Material)14, 197, 174-179. Copyright 2014 Elsevier.

Contributions to this chapter were performed by Dr. Stephen Rudisill (TEM imaging).
2.1 Introduction

Evaporation-induced self-assembly (EISA) is a commonly used technique to create

thin films of ordered, mesoporous materials with a variety of pore morphologies, such as

150-151 d 152
H

cubic, and hexagonal mesostructures.” 3> |n general, an initial

gyroi
solution is made from the three main components (solvent, precursor material, surfactant
template), followed by slow evaporation of the solvent, leading to liquid-crystal
formation and an ordered structure (Figure 2.1, top).*****® This can be followed by
additional curing steps and removal of the template (through pyrolysis or solvent
extraction), leading to the final structure. This method has the advantage of in-situ
structure formation (as opposed to hard templating where a pre-formed structure, such as
silica, is used to create the pores), and the ease of template removal, which can often be
combined with final structure formation in a single, thermal step.™****! 158 The plock
co-polymers commonly used as the template can provide larger pores than ionic

159

surfactants, such as sodium dodecyl sulfate or long-chain alkylammonium salts,™ while
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being able to tune pore diameter and architecture through variation of block length and

ratios of the different blocks.™®” Additionally, agents (such as short chain polystyrene),™’

other additives,'® or mixed solvents can be used to further control the morphology.***
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Figure 2.1. Schematic of the EISA process using a sacrificial sucrose interlayer and a diblock co-polymer
as the template. A sucrose layer is deposited on a Petri dish, dried, and covered with the precursor solution
for the mesoporous material. During the EISA process, the precursor solution begins to form micelles as
the template concentration increases, eventually sedimenting into an ordered structure. The product film

can be released from the substrate by dissolving the sucrose layer.

While EISA is a versatile and useful method for preparing mesoporous structures, it
suffers from a significant drawback, namely tedious isolation and low yield of the

product. Because the rate of evaporation and interfacial contact with a substrate are
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important to creating a uniform structure, the precursor solution is commonly spread into
very thin films, which usually demands a large number of substrates (such as glass Petri
dishes) to obtain a reasonable amount of product.'” %! This then requires time-
consuming removal techniques, such as mechanical scraping to isolate a very small
amount of product, around 0.1-0.15 mg final product per cm? substrate for a typical
carbon EISA synthesis. Some solutions to these issues involve the formation of
hierarchical structures, for example, by performing EISA on polyurethane foams or silica
spheres to provide the large substrate surface area.’®® °'%2 However, this either
necessitates the removal of the substrate, requiring corrosive reagents such as KOH or
HF, or leaving the substrate behind, thus reducing the mass content of the desired
mesoporous material. Therefore, a better process to prepare EISA products that improves
yield and ease of isolation is needed. As the most time consuming and arduous process
during the EISA procedure is the isolation of the mesoporous film from the substrate, we
focused on developing an easily removable substrate to improve the ease of film
isolation.

Herein we report a technique of using a sacrificial layer to simplify the synthesis of
extended, ordered, mesoporous carbon films using a block co-polymer template through
EISA (Figure 2.1). Sucrose and KCI are low-cost, common, and environmentally friendly
compounds, which are insoluble in THF (so as to not contaminate the precursor solution)
and easily dissolved with water. For these reasons, they were chosen for the model layers
on which the mesoporous carbon films were grown. The final carbon structures are

compared between the three samples formed in glass Petri dishes; one with no sacrificial
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layer, one with sucrose, and one with KCI, using gas sorption, small-angle X-ray

diffraction (SAXS), and transmission electron microscopy (TEM).
2.2 Experimental
2.2.1 Materials

The quaternary ammonium salt Aliquat 336, 1-dodecanethiol (98%), carbon disulfide
(ReagentPlus, >99%), oxalyl chloride (ReagentPlus, >99%), styrene (ReagentPlus,
>99%; inhibited with 4-tert-butylcatechol), phenol (>99%), acetone (>99.5%), and
sodium hydroxide (50% in water) were obtained from Sigma Aldrich. Chloroform (ACS
reagent grade), methylene chloride (ACS reagent grade), and tetrahydrofuran (HPLC
grade) were obtained from Fisher Scientific. Hydrochloric acid (concentrated in water)
and isopropanol (ACS reagent grade) were obtained from Macron Chemicals. A solution
of mixed hexanes (ACS reagent grade) was obtained from Pharmco-AAEPR.
Polyethylene oxide (PEO, 20 kDa) was obtained from Alfa Aesar. Formaldehyde (37% in
water) was obtained from J. T. Baker. Sucrose and potassium chloride were obtained
from Mallinckrodt. All water used was deionized in-house to a resistivity of at least 18

MQ-cm. All chemicals were used as received unless otherwise noted.
2.2.2 Preparation of Precursor Materials

The chain-transfer agent (CTA, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic
acid) was prepared according to a literature synthesis with no significant alterations.'®®
Using the purified CTA, a PS-PEO block copolymer was prepared using a published

RAFT polymerization described by He and Lodge with slight modifications.** Briefly,
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the PEO-CTA macroinitiator was created by activating the CTA (1.2 g) with excess
oxalyl chloride in anhydrous methylene chloride under Ar, followed by the addition of
mono-hydroxy PEO (10.8 g). The PS-PEO copolymer was synthesized by reacting the
PEO-CTA macroinitiator (5.0 g) with purified styrene (50.0 g) at 140 °C and 500 rpm
using a Teflon-coated magnetic stir bar under Ar for 45 min, followed by quenching
using liquid nitrogen following the literature preparation for all steps. The product was
purified by precipitation from methylene chloride into mixed hexanes three times. A
phenol-formaldehyde (PF) resol was synthesized following established methods.'*
Briefly, phenol (61 g) was melted at 50 °C in a 500 mL glass round-bottom flask,
followed by the addition of a 20 wt% aqueous NaOH solution (13.6 g). An aqueous
formaldehyde solution (37 wt%, 200 mL) was added dropwise while stirring. The
solution was heated to 70 °C and left for 1 h while stirring at 300 rpm with a Teflon-
coated magnetic stir bar to increase the extent of polymerization. The product was
neutralized to pH ~7 using an aqueous HCI solution (0.6 M, ~30 mL). Water was
removed through rotary evaporation at 40 °C, and the polymer was re-dispersed in THF
to achieve a concentration of 50 wt%. After the NaCl precipitate was allowed to settle

overnight, the solution was isolated by decanting. The resulting stock solution was stored

in a refrigerator until use.
2.2.3 Preparation of Sacrificial Layers

First a stock solution was prepared; for KCI, a saturated solution was used, and for
sucrose, a 2.0 M solution was used. The Petri dishes were then washed in a base bath (3
M KOH in isopropanol) for 1 h and rinsed with DI water to both clean the surface and
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increase surface hydroxyls, improving the wettability of the solutions containing the
desired layer. Once the Petri dishes were dry, the solutions of either sucrose or KCI were
spread onto the bottom cover to achieve complete coverage, then dried at 70 °C. After the
first layer was finished, a second layer was placed over any areas that had little or no
coverage and dried again at 70 °C. In the case of the KCI, ten additions were required to
completely cover the dish due to cracks that formed between the large growing crystals.
With sucrose, usually two layers were sufficient, though occasionally three were

required.

2.2.4 Preparation of Carbon Structure

The mesoporous carbon was synthesized using a modified procedure by Zhao et al.™’

First, a solution containing 5.0 g of 40 wt% resol and 0.3 g PS-PEO polymer in 14.7 g
THF was prepared. This solution was spread over ten 10-cm diameter Petri dishes, either
with or without a sacrificial layer. The covers were placed on the dishes and the solvent
was then left to evaporate overnight under ambient conditions. The films were cured at
100 °C for 24 h to cross-link the PF resol. The mesostructured products that formed on
the bare Petri dishes were then removed from the substrates by mechanical scraping using
a razor blade, whereas the films formed on a sacrificial layer were removed by first
submerging the dishes in boiling water for 30 min followed by gentle abrasion. The films
that were removed from the sacrificial layer were then washed in 1.5 L of hot (~80 °C)
water for 30 min and isolated by vacuum filtration. When using sucrose as the sacrificial
layer, the initially isolated product was then soaked for an additional 30 min in another

1.5 L of hot water and re-isolated by vacuum filtration. In either case, the initial product
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was washed three times with ~50 mL of water and vacuumed filtered to completely
remove any residual sucrose or KCI. All products were then carbonized at 900 °C for 2 h,
heating at 1 °C/min to 600 °C and 5 °C/min after under 0.5 L/min flowing nitrogen. The
sample grown on bare glass is referred to as PS9.8, and the samples grown on sucrose

and KCl as PS9.8S and PS9.8KCI, respectively.
2.2.5 MaterialCharacterization

Nitrogen sorption was performed using a Quantachrome Autosorb iQ instrument.
Samples were outgassed for 12 h at 200 °C prior to analysis. Total surface area and pore
characteristics were calculated using the QSDFT adsorption model optimized by
Quantachrome for mesoporous carbon materials with cylindrical/spherical pores.'®®
Small-angle X-ray scattering (SAXS) measurements were carried out on a Rigaku RU-
200BVH 2D SAXS instrument operating at 183 cm using a 12 kW, rotating Cu anode
and a Siemens Hi-Star multiwire area detector. TEM images were obtained on an FEI
Technai T12 microscope operated at 120 kV with a LaBg filament. Samples were
prepared by suspending them in ethanol and bath sonicating for 15 min. Cu grids coated

in Formvar were dipped into the resulting suspension and dried.
2.3 Results and Discussion
2.3.1 Preparation of Sacrificial Layer

The primary goal of this research was to develop a method that both simplifies the
procedure and improves the yield of an EISA synthesis of mesoporous carbon. As the

mechanical removal of the film from the glass substrate is the most time-consuming step
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for the researcher, this step was the focus of the process optimization. The use of a
sacrificial layer allows for easier removal (dissolution rather than mechanical scraping),
better yield, and easier clean-up (as there is no resol remaining in the dish after removal
of the template). In our case, a typical synthesis without a sacrificial layer gave
approximately 100 mg of isolated mesoporous carbon, whereas with KCI, approximately
150 mg was obtained and with sucrose almost 200 mg was obtained, mostly due to better
recovery of the sample from the Petri dishes. For the choice of a sacrificial layer, there
are three main considerations: ease of use, negligible solubility in the EISA solvent, and
lack of reactivity with the precursor (in this case the PF resol). Because THF was used as
the solvent (due to solubility limitations of the polymer template), sucrose and KCI were
chosen as model layers for the reasons outlined. Sucrose has a low solubility in THF of
around 0.01 wt% at 60 °C,**® while KCl is practically insoluble in THF.'®

An important step in the preparation of the sacrificial layer is the cleaning and
hydration of the glass substrates prior to depositing the sacrificial film. This causes the
aqueous solutions to spread more evenly and leaves fewer defects that need to be
repaired. Also, in the case of sucrose, if the film is deposited onto an untreated Petri dish,
the solution beads up and does not form a coherent film. KCI, on both treated and
untreated dishes, crystallizes and forms an inhomogeneous film, requiring many more
layers to fully coat the bottom of the dish. Additionally, the concentration of the solutions
is important for the quality of and ease of production for the final film. In the case of
sucrose, a concentration lower than 2 M increases the number of defects in the sacrificial

film with very low concentrations producing a visible “coffee-ring” effect. With higher
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concentrations, solubility and viscosity make preparation and use of the solution more
difficult, especially spreading and drying the film evenly, however, the final sacrificial
film quality is similar to that obtained with a 2 M solution. As the concentration of the
KCI solution is increased, the improvement in the film quality for each additional layer
used is increased, and since there is little change in the viscosity of the film with higher
concentrations, a saturated solution creates the highest quality film with the fewest

number of layers.
2.3.2 PhenceFormaldehyde Resol Films

The differences in the films can be easily seen in the dishes once the PF sol has been
cross-linked. The PS9.8 film (Figure 2.2a) is glassy and mostly defect free (in terms of
millimeter scale defects). In the case of PS9.8S (Figure 2.2b), the defects from the first
deposition of the sucrose substrate can be seen in the bubbly areas, but these are
completely covered by the second layer. For PS9.8KCI (Figure 2.2c), the granular
structure resulting from crystallization of the KCI is evident by the rough appearance of
the film, leading to a high level of millimeter-scale defects. A further advantage of using
sucrose as a sacrificial layer is the ability to easily remove extended pieces of cross-
linked polymer film. Figure 2.2d shows two large pieces of PS9.8S. Even larger pieces
(>5 cm?) can be removed under water, but due to the high aspect ratio of the films, upon
removal to air, it is difficult to keep them from scrolling. Further, the pieces are limited
by the centimeter-scale smoothness of the film, as cracks that can form create weak

points where the film can easily separate. If a lower drying temperature (e.g. 40 °C for 48
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h) combined with thinner coatings is used for preparing the sucrose films, fewer defects

are created, and larger pieces can be isolated.

Figure 2.2. Images of cross-linked PF sol for (a) PS9.8, (b) PS9.8S on two layers of sucrose, (c) PS9.8KClI
on ten layers of KCI and (d) an extended piece of PS9.8S. The defects seen on the sucrose film are from the
first layer and are subsequently repaired with the second coat. In the KCI film, a granular structure can be

seen. The diameter of the dishes is 15 cm.

The two primary advantages of using a sacrificial interlayer, beyond the ability to
isolate larger fragments, are the reduction in active processing time (time the researcher is
actively manipulating the samples) and increased yield. Without a sacrificial layer, the
two most labor-intensive steps are the removal of the cross-linked film and cleaning the
Petri dishes for reuse. Typically, the film is removed using mechanical scraping (such as
using a razor blade). This process requires 10-15 minutes per 10 cm Petri dish, and yields

an average of 10 mg per dish (0.12 mg/cm?) of final carbon product. Beyond the safety
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hazards of using such a technique, a large fraction of product is left in the corners of the
dish that is exceedingly difficult to obtain. After isolation, cleaning the dishes completely
requires the use of Piranha solution or similar corrosive liquids, which can dissolve the
cross-linked polymer network. In all, the total active time for isolation and cleaning 10
dishes of product is around 3 hours. When using KCI, additional time is required to create
the sacrificial layer, around 20 minutes of active manipulation, but the isolation time is
reduced to less than 30 minutes; net active processing time is reduced approximately 75%
compared to no sacrificial layer. In the case of sucrose, the creation of the sacrificial layer
only takes 5 minutes of active manipulation to prepare 10 films (because fewer layers are
needed than with KCI), with isolation time similar to KCI films, giving an over 80%
reduction in active processing time. Further, the yield is almost doubled to nearly 20
mg/dish of final carbon product for KCI and sucrose, respectively, because of the greater
efficiency of product isolation, which also leaves the dishes almost completely clean, and
the KOH wash used prior to the next sacrificial layer preparation is sufficient to clean any

residual surface impurities.
2.3.3 Analysis of Mesoporous Carbon Product

The mesoporous carbon products were studied using gas sorption to determine
whether the different substrates affected their textural properties, including their pore
diameters and total surface areas. The isotherms for all samples (Figure 2.3a) show the
type-1V behavior typical for mesoporous carbon, with similar shapes and positions of the
hysteresis. In all three cases, the sample isotherms almost completely overlap and show

very similar pore size distributions (Figure 2.3b). Further, the samples exhibit very
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similar total surface areas between 1020 and 1100 m?/g, pore diameters (taken as the
center of weight using a Gaussian peak fit for the primary mesopore peak) of 9 nm, and
total pore volumes of 0.32 cm®/g (Table 2.1). This shows that the use of these sacrificial
templates does not significantly affect the pore texture. Even though the films displayed

the millimeter-scale defects, the bulk nanostructure remains effectively unchanged.
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Figure 2.3. (a) Nitrogen sorption isotherms and (b) pore size distributions of PS9.8, PS9.8S, and PS9.8KClI.
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Table 2.1. Summary of pore characteristics for PS9.8, PS9.8S, and PS9.8KCI.

Surface area  Pore diameter ~ Pore volume  d-spacing”

(m’/g) (nm) (cm/g) (nm)
PS9.8 1100 9.0 0.32 14.9
PS9.8S 1020 3.9 0.32 147
PS9.8KCI 1040 8.9 0.32 14.1

" The d-spacing corresponds to the position of the main peak in the SAXS pattern.

A final important consideration is whether the change in substrate affects the order
and geometry of the pores. SAXS patterns of the three materials are shown in Figure 2.4.
The patterns are very similar for all three samples, showing one major peak attributable
to a mesostructure with uniform pore spacing but irregular pore geometry. The position
of this peak is not influenced by the sucrose interlayer and shifts only slightly when KCI
is used as a sacrificial interlayer. This small change in the d-spacing with KCI could
occur from changes in ionic strength of the solution surrounding the forming micelles,
leading to differing spacing. However, because the change is small and the basic structure
remains, both substrates would remain viable options as a sacrificial substrate for the

formation of mesoporous carbon through EISA.
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Figure 2.4. Small-angle X-ray scattering patterns of PS9.8, PS9.8S, and PS9.8KCI.

Based on the SAXS and gas sorption results, there is no significant change in the
morphology of the pores, both in size and order. This indicates that the use of the
sacrificial layer does not affect the solution-substrate interaction enough to change the
mesostructure phase. This synthesis was optimized to obtain a cubic phase, which covers
a large region in the phase diagram and may have contributed to the lack of a large
morphological change.!”® In the case of other systems, the interaction between the
sacrificial layer and the precursor solution may have a larger effect, and should be
considered when used for syntheses where small changes have a large effect on the
resulting structure.'®®

To visually investigate the pore morphology, TEM was used to directly observe the
structure. Figure 2.5 shows representative images of the three samples. All of the samples
show spherical mesopores approximately 9 nm in diameter, matching the gas sorption

results, with no noticeable differences between the samples. The pores are spaced
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approximately 12—15 nm apart, in agreement with the spacing determined from the peak
in the SAXS patterns. PS9.8KCI has pores that are slightly more closely spaced than the
pores in the other two samples. Beyond the small variation in pore spacing, the samples
have no distinguishable differences, showing that the different sacrificial layers do not

significantly affect the pore wall structure or geometry.
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Figure 2.5. TEM images of (a) PS9.8C, (b) PS9.8S, and (c) PS9.8KClI, showing the nearly identical pore

and wall structure of the three samples.
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2.4 Conclusions

In summary, we have demonstrated a method employing sacrificial interlayers to
facilitate EISA preparations of mesoporous carbon. It is easier to produce sacrificial
layers on a lab scale with sucrose than with KCI because crystallization of KCI requires
multiple coatings to create a cohesive film. Sucrose yields a much smoother, more defect-
free PF film compared to the film produced on KCI, and yields a final carbon product
similar to the film deposited on glass. KCI sacrificial layers, while more time-consuming
to make, are easier to remove from the Petri dish, dissolving in a matter of seconds, rather
than the 30 minutes required for sucrose. However, we observed an almost 1 nm decrease
in the d-spacing of the mesoporous carbon with a KCI substrate, possibly due to the
difference in ionic strength surrounding the forming micelles. Because the initial
deposition of a KCI layer is relatively time consuming, it is not advantageous to use this
substrate purely to save processing time. Regardless whether sucrose or KCI is used as a
sacrificial layer, a higher mesoporous carbon yield is obtained, up to twice as much
isolated, mainly due to easier recovery of the material from the Petri dish. Additionally,
the product obtained is nearly identical in terms of small-angle X-ray scattering and gas
sorption behavior, as well as visual observation through TEM imaging, indicating that the
change in substrate and the subsequent interaction between precursors and the substrate
do not affect the final carbon product. Therefore, because product isolation is
significantly easier, the use of a sacrificial substrate significantly improves the viability

of EISA as a scalable technique for the production of mesoporous carbon.
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Chapter 3: Utilizing lonic Liquids for Controlled N-Doping in Hard-
Templated, Mesoporous Carbon Electrodes for High-Performance

Electrochemical Double-Layer Capacitors

Reproduced with permission from “Utilizing Ionic Liquids for Controlled N-doping in
Hard Templated, Mesoporous Carbon Electrodes for High-Performance Electrochemical
Double-Layer Capacitors” by Wilson, B. E.; He, S. Y; Buffington, K.; Rudisill, S. G.;
Smyrl, W. H.; and Stein, A. in Journal of Power Sourceg015, 298 193-202. Copyright

2015, Elsevier.

Contributions to this chapter were performed by Siyao He (TEM imaging), Keegan

Buffington (synthesis assistance), and Dr. Stephen Rudisill (TEM imaging).
3.1. Introduction
3.1.1 Background to EDLCs

Electrochemical double-layer capacitors (EDLCs), or supercapacitors, are
rechargeable electrical energy storage devices that offer a compromise between the high
energy density of lithium-ion batteries (LIBs) and the fast rates available with dielectric
capacitors.® In addition, the highly reversible storage mechanism allows for very long
lifespans from hundreds of thousands to millions of charge and discharge cycles.
Recently, EDLCs have begun to find their way into consumer devices, industrial products
and vehicles, with applications ranging from memory back-up systems and cameras to

harbor cranes and racecars.”® Additionally, EDLCs can work synergistically with other
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rechargeable electric storage devices, such as LIBs. EDLCs generally provide a higher
specific power than LIBs, meaning they are better able to charge and discharge quickly.
In applications such as regenerative braking, EDLCs would provide the primary storage
during braking and power during acceleration,® with LIBs providing the power for
continuous vehicle operation because of the larger amount of energy they are capable of
storing.? The differences in the power and energy densities of EDLCs versus LIBs are
due to the mechanism of charge storage. Rechargeable batteries store charge in the bulk
of the electrode material through ion intercalation or conversion, whereas EDLCs store
charge at the electrode/electrolyte interface, facilitating higher rates of charge and
discharge.

The capacitance, energy, and power of EDLCs are defined by the following

equations:
5 - 3.1)
0 -6 (3.2)
0 — (3.3)

where C is the capacitance of the cell, € is the dielectric constant of the electrolyte in the
double layer, & is the dielectric permittivity of a vacuum, A is the accessible surface area
for ion adsorption, d is the effective thickness of the double layer, E is the cell energy, V
is the maximum potential the cell is cycled at, P is the power of the cell, and R is the
resistance of the cell. These equations show that for a given cell mass, the specific energy
and power vary as the square of the cell potential. Further increases in the specific energy

and power can be accomplished by increasing the capacitance, reducing the resistance of
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the cell, and employing an electrolyte with a wider voltage window. To increase the
capacitance, porous carbon electrodes are employed that significantly increase the area
available for ion adsorption.”® To achieve higher voltages, ionic liquids have shown
promise as an electrolyte for supercapacitors.®**? They are stable at high temperatures
while providing a significantly increased potential window compared to both aqueous-
and organic-based electrolytes. As shown in Equations 3.2 and 3.3, increasing the
potential window has a square-effect on both power and energy densities. However, ionic
liquids tend to yield lower capacities than aqueous electrolytes,'”® in part due to their
higher viscosities. To fully realize their benefits, it is therefore necessary to employ

electrodes that facilitate efficient mass transport through their pore structure.
3.1.2 Materials Usedt EDLCs

Activated carbon materials have been widely used as electrode materials due to their
ease of synthesis, high surface areas (up to 2000 m? g%, and electrical conductivity.*>**
However, these materials have a wide distribution of pore diameters from small
micropores to large macropores with many underutilized dead ends throughout the
structure.™*® Although it is known that micropores with optimized sizes can contribute to
charge storage,*® it has been demonstrated that with ionic liquid electrolytes, designed
pore structures with well-interconnected, uniform mesopores can improve specific
capacitance significantly compared to activated carbons, especially at high rates of charge
and discharge. % 172
Recent work has shown that the incorporation of heteroatoms into the carbon

framework of EDLC electrode materials can significantly enhance the electrochemical
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properties, both capacitance and rate performance.!”**" Specifically, nitrogen-doped
carbon has gained attention due to its improved conductivity and wettability with
electrolytes.’’® Many N-doped carbon materials have been synthesized, such as

graphene,*®® nanofibers,*®! and porous materials'’®

through the post-treatment of carbon
materials with ammonia, amines, and urea. However, this methodology can only give low
loadings of nitrogen (<5 wt%) in the carbon matrix. Additionally, chemical vapor
deposition can be used to incorporate nitrogen into the carbon material using acetonitrile
or pyridine as precursors.’®% Another technique of incorporating nitrogen in a carbon
matrix involves the synthesis and carbonization of nitrogen-containing polymers, such as
polyaniline or polyacrylonitrile.** 1> 17184 Ajthough this method allows for much higher

nitrogen loadings (up to 16.7 wt%), it requires a complex synthesis involving expensive

macro-initiators, limiting their widespread usability.
3.1.3 Incorporation of Heteroatoms into EDLCs

To create porous, templated N-doped carbon, a number of precursors have been used,

178-179, 185 7

including melamine, pyrazine,’® complex dye molecules,®®” gelatin,'™

176

hexamine with resorcinol-furaldehyde,””> amine-functionalized hard templates with

furfuryl alcohol,*

or treatment of the carbon product with a gaseous precursor, such as
ammonia.’® The resulting doped materials have shown a significant increase in
capacitance compared to undoped carbon. For example, a nitrogen-doped carbon fiber
material was prepared by coating carbon nanofibers with polypyrrole to achieve a

maximum capacitance of 202 F/g in an aqueous electrolyte.>® '8 Additionally, a porous

nitrogen-doped carbon monolith was prepared through sintering a phenolic resol using
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magnesium hydroxide and secondary thermal treatment under an ammonia atmosphere.
When cycled using an aqueous electrolyte, the capacitance increased by a factor of 1.3
over a similar sample prepared under argon, up to a maximum capacitance of 245 F ¢’
118 Typically, the capacitance of the nitrogen-doped carbons increases as the nitrogen
content increases, up to between 8-10 wt%, and then decreases at higher
Concentrations.m' 178, 182, 189-190

Nitrogen-containing ionic liquids have also shown promise as precursors for nitrogen-
doped carbon materials ****%*. |onic liquids are advantageous due to the large number of
possible anion and cation combinations, enabling better control over the extent and type
of heteroatom doping. Furthermore, ionic liquids can be made from renewable and green

195-196 As

sources, making them a sustainable source for nitrogen doping. liquids, they are

readily incorporated into existing solution-based syntheses and can also be used as

reagents for nanocasting, using mesoporous silica as a hard template.'®

3.1.4 3DOm Carbon as an Electrode Material

Recently, three-dimensionally ordered mesoporous (3DOm) carbon materials as
EDLC electrodes showed a significant improvement in capacitance over commercial
activated carbons when used with ionic liquid electrolytes due to the highly
interconnected and uniform pore structure of the 3DOm carbon materials.**® A 3DOm
structure is created by first synthesizing a hard template made from sedimented silica
spheres which naturally order into a face-centered cubic (fcc) array if they are sufficiently
monodisperse.’*® This template is infiltrated with a precursor material, followed by

thermal treatment to carbonize the precursor and yield a C/SiO, composite. The silica is
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removed through etching, leaving an open, bicontinuous 3DOm structure, i.e., a
continuous carbon structure with fully interconnected mesopore space. This allows the
electrolyte to easily penetrate the mesopores and access the high surface area material
while retaining a continuous structural backbone to maintain electrical contact. However,
templating ordered structures directly using ionic liquid precursors has proven difficult,
with only limited success at retaining the original pore morphology.’® Therefore,
additional techniques must be used to mesh the benefits of the nitrogen-doping abilities
of the ionic liquid while maintaining the structural benefits of the well-interconnected
3DOm morphology.

Herein we report the use of a nitrogen-containing ionic liquid, 1-ethyl-3-
methylimidazolium dicyanoamide (EMI-DCA, CgH11Ns), as a nitrogen and carbon source
together with phenol-formaldehyde (PF) resols to improve the electrochemical
performance of colloid-templated porous carbon electrodes for EDLCs in ionic liquid
electrolyte systems. To my knowledge, this is the first mixed-precursor system to utilize
ionic liquids for nitrogen doping with the second component providing structural
stabilization to create an ordered, N-doped, porous carbon. By adjusting the ratio of the
precursors, the amount of nitrogen incorporated in the carbon matrix forming the
mesoporous structure can be controlled. The resulting N-doped carbon products show
excellent electrochemical performance when low to moderate EMI-DCA precursor

concentrations are used.
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3.2 Experimental
3.2.1Materials

Phenol (>99%), formaldehyde (aqueous solution, 37 wt%), tetrahydrofuran,
polytetrafluoroethylene (PTFE, 60 wt% in water), tetraethylorthosilicate (TEOS, 99%),
L-lysine (98%), hydrochloric acid (37 wt%), sodium hydroxide, and 1-ethyl-3-
methylimidazolium dicyanoamide (EMI-DCA, >98%) were purchased from Sigma
Aldrich, the ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(EMI-TFSI, >99 %, water content below 100 ppm) from IOLITEC, tetrahydrofuran
(HPLC grade, >99.9%) and hydrofluoric acid (48-52 wt%) from Fisher Scientific. All
chemicals were used without further purification. Water was deionized (DI) on-site to a

final resistivity of >18.0 MQtcm, using a Barnstead Sybron purification system.
3.2.2Preparation of Silica gheres

Silica spheres were synthesized as previously described.**® Briefly, a solution of L-
lysine (70 mg) in water (70 g) was prepared in a 100 mL PFA round-bottom flask using a
% inch egg-shaped magnetic stir bar. While rapidly stirring, TEOS (5.4 g) was added
dropwise and left to stir under ambient conditions for 1 h. This suspension was then
heated in an oil bath at 90 °C while stirring at 500 rpm for 48 h under a condenser. TEOS
(10.8 g) was added dropwise in five equal portions, each 1 h apart, and the suspension
was left for an additional 48 h. This was repeated once more for a total of 28 g of TEOS
over the synthesis. The suspension was dried in a Petri dish at 70 °C for at least 12 h, then

calcined at 550 °C for 6 h in air to remove residual organic components and form the
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colloidal crystal template. The final average silica sphere diameter was 17.4 = 1.7 nm,

determined by measuring over 300 separate spheres.
3.2.3 Preparation oMesoporous &@rbon

Mesoporous carbon samples were prepared by vacuum-infiltrating a precursor
solution into the silica colloidal template (1:1 precursor:silica by weight) at 40 °C for 1 h,
followed by aging the composite at 120 °C in a covered Petri dish. Samples were made
with a series of ionic liquid (EMI-DCA) concentrations in the precursor solution, namely
100 wt%, 75 wt%, 50 wt%, 25 wt%, and 0 wt%, the balance being a solution of 50 wt%
PF in THF (prepared as described in Chapter 2). After aging, the samples were pyrolyzed
at 900 °C for 4 h (1 °C min™ ramp rate to 600 °C, then 5 °C min™ to 900 °C) under 0.5 L
min™ flowing nitrogen to carbonize them. The silica template was then removed through
an HF etch by immersing the C/SiO, composite in 50 wt% HF in a sealed 125 mL HDPE
bottle (~25:1 solution:composite by weight), and leaving the mixture for 24 h under
ambient conditions, swirling it manually every hour for the first 6 h. (CAUTION: HF is
highly toxic, corrosive, and a severe irritant — use with extreme care.) HF was then
decanted and the carbon product was washed with DI water (100 mL), left to settle for 30
min, then decanted again. The washing procedure was repeated for a total of 8 times, the
sixth wash being left for at least 16 h. The carbon product was then washed one more
time in ethanol (100 mL) and dried at 70 °C for between 12 and 16 h. The final
mesoporous carbon materials were designated “X IL,” where X refers to the content of
EMI-DCA in the precursor solution, e.g., 0_IL contained 0% EMI-DCA and 100% PF
solution, and 100_IL was made from 100% EMI-DCA and 0% PF solution.
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3.2.4Product haracterization

Scanning electron microscopy (SEM) was carried out on a JEOL-6700 microscope
operating at 3.0 kV, with emission currents ranging from 18 to 20 pA. Because the
carbon was sufficiently conductive, no metal coatings were used. Nitrogen sorption was
performed using a Quantachrome Autosorb iQ instrument. Samples were outgassed for
12 h at 200 °C prior to analysis. Total surface area and pore characteristics were
calculated using the quenched-solid-density-functional-theory (QSDFT) adsorption
model optimized by Quantachrome for mesoporous carbon materials with spherical
pores.’¥"1% Small-angle X-ray scattering (SAXS) measurements were carried out on a
Rigaku RU-200BVH 2D SAXS instrument operating with a pathlength of 183 cm using a
12 kW, rotating Cu anode and a Siemens Hi-Star multiwire area detector. Transmission
electron microscopy (TEM) images were obtained on an FEI Technai T12 microscope
operated at 120 kV with a LaBg filament. Samples were prepared by suspending them in
ethanol and bath sonicating for 15 min. Cu grids coated in Formvar were dipped into the
resulting suspension and dried. Elemental analysis was performed by Atlantic Microlabs
(Norcross, GA) by combustion using automatic analyzers. Raman spectroscopy was
performed with a Witec Alpha300R confocal Raman microscope using 514.5 nm incident
radiation at 5-7 mW of power. Spectra were collected using a DV401 CCD
thermoelectric-cooled detector and final spectra are the average of 100 scans, each with a
2 second integration over the spectral width centered at 1400 cm™. XPS was performed

using a Surface Science SSX-100 spectrometer equipped with an Al anode operated at 10
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kV potential and 20 mA current over a spot size of 0.64 mm?. Peak positions were

calibrated against the Cy5(5p3) peak of (adventitious) carbon, set at 284.6 eV.

3.2.5Cell Preparation and Electmhemical Ests

To prepare electrodes, the mesoporous carbon powder was mixed with binder (9:1:10
carbon:PTFE:water by weight) and extensively ground with a mortar and pestle to form a
homogenous paste, as described previously.**® The paste was rolled into a self-supporting
thin film with a mechanical roller press and cut into 8 mm diameter circles, then dried
overnight at 110 °C under vacuum to obtain final dried masses of 2.0-2.5 mg per
electrode with thicknesses of approximately 150 um, giving an electrode density of 27—
33 mg cm™. To assemble an electrochemical cell, two electrodes of similar mass from the
same film were wetted with the EMI-TFSI ionic liquid electrolyte and separated with a
Celgard-3501 membrane, then packed into a reusable two-electrode cell body as
previously described.'* 1*° All cell assembly was performed in a He-filled glove box.

Electrochemical tests were performed on an Arbin BT2000 electrochemical station.
To measure the capacitance and test the cyclability, galvanostatic conditions were used.
The cell was charged and discharged at different rates, then cycled at 1 A g™* for 1000
cycles to measure the cell stability. The specific capacity of the electrode material was
calculated using eq. 3.4, assuming that the masses and specific capacitances were
identical for both of the electrodes in the symmetric cell.

4CD O
Ao (3.4)

Og cpa et =

56



Here, | is the discharge current, o fis the discharge time, mis the total mass of carbon in
the cell, and d \s the cell discharge voltage (3.5 V minus the voltage drop due to Ohmic
resistance). Self-discharge tests were performed by first charging the cell to 3.5 V, then
monitoring the potential change for 10 h, followed by a discharge and recharge back to
3.5 V and another rest step. After the fifth charge, the cell was left to rest for 48 h while
the potential change was monitored. Electrochemical impedance spectroscopy was
performed using a Solartron 1260 frequency analyzer from 100 mHz to 100 kHz at the

open circuit potential and a 10 mV AC amplitude.
3.3 Results and Discussion
3.3.1 Product 8ucture

One of the primary benefits of 3DOm carbon is the bicontinuous structure of
conducting walls and well-defined mesopores with open windows, allowing for efficient
electrolyte infiltration and high capacitance. The pores are defined in part by the colloidal
crystal template (CCT). In this study, the silica particles used to assemble the CCT are
prepared by amino-acid assisted hydrolysis and have a regular spherical shape with an
average diameter of 17.4 + 1.7 nm (Figure 3.1a). Although larger colloids can be used to
prepare CCTs with well-ordered fcc symmetry,' % the 10% standard deviation of
particle size here results in a sphere array with slightly reduced periodicity. Nonetheless,
most colloidal particles are in direct contact with multiple neighboring spheres so that
interconnecting windows form at these sites during the templating process. This sphere
size was chosen for the current study of the effect of N-doping with ionic liquids because

for undoped materials, a similar size yielded 3DOm carbon electrodes with the highest
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specific capacities at both low and high current densities (for a range of materials made

149

from 10 to 40 nm spheres).

Figure 3.1. TEM images of (a) the colloidal silica template, (b) 0_IL, (c) 25_IL, (d), 50_IL, (e) 75_IL, and

(f) 100_IL carbon materials.
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TEM and SEM images provide information about wall and pore textures, including
pore order, pore sizes and pore windows. Samples 0_IL, 25 _IL, and 50_IL show well-
defined mesopores of a similar size, approximately 20 nm in diameter (Figure 3.1b—d),
close to the template sphere diameters. These pores can be seen throughout the structure
and are well-connected, with open windows and a bicontinuous structure. When the ionic
liquid precursor becomes the primary carbon source, the pore structure begins to
deteriorate. 75_IL mostly retains mesopores of a diameter near 20 nm (originating from
the silica template), though the pores are less well-defined (Figure 3.1e). Furthermore, the
pores are interspersed with untemplated regions and large void spaces, showing
additional structural collapse and lack of template replication. In 100 _IL almost no
spherical mesopores are visible and the structure is generally disordered (Figure 3.1f).
These results demonstrate that the phenol-formaldehyde resol is important, providing a
more rigid backbone for the inverse replication of the silica template, and it is necessary
to maintain an open, bicontinuous structure for optimal electrochemical performance.
SEM images reveal these pore textures over larger areas of the templated products.?® In
the case of the samples with low initial ionic liquid concentration (O_IL, 25 IL, and
50_IL), pores are clearly visible over the entirety of the sample. As the ionic liquid
concentration in the precursor increases further, the templated mesopore structure begins
to deteriorate, with less interconnectedness between pores, consistent with the TEM
observations.

A major focus of this work is control over the incorporation of nitrogen into the

mesoporous carbon framework. Elemental analysis data reveal that as the percentage of
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ionic liquid in the precursor solution increases, the amount of nitrogen in the templated
products also increases as expected (Table 3.1). The nitrogen content reaches a maximum
of 12.0 wt% in 100_IL with a baseline of 0 wt% in O_IL. The consistent increase in
nitrogen content with increasing ionic liquid concentration in the precursor solution
indicates that neither the ionic liquid nor the PF precursor is preferentially excluded
during mixing, templating, and pyrolysis. Prior studies indicated that the largest
capacitance and conductivity would occur between 5 and 8 wt% nitrogen,*’* 176177 179
and this synthesis technique therefore covers the desired range for EDLC applications.

For other applications, the nitrogen content can be easily tuned between 0 and 12 wt% to

achieve optimal performance based on the concentration of the ionic liquid used.

Table 3.1. Nitrogen content and nitrogen sorption data for carbon samples.

. Total
Nitrogen Cum. surf. area for pores
Sample surface o Pore volume diag
content 10-25 nm in diameter _—
name area . (cm’g™) (nm)
(Wt%) 2 1 (m=g~)
(m=g™)
0_IL 0.0 1393 204 4.50 14.6
25 1L 5.0 1380 241 3.58 13.4
50_IL 7.6 1070 196 1.49 12.8
75_IL 9.6 911 161 1.44 ~12.5
100_IL 12.0 1040 36 1.03 ~12.5

Pore characteristics were further studied using nitrogen sorption data and applying a

QSDFT model designed for mesoporous carbon with spherical pores.**”® The sorption

60



isotherms and pore diameter distributions are shown in Figure 3.2, and relevant structural
characteristics are given in Table 3.1. The primary feature of the pore size distribution for
0_IL is a peak centered at 17.5 nm, matching the diameter of the silica spheres used as a
template. This peak is well preserved in 25_IL, which has a similar overall pore size
distribution. As the concentration of the IL in the precursor solution continues to
increase, this peak decreases in intensity and eventually disappears. It is still visible in
50 _IL, but 75_IL and 100_IL do not have a clearly discernable feature at this point,
though some hysteresis is still observed in the isotherms indicating the presence of
mesopores. Further, the total pore distribution for 100_IL consists almost completely of
small mesopores (<10 nm) and micropores, verifying that there is little structural
retention from the silica sphere template. In this interpretation, it should be noted that the
QSDFT model assumes a carbon surface, and the presence of nitrogen could affect the
adsorption characteristics. However, the expected surface area from the mesopores would
be approximately 165 m? g™* in an idealized structure (assuming 17.5 nm spheres and a
carbon density of 2.0 g cm™), which matches well with the cumulative surface area for
pores between 10 and 25 nm of 196 m? g* for 50_IL, indicating that the model can still
accurately model bulk pore characteristics for these carbon materials. With increasing
ionic liquid content the total pore volume decreases. The sample prepared without any PF
(100_IL) has less than 25% of the total pore volume of the sample prepared from only PF
precursor, further showing the loss of templated microstructure. These observations
confirm that the addition of phenol-formaldehyde resol in the initial precursor solution

helps to maintain a templated structure with ionic liquid precursors for nitrogen-doped

61



carbon and that a minimum amount of PF is needed to achieve this stabilization. For the
system and conditions used in this study, the minimum amount of PF in the precursor

solution is approximately 25%.
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Figure 3.2. (a) Nitrogen sorption isotherms of the mesoporous carbon samples synthesized using
various ionic liquid concentrations in the precursor solution and (b) the corresponding pore size

distributions determined using the QSDFT adsorption model.
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From SAXS data, the pore order and d-spacings of the mesoporous materials were
determined (Figure 3.3). Overall, the samples with a low initial ionic liquid content show
moderate levels of order, as indicated by two discernable scattering peaks and a shoulder
corresponding to the [111] reflection, all of which match a face-centered cubic (fcc)
lattice of spherical pores. Values for spacings of the di1; peaks are given in Table 3.1.
These values decrease with increasing ionic liquid content in the precursor. In addition,
as the ionic liquid concentration in the precursor increases, the peaks broaden and
become less prominent, consistent with the observed decrease in order of the pore

structure.
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Figure 3.3. Small-angle X-Ray scattering patterns of the mesoporous carbon samples.

Raman spectroscopy was used to determine the relative graphitic nature of the carbon
samples (Figure 3.4). The spectra show two primary peaks commonly observed in hard
1

carbons with turbostratically disordered graphene sheets;?®* the G-band at 1597 cm’

originating from the E4 in-plane stretching motion of pairs of sp? carbon and the D-band
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at 1350 cm™ originating from the A4 breathing mode which is only polarizable in the
presence of disorder.?%2?% The spectra were fit with two additional peaks, at 1190 and
1518 cm™, which are associated with the sp® carbon atoms found in glassy carbon to
improve the accuracy of the fit.?®* From fitting these four peaks using Gaussian peak

shapes, the graphitic domain size was determined using Equation 3.5:

- — (3.5)

where Ip is the peak intensity at 1350 cm™, I is the peak intensity at 1597 cm™, C ( A
514.5 nm) 4.4 nm, and L, = is the graphitic domain size. The domain sizes, along with
the peak intensities, are given in Table 3.2. With high ionic liquid content in the
precursor, the grain sizes diminish slightly, and the extent of disorder at the atomic level
increases within graphitic domains by replacement of carbon atoms with nitrogen dopant
atoms. For all porous products in this study, the graphitic domain size is between 3 and 4

nm, typical for carbon materials derived from resols.*> 1%
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Figure 3.4. Raman spectra of the mesoporous carbon samples, showing the D and G bands typically

observed for resol-derived, hard carbon materials with turbostratically disordered graphene sheets.
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Table 3.2. Relevant parameters from the peak fitting of the Raman spectra.

Sample 11190 1350 l1518 11507 La(nm)
0_IL 11.4 41.1 18.5 37.1 3.97
25 1L 15.5 42.2 25.6 31.3 3.27
50_IL 12.4 374 21.2 27.2 3.20
75 1L 14.0 43.2 27.3 31.7 3.22

100_IL 12.0 39.5 25.6 27.6 3.08

To examine the nitrogen functionalities contained within the carbon framework, XPS
was performed on 50 _IL as a representative sample (Figure 3.5). The Nis peak can be
deconvoluted into four distinct peaks, at 398.4, 400.3, 402.1, and 404.5 eV. The peaks
can be assigned to pyridine-like nitrogen, graphitic nitrogen, oxidized nitrogen, and

chemisorbed nitrogen, respectively.?>?% The pyridine-like and graphitic nitrogen should

contribute to the conductivity of carbon-based electrodes.

Figure 3.5. Deconvoluted XPS spectrum of the N5 peak of 50_IL. Relative peak areas: | (31.2% of the

cumulative area), 11 (11.2%), 111 (18.7%), and IV (38.9%).
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3.3.2 ElectrochemicdPerformance

After forming the carbon materials into an electrode and assembling an
electrochemical cell as described above, the materials were cycled with a constant current
over a range of current densities, from 0.1 to 10 A g™, based on the total mass of carbon
in the cell. The cells were cycled between 0 and 3.5 V vs. the open circuit potential of the
cell. During the initial few cycles, the charging half of the cycle is curved above 2.5 V
(Figure 3.6a; 0.1 A g™), which is attributed to irreversible reactions between the
electrolyte and reactive oxygen surface functional groups.**® This feature becomes
indiscernible by at least the fifth cycle, but usually by the third charging step. As the cell
is cycled further, this feature diminishes and a symmetric, triangular-shaped profile

emerges, typical of pure double-layer capacitance.
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Figure 3.6. (a) The first few charge and discharge cycles of electrodes made from the templated carbon
materials at 0.1 A g™*. (b) Close-up of the initial discharge from the first cycle for each sample, showing the
Ohmic drop of the samples (nearly vertical lines between adjacent data points after the peak). (c) Cell
resistance calculated from the Ohmic drop of each cell correlated to the nitrogen content. The lines in (c)

are intended to guide the eye.
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A notable feature of each cycle is the Ohmic drop, or the instantaneous drop in
potential when the cycle changes from charging to discharging and the current switches
from positive to negative. The combined resistance of all of the components of the cell
leads to an additional measured potential, separate from that due to electrochemical
charging, following Ohm’s Law. Because the components of the cell are all the same
(cell body, separator membrane, and electrolyte) except the electrodes themselves, the
Ohmic drop is proportional to the relative resistances of the electrode films. Figure 3.6b
shows the Ohmic drop from the initial discharge; this Ohmic drop is consistent over all
cycles. As the nitrogen content in the carbon material increases up to 7.6 wt%, the Ohmic
drop decreases, with the smallest electrode resistance occurring for IL_50. This is due to
the effect of nitrogen acting as an n-type dopant within the carbon structure, leading to
improved electrical conductivity, specifically by introducing the pyridine-like and
graphitic nitrogen seen in the XPS spectra. At higher nitrogen content, the resistance
increases significantly (Figure 3.6¢), which could be due to the loss of the bicontinuous
structure and the smaller graphitic domains. As the structure becomes less continuous,
additional internal resistance occurs from the increased interfacial contacts, leading to the
larger Ohmic drop. To further test the effect of nitrogen moieties within the electrode
materials, self-discharge tests of O_IL and 50_IL were performed (Figure 3.7). 50_IL
shows a smaller initial drop due to the previously mentioned Ohmic drop. Both samples
show a small level of self-discharge, leveling off quickly to less than 1.0 mV/h in the last
40 h of rest, comparable to other templated carbon supercapacitors.’®® There are no

significant differences between the rate of potential drop of the two samples showing the
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additional nitrogen functional groups are not significantly redox active, and thereby not

increasing the rate of self-discharge.?*
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Figure 3.7. Self-discharge tests for 0_IL and 50_IL, showing similar rates of potential drop for both

samples.

Electrochemical impedance spectroscopy was used to further study the electrical and
ionic resistances within the cell. The Nyquist plots (Figure 3.8) all show an intersection
with the real axis below 12 Q in the high frequency region, which is typically the
combined resistance of all of the cell components, including the ionic liquid electrolyte,
which is a significant contributor to the overall resistance. These resistance values show a
similar trend to the resistances measured from the Ohmic drop where increasing nitrogen
content up to 7.6 wt% decreases the resistance, then increases it again at higher nitrogen
content. In the moderate frequency region, a depressed semi-circular shape composed of
two overlapping semi-circles is present, indicating at least two different charge or mass

transfer resistances within the cell. The total charge-transfer resistance follows the same
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trend as the series resistance, signifying more facile charge transport throughout the
material and on the surface. Furthermore, the high charge-transfer resistance in 75_IL and
100_IL likely results from the degradation of the organized mesopore structure, causing a
more tortuous path for the electrolyte ions. Finally, the low frequency region shows a

nearly vertical slope, indicative of capacitive behavior.
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Figure 3.8. Nyquist plots of the mesoporous carbon samples, showing the decreasing resistance with

increasing nitrogen content up to 50_IL, followed by increasing resistance to 100_IL.

To measure the specific capacitance of the porous carbon materials, galvanostatic
cycling was performed from 0.1 to 10 A g™. At low rates, all of the materials yield high
capacitance values of over 175 F g™ (Figure 3.9a). A maximum capacitance of 237 F g™
is reached with 50_IL at 0.1 A g™, an 18% improvement over the undoped 0_IL sample.
At higher current densities, the lower porosity samples, 75_IL and 100_IL, begin to lose
capacitance as a result of the less well-connected pore structure. However, the electrode
materials that preserve the interconnected mesopore structure maintain high capacitance.

At 10 A g, the improvement due to N-doping becomes even more pronounced: the
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capacitance is increased by 22% from 106 F g™ for 0_IL to 130 F g™ for 25_IL and by

42%to 151 F g™* for 50_IL.
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Figure 3.9. (a) Average specific capacitance of the carbon materials over a range of rates. (b) The specific

capacitance of the carbon materials over ca. 1100 cycles at 1 A g™

Beyond the increased rate performance, the increased specific capacitance is
maintained over more than 1100 cycles at 1 A g, the 50_IL material having an average
specific capacitance of 202 F g, which represents a 16.5% increase over the average

specific capacitance of 0_IL (Figure 3.9b). The specific energy of a cell made from two
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identical 50_IL electrodes is over 83 Wh kg™ (unpackaged) for all 1100 cycles at 1 A g™,
which would correspond to a specific energy of 25 Wh kg™ in a commercial-style,
packaged device, which typically contains 30 wt% active material. This is a 30%
improvement over previous 3DOm carbon samples tested in a similar manner with ionic
liquid electrolytes,**® and comparable to the performance of related systems in aqueous
electrolytes (Table 3.3). The similar specific capacitance to other N-doped carbon is even
more remarkable due to the use of an ionic liquid electrolyte here, which typically yields
lower capacitance values compared to aqueous electrolytes. The advantage of the ionic
liquid electrolyte is that it offers a significantly increased potential window for cycling,
leading to a large increase in the specific energy of an assembled cell, as shown in Table

3.3.
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Table 3.3. Capacitance values for various N-doped carbon electrodes reported in the literature.

Specific ) Specific
. . Current Density
Material Electrolyte Capacitance (A g Energy Reference
F o) ’ (Whkg?)*
50_IL EMI-TFSI 195 1.0 83 This work
50_IL EMI-TFSI 237 0.1 101 This work
SBA-15
templated
6 M KOH 210 1.0 7.2 190
mesoporous
carbon
Carbon nanofibers 6 M KOH 202 1.0 7.0 189
Nanocrystalline
6 M KOH 282 0.1 9.8 211
graphene
Nanocrystalline
1M (C,Hs)sN BF, 224 0.1 31 211
graphene
Activated carbon
_ EMI-TFSI 51 Not reported 22 212
(870 m“g™)
Activated carbon
_ EMI-TFSI 180 Not reported 77 212
(2600 m“ g™)
Carbide-derived
EMI-TFSI 160 0.33 68 30

carbon

a Unpackaged, per kg of carbon.
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3.4 Conclusions

Nitrogen-doped, mesoporous carbon samples were synthesized by templating from a
silica colloidal crystal using PF resol and EMI-DCA as precursors. The amount of
nitrogen incorporated into the structure could be controlled in the range from 0 to 12 wt%
by varying the ratio of ionic liquid to PF in the precursor solution while maintaining a
highly interconnected mesopore structure in the resulting electrode material up to an ionic
liquid content in the precursor of 50% by mass. Although the cost of the ionic liquid
component may currently limit scale-up of the method, the incorporation of the ionic
liquid remains attractive for tuning the heteroatom content within the electrode material
and hence its electrochemical properties. The deterioration of the template-defined
mesopore structure with higher ionic liquid concentrations in the precursor points at the
importance of the resol components in providing a robust structural backbone for the
electrode, especially when non-aromatic ionic liquids are used as precursors.”® The
increase in nitrogen content in the well-templated electrodes led to a reduction in the
Ohmic drop and an improved capacitance in ionic liquid electrolyte based systems. The
specific capacitance increased from 195 F g™ at 0.1 A g™ and 170 F g™ after 1100 cycles
at 1 A g in a sample prepared with a pure PF resol precursor to 237 F g™ at 0.1 A g™ and
over 190 F g* after 1100 cycles at 1 A g™ in a sample prepared with 50% EMI-DCA in
the precursor. These capacitance values are comparable to those of other nitrogen-doped
carbon systems cycled in an aqueous electrolyte, but were obtained with a high-potential
ionic liquid electrolyte that provides a large electrochemical window. This shows that a

PF resol can be used in an ionic-liquid-based synthesis to help maintain a templated
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structure, and the inclusion of a moderate amount of the ionic liquid precursor improves
the conductivity and specific capacitance of the mesoporous carbon material, enabling

high specific energies.
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Chapter 4: lonic Liquids as Electrolytes for Electrochemical Double-

Layer Capacitors

Reproduced with permission from “lonic Liquids as Electrolytes for Electrochemical
Double-Layer Capacitors” by Mousavi, M. P. S.; Wilson, B. E.; Kashefolgheta, S.;
Anderson, E.; He, S.; Buhlmann, P.; and Stein, A. in ACS Applied Materials and

Interfaces DOI: 10.1021/acsami.5b11353. Copyright 2016, American Chemical Society.

Contributions to this chapter were performed by Dr. Maral Mousavi (potential limit
measurements), Sadra Kashefolgheta (DFT calculations), Eric Anderson (conductivity

measurements), and Siyao He (TEM imaging).
4.1 Introduction

Electrochemical double-layer capacitors (EDLCs), or supercapacitors, are
rechargeable energy storage devices with many applications in the transportation,
consumer electronics, and communication sectors.> ??® EDLCs are comprised of two
high surface area electrodes separated by an electrolyte solution. Charge separation is
achieved upon charging of the device, and the energy is stored by the double layer at the
interface between the electrode and the electrolyte. Because the energy is stored by a
reversible physical phenomenon at an interface rather than a chemical reaction within a
bulk material, EDLCs have rapid charging and discharging rates, high specific power,

and long lifespans of thousands to millions of cycles.® Due to these characteristics, there
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has been growing interest in EDLCs, and much research has been devoted to improving

the performance and specific energy of these devices.® #7220

4.1.1 Specific Energy of EDLCs

The specific energy of an EDLC is proportional to the capacitance of the cell
multiplied by the square of the operating potential; therefore, maximizing both the cell
capacitance and the potential window of the device is crucial for engineering high-
energy-density EDLCs.??® The cell capacitance has been significantly improved by
maximizing the accessible surface area of the electrodes through application of highly
porous materials, primarily porous carbon, as the electrode materials. For example, a
double-layer specific capacitance as high as 282 F/g has been achieved in nanocrystalline
graphite.?" 2% Sych a value is exceeded only when pseudocapacitive mechanisms are
also active. The maximum accessible potential window of such devices is usually limited
by electro-decomposition of the electrolyte or solvent, and these devices should not be
charged beyond a voltage that can cause degradation of these components. Since
electrolytes bear localized charges, they often have lower electrochemical stability than
neutral solvent molecules. Therefore, the choice of electrolyte determines the potential

window of EDLCs.?**
4.1.2 lonic Liquids as Electrolytes

Four primary classes of electrolyte solutions have been used in EDLCs: aqueous,??®

organic,®* polymeric,??® and ionic liquid (IL) electrolytes.!

Among these, ILs have the
largest potential windows, exceeding 5 V,'*° compared to aqueous and polymer

electrolyte solutions, which typically are limited to 1 V, and organic electrolyte solutions
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(typically based on acetonitrile or cyclic carbonates such as propylene carbonate) that are
limited to 3.5 V due to decomposition of the solvent.** ?* Additionally, ILs typically
have a high decomposition temperature, allowing for a wider range of applications where
high temperatures (exceeding 100 °C) are expected.??”?® Despite these advantages, there
has not been a comprehensive and systematic study of the effect of IL structure on the
performance of IL-based EDLCs, and the few reports found in the literature investigated
only a small selection of ILs or studied ILs diluted in solvents, which affect the
electrochemical properties of the 1Ls.?29%%

The structure of an IL affects the double layer capacitance, C, and also the accessible
potential window, V, of an EDLC, both of which determine the specific energy of the

device (proportional to C\?).%®

A change in the structure of an IL that can increase the
EDLC double-layer capacitance does not necessarily improve the electrochemical
stability of the IL, and, therefore, it is critical to investigate the combined effects of
double layer capacitance and electrochemical stability on the specific energy of a device.
Unfortunately, most studies focused on either the double layer capacitance or the
electrochemical stability.*" 2% 2% 230 For example, Sato et al. showed that at room
temperature, an EDLC with N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium
tetrafluoroborate as the electrolyte has a wider potential window but lower discharge
capacity than an EDLC with 1-ethyl-3-methylimidazolium tetrafluoroborate as the
electrolyte.”*® Incrementing the chain length of alkyl substitutes was reported to enhance
the electrochemical stability of N-alkyl-N-methylimidazolium

233

bis(trifluoromethylsulfonyl)imide ionic liquids® and to enlarge the potential window of
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N-alkyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide.?* However, the same
structural change (increasing the alkyl chain length) was reported to shrink the potential
window of N-alkyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide.?* Sedev et
al. showed that the double layer capacitance (at 100 °C) of 1-alkyl-3-ethylimidazolium
chloride at glassy carbon electrodes decreases when the alkyl chain length is increased.?®®
Similarly, 1-ethyl-3-methylimidazolium tetrafluoroborate was shown to yield a larger
double layer capacitance than 1-butyl-3-methylimidazolium tetrafluoroborate at room
temperature?”* and tetraalkylammonium tetrafluoroborate (alkyl: ethyl, propyl, butyl, and
hexyl) was shown to give a size-dependent double layer capacitance.”® In contrast to all
these studies that suggest an effect of the cation structure, Yuyama and co-workers
showed that the double layer capacitance of a quaternary ammonium salt with a
methoxyalkyl group on the nitrogen atom depends more on the nature of the anion than
on the cation structure.?® Clearly, comparisons made between only a few ionic liquids do
not allow for the determination of meaningful trends.

Moreover, the double layer capacitance of a given IL is strongly affected by the
choice of electrode material.*"* In addition, the criterion used for quantification of
electrochemical stability strongly influences the reported IL potential window.?2* 228 241
Because of the diverse range of electrode materials and potential window quantification
criteria, a direct comparison between many reports in the literature is not feasible. For
meaningful comparisons, it is necessary to study the effect of the IL structure on the
specific energy of EDLCs made of the same electrode materials and characterized with

the same potential window quantification method. In this work, the electrochemical
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stabilities of several room-temperature ionic liquids with common types of core
structures of the cation and anion and various alkyl substituents in the cation were
investigated. Using three-dimensionally ordered mesoporous (3DOm) carbon electrodes
as a model system because of the uniformity and high degree of interconnectedness of

their mesopores,?*

we studied the effect of the IL structure on the double layer
capacitance of EDCLs, allowing us to determine IL characteristics that yield EDLCs with

optimum energy densities.
4.2 Experimental
4.2.1 Materials

The ionic liquids butyltrimethylammonium (MesBuN) bistrifluorosulfonylimide
(TESI), tributylmethylammonium (BusMeN) TFSI, 1-ethyl-3-methylimidazolium
(EtMelm or EMI) TFSI, 3-methyl-1-propylimidazolium (PrMelm) TFSI, 1-hexyl-3-
methylimidazolium (HexMelm) TFSI, 3-methyl-1-octylimidazolium (OcMelm) TFSI, 1-
ethyl-2,3-dimethylimidazolium  (EtMezIm)  TFSI,  N-methyl-N-propylpiperidinium
(PrMePi) TFSI, N-butyl-N-methylpyrrolidinium (BuMePyl) TFSI, N-butylpyridinium
(BuPyd) TFSI, EMI triflate, and EMI BF, all with a purity of 99% and a water content
below 100 ppm were purchased from loLiTec, phenol (>99%), formaldehyde (aqueous
solution, 37 wt%), tetrahydrofuran, polytetrafluoroethylene (PTFE, 60 wt% in water),
tetraethylorthosilicate (TEOS, 99%), L-lysine (98%), hydrochloric acid (37 wt%),
potassium hydroxide, and sodium hydroxide were purchased from Sigma Aldrich,
tetrahydrofuran (HPLC grade, >99.9%) and hydrofluoric acid (48-52 wt%) from Fisher

Scientific. All chemicals were used without further purification. Water was deionized
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(DI) on site to a final resistivity of >18.0 MQtcm, using a Barnstead Sybron purification

system.
4.2.2 Preparation of ThreBimensionally Ordered Mesoporous (@) Carbon

The phenol-formaldehyde (PF) resol was prepared in the same manner as described in
Chapter 2 and the silica sphere template in the same manner as described in Chapter 3.
3DOm carbon was prepared following a literature procedure.** Briefly, the PF resol
solution was vacuum infiltrated into the silica template (1:1 w:w) for 1 h at 40 °C,
followed by cross-linking the resol at 120 °C for 24 h in a covered glass dish. The
PF/silica composite was pyrolyzed under flowing nitrogen at 900 °C (1 °C/min ramp rate
to 600 °C, then 5 °C/min to 900 °C). The silica template was removed through
hydrothermal treatment in 6 M KOH for 48 h at 180 °C. The carbon product was isolated
through vacuum filtration and washed repeatedly, then allowed to soak in DI water for 30

minutes, followed by additional washing until the pH of the effluent was ~7.
4.2.3 Material Charadrization

Transmission electron microscopy (TEM) images were obtained on an FEI Technai
T12 microscope operated at 120 kV with a LaBg filament. Samples were prepared by
suspending them in ethanol and bath sonicating for 15 min. Cu grids coated in Formvar
were dipped into the resulting suspension and dried. Viscosity was measured on a TA
Instruments AR G2 rheometer using parallel steel plates separated by 300 um. The shear
rate was increased logarithmically from 1 to 100 rad/s, then decreased at the same rate
with 5 s equilibration and 5 s integration per point. The viscosity was determined by

averaging data points during the decrease in shear rate.
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Nitrogen sorption was performed using a Quantachrome Autosorb iQ instrument.
3DOm carbon samples were outgassed for 12 h at 200 °C prior to analysis. The total
surface area and other pore characteristics were calculated using the quenched-solid-
density-functional-theory (QSDFT) adsorption model optimized by Quantachrome for
mesoporous carbon materials with spherical pores. The 3DOm carbon material gives a
type 1V isotherm with a type H1 hysteresis (Figure 4.7A), typical for 3DOm and other
mesoporous structures, indicating a well-formed bulk pore structure. A total surface area
of 1074 m?/g was measured. The pore size distribution plot showed two primary peaks
(Figure 4.7A, inset), one at 37 nm and one at 29 nm. These values correspond to the
observed sizes of the pores and the windows seen in the TEM images.

Small-angle X-ray scattering (SAXS) was used to determine the extent of pore
ordering. The measurements were carried out on a Rigaku RU-200BVH 2D SAXS
instrument operating with a pathlength of 183 cm using a 12 kW, rotating Cu anode and a
Siemens Hi-Star multiwire area detector. In the SAXS pattern (Figure 4.4B), two clear
peaks can be observed, at q = 0.21 and 0.36 nm™, along with a shoulder at q = 0.25,
which index well to the expected face-centered cubic array of pores. Further, the di11
value is 30.5 nm, which would match an ideal pore array with diameters of 37.4 nm,
consistent with the observed peak in the gas sorption pore size distribution

Conductivity was measured using a custom-made conductivity cell, consisting of two
temperature-controlled stainless steel plates and a Teflon spacer to hold the sample. The
cell temperature was allowed to equilibrate at 25 °C for 15 min prior to measurements.

Impedance measurements were carried out using a two-electrode cell with a Solartron
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1255B frequency response analyzer and a Sl 1287 electrochemical interface from
Solartron (Farnborough, Hampshire, U.K.). The frequency range for these measurements
was from 1 MHz to 1 Hz with a constant AC amplitude of 100 mV. Conductivities were
calculated from resistances obtained by fitting of impedance spectra with ZView software
(Scribner Associates, Southern Pines, NC) in the 500 to 1 kHz range. The cell constant
was measured using a 500 uS/cm? KCI conductivity standard. Each measurement was

repeated five times.
4.2.4 Electrochemical Measurements

Potential Limit DeterminationLinear sweep voltammograms were measured with a
CHIG00C Potentiostat (CH Instruments, Austin, TX), a three-electrode cell with a 3.0
mm-diameter glassy carbon (GC) disk working electrode (BAS, West Lafayette, IN), a
0.25 mm Pt wire coil (99.998%, Alfa Aesar, Ward Hill, MA) auxiliary electrode, and a
Ag'/Ag reference electrode, at a scan rate of 100 mV/s. The reference electrode was
prepared as reported previously.**® Briefly, a glass tube equipped with a Viycor glass plug
was filled with an acetonitrile solution containing 10.0 mM AgNO; and 100 mM
NBu4ClO,4, and an Ag wire was inserted into the tube. All the potentials reported in this
work are with respect to 10 mM Ag*/Ag. For the observation of the cathodic and anodic
decomposition currents, the potential was scanned from 0 to -5 V and from 0 to +4 V (vs.
Ag'/AQ), respectively. The working electrode was polished on Microcloth polishing pads
using 5.0 um Micropolish Il deagglomerated alumina (both from Buehler; Lake BIluff,
IL) and rinsed thoroughly, first with deionized water and then with ethanol, followed by
drying under a stream of argon. Prior to measurements, all ionic liquids were purged with
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argon for 15 min while stirring vigorously to remove dissolved oxygen. All
measurements were performed in pure ionic liquids, and solvents were not used for
diluting the ILs. Statistical analyses were based on a two-tailed t-test at the significance
level of 0.95.

Calculation of lon VolumesThe structures of the ions were optimized with the
B3LYP?*?*® density functional at the 6-311++G(d,p) level. Frequency calculations were
performed at the same level of theory to ensure that all ions were in a minimum energy
conformation. All calculations were made using the Gaussian 03 package.?*” lon volumes
were calculated as superpositions of van der Waals spheres of atoms with Multiwfn
software using the Monte Carlo method.**

Cell Preparation and Galvanostatic TesEectrodes were prepared by grinding the
3DOm carbon powder with a binder (19:1:10 carbon:PTFE:water) until a homogenous
paste was formed, as previously described.?** The paste was rolled into self-supporting
films using a mechanical roller, cut into 8 mm diameter circles, and dried overnight at
110 °C under vacuum to obtain final dried masses of 1.8-2.0 mg per electrode and
thicknesses of approximately 150 pum. Electrochemical cells were assembled by the
following method. Two electrodes of similar mass were wetted with the desired ionic
liquid electrolyte and held under vacuum for 1 h, followed by the removal of excess
electrolyte. The wetted electrodes were layered between steel current collectors in a two-
electrode configuration, separated by a porous polypropylene membrane within a cell

242
d.

body that was previously describe All cell assembly was performed in a dry room

maintained below 100 ppm H,O to minimize contamination.
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Galvanostatic tests were performed on an Arbin BT2000 electrochemical station. To
measure the capacitance, various rates were used, followed by 1000 cycles to determine
cell stability. All cells were cycled between 0 and 2.0 V vs. the open circuit potential to
maintain a constant potential window for all electrolytes well within the decomposition
limits for any of the selected ionic liquids. The specific capacitance of the 3DOm carbon
was calculated using eg. 1, assuming that the contribution from each electrode is identical
in the symmetric cell,

4°Q) o
adIdw (1)

Og ¢ =

where | is the discharge current, & s the discharge time, mis the total mass of carbon in

the cell, and & \fs the cell discharge voltage.
4.3 Electrochemical Stability of ILs

The structures of the cations and anions of the ILs investigated in this work are shown
in Figure 4.1. This selection covers the main categories of cations (pyridinium,
imidazolium,  pyrrolidinium,  piperidinium, and ammonium) and anions
(bistrifluoromethanesulfonylimide, tetrafluoroborate, and trifluoromethanesulfonate) that
are used in room-temperature ionic liquids. The alkyl substituents of these cations can be
readily modified to alter the electrochemical properties of the ions.??® 2% %% Therefore, in
addition to the core cation structures, we also studied ILs with different alkyl
substituents. Only saturated hydrocarbon groups were considered as alkyl substituents in
this work because non-saturated or oxygenated alkyl groups were shown in prior work to

lower the electrochemical stability of the cations without improving their contribution to
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282, 2125 I this section, we will first discuss the

the double-layer capacitance.
electrochemical behavior and stability of these ILs and then follow with an analysis of the
double-layer capacitance and specific energy of EDLCs incorporating these ILs.

_ e

EtMeIm MePrIm

EtMe Im
HexMeIm MeOctIm
N @
o O
=
PrMePi BuMePy[ Bupyd

Figure 4.1. Structures and abbreviations of the cations and anions investigated in this study.

The electrochemical stability window of the ionic liquids was determined by a linear
fit method described by the Biihimann group.?** #*"2°® This method has been shown to be
more rigorous and is not affected as strongly as current cutoff methods by variables such
as conductivity, concentration, and scan rate. However, because much of the previous
literature uses a current cut-off method, those values are also given for comparison in the
literature.”” The potential limits are given in Table 4.1 with a visual representation of the
linear fit method in Figure 4.2. A full discussion of the comparisons between the potential
d 257

limits of the ionic liquids can be found in the paper from which this chapter is derived.

From the results, it was determined that saturated cations with quaternary ammonium
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substituents generally provide the highest cathodic stabilities while aromatic cations are
less stable towards reduction. Further, the type of cation has an effect on the anodic limit,
consistent with previous literature, where the cation is responsible for both the oxidation

and reduction limit.?>*

Within the same class of cations, such as the imidazolium ionic
liquids, an increase in the anodic stability is observed. Within the quaternary ammonium-
based ionic liquids, BusNMe TFSI has a significantly larger potential window, due to an
increase in both the cathodic and anodic limit, while the other ion pairs have similar
overall potential windows. In summary, the following trends were observed for potential
windows of the ILs studied in this work: BusNMe TFSI > BuMePyl TFSI ~ PrMePi TFSI
> BuNMesz TFSI > EtMelm TFSI ~ MePrIim TFSI ~ HexMelm TFSI ~ MeOctlm TFSI ~

EtMe,Im TFSI > EtMelm BF, > EtMelm OTf > BuPyd TFSI.
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Table 4.1. Electrochemical stability of room temperature I1Ls (V vs. Ag*/Ag).

cathodic stability

anodic stability

0.5mA/cm? 1.0 mA/lcm? linear fit 0.5 1.0 linear fit
mA/cm? mA/cm?
EtMelm BF, -212+019 -241+004 -260£0.01 | 1.12+0.16 1.79+£0.13 1.99+0.01
EtMelm OTf -227+0.01 -249+001 -260+0.01 | 1.07+0.28 152+0.17 1.94+0.01
EtMelm TFSI | -2.38+0.05 -247+0.02 -256+0.02 | 1.76+0.04 1.97+0.03 2.15%+0.00
MePrim TFSI | -240+0.07 -248x0.01 -253+£0.01 | 205£0.03 215+0.01 2.19+0.01
HexMelm -251+£0.01 -258+001 -256+0.01 | 210+x0.03 223+001 217x0.01
TFSI

MeOctim TFSI | -254+0.01 -263+001 -255+0.00 | 2.12+0.02 2.29+0.01 2.14%0.00
EtMe,Im TFSI | -2.69+0.01 -275+001 -2.74+0.01 | 1.96+0.01 2.03+0.01 1.99+0.00
Bu;NMe TFSI | -3.64+0.05 -3.94+005 -349+0.05 | 275+006 4.07+0.61 258+0.03
BuNMe; TFSI | -3.03+0.03 -3.31+001 -3.37+0.02 | 227+0.13 257+0.02 1.98+0.09
BuMePyl TFSI | -3.18+£0.03 -3.31+£0.01 -3.36+0.02 | 223+£0.08 250+0.03 2.36+0.03
PrMePi TFSI -3.26£0.02 -340+x001 -3.34+£0.01 | 236x0.11 262+£0.01 2.34%£0.03
BuPyd TFSI -1.38+£0.10 -147+x001 -1.44+£0.04 | 224+0.13 257+£0.02 2.43x0.02

Glassy carbon as working electrode, scan rate 100 mV/s.

89



Linear Fit Method
BuPyd TFSI

PrMePi TFSI

BuMePyl TFSI
BuNMe, TFSI

Bu,NMe TFSI
EtMe,Im TFSI
MeOctim TFSI
HexMelm TFSI
MePrim TFSI
EtMelm TFSI

EtMelm OTf
EtMelm BF‘

40 -30 -20 -1.0 0.0 1.0 20 3.0
Potential Window of IL (V vs. Ag*/Ag)

Figure 4.2. The solid bars represent the potential window in which the ILs are stable. The lower and higher
ends of each bar indicate the cathodic and anodic limits of the IL, respectively. Both limits were measured
with the linear fit method. Error bars are not shown because their values are too small to be readily visually

recognizable.

4.4 Electrochemical Capacitance
4.4.1 3DOm Carbon Eleatdes

For practical EDLCs, a critical parameter is the capacitance achieved with an IL
electrolyte. To test the capacitance achieved with the various ILs, we utilized three-
dimensionally ordered mesoporous (3DOm) carbon-based electrodes. 3DOm carbon was

chosen as a model electrode material because it has a well-defined pore structure with
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highly-interconnected pores and large pore windows, allowing for complete infiltration
with the tested ILs (except for EtMelm BF,4) and ready access to the large surface area
delivered by the mesopores. High specific capacitance was demonstrated using this
system with both organic and ionic liquid electrolytes.?** 2°® For this study, a large single
batch of 3DOm carbon was prepared using as the template silica spheres of 38.4 + 1.2 nm
that were sedimented to form a close-packed array (Figure 4.3A). The final carbon
product shows the characteristic 3DOm structure with well-defined pores and open

windows (Figure 4.3B).
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Figure 4.3. TEM images of (A) the silica colloidal crystal used as a template (FFT inset) and (B) the

resulting 3DOm carbon used as an electrode material showing the open, interconnected pore structure.

Gas sorption analysis of the 3DOm carbon shows a type IV isotherm with a type H1
hysteresis, consistent with previously reported 3DOm carbon samples (Figure 4.4A). A
total surface area of 1074 m?/g was determined using a QSDFT model designed for
mesoporous carbon samples.'®” The pore size distribution shows two major peaks, one at
approximately 37 nm and one at 29 nm, corresponding to the pore diameter and pore

windows, respectively. Small-angle X-ray scattering shows two well-defined peaks and a
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shoulder that can be indexed to a face-centered cubic structure with a dy;; spacing of 30.5

nm (Figure 4.4B).
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Figure 4.4. (A) Nitrogen sorption isotherm of the 3DOm carbon showing the characteristic type IV

isotherms with type H1 hysteresis for mesoporous

carbon and in the inset the QSDFT-modeled pore size

distribution. (B) SAXS pattern for the 3DOm carbon.
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4.4.2 Method for Quantifying the Specific Capacitance

The specific capacitance achievable with the various ionic liquids was measured in a
symmetric, two-electrode cell employing the 3DOm carbon electrodes. The cells were
charged and discharged at increasing current densities from 0.1 A/g to 20 A/g, followed
by 1000 cycles at 1.0 A/g to determine the rate capabilities as well as capacitance
retention (Figure 4.5). For most specific capacitance comparisons, the average value of

the final 1000 cycles was used.
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Figure 4.5. Specific capacitance values at various rates for 3DOm carbon electrodes using the IL
electrolytes listed in the legends. Comparisons of (A) anion effects, (B) alkyl chain length effects, (C)

cations with cyclic cores, and (D) cation volume effects.

The viscosity of the ionic liquids was also measured to compare this property with
the observed electrochemical parameters. In general, the viscosity and the conductivity
are inseparable, and the two properties match each other. This follows the Walden rule
where the product of viscosity and conductivity in similar systems is equal to a
constant.?®® The viscosity is shown in Figure 4.6 with the measured value given in Table

4.2.
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the measured viscosity with increasing shear rate is followed by level measurements as the shear rate was

decreased again. This behavior is associated with shear ordering. The average of the data obtained during

the shear rate decrease was used as the final reported number for viscosity.
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Table 4.2. Physical properties of the ionic liquid electrolytes studied in this work.

cation anion  viscosity  conductivity  potential specific specific
volume volume (mPafs) (S/m) window capacitance energy
(nm®  (hm°) (V) (Flg (0.5 CV?,
@1 Alg) J/g)
EtMelm
0.118 0.049 27.9 1.44 4.60 £ 0.02 0 0
BF,
EtMelm
0.118 0.082 24.9 0.88 4.54 +0.02 24 246
oTf
EtMelm
0.118 0.151 24.1 0.96 4.71+£0.02 160 1771
TFSI
MePrim
0.134 0.151 32.6 0.53 472 £0.01 148 1649
TFSI
HexMelm
0.185 0.151 57.5 0.22 4,73 £0.02 89 995
TFSI
MeOctIm
0.219 0.151 79.5 0.13 4.69 £ 0.04 60 654
TFSI
EtMe,Im
0.134 0.151 74.1 0.26 4.73+0.01 101 1128
TFSI
BusNMe
0.245 0.151 481 0.03 6.07 £ 0.06 21 384
TFSI
BuNMe;
0.144 0.151 80.0 0.22 5.35+0.09 81 1158
TFSI
BuMePyl
0.167 0.151 53.0 0.30 571+0.04 108 1763
TFSI
PrMePi
0.183 0.151 110 0.17 5.68 £ 0.03 85 1373
TFSI
BuPyd
TSI 0.149 0.151 52.6 0.33 3.87£0.04 156 1166

4.4.3 Effect of Anion Type on Specific Capacitance

For the three anions tested (using the ILs EtMelm TFSI, EtMelm OTf, and

EtMeBF,), there was little correlation between the anion type, specific capacitance, and
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any of the other variables tested. This is likely a result of different wetting behaviors of
the three ionic liquids. EtMelm TFSI, the IL with the highest specific capacitance, wets
the electrode quickly with no observable beading on the surface. EtMelm BF,, on the
other hand, forms a bead on the surface of the electrode that did not appear to wet the
surface at all and, therefore, did not penetrate the mesopores. EtMelm OTT spread out on
the surface of the electrode, but more slowly than EtMelm TFSI, indicating less favorable
wetting behavior for that anion. The wetting behavior is a function of the type of carbon
used for the electrode. In the present case, the carbon precursor, a phenol-formaldehyde-
based resol, introduces oxygen functional groups, such as ketones, phenols, and
carboxylic acids into the porous electrode and increases the polarity of the surface.’®
Similarly, oxygen groups are present in activated carbons, making these more
hydrophilic. When used with more hydrophobic carbon electrodes, the less polar BF4 and
OTf-based ionic liquids may be able to provide higher specific capacitance values
because they would wet the nonpolar electrode surface better and increase the interfacial
contact area between the electrolyte and the electrode surface. Our observations show the
importance of system-specific determination of electrolytes, especially with regards to
the wetting behavior of the ionic liquid into the porous electrode. Because the ionic liquid
with TFSI as the anion was most suitable for the model carbon system in this study, ionic
liquids containing this anion were employed to determine the effects of different cations

on electrochemical properties.
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4.4.4 Effect of Cation Type on Specific Capacitance

To evaluate the effects of the cation type, ILs with different structures of the cation
core but similar cationic volumes were compared. Specifically, BuPyd TFSI, BuNMe;
TFSI, and MePrIm TFSI were compared because all have cationic volumes between 0.13
and 0.15 nm®. In this set, the pyridinium-based IL electrolyte yields the highest specific
capacitance at low to moderate current densities. The imidazolium-based cations provide
slightly lower specific capacitance values and the ammonium-based cations the lowest
values. The high performance of the BuPyd TFSI electrolyte, however, is reduced at
higher current densities, for which the specific capacitance drops to 21 F/g at 20 A/g
while MePrim TFSI maintains 102 F/g at the same rate. This is likely due to the higher
viscosity and lower conductivity of BuPyd, limiting the capacitance at the higher rates.
The larger size appears to restrain charge carrier transport within the electrode pores,
probably both due to the lower conductivity experienced in larger pores and due to wall
interactions within the smaller pores. As a result, the formation of the electronic double

layer requires a longer period of time, limiting the capacitance at higher rates.
4.4.5 Effect of Alkyl Substituents on Specific Capacitance of ImidazBlased ILs

To compare the effect of alkyl substituents on the specific capacitance of
imidazolium-based cations, the chain length of the alkyl group in
alkylmethylimidazolium cations was varied from two to eight carbon atoms (Figure 4.1).
In this series, the specific capacitance decreases monotonically with increasing carbon
chain length. Besides being related to increasing viscosity and decreasing conductivity of

the IL, the decrease in specific capacitance can be explained by the smaller number of
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ions that can be accommodated in the double layer when the ion volume is increased.
However, when comparing two electrolytes with different numbers of alkyl substituents
but identical cation volume, i.e., EtMe,Im TFSI and MePrim TFSI, the much higher
specific capacitance for MePrim TFSI is mainly explained by its lower viscosity, which
results in higher conductivity. These effects are most pronounced at the higher current
densities (Figure 4.5B) so that the specific capacitance of EtMe,Im TFSI drops much

more significantly as the current density is increased.

4.4.6 Effect of Alkyl Substituents tive Specific Capacitance of Quaternary Ammonium

Based ILs

To measure the effect of the alkyl substituents on quaternary ammonium-based ILs
with TFSI as anion, both cyclic (PrMePi and BuMePyl) and noncyclic (BuNMes and
BusNMe) cations were examined. At moderate current densities, the cyclic ammonium-
based cations yield higher specific capacitances, even though they have larger ionic
volumes and, in the case of PrMePi TFSI, lower conductivity than BuNMez TFSI. This
would indicate that the projection of these cyclic cations onto the electrode surface gives
a smaller area, allowing a higher concentration of ions in the double layer. Within the set
of cyclic and noncyclic cations, the trend of larger ions giving lower specific capacitance
is maintained. Additionally, BusNMe TFSI, which has the lowest conductivity of any of
the ILs tested with the TFSI anion, shows the greatest drop in capacitance with increasing
current density. It is unable to cycle at even 5 A/g even though it has a similar

capacitance at low current densities as BuNMez TFSI.

100



In summary, the ionic volume of the cations has the greatest effect on the maximum
specific capacitance of the IL in a porous electrode, provided the electrolyte is able to
fully wet the electrode pores. As the current density increases, the conductivity of the
electrolytes limits the performance of the cell because of reduced mass transport within
the pores during cycling. Therefore, based on specific capacitance, EtMelm TFSI has the
best overall performance as an IL electrolyte, which can be explained by its small ionic

volume, low viscosity, and hence relatively high conductivity.
4.4.7 Specific Energy

As discussed above, the structures of cations and anions making up an IL affect the
electrochemical stability and potential window of the IL, as well as the double layer
capacitance of EDLCs in which the IL is used as an electrolyte. The specific energy of
EDLCs is determined by both the specific capacitance and potential window of the IL
electrolytes (0.5 CV%). We showed that while ILs based on a quaternary ammonium
cation offer wider potential windows than imidazolium based ILs, and yield much lower
specific capacitance values in EDLCs. It is therefore important to balance both of these
properties to identify the ILs that offer optimized energy densities. The maximum
achievable energy densities were calculated from the potential window of the IL
(determined with the linear fit method) and the specific capacitance (cycled at 1 A/g and
from 0 to 2 V vs. open circuit potential) and are presented in Table 2. The following trend
can be observed for the energy densities: EtMelm TFSI ~ BuMePyl TFSI > MePrim
TFSI > PrMePi TFSI > BuPyd TFSI ~ BuNMes; TFSI > HexMelm TFSI > MeOctlm

TFSI > BusNMe TFSI > EtMelm OTHT. It is interesting to note that BusNMe TFSI, which
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offers an exceptionally wide potential window, yields one of the lowest energy densities
and is a poor choice for EDLCs. In contrast, even though EtMelm TFSI does not have the
largest potential window, the combination of an intermediate potential window and high
capacitance makes it an excellent electrolyte choice for EDLCs. We realize that changing
between different carbon materials as the electrode may slightly affect the magnitudes of
both the potential window and the specific capacitance, yet, the observed trends should
still apply if the electrolyte wets the electrode surface sufficiently. Therefore, these
findings can provide insight into choosing the best IL to achieve high energy densities in

a desired application.
4.5 Conclusions

This work has provided a systematic comparison of twelve ionic liquids as potential
electrolytes for EDLC cells, relating structural features to trends in electrochemical
properties. We showed that ILs based on quaternary ammonium cations and TFSI anion
offer the widest potential windows. The ionic liquid BuzNMe TFSI offers an
exceptionally wide potential window of 6 V. Increasing the length of the alkyl chain in
1,3-dialkyl-imidazolium TFSI ILs does not improve their stability towards reduction, yet,
adding an alkyl group to the C2 position in the aromatic ring results in a significant
improvement of cathodic stability. The highest capacitance was measured for EDLCs
employing EtMelm TFSI as an electrolyte, with an average specific capacitance of 162
mANh/g at 1 A/g during the final 1000 cycles. The specific capacitance and conductivity
are both related to cation size and viscosity. The highest specific energy was achieved
using EtMelm TFSI and BuMePyl TFSI as electrolytes. On the basis of these results,
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high performance ionic liquid electrolytes benefit from small sizes and low viscosity
while maintaining the right polarity of the IL ions to sufficiently wet the electrode used in

an EDLC.
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Chapter 5: Design of a Low-Cost Electrochemical Cell for In-Situ XRD

Analysis of Electrode Materials

Reproduced with permission from “Design of a Low-Cost Electrochemical Cell for In-
Situ XRD Analysis of Electrode Materials” by Wilson, B. E.; Smyrl, W. H.; and Stein, A.
in Journal of the Electrochemical Sociep14, 161, A700-A703. Copyright 2014, The

Electrochemical Society.

5.1 Introduction

In order to advance the understanding of the operation of electrode materials, to
improve currently available materials, and to develop advanced electrode compositions, a
better understanding of physical changes within the electrode materials during cycling

must be obtained.?®*?®> Many in-situ techniques are currently being used, including

263-264 265-267

optical microscopy, scanning electron microscopy, transmission electron

268 269

microscopy,?®® atomic force microscopy,”® X-ray absorption spectroscopy,?’*?> Raman

spectroscopy,?”*2”® Fourier transform-infrared spectroscopy,?’> mass spectroscopy,?’®?"’
and nuclear magnetic resonance spectroscopy.’’®%” In addition to these, in-situ X-ray
diffraction (XRD) is an important technique in the study of battery electrode materials as
it allows for the simultaneous monitoring of the electrochemical processes and associated
phase changes within an electrode material without the need for cumbersome ex-situ

techniques that have the potential for unwanted side reactions during cell disassembly

and possible exposure to the atmosphere.??>?%! The in-situ technique has been used
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extensively in the past to study a variety of electrode materials, starting with Chianelli et
al. in 1978 and Dahn’s group in 1982.2%2%%% Since then, additional cell designs have been
created and tested, including cells based on coin cells.?®*?%® However, these cells all use a
beryllium window which is toxic, can decompose at higher potentials, and can suffer
from signal attenuation due to varying path length with changing diffraction angle.?*®

To alleviate the problems associated with Be windows, polymer windows, such as
polyimide, have been used as more practical X-ray transparent windows.?**? Since the
polymers are non-conductive, a thin second layer of metal is typically coated on the
polymer window to create a functional current collector. These components can be
assembled into either a cell similar to cells with Be windows?* or into a coin cell where
part of the case is removed and replaced with a Kapton window. Commercially, there are
several suppliers of coin cells with polyimide windows, generally coated with aluminum
(see, for example, www.batteryspace.com and www.mtixtl.com). While polymer
windows solve the problems associated with beryllium, the cells are not re-usable and
cost more than US$20 per cell. Furthermore, both the coin cells and other bulkier cells
require additional components to allow for an electrochemical hook-up within the XRD

288-289, 293

sample chamber, the use of a synchrotron to provide sufficient signal-to-

288, 294-295

noise, or complex procedures to eliminate undesirable side reactions.’®

Therefore, the development of a low-cost, easy-to-make, in-situ XRD electrochemical
cell is needed.?

Herein we report a simple cell design that meets the above requirements while

providing reasonable XRD signal and electrochemical performance. This cell was tested

105



using LiFePO, as a model cathode material due to its well understood phase transition
during electrochemical cycling allowing for verification that the cell is capable of
accurately following crystalline changes while performing galvanostatic tests.?’% 2972
This in-situ XRD cell is based on a flexible fuel cell design previously developed by

Smyrl and coworkers.*®
5.2 Experimental
5.2.1 Materials

The chemicals used were obtained from the following sources: LiFePO, (LFP),
electrolyte (1 M LiPFg in 1:1:1 ethylene carbonate:diethylene carbonate:dimethylene
carbonate), Super P carbon, and styrene butadiene rubber (SBR, 40 wt% suspension in
water) from MT]I corporation; polypropylene films (PP2200) from 3M Corporation (Saint
Paul, MN, USA); Parafilm from Pechiney Plastic Packaging Company (Chicago, IL,
USA); quick-dry epoxy from LocTite Company; nickel mesh from Delker Corporation;
lithium foil (0.38 mm thick) and carboxymethyl cellulose (CMC; 250 kDa) from Sigma
Aldrich; microporous polypropylene membranes (Celgard 3501) from Celgard. All
chemicals were used as received without further purification. All water used was purified
in-house to a resistivity of greater than 18 MQ-cm. The final cell assembly was carried

out in a He-filled glove box.
5.2.2 Cathode Preparation

First, a measured amount of LFP was ball milled (SPEX SamplePrep 8000M

mixer/mill using a ceramic zirconia vial/ball combination) for 5 min, followed by the
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addition of Super P carbon to achieve a 84:10 LFP:C ratio by weight and another 5 min
of ball milling. CMC as a 2 wt% suspension in water was added along with a 12.5 wt%
SBR suspension in water, giving a final composition of 84:10:4:2 LFP:C:CMC:SBR by
weight for the dry electrode components. The slurry was mixed for 10 min using a
propeller-shaped blade at ~5000 rpm for 10 min. The slurry was allowed to dry for about
1 h under ambient conditions until it had reached a suitable viscosity. A piece of wire
mesh was cut to dimensions of 1.3 cm x 5 c¢cm, and a 1.3 cm x 1.3 cm section on one end
of the mesh was coated with the prepared slurry using a spatula. The electrode and mesh
were dried at 70 °C for 4 h, then at 110 °C under vacuum for 12 h. The electrodes were

then pressed at 5 tons ram pressure and weighed to obtain an accurate electrode loading.
5.2.3 Cell Assembly

The various parts of the cell were cut into pieces with dimensions shown in Figure
5.1a. The cathode (including the active material) and anode halves (without the Li foil)
were separately assembled outside the glove box using an edge sealer to melt the
Parafilm layers and adhere the polypropylene sections together. Once the halves were
made, they were transferred into a glove box, where the lithium, electrolyte, separator
membrane, and final layer of Parafilm were added. A clamp (Figure 5.1b) was used to
temporarily seal the cell while the cell was removed from the glove box, followed by a
permanent seal with quick-drying 2-part epoxy around the edges. The clamp was
removed after 1 h when the epoxy had cured and fully hardened. The cells were used
immediately to minimize any oxygen or water permeating through the polymer layers,
which typically begins to be noticeable in this system after 3—4 days. Additionally, two
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bent paper clips were used to provide pressure on the electrodes and help maintain
constant electrical contact throughout testing. A fully assembled cell with the clips

attached is shown in Figure 1c.
5.2.4 Product Characteriion

XRD was performed on a PanAlytical X Pert Pro diffractometer using a Co source (A
= 1.790 A) operating at an accelerating potential of 45 kV and a current of 40 mA and
equipped with an X’Celerator detector. Each XRD scan used during an in-situ experiment
scans from 40-45 °20, with a 0.002 degree step size and an integration time of 34
seconds per point with a total scan length of approximately 15 minutes. The cell was used
in reflection mode. Galvanostatic tests were carried out using an Arbin BT2000

Electrochemical Station.
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Figure 5.1. (a) Schematic diagram of cell components and assembly, (b) photograph of the clamp used to
temporarily seal the cell for removal from the glove box prior to epoxy sealing, and (c) photograph of the

fully assembled cell with clips used to maintain contact within the cell during cycling.

5.3 Results and Discussion
5.3.1 Cell Design

One of the benefits to this cell design is the low cost compared to other disposable
cells, such as coin cells with Kapton windows, and also compared to the high initial cost
of designing and constructing re-usable cells. Reusable cells are typically constructed
using steel or aluminum bodies that have been machined into a proper shape, combined

with an X-ray transparent window and additional components as needed,28%283 288, 290-292
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This results in a large up-front cost to the user, along with requiring sufficient knowledge
to create a usable design. Using our design shown in Figure 5.1, a scientist can easily
replicate cells with common, low cost materials and little additional equipment. Table 5.1
shows a cost break down of the components to each cell. The suppliers listed were chosen
based on a simple product search and costs are representative for a reasonable laboratory
scale production. The uses per amount purchased are based on the amount needed per
total cell and are approximate. The Celgard membrane is not included as it is typically
only sold on an industrial scale, which would lead to an inconsequential cost increase.
The final cell only costs US$1.33; significantly less than commercial coin cells.
Additionally, the design allows the cell to be used with a common clip-type sample
holder for the XRD rather than the more complicated set-ups required for either coin cells

or bulkier cells.
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Table 5.1. Cost break-down of in-situ cell. Costs are based on a search for laboratory scale amounts and are

typical of prices found. The uses per amount purchased are estimated based on minimal waste.

Cost Uses per Cost per
Component Purchase amount (US9) Supplier amount cell
purchased (US$)
Kapton tape Roll, 2” 3 36 65 www.uline.com 175 0.37
yards
Ni mesh 1 sq. foot, 100 3 27 WWw.mcmaster.com 144 0.38
100 mesh
Polypropylene 100 85311 30 www.officeworld.com 3500 0.03
films sheets
Parafilm 273 250 ft. roll 50 www.sigmaaldrich.com 4000 0.04
2-Component 8 25-mL tubes 22 www.buymbs.com 160 0.14
epoxy
Li foil 23 mm 3 0.38 273  www.sigmaaldrich.com 4200 0.07
mm, 100 g
Electrolyte 1L 595  www.mticorp.com 2000 0.30
Total cell cost 1.33

This cell has several technical advantages over other cells, beyond the lower cost.
Due to its simple design, it can be easily made, the hardest step being the final assembly
in the glove box where all of the components are lined up. Because it is made out of clear
and translucent polymers, after final assembly, the cell can be visually inspected for any
major defects prior to cycling, and can potentially be viewed under an optical microscope
if smaller-scale defects are a concern. Additionally, this cell can be used without
modification to a clip-style XRD holder, common to most instruments. One inherent
problem to a flexible cell design, such as this, is creating pressure between the electrodes

to maintain good contact within the cell without blocking the X-ray beam. To address this
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problem, bent paper clips placed on either side of the electrode (shown in Figure 5.1c) are
used to create sufficient pressure. Without the clips, the capacity can fluctuate and the
cell shows significantly lower overall capacities, with performance reduced over 75%

compared to a cell with the clips.
5.3.2 Determination of PXRD Scan Window

Once the cell is assembled together with the electrode material, appropriate XRD
scanning and potential windows need to be determined to optimize signal intensity and
resolution of the diffraction pattern and to observe the relevant electrochemical events.
One of the important steps in the cell assembly is the production of the electrode. The
electrode thickness and composition are of particular importance as enough material is
needed to produce a large XRD signal while balancing this with minimizing the electrode
resistance from thick electrodes. Further, excess material on the backside of the electrode
should be removed as this typically does not undergo electrochemical cycling, masking
the phase changes within the rest of the electrode. A minor disadvantage of this cell
design is a large background signal between 10 and 35° 26 from the numerous polymer
layers within the cell along with some background intensity in the XRD pattern from the
conductive carbon (Figure 5.2a). Therefore, an appropriate window outside of this region
should be selected which contains distinct and representative peaks for any expected
phases. To determine a usable window, the cell was cycled at a rate of C/5 and paused at
various points to determine the phases present and the potential at which phase transitions
occurred. In the case of LFP, a window from 40—45° 26 is shown, looking at the [131]
peaks for both expected phases, specifically LiFePO, and FePO,.2"" 2%82% The XRD
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patterns (Figure 5.2c) confirm the expected transformation from LiFePO, to FePO, at
approximately 4 V while charging, and the reverse transformation at approximately 3.2 V
during discharge. The galvanostatic cycle can be seen in Figure 5.2b, during which the
cell exhibited a discharge capacity of 129 mAh/g. A notable feature of the
electrochemical data is the set of peaks seen in both the charge and discharge curves.
These peaks originate from alternately applying a current to charge the cell and removing
it to stop cycling and run the XRD scan. The change in potential is a result of the large
polarization within the cell, resulting in an Ohmic drop that is brought on, in part, by the
thickness of the electrode (~10 mg/cm?). The relatively thick electrodes are required to
obtain enough XRD signal to clearly discern any phase changes within the electrode
material. A further consequence of this drop is a slight overestimation of the capacity of
the cell. When the potential changes during cycling, the cell begins to leak current
causing the same potential range to be scanned more than once, seen in the asymmetry of

the Ohmic spikes.
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Figure 5.2. (a) XRD pattern for an in-situ cell containing no active material, (b) galvanostatic cycle of LFP
cell (C/5) paused at various times for XRD analysis, and (c) XRD patterns for the LFP cell at the various

times showing the phase transition from LiFePO, (*, PDF 00-040-1399) to FePO, (f, PDF 00-034-0134).
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5.3.3 Continuous PXRD and Galvanostatic Scanning

One method to alleviate these Ohmic peaks and obtain a more complete
understanding of the phase changes taking place is to continuously scan both the
electrochemical and XRD window. Since the current is continuous, the Ohmic potential
is also constant and no peaks are seen. This method requires a narrower XRD window so
that the scan time is short enough obtain sufficient temporal resolution of the charging
and discharging events. In this system, the cell was cycled at C/10 between 2.5 and 4.2 V
(covering the entire voltage plateau where the phase change occurs) while continuously
scanning between 40 and 45° 20 for two full electrochemical cycles (Figure 5.3a). The
corresponding galvanostatic curves (Figure 5.3b) show reasonable discharge capacities of
111 and 88 mANh/g for the first two cycles, respectively. The XRD patterns show the
reversible phase transition between LiFePO, and FePO,. Additionally, the
electrochemical curves are smooth and do not show the Ohmic peaks from the previous
cycling method, therefore providing a more accurate depiction of the electrochemical
cycling behavior. By continuously scanning both the electrochemical and XRD window,
a real-time depiction of crystalline phase changes within an electrochemical cell can be
monitored without the effects of stopping and starting the current or cumbersome ex-situ

techniques.
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Figure 5.3. (a) In-situ XRD patterns for the first two cycles of an LFP electrode showing the reversible
phase transition between LiFePO, (*) and FePO, (1) and (b) the first two galvanostatic cycles of the cell at

C/10 with cycle 1 shown as a solid line and cycle 2 as a dashed line.

5.4 Conclusions

We have successfully developed a low-cost, disposable, in-situ XRD electrochemical
cell that can be easily used with common XRD attachments. The cell is made using

common pieces of equipment and easily available polymer materials that are generally
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unreactive towards electrode materials, making it suitable for different types of battery
chemistries. The cell was used to follow the known phase transition in a LiFePO, system
to confirm both reasonable capacity (111 mAh/g at C/10) and discernible XRD peaks.
The cell is resistant to oxygen and moisture penetration for up to three days under
ambient conditions for the LiFePO, system, allowing sufficient time for analysis. By
cycling the cell continuously through both the electrochemical and XRD windows, real-
time crystalline phase changes can be observed and correlated with the galvanostatic

profile.
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Chapter 6: Y-doped LigZrOg: A Li-lon Battery Cathode Material with

High Capacity

Reproduced with permission from “Y-Doped LigZrOs: A Li-lon Battery Cathode
Material with High Capacity” by Huang, S.; Wilson, B. E.; Wang, B.; Fang, Y.;
Buffington, K.; Stein, A.; and Truhlar, D. G. in Journal of the American Chemical

Society 2015, 137, 10992-11003. Copyright 2015, American Chemical Society

Contributions to this chapter were performed by Dr. Shuping Huang (computational
calculations), Dr. Bo Wang (computational calculations), Yuan Fang (Tauc plot), and

Keegan Buffington (synthesis assistance).
6.1 Introduction

Rechargeable lithium ion batteries (LIBs) have proved useful for energy storage in
small devices and transportation.'*™? %% Compared with most other kinds of batteries,
LIBs have a higher output voltage and higher energy storage density, and they are more
environmentally friendly. They have been widely used in portable electronic devices and
are starting to be used in electric vehicles. A LIB has three major components, the anode,
the cathode, and the electrolyte that transfers lithium ions between the two electrodes
during the charging and discharging processes. The electrochemical reactions in the

discharging step can be written as:
anode: Li- Lit+ ¢ (6.1)

cathode: LiM+Li"+e- L
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totdl reaction:  Li,M+ Li- Li M (6.3)

where “M” denotes a cathode host material in which the Li* can be reversibly inserted
and extracted. Although written here simply as "Li", in practice the most widely used
anodes are either lithium metal in half-cell tests or lithium metal intercalated into graphite
in practical lithium ion batteries.™

The selection of the cathode materials affects the output potential and storage
capacity of the battery, as well as the stability and the safety of the battery. Various kinds

of cathode materials have been investigated and used in applications,®*%%

including
layered structures, such as LiCoO; and LiNiO,, spinel structures, such as LiMn,0,, and
olivine structures, such as LiFePO,4. Considerable research has been devoted to exploring
new materials and structures to improve battery performance, including the Li* diffusion
rate, the electric potential and storage capacity, and how the number of cycles affects
battery life. One example of progress is the improvement of the Li* diffusion rate in

304

LiNiosMn; 504 through the control of disorder.”™ More sophisticated structures, such as

nanostructured and porous electrodes, >3

are also promising for improving the
performance of batteries.

Computational simulations provide a supplementary tool to understand lithium-ion
battery properties at the atomic level, and they can be used to design and to optimize new

materials for lithium batteries. Both classical calculations®*®*'°

and quantum mechanical
calculations®®"" have been carried out on lithium-ion batteries. In the latter,
approximate solutions are obtained for the Schrodinger equation or the Kohn-Sham

equations describing the electronic structure of the materials. Intercalation potentials,
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structural changes during the charging and discharging processes, diffusion rates, and

other properties can be derived from such studies.®"*

Many promising materials, such as
LixC00,,%%%% LiyTip04,%" LiMn,0,4,%* LiTiS,,**® LiFeP0,,*** LIMSiIO4 (M = Fe, Mn,
Co, Ni),**** have been systematically studied.

In this chapter, | discuss density functional electronic structure calculations by
Kohn-Sham theory (KST)*® for a new cathode material, namely octalithium zirconate,
LigZrOg (LZO), to evaluate its feasibility for use in LIBs. These calculations were carried
out by Dr. Shuping Huang in the Truhlar research group at the University of Minnesota
and act to provide a fundamental understanding of the processes within the cathode
material and as explanations for the experimental work discussed in the rest of the
chapter. LZO has a layered structure suitable for intercalation and deintercalation of
lithium and has a high theoretical specific capacity due to multiple lithium atoms in each
formula unit. Given its high lithium content, it has been studied as a potential tritium
breeding material in fusion reactors®* and as a CO, absorbent.**? Calculations indicate
that it may have a redox potential vs. Li/Li* that is greater than 3.5 eV.%*2*** Compared
with conventional cathode materials, LZO has a large band gap and low conductivity, it
lacks a transition metal with multiple oxidation states, and it has a slow ion diffusion rate.
However, the low conductivity may be overcome by synthesizing smaller particles since
small dimensions increase the surface/volume ratio and shorten electron conduction and
Li diffusion lengths. This has been demonstrated for other cathode materials with limited
305

conductivity, such as LiFePQ4, which is now a commercial cathode material for LIBs.

The production of LZO with small enough grains sizes — in the 30-50 nm range — for
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efficient delithiation and re-lithiation was achieved in the present work by the
development of a method for producing yttrium-doped LZO/carbon composites, in which
nanoparticles of doped LZO are in intimate contact with a conductive carbon phase.

This chapter concentrates on structure and energetics of LZO and yttrium-doped
LZO with experimental support for some of the theoretical predictions. This includes
voltage and volume change as the intercalated Li are removed, charge flow during
reactions, and the stability of the delithiated compounds. This chapter also presents
galvanostatic data that demonstrate the prospect of yttrium-doped LZO as a high capacity

cathode material for LIBs.
6.2 Methods
6.2.1 Materials

Lithium nitrate (99%), zirconium oxynitrate hydrate (99%), yttrium nitrate
hexahydrate (99%), lithium benzoate (98%), =zirconium acetate hydroxide
[Zr(C2H30,)x(OH)y, x + y = 4], phenol (>99%), formaldehyde (aqueous solution, 37
wt%), tetrahydrofuran (THF, HPLC grade), N-methyl pyrrolidone (NMP, anhydrous,
99.5%), sodium hydroxide, and hydrochloric acid (~37 wt%) were purchased from Sigma
Aldrich. Lithium acetate dihydrate was purchased from Johnson Matthey Company.
Concentrated nitric acid was purchased from Macron Chemicals. Super P carbon,
electrolyte (1 M LiPFg in 1:1:1 ethylene carbonate, dimethyl carbonate, and diethyl
carbonate (EC-DMC-DEC) by volume), and polyvinylidene diflouride (PVDF) were
purchased from MTI Corporation. Carbon-coated aluminum foil was obtained from

ExoPack. Celgard 3501 polypropylene membrane films were obtained from Celgard.
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Nitrate precursors were dried in an oven at 110 °C for at least 4 h prior to use to obtain a
consistent mass. Deionized water was produced on site using a Barnstead Sybron

purification system (final resistivity >18 MQtcm).
6.2.2Preparation of LZO

The synthesis of LZO was accomplished by the thermal decomposition of nitrate
precursors, following a procedure slightly modified from a previous published

synthesis; >

this yields LZO as a microcrystalline powder. Zirconium oxynitrate (4.2
mmol) and lithium nitrate (42 mmol) were ball-milled in a zirconia ball and cup set for 5
min and then calcined in a covered alumina crucible at 2 °C/min to 600 °C, followed by a
3 h isothermal step, further heating at 2 °C/min to 800 °C, and an additional 2 h
isothermal step at 800 °C. (Molar calculations were performed using the anhydrous basis
for the lithium and zirconium nitrate precursors, and 243.22 g/mol was used for

zirconium acetate hydroxide [Zr(C,H30,)x(OH)y, X =y = 2], below.) The as-made product

was ground to a fine powder using an agate mortar and pestle prior to further analysis.
6.2.3Preparation of LZO/C Composge

To intimately mix the active material with a conductive phase, a more complex
composite synthesis was used. First, zirconium acetate hydroxide (4.1 mmol), lithium
acetate dihydrate (41 mmol), and Super P carbon (0.25 g) were ball milled for 5 min,
followed by the addition of 0.25 g of stock PF solution (prepared in the same manner as
described in Chapter 2). The composite was mixed well prior to curing the resol at
120 °C for 24 h. The dry powder was briefly ground using an agate mortar and pestle

prior to pyrolysis under 0.5 L/min N, following the same thermal parameters as for the
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bulk LZO. The final product was found to be 22.1 wt% carbon, as determined by
combustion-based analysis, performed by Atlantic Microlabs, Norcross, GA.
Additionally, Y-doped samples were prepared starting from yttria-doped ZrO;
nanoparticles on the surface of conductive carbon, made through a synthesis adapted
from Jiang et al®* In this synthesis, carbon black mitigates agglomeration of ZrO,
nanoparticles, and the yttrium is believed to reduce grain growth by lowering the surface
energy of ZrO, grains or decrease the concentration of mobile species on the grain
surface.** Briefly, zirconyl nitrate (3.24 mmol) and yttrium nitrate (0.207 mmol) were
dissolved in a solution of nitric acid (0.2 g) and DI water (15.8 g). The solution was
added in four parts to Super P carbon (1.66 g), with each part thoroughly mixed with a
mortar and pestle, then dried before adding the next portion. After the final addition, the
mixture was dried at 110 °C for 1 h, heated to 400 °C under static air at 2 °C/min, then
cooled naturally to ambient temperature. The nanoparticles were converted to LZO by
ball milling the ZrO,/C with lithium benzoate at 10:1 Li:Zr (based on residual mass from
thermogravimetric analysis) for 5 min, then carbonizing the composite at a maximum
temperature (700, 750, 800, 850, or 900 °C) with a 1 °C/min ramp to 600 °C, followed by
a 2 h hold, then 2 °C/min to the target temperature, followed by another 2 h hold, all
under 0.5 L/min N, flow. The product was allowed to completely cool to room
temperature before being removed from the inert atmosphere because partial self-
combustion can occur at temperatures exceeding ~35 °C in the presence of air. The final
products contained between 55-60 wt% carbon, as determined by combustion-based

analysis, performed by Atlantic Microlabs, Norcross, GA, and are referred to as Y-
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LigZrOg/C or Y-LZO-T, where the value of T refers to the maximum heating temperature
in °C.
6.2.4Battery Assembly

Electrodes were made from the LZO/C composites by first grinding Super P carbon
(26.0 mg) and the composite (154 mg) using an agate mortar and pestle for 5 min to
create a uniform mixture. A 10 wt% solution of polyvinylidene diflouride (PVDF) in N-
methylpyrrolidone (NMP) (200 mg solution) was added, followed by additional NMP (~1
mL). The solution was mixed for 5 min to create a viscous slurry with a final dry
composition of 60:30:10 LigZrOg:C:PVDF by weight. Because the yttrium-doped sample
contained a significant amount of carbon in the composite, a slurry of this material was
prepared without additional carbon, using a 90:10 weight ratio of composite:PVDF. The
slurry was then cast onto carbon-coated aluminum foil using a doctor blade and dried at
ambient temperature in a dry room maintained below 80 ppm H,O, or 1% relative
humidity during active use. The dried film was pressed using a roller press to
approximately half of its original thickness (final thickness ~250 pum) and 0.5-inch
diameter disks were punched out. Active material loading was between 2 and 2.5
mg/cm® The electrodes were assembled into CR2032 coin cells in a half-cell
configuration with metallic lithium as the counter electrode. A Celgard 3501
polypropylene membrane was used as the separator and 1 M LiPFs-EC-DMC-DEC as the
electrolyte. A wave spring was used behind the current collectors to maintain pressure
and electrical contact within the cell. All assembly was done in a He-filled glove box.
Following the usual convention for reporting battery charging and discharging rates, |
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define 1 C as a rate of one Faraday constant per mol of LigZrOg per hour; this yields 1 C
equal to 110.5 mA/g. All galvanostatic cycling was performed between 1.3 and 4.5 V vs

Li/Li".
6.2.5Product Gharacterization

Powder XRD of the microcrystalline LigZrOg powder was performed on a
PANalytical X Pert PRO diffractometer using a Co anode at 45 kV and 40 mA and an
X’Celerator detector. Rietveld refinement was performed using PANalytical X’Pert Hi-
Score Plus software to a final R-value of 4.39 and a goodness-of-fit of 10.1. Ex-situ
powder XRD analysis was performed on composite electrodes by attaching the discs to
an oriented Si wafer using Kapton tape to maintain a uniform sample height for all
samples.

XPS was performed using a Surface Science SSX-100 spectrometer equipped with
an Al anode operated at 10 kV potential and 20 mA current over a spot size of 0.64 mm?.

XPS peak positions were calibrated against the C1s(sp3) peak of (adventitious) carbon,

set at 284.6 eV.

Elemental analysis was performed using a Thermo Scientific iCAP 6500 dual view
inductively coupled plasma optical emission spectrometer (ICP-OES), operated at 1200
W with a nebulizer flow of 0.7 L/min, cooling gas at 12 L/min, and auxiliary gas at 0.5
L/min. An integration time of 8 s was used for each measurement, and 5 replicate
measurements were carried out per sample. Ultraviolet-visible spectroscopy (UV-vis)
spectra were collected with a Thermo Scientific Evolution 220 spectrometer. Data were

collected in the 190-800 nm range. UV-vis spectra were obtained and a Kubelka-Munk
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transformation®*’ was performed on the UV-vis spectrum of LZO using the following

equation
Y

oY pT (6.4)

in which F(R) is the Kubelka-Munk remission function, and R is reflectance.®*® The UV-

vis spectrum of semiconductors near the absorption edge is described by the following
equation

F(Rhv=B(hv-Ey)" (6.5)

in which h us the energy of a photon, B is a coefficient, and Eg is the band gap. Our

computational results show that LZO has an indirect band gap, so we set n equal to 2,

which is the appropriate value for allowed transitions with an indirect band gap.

Therefore, the optical band gap was determined by plotting (F(R)h Y against h \(which

is known as a Tauc plot®*®), and Eg was obtained by extrapolating the linear part to F(R) =

0.
6.2.6Density Functional Calculations

Parameters and methods used for the computational portion can be found in the

original paper that forms the basis for this chapter.*
6.3 Results and discussion
6.3.1 Structures of LZO and-¥zZO/C

Six density functional methods were used to optimize the structure of LZO, and the

optimized unit cell parameters are shown in Table 6.1. It was found that MO06-L and

341
0

PBE+U give the most accurate lattice parameters, and HSE06 and PBE also give
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accurate geometries compared with experiment. The XRD pattern was simulated using
the MO6-L optimized structure and compared with both the experimental pattern from
microcrystalline LZO and the pattern of the Rietveld-refined structure (Figure 6.1a). The
computational pattern matches very well with the observed and refined patterns in both
peak intensities and positions. Furthermore, the atomic positions obtained by Rietveld
refinement of the experimental pattern and MO06-L and HSEO6 computational methods

are nearly identical, further verifying the functionals. The lattice parameters of the unit

cell in space group 148 (R3) are also very similar for the refined structure and both of
these functionals.®*® Overall, the close match between the computed and experimental
parameters directly validates the ability of the MO06-L and HSEO06 functionals to
accurately model the LZO crystal structure. In addition, this work confirms the structure
of LZO that was previously only established by analogy to the powder pattern of

LigSnOg. 342343

Table 6.1. Lattice parameters of LigZrOg determined from Rietveld refinement and optimized by various

density functionals.

a=h/A c/A volume/A®
Literature® 5.48 15.45 402
Rietveld refinement (this study) 5.49 15.47 404
PBE 551 15.58 410
N12 5.43 15.38 393
MO06-L 5.46 15.46 399
HSEQ6 5.46 15.39 397
PBEO 5.45 15.43 398
PBE+U 5.47 15.46 400

aref. 344
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Figure 6.1. (a) Comparison of the calculated XRD pattern of LZO as determined from the MO06-L
functional to the experimental pattern and the pattern of the Rietveld-refined structure. The residual trace
confirms the close match between the experimental and Rietveld patterns. (b) Experimental XRD patterns
for the Y-LigZrOg/C composite material used for galvanostatic charging/discharging. The asterisk marks a

reflection corresponding to a minor Li,O secondary phase.
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The powder patterns of the Y-LZO/C composites also match the primary peaks in
the Rietveld refined pattern (Fig. 6.1b), indicating that the yttrium doping does not
significantly alter the crystal structure. The broad peak at ~30 °20 is a result of the large
carbon component in the composite. The formation energy of oxygen vacancies is highly
reduced in Y-LZO compared with LZO. The stability of two Y atoms at different layers
and different distances were compared, showing that the two Y atoms prefer to be in the
same layer and to be close to each other (dv.y = 5.50 A). Additionally, the O vacancy
prefers Y coordination, different from Y-doped ZrO,, in which O vacancy prefers Zr
coordination.*” The calculated lattice constants for Y-LZO are very slightly increased
compared with the undoped material, and this small shift is also observed in the

experimental XRD patterns (Table 6.2), determined from peak shifts.

Table 6.2. Comparison of lattice parameters of LigsZr,07, and LigsY,Zr190;; from the HSEO06 functional

and experimental data.?

a(A) b(A) c(A) Volume (A%
LigeZr1207, 5.45 5.45 15.41 396
LigeY2Zr16071 5.47 5.47 15.49 402
Experimental 5.497 5.497 15.48 405
(for Y-LigZrO/C, 900
‘)

& Although the calculations are based on the 2323 1 supercell, lattice parameters are reported here for the
conventional cell for easier comparison with the experimental data. Because only the T point was used in

the supercell calculations, the lattice parameter of pure LZO is slightly different from that in Table 6.1.
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6.3.2 Electronic structure

To determine band structure, different functionals were first tested with ZrO,, and
their performance was compared with experimental results.*** **® It was found that in the
case of ZrO,, the calculated lattice constants and gap by HSEO6 are in good agreement
with experimental results. MO6-L underestimates the band gap. The gap with N12-SX is
within the range of experimental ones. A band gap calculation was then performed on
LigZrOg with the band gaps from various functionals shown in Table 6.3. The band
structure of LigZrOg shown in Fig. 3a was calculated with a local functional, M06-L, and
has an indirect band gap of 5.3 eV. It is well known that local functionals underestimate
semiconductor band gaps significantly,®*"3* but their predictions are still of interest
because they can be used conveniently for exploratory work on trends, which they predict
more accurately than they predict absolute values. Among the functionals used, HSE06
and N12-SX hybrid functionals, which include Hartree-Fock exchange, have the smallest
error (0.3 eV) in predicting the gaps of 31 semiconductors.****° The calculated LZO gap

by HSE06 and N12-SX is 6.8 and 6.5 eV, respectively.

Table 6.3. Band gap of LigZrOg as calculated using various methods.

PW91 PBE N12 MO06-L N12-SX HSE PBEO PBE+U

band gap of LigZrOg 4.7% 4.9 5.0 53 6.5 6.8 75 5.1
mean |error| ° 1.1 1.0 1.0 0.7 0.3 0.3
@ref. 332

®for 31 semiconductors found in ref. 349
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The density functional calculations indicate an indirect band gap (Fig. 6.2a).
Experimentally, the band gap of LZO was determined from the diffuse reflectance UV-
vis spectrum (shown in Fig. 6.2b) by applying a Kubelka-Munk transformation and Tauc
plot, as discussed in the methods section. This indicated a band gap of 5.75 eV. The
HSEO06 and N12-SX functionals overestimate the gap by about 0.7 and 1.0 eV,
respectively. The large band gap signifies that LZO has poor electronic conductivity,
which needs to be compensated by forming a nanocomposite with a conductive phase to
allow the use of LZO as active material in an electrode, preferably with very small
particle sizes. The density of states (DOS) and partial density of states (PDOS) that show

the computationally derived orbital energy gap can be found in the original paper.3*°
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Figure 6.2. (a) Band structure of LZO calculated using M06-L, showing an indirect band gap of 5.3 eV. (b)
The optical band gap of LZO was determined to be 5.75 eV using the Tauc plot obtained from a UV-vis

spectrum.
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6.3.3 Structures anenergies of delithiated {4rOg

To understand the charging and discharging process at the atomic scale, delithiated

Li,ZrOg structures from the LigZrOg structure were generated. Table 6.4 shows the

optimized volumes for the lowest-energy delithiated configurations of LiyZrOg with x =

7, 6, and 5; more detailed information about the relative energies of various

configurations can be found in the original paper.®* The frequencies of the lowest-energy
configurations for the range of compositions from LigZrOg to LisZrOg were calculated,

and no imaginary frequency was found at the I" point. The M06-L, N12, PBE, PBE+U,

and HSEOQ6 functionals all predict the same most stable delithiation configurations.

Table 6.4. Volume (A®) per formula unit of the lowest energy Li,ZrO, configurations found. ®

x  Label’ PBE N12 MO6-L HSE06

8 L8 411 393 399 397

7 Lizxl 408 393 396 399

6  Li6 x12 408 384 396 399

5 Li5 x157 (Li5_x234)° 426 (369)° 408 (348)° 414 (363)° 417 (369)

2 These volumes refer to the conventional unit cells.

® The label refers to the number of lithium atoms per formula unit (e.g. Li7_x1 refers to Li;ZrOg) with
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~x#” referring to a specific atom label used in the original paper (ref. 340)

© Li5_x157 has much lower energy (=30 kcal/mol) than Li5_x234, but the layered structure is not
maintained and an O—O bond is formed. Li5 234 is the most stable layered structure and is shown in

parenthesis.

In the cases of LizZrOg and LigZrOg, it is easier to remove Li atoms from tetrahedral
interstitial sites than to remove them from octahedral sites, based on the computed

delithiation energies. The volume of the unit cell and the structure both change very little
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when X is decreased to 7 and to 6 in LixZrOg; however, the distortion is very large when x
is decreased to 5. The lowest-energy configuration is labeled Li5 x157, in which two
tetrahedral Li atoms and one octahedral Li atom are removed, and the layered structure of
the compound is destroyed. The smallest O—O distance becomes 1.34 A in Li5 x157, and
this is much shorter than the shortest distance, 2.96 A, in LZO and it is a typical distance
for the superoxide O, . The layered structure can be maintained in the case of Li5 x234
where three tetrahedral Li atoms are removed, but the volume is decreased by 10%
compared with LZO, and this structure has an energy that is about 1 eV higher than that
of Li5_x157. This indicates that two Li atoms may be topotactically removed without
destroying the structures, while the extraction of the third Li atom may destroy the
layered structure of LZO or greatly change the geometry.

Consistent with computational predictions,**°

the experiments showed very little
change in structural dimensions after partial delithiation of LigZrOg to approximately
Li;62ZrOg (based on the measured discharge capacity) and subsequent relithiation, as
shown in the powder XRD patterns obtained for LigZrOg/C composite electrodes (Fig.
6.3). Focusing on the characteristic (003), (101), and (012) peaks, no significant shift is
observed during electrochemical cycling, confirming that the structure is maintained. The
region of the XRD pattern in which reflections from a ZrO, phase would be observed

does not show any evidence of crystalline ZrO,. This indicates that ZrO, is not formed

during cycling, which in turn indicates a topotactic delithiation reaction.
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Figure 6.3. Partial ex-situ powder XRD patterns of electrode films made from a LigZrOg/C composite

before charging and after the charge and discharge cycles indicated.

The average voltage of the electrochemical cell was derived using:

1 E(Li,M)- E(Li, ,,M)- DXE(Li)
F Dx

V= (6.6)

where E is the total energy, and F is the Faraday constant. These are average potentials
over the range of x from x-Dx to x. For the undoped material, “M” denotes “ZrOg.” The
average voltages of the electrochemical cell for integer x are shown in Table 6.5. From
the lowest-energy configurations, the reaction energy was calculated for

LiyZrOs(s) - Liy.1ZrOs(s) + Li(s) (x=8, 7, 6) (6.7)
and the results are shown in Table 5. Although M06-L and HSEO6 yield qualitatively
different pictures of the delithiated structures, as already discussed, they predict the same

voltages of 4.0 and 3.8 eV vs. Li/Li* for the extraction of the first and second lithium
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atoms, respectively. PBE+U generates similar geometric structures as HSEO06, but it

underestimates the voltage compared to HSEO6 and experiment.

Table 6.5. Reaction energy (kcal/mol) for Li,ZrOg(s) - Liy.1ZrOg(s) + Li(s)

X PBE N12 MO6-L HSE06 PBE+U
8 85.0 (3.7) 84.4(3.7) 92.5 (4.0) 92.9 (4.0) 711 (3.0)
7 82.2 (3.6) 79.3 (3.4) 87.0 (3.8) 88.1(3.8) 66.9 (2.9)
6 53.7 (2.3) 54.9 (2.4) 58.8 (2.6) 56.8 (2.5) 70.8 (3.1)

@A positive energy corresponds to an endoergic reaction. The lowest energy states from Table 6.4 are used.

The numbers in parenthesis are the corresponding average voltages (V) of the cell vs. Li/Li".

The second and third lithium atoms are easier to remove from the LigZrOg structure
than is the first lithium atom, indicating that the oxygen hole polaron is energetically
more favorable at high lithium vacancy concentrations. This is similar to the result found
previously for Li,MnO3.%**® Table 6.6 shows the results of a different delithiation path, in
which the LZO is completely decomposed into ZrO; (s), Li (s), and O, (g). The voltage
for this path is significantly lower than that of reaction 6.7; therefore, this decomposition
path is more thermodynamically favorable. This indicates that the topotactic reaction path
does not involve the most stable structures. Kang et al®* have studied the voltage profile
for the delithiation of Li,O,, and compared two paths, one being the delithiation path
from Li,O, to xLi and Li,xO,, and the other being decomposition of Li,O; into 2Li and
0,. They found that the latter does not correspond to topotactic delithiation, and the first
path may be kinetically more favorable although the thermodynamic energy of reaction is
less favorable. Similarly, the relative energy of the topotactic delithiation path and the

equilibrium path for LZO can be compared by considering:
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(9]

Yo © -0 p -0 ¢ -0 (6.8)
Assuming that the entropies of the solid phases and the pressure-volume contributions to
the free energy are negligible, we consider only oxygen gas and the phonon free energy
in calculating the difference between free energy and the energy. This approximation has

been successfully applied for the Li-Fe-P-O phase diagram.>*

Table 6.6. Reaction energy (kcal/mol) for 1/8LigZrOg(s) - 1/8ZrO,(s) + Li(s) + 1/40,(g).?

PBE N12 MO06-L HSE06

66.6 (2.9) 63.5 (2.9) 67.3 (2.9) 69.2 (3.0)

*The numbers in parenthesis are the corresponding voltages (V) of the cell vs. Li/Li".

There are multiple off-stoichiometric LixZrOg configurations with relatively low

energy above the equilibrium state, all of which have the Li vacancies at tetrahedral sites.

The structures become more and more unstable as x decreases in LiyZrOg. The calculated

voltages for the topotactic delithiation path LigZrOg- (8 — y)Li + LiyZrOg are shown in

the original paper.>** The predicted voltage for y = 7.0-7.92 is 4.02-4.18 V, consistent

with the experimentally observed charging step at 4.3 V, indicating that these off-

stoichiometric LiyZrOg configurations are accessible in the charging process. The

experimental galvanostatic charge curve for LigZrOg at a charging/discharging rate of C/5
is given in Fig. 6.4 and shows two very small step-like features in the range from 3.9 to
4.3 V during delithiation that may be associated with removal of the first and second
lithium atoms in a part of the material. The first discharge cycle showed a step near 2.6

V, which could be the re-formation of LigZrOg from the LiwZrOg formed during the
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delithiation. Because of the low conductivity of LigZrOg, the full sample (average grain

size 108 nm) was likely not accessed during galvanostatic cycling, so that the observed
capacity was still much below the theoretical value. Considering the high voltage
requirements for delithiation and no ZrO, observed after cycling experimentally, it is

most likely that the topotactic path in reaction (7) is kinetically favorable.

4.5 5

—— First Cycle
Second Cycle
—— Third Cycle
Fourth Cycle
—— Fifth Cycle

Potential (V vs Li/Li")

Specific Capacity (mAh/g Li,ZrO,)

Figure 6.4. Galvanostatic charge/discharge curves of the coin cell used for the ex-situ PXRD analysis. A
current density corresponding to C/5 (per gram composite material) was used. This corresponds to 0.57C

per gram LZO.

6.3.4 Use of Yttrium Doping to Improve Specific Capacity

To increase the utilization of the cathode material, Y-doped ZrO, nanoparticles were
employed as the LZO precursor, which together with the Super P carbon and the
carbonization product from the lithium benzoate reduced the grain size to 51 nm at

900 °C calcination temperature and 31 nm at 700 °C calcination temperature. These grain
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sizes were estimated by applying the Scherrer equation to the full-width-at-half-
maximum of the (101) peak at 22.8 °0 corrected for instrumental broadening (Table 6.7).
The smaller grain size, along with the additional carbon, was desirable to provide more
intimate contact with the conductive carbon. These factors have been shown in other
battery electrode materials to significantly improve electrochemical performance.™* %%
%4 Besides influencing grain sizes, increases in the calcination temperature cause some
changes to the elemental composition, most notably reducing the amount of a residual

Li,O impurity (Table 6.7).
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Table 6.7. Elemental composition (mass%) and grain sizes of the Y-doped LigZrOg/C composite materials

as a function of calcination temperature.

temperature ) grain size
. Li Y Zr C H N O calculated formula
0 (nm)
LigY0.02Zr0805.99 +
700 108 0.22 105 577 062 O 20.1 2.6 Li,0O+ 31
C40.7H5.2N002

LigY0.02Zr0805.99 +
750 11.2 021 107 603 056 032 166 2.7Li,0+ 35
Ciu1.8H46No 200

LigY0.01Zr09905.9 +
800 100 012 974 556 083 1.10 226 2.7Li,0O+ 37
Ci28H76N0704 5

LigY0.03Zr0705.8 +
850 105 030 109 586 058 1.83 173 21Li,O+ 48
Cs9.6H47N1000 7

LigY0.04Zr09605.98 +
900 9.12 050 128 589 057 1.84 16.2 05Li,0+ 51
Cs35H39Ng 9004

As the calcination temperature was increased for the yttrium-doped LigZrOg¢/C
composite materials, some notable changes in the final elemental composition were seen.
| note that each sample was prepared from the same homogenous mixture of
Li(CsHsCOO) and yttria-doped ZrO,, the only change being the final calcination
temperature. Table 6.2 shows the measured elemental compositions, with the Li, Y, and
Zr amounts determined by inductively coupled plasma optical emission spectrometry
(ICP-OES) and C, H, and N content obtained through combustion analysis. The oxygen

content was determined from the mass balance, and the calculated composition was
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determined assuming unity for the sum of the yttrium and zirconium content, 8 lithium
atoms per formula unit, Li,O and carbonaceous material as the only impurities, and
overall neutral charge for the composite phase. As the calcination temperature was
increased, the level of the Li,O impurity decreased, matching the decrease in the intensity
of the associated PXRD peak at ~39.3 °20 (Co Ka). Furthermore, a significant amount of
nitrogen was incorporated into the composite as the calcination temperature increased, up
to 1.84 mass percent. This could be due to a side reaction wherein a portion of the lithium
was carbothermally reduced by the Super P carbon present in the ZrO,/C composite, and
then reacted with the nitrogen atmosphere used for the calcination. This reaction could
form LiN3, which would react with the water and oxygen in the atmosphere, causing the
self-combustion reaction observed when the samples were removed from the furnace
above room temperature. In addition, a small increase in the amount of incorporated
yttrium was observed at higher calcination temperatures.

On the basis of Raman spectra, the nature of the carbon matrix also changes with
increasing calcination temperature, becoming more graphitic on the basis of a decreasing
ratio in the relative intensity of the D- and G-bands observed in the Raman spectra (Fig.
6.5). The capacity of the materials in the first few cycles rapidly decreases (Fig. 6.6) due
to irreversible electrochemical reactions, probably related to cell conditioning such as
formation of a solid-electrolyte interphase (SEI). After these cycles, significant capacity
remains, with Y-LZ0-900 showing a reversible capacity of over 175 mAh/g at C/5. The

other samples also show reversible capacity higher than that of the undoped LigZrOg

sample. Furthermore, all samples can be cycled at rates as high as 5 C, with Y-LZ0-900
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showing a capacity of over 30 mAh/g. After 100 total cycles, Y-LZ0O-900 maintains over
100 mAh/g at a cycling rate of C/5, corresponding to almost a full Li* per formula unit.
Considering cycles 60-105, the specific capacities decrease with increasing grain size
(Table 6.7, 31-48 nm) as the synthesis temperature is increased. Therefore, the following
trend in specific capacities is seen: Y-LZO-700 ~ Y-LZO-750 > Y-LZ0O-800 > Y-LZO-
850. All of these samples contain similar amounts of Li,O as an impurity phase (Table
6.7). However, for the sample heated at the highest temperature (Y-LZ0O-900), much of
this Li,O phase is lost, and the estimated average grain size (51 nm) is similar to that of
Y-LZO-850 (48 nm). With less inactive Li,O, the fraction of active material is greater,

hence the increase in specific capacity per gram of Y-LZO.
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Figure 6.5. Raman data and associated Ip/lg peak ratios showing a decrease in this ratio with increasing
carbonization temperature (shown in °C). The Raman peaks were fit using four peaks, consistent with
disordered carbon materials containing turbostratically disordered graphene sheets. The peaks at 1350 and
1597 cm™ correspond to the D- and G-bands of graphitic carbon and the peaks at 1190 and 1518 cm™ are

associated with sp® carbon.
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Figure 6.6. The specific capacity of the cell (per gram of Y-LZO) measured over 50 cycles at the indicated
C-rates, with the C-rate calculated per gram composite. The corresponding rates per gram of Y-LZO are

0.27C,0.53C,1.3C,2.7C,5.3C, 13 C and 0.53 C, respectively.

The first delithiation step for all of the Y-LZO samples showed the same general
behavior as for the undoped samples, namely a rapid increase in the cell potential
followed by a nearly asymptotical approach to the upper voltage limit. On the first
discharge, a broad shoulder is observed that spans from 3.5 V to below 2.0 V as shown in
Fig. 6.7. After the first cycle, the charging profile shows two shoulders, one at
approximately 3.3 V and one above 4.0 V, corresponding to removal of the first and
second Li* out of the material while the discharge profile is unchanged. The calculated
delithiation energies for LiggZrigY,O71 - LigsZrioY,071 + Li and LigsZrioY2071 -
LigsaZri10Y2071 + Li are 4.05 and 4.16 eV, respectively, using the HSEO06 functional, and
3.49 and 4.11 eV, respectively, with N12-SX. This is consistent with the experimental

result: the voltage increases as more Li is removed, but it is different from the trend
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shown in Table 6.5 for LZO. These features remain constant for all cycles tested
indicating that the mechanism for delithiation and relithiation does not change as the
material is cycled (cycles 8 and 60 are shown for Y-LZ0O-900 in Figs. 6.7a and 6.7Db,
respectively, as representative for all yttrium-doped samples). This behavior, along with
the high capacities observed, shows that LigZrOg is a promising novel cathode material

for further study.
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Figure 6.7. (a) Galvanostatic curves of the first five charge and discharge cycles for Y-LZ0O-900 carried
out at C/10 (calculated per gram composite, 0.27 C per gram Y-LZO, see Fig. 6.6). (b) Galvanostatic
curves of the 8" and 60" cycle for Y-LZO-900, showing the shoulders relating to the lithiation and
delithiation events. Both of these cycles were carried out at C/5 (calculated per gram composite, 0.53 C per

gram Y-LZO) and the capacity is shown per gram Y -LigZrOs.

The quantum mechanical calculations suggest the following explanation for the

increase in voltage as more Li are removed from Y-LZO. The delithiation in LZO and Y-
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LZO is associated with the oxidation of O to O". In LZO and Li,MnOQs, the voltage
decreases as more Li ions are deintercalated, which was interpreted as indicating that the
oxygen hole polaron is energetically more favorable at high lithium vacancy
concentrations.**® In Y-LZO, the substitution Y*" for Zr** results in the creation of
oxygen vacancies, so there is already a hole polaron at the oxygen vacancy before
delithiation. Upon delithiation, there can be a repulsive interaction between the polaron at
the void and the oxygen hole polaron, which results in the increase in voltage as more Li
atoms are removed.

The density of states calculation with HSE06 shows that polaron hole states appear
above the Fermi level for delithiated yttrium-doped LZO; they are located at the one of
the oxygen atoms near the Li vacancy (Fig. 6.8). The calculated band gaps for the spin-
down electrons of LigsZri0Y2071 and LigaZri0Y 2071 are 1.90 and 1.53 eV, respectively.
The band gap of yttrium-doped LZO decreases as more Li are removed, which is
different from the case for pure LZO. During the delithiation process, the magnetic
moments of the Zr, Li, and Y atoms remain approximately zero, while the magnetic
moments of one of the oxygen atoms near the Li vacancy are ~ 0.7 puB. This trend shows
that the O atoms, rather than the Zr atoms, are being oxidized during the delithiation

process.
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Figure 6.8. (a) The DOS of LigZrY»071. The black curves are for the majority spin; by convention, this
is the a spin (spin up). The red curves are for the minority spin; by convention, this is the b spin (spin

down). (b) The charge density for the bipolaron of LigZrY,071.

The partial oxidation of oxygen atoms was experimentally observed by X-ray
photoelectron spectroscopy (XPS) of a LigZrOg-containing cathode after charging of the
cell by delithiation. The O1s peak shifts from 530.3 eV in the uncharged (lithiated)
electrode to a slightly higher binding energy of 530.6 eV after charging (partial
delithiation to ca. Li;ZrOg) and then returns to 530.2 eV after discharge (Fig. 6.9). The
shift to higher binding energy can be associated with an increase in oxidation state of the
oxygen as a result of the delithiation.®*>>*® It should be noted that the oxygen peak
contains an envelope of oxygen contributions from both LigZrOg and oxygen atoms from

the PF-derived carbon phase in the composite cathode, so that the actual shift from

partially delithiated LigZrOg may, in fact, be larger.
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Figure 6.9. XPS spectra showing the position of the Oy peak of a LigZrOs/C composite cathode before
charging, after the first charge, and after the first discharge. A spectrum of neat LigZrOg is included to
demonstrate that the O, peak position is not affected by the composite preparation. The Oy peak shifts to

higher binding energy after partial delithiation, consistent with an increase in the oxidation state of oxygen.

6.3.5 Stability of LiZrOg
The formation energy of LixZrOg is defined as
YO -0 -0 -0 -0 (6.9)
The formation energy for the lowest-energy structure for each considered x is shown in

Fig. 6.10. The formation energies of all structures in Fig. 6.10 are negative, indicating

that Li,ZrOg is stable. The formation becomes less exoergic as x decreases in Li,ZrOg.
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Figure 6.10. The formation energies for Li,ZrOg calculated with the HSEQ06 functional. At each X,
multiple configurations are considered, and the formation energy of the lowest-energy configuration is

given here.

To test the stability of the delithiated compounds with respect to releasing oxygen,

an oxygen atom was extracted from Li,ZrOs and the reaction energy for Li,ZrOg(S) -
Li,ZrOs(s) + 1/20,(g) was calculated. The PBE, N12, and HSEO6 results are given in

Table 6.8. The three functionals give the same trends of the reaction energy. When more
lithium atoms are extracted from the crystal, it becomes easier to release oxygen in the
form of O, gas. When x = 8, 7, and 6.5, the reaction has a positive energy change, while
the reaction has a negative energy change for x = 6. Therefore, during the charging and
discharging process, LigZrOgs may be only metastable, and the charging is kinetically
controlled. For x = 5, the layered structure can release O, exothermically, while the

oxygen release reaction is endothermic for the distorted structure, which is more stable.
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Table 6.8. Reaction energy (kcal/mol) for LiXZrOG(s) - LiXZrO5(s) + 1/205(g). calculated using PBE, N12,

and HSE06.?
O vacancy in reaction energy
X LiZrOg Li,ZrOs PBE N12 HSE06
8 Li8 10 153.5 151.0 161
7 Li7_x1 13 67.3 68.8 66.9
6.5 22.3 18.7
6 Li6_x12 10 -16.3 -17.5 -33.2
5 Li5_x157 11 6.8 3.9 6.2
5 Li5 x234 10 —28.5 —22.2 -33.3

®The numbers in the vacancy column correspond to specific lithium ions, the locations of which are
discussed in the original paper (ref. 340) The lowest-energy configurations were used for calculations. A
negative energy corresponds to an exoergic reaction. The oxygen atom that has the smallest Hirshfeld
charge in LiZrOg was removed to form Li,ZrOs. For x = 6.5, three Li atoms are removed from LisZr,01»

cell, whereas for integer x, the primitive cell was used.

6.4 Conclusions

Theoretical and experimental studies on lithium-containing materials improve our
scientific understanding of LIBs. In this chapter, Kohn-Sham density functional theory
and a variety of experiments were used to study lithium-ion battery cathodes verify
several predicted properties (band gap energy, structural and oxidation state changes
during delithiation/relithiation, delithiation/relithiation potentials) experimentally. | have
tested LigZrOg as a new cathode material and showed that the LigZrOg cathode has a large
voltage of 4.0 eV vs Li/Li* for the delithiation of the first Li atom. The delithiation of
LigZrOg in a lithium-ion battery is predicted to follow a nonthermodynamic path through

the 4.0 V plateau with the oxygen atoms being oxidized. The structure is maintained with

150



little volume change when one or two lithium atoms are extracted from LigZrOg, but the
layered structure is greatly distorted when three lithium atoms are extracted. The
delithiation product LigZrOg is only metastable and may release O,. Even if delithiation is
limited to only two lithium atoms per formula unit, this material would have a theoretical
capacity of 220 mAh/g, surpassing those of the current mainstream cathode materials
LiCoO,, LiNiO,, LiFePO,, and LiMn,O4. To achieve this capacity, it is necessary to
overcome the low conductivity of LigZrOg. In electrode materials with similarly low
conductivity (LiFePO,4, TiO,), this has been achieved by nanostructuring, aliovalent
doping, and forming intimate mixtures with conductive phases.*** By doping the LisZrOg
with yttrium to reduce grain size and embedding the active material in a conductive
carbon phase, it was indeed possible to achieve an initial specific capacity that nearly
matched the theoretical capacity. Both HSE06 and PBE+U calculations show that Li
removal creates a small-polaron hole on an oxygen atom near the Li vacancy for both
LZO and yttrium-doped LZO. A challenge for future work is to achieve greater
utilization of the lithium ion capacity and reduce the capacity fading in LigZrOg as an

active material for lithium-ion battery cathodes.
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Chapter 7: Transition-Metal-Doped M-LigZrOg (M = Mn, Fe, Co, Ni,
Cu, Ce) as High-Specific-Capacity Li-lon Battery Cathode Materials:
Synthesis, Electrochemistry, and Quantum Mechanical

Characterization

Reproduced with permission from “Transition-Metal-Doped M-LigZrOgs (M = Mn, Fe,
Co, Ni, Cu, Ce) as High-Specific-Capacity Li-lon Battery Cathode Materials; Synthesis,
Electrochemistry, and Quantum Mechanical Characterizations” by Huang, S.; Wilson, B.
E.; Smyrl, W. H.; Stein, A.; and Truhlar, D. G. in Chemistry of Materials DOI:

10.1021/acs.chemmater.5b03554.

Contributions to this chapter were performed by Dr. Shuping Huang (computational

calculations).
7.1 Introduction

Lithium-ion batteries (LIBs) are currently in high demand for portable energy storage
for applications such as small electronics and transportation.™? Compared to other
secondary batteries, LIBs operate at a higher voltage and provide a higher energy-storage
density. The performance of LIBs depends on multiple factors, including the properties of
the anode, cathode, and electrolyte. While anode materials can reach high specific

capacities of over 1000 mAh/g,*’

the practical capacity of traditional cathode materials
(LiFePO,, LiCo0,) is limited to around 170 mAh/g,™*> %% requiring a larger volume

fraction of a packaged cell to be dedicated to the cathode than the anode for charge
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balance within the battery. Therefore, an improvement in the capacity of a cathode
material has a larger effect on the volume, and thus the energy density, of a packaged
LIB.

Recently, the first use of LigZrOg (LZO) as a cathode material in an LIB was
reported, forming the basis for Chapter 6.3*° While not all of the lithium ions in the
structure would be expected to reversibly intercalate and deintercalate, computational
results predict that at least two lithium ions per formula unit can be topotactically
exchanged, giving a theoretical capacity of 221 mAh/g. This represents an improvement
of more than 10% compared to commercial electrode materials.****®* In Chapter 6, |
showed that yttrium doping helps to reduce the grain sizes and this, along with the
addition of conductive carbon, overcomes the otherwise-too-low electronic conductivity
of the material; this, in turn, increases the specific capacity. Since the metal ions in LZO
have generally fixed oxidation states, the charge on oxygen is modulated during
delithiation and relithiation; this differs from the usual cathode materials that contain
redox-active transition metals, but it was predicted by computation and experimentally
observed through ex-situ XPS.**® Therefore, the addition of elements with multiple
common oxidation states could help balance the charge within the LZO framework
during electrochemical cycling and thereby increase the specific capacity of the material.

A large body of research has demonstrated the benefits of doping cathode materials
for lithium-ion batteries.®® %" |n the case of LiFePO,, a commercial cathode material
with low intrinsic conductivity, the introduction of Ti** or Zr*" into the Fe?* sites

increases p-type semiconductivity within the cell.**” *?2 When Ni* is incorporated into
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the Fe** sites, the nickel doping increases the P-O bond strength, stabilizing the structure,
reducing the Li-ion charge transfer resistance, and improving the capacity and rate
performance of the cathode material.*** Other dopant atoms, such as Mg, Ni, Al, and V
have also been studied, generally leading to a decrease in the polarization resistance and
an improvement in the capacity, with V°* having the greatest effect.'*

Other cathode materials have also exhibited benefits from doping. LizV2(PO4); has
been doped with Fe,*** Co,"” and Cr.'® For example, in the case of Fe, the doping
significantly increases the capacity retention over 80 cycles, with a retention of 71%
compared to 58% for the undoped system. This improvement in performance is attributed
to increased conductivity and structural stability deriving from the incorporation of the
Fe** ions. Additionally, Fe has been used as a dopant in LiMn,O4 where an improved
capacity was observed and correlated to the changing oxidation state of the doping
atom. '

In Chapter 6, where | introduce LigZrOg, an initial discharge capacity of over 200
mAh/g was shown for Y-doped LigZrOs, with 142 mAh/g maintained over 60 cycles.
However, the yttrium does not have a significant effect on the delithiation potential, the
primary improvement in specific capacity being attributed to reduced grain size and more
intimate contact with carbon. Here | show a general method of introducing multivalent
transition metals as dopants into LZO by first incorporating them into ZrO,/C
nanocomposites as precursors. | demonstrate that such doping improves specific capacity
and capacity retention for several of these materials. The experimental work is

complemented by electronic structure calculations for the doped LZO materials that
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predict the location of the dopant and the effects of doping on band gaps and delithiation

energies.
7.2 Experimental
7.2.1 Materials

Nickel(Il) nitrate hexahydrate (>97.0%), manganese(ll) nitrate tetrahydrate (>97.0%),
cobalt(Il) nitrate hexahydrate (ACS grade, >98.0%), cerium(lll) nitrate hexahydrate
(99%), zirconyl nitrate (99%), lithium benzoate (99%), N-methyl-2-pyrrolidone
(anhydrous, 99.5%), and Li foil (99.9%) were purchased from Sigma Aldrich; iron(l11)
nitrate nonahydrate (ACS reagent grade) was purchased from Baker Analytical;
copper(ll) nitrate trihydrate (analytical grade) was purchased from Mallinckrodt
Chemicals; Super P carbon, battery electrolyte (1 M LiPFg in 1:1:1 ethylene carbonate
(EC):dimethlyene carbonate (DMC):diethylene carbonate (DEC) by volume) and
polyvinylidine difluoride (PVDF) were purchased from MTI Corporation; Celgard 3501
polypropylene separator was obtained from Celgard; carbon-coated aluminum foil was
obtained from ExoPack. Zirconyl nitrate was dried at 110 °C for at least 18 h prior to use,
and molar calculations for this compound were done on the anhydrous basis; all other

chemicals were used without further purification.
7.2.2 Synthesis of TransitieNetalDoped LZrO,/C Composites

Samples were prepared using a modification of a previously reported synthesis of Y-
doped LigZrO,.° First, zirconyl nitrate (1.90 mmol), the selected dopant metal nitrate

(0.120 mmol), and Super P carbon (2:1 w:w C:nitrates) were ball-milled in a hardened
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zirconia ball-and-cup set (SPEX SamplePrep) for 10 min. The nitrate/carbon composite
was calcined under static air by ramping from room temperature to 400 °C at a ramp rate
of 2 °C/min with no hold and then cooled naturally back to room temperature. The
doped-ZrO,/C composite samples are identified by “M-ZrO,” where “M” is the dopant
atom used, e.g., “Co-ZrO,” for the cobalt-doped ZrO,/C composite. The doped-ZrO,/C
composite was then ball-milled with lithium benzoate (either 8:1, 10:1, or 10.8:1 mol:mol
Li:Zr based on residual mass after thermogravimetric analysis, assuming the molecular
weight of the oxide is 123.2 g/mol) and pyrolyzed under N (0.5 L/min) with a 1 °C/min
ramp rate to 600 °C, followed by holding for 2 h, then 2 °C/min to 800 °C, followed by
holding another 2 h. The sample was allowed to cool completely to room temperature
before being removed from the inert atmosphere. The final LZO/C composites are
identified by the dopant atom used in the synthesis and the Li:Zr molar ratio used, e.g.,
“Co-LZO-8” for the cobalt-doped LigZrOg/C composite synthesized with an 8:1 Li:Zr
molar ratio. Additionally, an undoped sample was prepared by the same method using
10:1 Li:Zr, replacing the transition metal nitrate with additional zirconyl nitrate as a

control sample; this is referred to as LZO-10.
7.2.3 Battery Asembly

Doped LigZrO,/C composites were ground with a solution of PVDF (10 wt% in
NMP) in an agate mortar and pestle for 2-3 minutes, or until a completely homogenous
paste was obtained. Additional NMP (~0.1 mL) was ground into the paste until a smooth
slurry of the desired consistency was obtained. The slurry was cast onto carbon-coated
aluminum foil using a doctor blade to create a thin film that was then dried for 18 h. The
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dried films were pressed using a mechanical roller to a final film thickness of
approximately 250 pm and cut into 0.8 cm diameter disks with an areal density of 2—4
mg/cm?. The final composition of the electrodes was 90 wt% doped LisZrO,/C composite
and 10 wt% PVDF binder. The disks were assembled into type-2032 coin cells in a half-
cell configuration, using Li foil as the counter electrode, a Celgard 3501 membrane as the
separator, and 1 M LiPFg in EC-DMC-DEC as the electrolyte. A wave spring was used
behind the current collectors to maintain pressure within the cell after assembly. All film
preparation was performed in a dry room maintained below 100 ppm H,O when occupied

and below 20 ppm otherwise. All cell assembly was performed in a He-filled glove box.
7.2.4Electrochemical Measurements

Following the usual convention for reporting battery charging and discharging rates, |
define 1C as a rate of one Faraday constant per mol of LigZrOg per hour; this yields 1C
equal to 110.5 mA/g. All galvanostatic cycling was performed between 1.3 and 4.5 V vs.
Li/Li* using an Arbin BT2000 electrochemical workstation. Additional cycles were
performed beyond what is shown in this chapter and can be found in the original paper

from which this chapter is based.**
7.2.5 Product ®Garacterization

Powder X-ray diffraction (PXRD) patterns were taken on a PANalytical X Pert PRO

diffractometer using a Co anode (A = 1.789 A) at 45 kV and 40 mA and an X’Celerator

detector. The Scherrer equation®®

was used to estimate grain sizes based on peak
broadening. Thermogravimetric analyses (TGA) were performed using a Netzsch STA

409 PC Luxx instrument to determine the residual mass of the ZrO,/C composites. The
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analyses were performed under dried air at a 10 °C/min ramp to a maximum temperature
of 750 °C. The carbon content of the final products was determined through combustion
analysis by Atlantic Microlab (Norcross, GA). Metal contents were determined through
inductively coupled plasma mass spectroscopy (ICP-MS) after digestion in 1:1:1 (by
volume, concentrated) HF:HCI:HNO; for 5 days in a Teflon-lined hydrothermal bomb at

150 °C.
7.2.6ComputationaMethods

Computational work was performed by Dr. Shuping Huang, the details of which can

be found in the original paper from which this chapter is based.***
7.3 Results and Discussion
7.3.1 TransitioAMetalDoped ZrQ/C Composite Recursors

Because the target material, LigZrOg, has very low electrical and ionic conductivity, it
is essential to achieve very small grain sizes when LigZrOg is used as an electrode
material for LIBs. This can be accomplished by employing ZrO, nanoparticles as
precursors. One approach for obtaining ZrO, with small grain size involves synthesis
within a carbon matrix combined with transition metal dopants.®*®:3%¢3¢" |n ZrO,, dopant

atoms typically substitute for Zr up to a certain loading,****"

although interstitial sites
may also be occupied in some cases with higher loadings of dopant.®*® *®® The powder X-
ray diffraction (PXRD) patterns of the doped ZrO,/C composite materials after

calcination are shown in Figure 7.1. All samples contained primarily the tetragonal ZrO,

phase with a small amount of monoclinic ZrO,. The broad peak at approximately 29 °20
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originates from the carbon present in the composites. Using the Scherrer equation and the
primary peak of the tetragonal phase at 35.5 °20, grain sizes were estimated to be 8—10

nm for all samples.
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Figure 7.1. PXRD patterns of transition-metal-doped ZrO,/C composite materials. The peaks
corresponding to the tetragonal and monoclinic ZrO, phases are marked. For comparison, the trace for Y-

Zr0O,/C is included; this material was used as the precursor for Y-LZO as described in Chapter 6.

In these composites, Super P carbon black was used as the confining matrix to
prevent grain growth. The carbon content within the doped ZrO,/C composite materials
determined by thermogravimetric analysis varied widely in the materials containing
different dopants (Figure 7.2), even though the initial carbon content in the synthesis was
similar. Assuming that the difference between the original sample mass and the residual
mass corresponds to the carbon content, the content ranged from 37.8 % for Cu-ZrO, to

78.7% for Ni-ZrO, compared to approximately 55% for yttria-doped ZrO, samples
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presented in Chapter 6. The value for Ni-ZrO; is close to the expected carbon content if
no carbon is lost during the synthesis, and the lower values indicate partial combustion of
the carbon phase during heating of the composites containing the other transition metal

ions, probably related to oxidation from the nitrate ions.
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Figure 7.2. TGA curves of the transition-metal-doped ZrO,/C composite materials combusted under dried

air. Residual masses are listed for each sample.

7.3.2TransitionMetalDoped LZrOg/C Composites (@.8:1 Li:Zr)

After reaction with a large excess of lithium benzoate, PXRD patterns of the samples
all show the primary phase to be that of LigZrOg (Figure 7.3), a layered structure suitable
for lithium removal and reinsertion, except for Mn-LZO which only shows small peaks
corresponding to the LigZrOg phase with the primary peaks relating to Li,O. The mole
fraction of dopant relative to (dopant + Zr) in the final products (Table 7.1) is between

0.037 and 0.044, i.e., a little lower than the mole fraction in the synthesis mixture for the
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M-ZrO, precursor (0.05). The final carbon content in these samples is lower than that in
previously reported yttria-doped LigZrOg (Y-LZO), except for Ni-LZ0O-10.8 due to its
high initial content of carbon in the ZrO,/C precursor composite (Table 7.1). Note that
the carbon originates from both Super P carbon black and carbonization of lithium
benzoate. In addition, Li,O is observed as an impurity phase in the PXRD patterns, which
was present due to the excess lithium precursor needed to minimize the formation of
other lithium zirconate phases, such as LigZr,O7 or Li,ZrOs. When the Li:Zr precursor
ratio is reduced, as discussed later, the intensity of the Li,O peaks is reduced, but the
other lithium zirconate phases begin to appear. No visible reflections of the ZrO,
precursor remain, indicating that all of the nanocrystalline ZrO, phase has reacted. These
results demonstrate that the method of converting doped ZrO,/C composites to LigZrOg

can be applied to a wide range of potential dopants.
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Figure 7.3. PXRD patterns of the transition-metal-doped LigZrO¢/C composite materials made with a
10.8:1 Li:Zr precursor ratio and an undoped sample made with 10:1 Li:Zr precursor ratio with impurity

peaks marked.
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Table 7.1. Structural and compositional data for undoped and transition-metal-doped LigZrOg/carbon

nanocomposites.

grain size carbon mole fraction c a,b

sample (nm) (mass%) dopant® A A
LZO-10 54.7 56.1 n/a 15.47 5.493
Y-LZO" 51.0 55.3 0.038 15.47 5.492
Mn-LZO-10.8 o 34.9 d 15.48 5.503
Fe-LZO-8 35.8 66.5 0.040 15.51° 5.497°
Fe-LZO-10 52.8 62.6 0.044 15.46 5.488
Fe-LZO-10.8 35.2 50.0 d 15.47 5.494
Co-LZO-8 66.8 40.4 0.037 15.47 5.483
Co-LzZO-10 46.8 36.5 0.039 15.48 5.488
Co-LZ0O-10.8 42.3 345 d 15.46 5.493
Ni-LZ0-10.8 39.9 57.3 d 15.44 5.498
Cu-LZO-8 61.4 38.6 0.038 15.48 5.488
Cu-LzO-10 49.1 37.3 0.039 15.48 5.483
Cu-LZ0-10.8 43.8 34.9 d 15.46 5.497
Ce-LZ0-10.8 45.2 38.9 d 15.46 5.493

& mol M/(mol M + mol Zr), where M refers to the transitional metal dopant
® From reference 340

¢ Grain size could not be determined due to low intensity of peaks.
¢ Elemental analysis was only performed for samples used for extended electrochemical testing.
¢ These values are less certain because of the broadness of the Li,O reference peak position used as an

internal standard.

Average grain sizes of the doped LigZrOg phases were determined by applying the
Scherrer equation to the [101] peak at 26.6 °26 (except for Mn-LZO due to the lack of the
strong peaks required for an accurate measurement). Grain sizes were similar for the
doped samples, ranging in average from 35 nm for Fe-LZO to 45 nm for Ce-LZO (Table
7.1) prepared with a Li:Zr ratio of 10.8. These grain sizes are smaller than those in the

previously reported yttria-doped LigZrOg sample prepared under comparable conditions
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at 900 °C, which had an average grain size of 51 nm.**® With a lower Li:Zr ratio of 8,
grain sizes increased for the Co-LZO and Cu-LZO samples.

Table 7.2 lists the radii of the cations we studied computationally; these radii are
taken from the work of Shannon et al.*”**"? The radii of four-coordinate Ni?*, Co** and
Cu?* are close to the radius of four-coordinate Li*. For the six-coordinate metal ions, they
are close to the radii of both six-coordinate Li* and Zr*". However, the radius of six-
coordinate Ce** is much larger than either the radius of Li* or that of six-coordinate Zr*".
The radii of four-coordinate or six-coordinate Fe®*" are 0.1 A smaller than those of four-
coordinate or six-coordinate Li*, while the radii of four-coordinate or six-coordinate
Mn®* are 0.07 A larger than those of four-coordinate or six-coordinate Li*. In principle,
doping at the Li ion site and at the Zr ion site are both possible. Both of these sites were
considered in the calculations, and various configurations of dopants and vacancies and
various spin states were examined to find the lowest-energy structure for each

composition.

Table 7.2. lonic radii (A) of elements present in the M-LZO composites. The labels IV and VI represent

fourfold and sixfold coordination, respectively. Only the radii for high-spin Mn®*, Ni?*, Co?*, and Fe** are

listed here.

Lit zr* Mn?* Ni%* Co** cu** ce* Fe®
0.59(1V)  0.59(IV) 0.66(1V) 0.55(1V)  0.58(1V)  0.57(IV) 0.49(1V)
0.76(VI)  0.72(VI) 0.83(VI) 0.60(VI) 0.75(VI) 0.73(Vl)  1.01(VI)  0.65(VI)

For M** doping at Zr ion sites, one oxygen vacancy was created to balance the
charge, yielding LiggZrioM,O-1. Similarly to the previously studied Y** doping,®*° when
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the two Fe®" or Ce®* ions are substituted for Zr** ions, they prefer to be in the same layer
and close to each other, and the O vacancy prefers M coordination rather than Zr
coordination.

For doping at Li ion sites, recall that LZO has two kinds of Li ion sites (Figure 7.4);
one is a tetrahedral site, and the other is an octahedral site. From Chapter 6, we know that
a vacancy at a tetrahedral site is more favorable than one at an octahedral site. For M** or
M** doping at Li ion sites, we removed respectively one or two Li ions in tetrahedral
positions for charge compensation; this forms (My)*-(Vu) and (Mu)*-2(V0)
substitution—vacancy complexes with compositions LigsMZr1,07, and LigsMZr1207,.
Then the PBE+U calculations predict that the substitution of M at the octahedral sites is
more favorable than at the tetrahedral sites for Fe**, Mn?*, Ni**, Cu?*, and Co®". This is
especially significant because doping at octahedral sites will not block the Li-ion
diffusion between the tetrahedral layers. In addition, the Li vacancy at different positions
was also considered; the structure with the Li vacancy in the tetrahedral layer close to M
has the lowest energy. The most favorable spin state of the doping Fe**, Mn®*, Ni**, and

Co*" was found to be the high-spin state.
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Figure 7.4. Conventional unit cell of LZO (LixZrsOsg). (a) Polyhedral representation with Zr-centered
polyhedra shown in blue and the Li centered polyhedra in purple. (b) Atoms are shown as spheres with the
layers labeled. The zirconium ions occupy octahedral sites in the oxygen hcp sublattice, and the lithium

ions occupy tetrahedral sites (labeled as T1 and T2) and octahedral sites (labeled as Oh).

Table 7.3 lists the computationally predicted volumes, lattice constants c,
delithiation energies (also called deintercalation energies), and energy gaps of LZO and
doped LZO materials. The volume and lattice constant c increase significantly after Ce**
doping at a Zr ion site, but less so after doping at a Li ion site. These values decrease
slightly or are nearly the same as for undoped LZO after Fe**, Co** Mn?*, Ni**, or Cu®*
doping. For all five of these dopants, the delithiation energy for dopants at the Zr ion site
is about 0.5~1.1 eV lower than the delithiation energy for dopants at Li ion site, which

means that the doping at the Li ion site is thermodynamically more favorable. All the

cases of doping at a Zr ion site lead to a smaller delithiation energy compared to pure
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LZO. For Ce*" doped materials, the delithiation energy with substitution at a Zr ion site is
smaller than with substitution at a Li ion site. PBE+U calculations show that doping with

Ni?* or Cu?* at a Li ion site increases the voltage. In all cases examined, band gaps are

decreased by doping.
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Table 7.3. Calculations of the volume, lattice constant c, delithiation energy, and energy gap of LZO and
doped LZO. Results are shown only for the lowest-energy lithiated and delithiated configurations. PBE+U
calculations are shown for all cases, and HSEO6 results are given in parentheses for selected cases. The

majority spin and minority spin are denoted a and B, respectively.

Delithiation* band gap (eV)
volume (A% c(A)

energy (eV) a B
LiggZr,07; 1600.8 15.46 3.28 51 51
(1583.7) (15.41) (4.09) (6.8) (6.8)
LiggCuZr;07; 1599.3 15.45 243 3.2 24
(1576.8) (15.37) (3.13) (4.3) (3.7)
LigsCuZry,07, 1598.4 15.45 3.30 5.0 2.2
(1576.4) (15.38) (3.74) (6.6) (3.3)
LigsFe,Zr1071 1591.7 15.41 2.63 3.1 2.8
(1569.3) (15.33) (2.98) (4.3) 4.2)
LigsFeZr,07, 1596.7 15.46 3.14 5.0 2.7
(1573.6) (15.38) (4.15) (6.6) (3.9)
LigsC0Zr;071 1601.0 15.46 2.10 2.8 2.9
(1576.8) (15.36) (1.95) (3.7) (3.3)
LigsC0Zr,07, 1598.8 15.46 3.13 5.0 41
(1576.0) (15.38) (3.08) (6.4) (4.6)
LiggNiZr;07, 1599.8 15.45 240 3.0 31
(1576.9) (15.37) (2.46) (4.0) (3.9)
LiggNiZr,07, 1597.3 15.46 334 5.0 4.0
(1574.2) (15.38) (6.6) (5.3)
LieeMNZr 1100, 1603.7 15.47 Lo 1.7 3.4
(1579.3) (15.38) (2.6) (4.8)
LigsMnZr,07, 1602.4 15.46 2.25 4.0 35
LiosCe,2Zr14071 1631.0 15.56 0.33
(1607.4) (15.52) (0.42) (1.1) (4.6)
LigCeZr,07, 1616.2 15.47 0.36 0.3 4.6
(1595.2) (15.39) (1.17) (3.1) (6.3)

*The delithiation energy is associated with removing only 1 Li atom from the lattice.
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In order to further compare the relative energies of different doping sites, the reaction
energies were calculated for

LigsZr12072(solid) + M,Os(solid) A LigsZr1oM2071(solid) + 2ZrO,(solid) (7.1)

LigeZr12072(solid) + 1/2M,03(solid) A LigsMZr1,075(solid) + 3/2Li,O(solid) ~ (7.2)

LigeZr1,07,(solid) + MO(solid) A LiggZr11MO71(solid) + ZrOy(solid) (7.3)

LigsZr12072(solid) + MO(solid) A LissMZr1,075(solid) + Li,O(solid) (7.4)

LigsZr10M2O71(solid) + 2ZrO,(solid) A LisoM,Zr1,072(solid) + 3LiO(solid) (7.5)
The results are in Table 7.4. The reaction energy of reaction 7.5 for Fe** is -1.89 (-1.76)
eV by PBE+U (HSEO6) calculations. The PBE+U or HSEO6 calculations predict that the
reaction energies of reaction 7.3 for Cu®*, Ni**, Mn*", and Co®" are more than 2.0 eV
higher than those for reaction 7.4. These results indicate that doping at Li ion sites is
thermodynamically more favorable than at Zr ion sites for Mn?*, Fe**, Co?*, Ni**, and
Cu?* dopants, in agreement with the conclusions drawn above from the delithiation
energies. For Ce®* doping, both reaction 7.1 and reaction 7.2 are endothermic, and the
reaction energy of reaction 7.5 is -1.26 (-2.55) eV by PBE+U (HSEOQ6) calculations,

suggesting that Ce®* doping is more favorable at Li ion sites.

169



Table 7.4. Calculated reaction energies (in eV per formula unit of LigZr,07,) for reactions 1-5. PBE+U

calculations are shown without parentheses, and HSEO6 results are given in parentheses for selected cases.

oy 2 ®) 4) (5)
Fe™* (0.06) (-0.64) -1.89 (-1.76
Ce® 3.86 (4.69) 1.67 (1.26) -1.26 (-2.55)
Mn?* 2.96 (2.46) 0.53
Co?* 2.56 (2.75) 0.36 (0.23)
Ni?* 2.92 (2.86) 0.49 (0.20)
cu?* 2.83 (2.72) 0.76 (0.63)

The experimental PXRD patterns of the undoped and doped materials show that
doping at the levels used here has relatively little effect on the observed unit cell
dimensions (determined using multiple peak positions and their respective Miller
indexes, with Li,O used as an internal standard), as shown in Table 7.1. This is consistent
with the computed dimensions shown in Table 7.3. On the basis of the experimental data,
it is not possible to distinguish between substitution of the transition metal dopants at
either Zr or Li ion sites. Doping with Ce®* had little effect on the c-dimension of LigZrOg
even though Ce** is larger than Zr**. This suggests that the Ce" is located in Li* sites in
my experiments since the density functional results predict that a large increase should be
observed when Zr** atoms are replaced. In the case of manganese-doped ZrO,, the unit

d,®”® which is different from what was

cell parameters were observed to have decrease
observed for Mn-LigZrOg-10.8. However, in Fe-doped ZrO, the (111) interplanar spacing
was observed to increase when the Fe®* was in substitutional sites.*”® Computation

predicts that the lattice parameter would decrease for Fe®* substitution in the Zr**

position, but remain similar for substitution at a Li* octahedral position (within the layer
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containing the Zr**, Figure 7.4), indicating that the Fe®* is more likely to occupy that

position.
7.3.3 ElectrochemicalTesting ofTransitionMetalDopedComposites

The transition-metal-doped LigZrOg/C composite samples were tested in coin cells to
measure their specific capacities and determine their electrochemical performance in
delithiation/lithiation cycles (Figure 7.5a). Among the samples prepared with a Li:Zr
ratio of 10.8, Cu-LZO exhibited the highest specific capacity, with an initial discharge
capacity of 172 mAh/g. During the sixth cycle it showed a specific discharge capacity of
156 mAh/g, a significant improvement over the best sample in our previous publication
synthesized at 800 "C (Y-LZO-800) which had a capacity of 100 mAh/g after the sixth
cycle.®* All other samples, except for Ce-LZO, also have higher specific capacities at the
sixth cycle than Y-LZ0O-800, with Mn-LZO, Fe-LZO, Co-LZO, and Ni-LZO having
specific capacities of 136, 120, 118, and 139 mAh/g, respectively, after correcting for the
carbon content in the final composite (Table 7.1). After cycling each cell at C/5 (current
based on the composite mass in the electrode) for 25 cycles, all samples maintain specific
capacities between 85 and 118 mAh/g LZO, similar to those made with yttria doping. For
comparison, undoped LZO-10 has a lower specific capacity than any of the doped
materials. It is noteworthy that in these materials, the highest specific capacity (Cu-LZO)
does not correlate with the smallest grain size (Fe-LZO) nor with the highest carbon
content (Ni-LZO) in these samples. This implies that the dopant atoms themselves play

the major role in enhancing the specific capacities.
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Figure 7.5. (a) Galvanostatic cycling capacities of doped LigZrOg at a rate of C/5 (based on composite

mass; charging is indicated by filled and discharging by open squares) and (b) cycles 2 (solid) and 25

(dashed) for each sample.

Similar to the observations in Chapter 6, there are no changes in the positions of the

characteristic PXRD peaks during the first two charging steps of a Co-LZO sample, as

measured by exsitu analysis.*** Because of the high levels of carbon in the final

composites, a background cell was used to verify that the observed specific capacities of

the M-LZO/C composites can be ascribed to M-LZO rather than to the graphitic carbon
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components. Previously, PFs has been shown to reversibly intercalate into graphitic
carbon.¥*3" In the case of a mixture of graphite and a conductive additive, specific
capacities as high as 147 mAh/g have been reported.®” A background cell composed of a
4:6:1 mixture of silica:SuperP:PVDF (by mass) was cycled at C/5 based on the combined
silica and carbon mass for five cycles. Results show that the specific capacity for this cell
was negligible, with all cycles yielding a specific capacity of less than 5 mAh/g of
silica.®®* Therefore, most of the specific capacity observed in the M-LZO/C composites
can be attributed to the reversible delithation/lithiation reactions with M-LZO, not to the
carbon component.

Capacity retention is an important variable in applications involving rechargeable
batteries. One of the notable features in all of the Y-LZO samples previously reported is
the significant negative slope of the capacity values with cycle number. Cu-LZO has a
similar behavior, with a 32% capacity loss from the 1% to the 25" cycle. On the other
hand, both Fe-LZO and Co-LZO have similar capacities at the 25" cycle to Cu-LZO, but
have a much lower loss between the 1% and 25" cycles, corresponding to 13.5% and
12.5%, respectively. A notable feature visible in the individual charge curves (Figure
7.5b) is the emergence of an inflection point between 3.0 and 3.5 V. This inflection point
corresponds to the expected delithiation potential for Fe**- and Co?*-doped samples
(Table 7.3), and it becomes gradually more pronounced with increasing cycle number,
indicating that conditioning cycles are needed to obtain the full performance of the

material. The charge and discharge curves of LZO-10 do not show such an inflection
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point between 3 and 4 V due to the higher delithiation potential of the undoped

material 3
7 3.4 Effects of Li:Zr Ratios in therBcursor

Samples of transition-metal-doped LigZrOs with one of the following three dopant
atoms were selected for further study: Fe and Co because of the improved capacity
retention and Cu because of the higher specific capacity. Additionally, different ratios of
Li to Zr were used to explore the effect of the different impurities. Specifically, either a
stoichiometric amount of Li (8:1 Li:Zr) or a moderate excess (10:1 Li:Zr) were used. On
the basis of the PXRD patterns (Figure 7.6), the stoichiometric precursor ratio introduces
a smaller amount of the Li,O impurity (lower relative peak intensity) compared to the
10.8:1 precursor ratio while a different lithium zirconate phase, LigZr,O7, emerges (Table
7.5). When the Li:Zr precursor ratio is increased from 8:1 to 10:1, some of the LigZr,0;
phase remains, but the impurity content shifts to a higher Li,O concentration.
Additionally, changing the Li:Zr precursor ratio affects the grain sizes (Table 7.1). As the
ratio of Li:Zr is reduced, the grain size, in general, increases, with the exception of Fe-
LZ0O-10.8, which has the smallest grain size of any of the samples prepared. Further,
increasing the Li:Zr precursor ratio decreases the carbon content, indicating that the

lithium benzoate addition leads to a net reduction in the final carbon content.
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Figure 7.6. PXRD patterns of the transition-metal-doped LigZrOg/C composite materials made with either a

10:1 or 8:1 Li:Zr precursor ratio with Li,O and LigZr,Og impurities marked.
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Table 7.5. Relative mass percent of crystalline components in the M-LZO/C composites.?

Sample . MéSS% .
LigZrOg Li,O LigZr,0;

Mn-LZ0-10.8 40 41 19
Fe-LZO-8 64 0 36
Fe-LZ0O-10 95 2 3
Fe-LZ0O-10.8 82 11 7
Co-LZ0O-8 85 1 14
Co-Lz0-10 75 10 15
Co-Lz0O-10.8 75 19 6
Ni-LZ0O-10.8 80 10 10
Cu-LZO-8 87 4 9
Cu-LZ0O-10 79 8 13
Cu-LzZ0O-10.8 77 17 6
Ce-LZ0-10.8 80 14 6

% Mass percentages were calculated by a Rietveld refinement of the PXRD patterns in Figures 7.4 and 7.6.
All refinement was done using X’Pert Highscore Plus software with the built-in refinement tools to a
goodness-of-fit below 5.5 for all samples. Crystallography files were obtained from literature sources; Li,O
(Ref. 376), LigZr,O; (Ref. 377), and LigZrOg (Ref. 340). The crystallographic information files were
downloaded from the Crystallography Open Database Search (www.crystallography.net).

These transition-metal-doped samples were also galvanostatically cycled in the same
manner as the previous composite materials (Figure 7.7). Most of the samples have
comparable specific capacities and capacity retention to the 10.8:1 Li:Zr composite
samples with two main exceptions. Co-LZ0O-8 has a much smaller capacity than all other
samples and Fe-LZO-8 has a significantly higher specific capacity than any other LigZrOg

d,**° with a discharge capacity exceeding 2 Li per formula unit in early

sample yet reporte
cycles and over 175 mAh/g at C/5 after 140 cycles. A large capacity is maintained at all
rates tested, with 80 mAh/g specific discharge capacity at 5C. Fe-LZ0O-10 also shows a

high capacity of 135 mAh/g after 140 cycles. The improved capacity of the Fe-LZO-8
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over Fe-LZO-10 is probably due to the significantly smaller grain sizes, suggesting that
further capacity improvements may be possible if even smaller grain sizes can be

achieved.
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Figure 7.7. Galvanostatic cycling capacity of transition-metal-doped LigZrOg¢/C composites made with

either 8:1 or 10:1 Li:Zr cycled at varied rates. The indicated rates are based on composite mass.

To help understand the electrochemical behavior, band calculations were carried out.
The removal of Li also removes electrons from the valence band, and therefore the nature
of the electronic states at and near the valence-band maximum (VBM) is important.
Figure 7.8 shows the calculated total density of states (TDOS) and partial density of
states (PDOS) for both LigsC0Zr1,07, and Lig3C0Zr1,07,. Co®* doping decreases the band
gap, which is further decreased during the delithiation process. At the top of the valence
band, several new states appear that were not present in LZO; these new states originate

mainly from the d subshell of Co with a small mixing of oxygen p states. This indicates
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that charge transfer during delithiation involves a partial oxidation state change for Co,

from Co** to Co®" After the delithiation, the hole is a polaron mainly localized on Co®".

——TDOS(M) ——TDOS(1)
400 ——TDOS) . Tt
300. — t:::% Li, CoZr O, — L:E-; Li,,CoZr ,0,,
P HSE0B 8?; HSE0S
ey 2 — )
100] b —z) -
8 & | i —EZ{{B —Cgf-’} Fg
a O y v v AW e Wik
\ h?h lJ ||| | \ W i |I'| h
-100+ .wqr‘lﬂ' | vl
2004 © | "
-300+ |
-400 . . . . . r . . . . . r . . . .
6 4 -2 0 2 4 6 8 10 6 4 -2 0 2 4 6 8 10
Energy, eV Energy, eV

Figure 7.8. The total DOS (TDOS) and partial DOS (PDOS) of LigsC0Zr,07, and Lig;CoZr,07, by
HSEO6 calculations. The up arrows are for the majority spin; by convention, this is the a spin (spin up).

The down arrows are for the minority spin; by convention, this is the b spin (spin down).

The charge redistribution of doped-LZO in the charging process can be ascertained
from the integrated spin density at the spin-polarized atoms. When one Li is removed
from the Mn?*-doped supercell, the spin density of Mn, within a given cutoff radius,
decreases from 4.50 to 3.85 pg, suggesting that Mn?* is oxidized to Mn*". For Cu®*
doping, the spin density of Cu (0.69 pg) does not change before and after delithiation,
and the oxygen atoms around Cu become oxidized in the delithiation process. For the
Ce*-doped material, Ce** is oxidized to Ce*" during delithiation. As the delithiation
proceeds, all Ce®" is oxidized to Ce*"; then oxygen near the Li vacancy is oxidized. For

Co?* doping, during the delithiation the spin density of Co increases from 2.76 to 3.12 pg,
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and the spin densities of the oxygen around the Co are about 0.11-0.23 pg. Both Co and
the oxygen around it are oxidized in the delithiation.

For Fe** doping at a Li ion site, the magnetic moment of Fe is nearly unchanged,
whereas for the doping at a Zr ion site, the energy is lower for the delithiated material in
which Fe®*" is oxidized (the spin density of one Fe decreases from 4.12 to 3.46 g).
However, we know from calculations presented above that Fe prefers to occupy the Li
ion site. Thus, in Fe doping, Fe is not oxidized but the oxygen is oxidized. From the DOS
and partial charge density for the highest occupied orbital of LigsFeZr,,07, (Figure 7.9),
we can see that the top of the valence band is mainly contributed by the p orbitals of
oxygen. This indicates that charge transfer will occur on oxygen, in agreement with the
spin density result. For LigsFe,Zri0071, the d orbitals of Fe contribute to the top of

valence bands,®*

which is also consistent with the spin density result. Compared with
pure LZO, the doping at Li ion sites creates Li vacancies, which will benefit the Li-ion

diffusion and increase conductivity.
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Figure 7.9. (a) The DOS of LigsFeZr;,04, determined using the HSEO6 functional; (b) The partial charge

density of the highest occupied orbital. The isovalue is 0.02 for the yellow isosurface.

7.4 Conclusions

In this Chapter, | have presented a method for the synthesis of transition-metal-doped
LigZrOg using doped ZrO,-nanoparticle/carbon composites as precursors. A significant
improvement in the specific capacity as compared to undoped LigZrOg/C composites is
shown, especially in Fe-doped samples, for which a stoichiometric precursor ratio of
Li:Zr (8:1) yielded the highest capacity yet seen for this class of materials. In initial
delithiation/lithiation cycles these materials exhibit a discharge capacity of over 2 Li per
formula unit, and a specific capacity of 175 mAh/g is maintained after 140 cycles. This
shows the viability of LigZrOg for becoming a competitive cathode material for Li-ion
batteries after additional development to decrease the large polarization during cycling.
Another future challenge is to maintain this capacity and limit the capacity fading over a
larger number of cycles. The doping effects of Ce®*, Fe**, Mn**, Co?*, Ni**, and Cu?*
were also investigated by density functional calculations. The calculations show that all
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the studied dopants prefer to occupy octahedral Li sites rather than Zr ion sites. The
doping with any of these ions leads to smaller band gaps than in the undoped material.
During the charging, the spin densities of Fe®" and Cu®** remain nearly the same, while
the spin densities of Mn?*, Co?*, Ni?*, and Ce*" change. This indicates that Mn?*, Co?**,
Ni?*, and Ce** become oxidized during delithiation while the oxidation mainly occurs on
oxygen atoms for LZO doped with Fe** or Cu?*. The PBE+U calculations show that
deintercalation after doping with Ce**, Fe**, Mn?*, or Co®* at a Li site decreases the
attainable cell voltage, whereas Cu?* and Ni®* doping at a Li site increases it. These
results further show that LigZrOg is a viable material for future use as a cathode in high

energy density lithium batteries.
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Chapter 8: Summary and Outlook

8.1 Summary
8.11 Electrochemical Double Layer Capacitors

In this thesis | have discussed the use of templated carbon materials for application in
electrochemical double layer capacitors (EDLCs). | first showed an improved method for
producing soft-templated carbon materials. Ordinarily, producing these materials requires
a large surface area to create well-ordered films, which can be tedious and time
consuming to isolate. | showed that using a sacrificial layer, such as sucrose or KClI, can
be used to produce a similar final product. This significantly reduces the processing time
required to make these materials, increasing their future viability as electrode materials.

Following this, | discussed my research on EDLCs by studying the physical
properties and electrochemical stability of ionic liquids and relating these properties to
the performance of the ionic liquids as electrolytes in porous carbon electrodes. lonic
liquids have the advantage of a generally large potential window to cycle an
electrochemical cell, but had not been systematically studied to provide general
guidelines for evaluating their performance. From this, | determined, through a
collaboration with Dr. Maral Mousavi, that conductivity and ionic size play the largest
role in the performance of the electrolyte, as compared to energy density. The smaller
ions provide a larger capacitance while the higher conductivity allows for this

capacitance to be maintained at higher rates. Using the results measured, | showed that 1-
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ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide was the best electrolyte of
the ionic liquids tested.

In Chapter 4, | concluded my research on EDLCs with a study of ionic liquids as a
precursor to synthesize nitrogen-doped mesoporous carbon. This method has the
advantage of using the same processing and synthesis steps and the original phenol-
formaldehyde recipe; only changing the precursor composition. When 50 wt% of the
initial precursor solution was replaced with 1-ethyl-3-methylimidazolium dicyanoamide,
a mesoporous carbon material was produced that contained 7.6% nitrogen while retaining
the ordered mesopores that give the high capacitance. The nitrogen content led to
improved conductivity and consequently over 40% improvement in the capacitance at

high cycling rates.
8.1.2Lithium lon Batteries

My work on LIBs began with the development of a low-cost electrochemical cell that
can be used to monitor crystalline changes by in situ powder X-ray diffraction. This cell
allows for a wider audience to access this characterization technique, which is important
for understanding both charge storage mechanisms and failure and decomposition
analysis of electrode materials. Previously, this could only be accomplished through the
use of specialized equipment and expensive cells. While this cell design was tested using
a known cathode material to show proof-of-concept, the design can be applied to any
type of electrode material that is compatible with the polymers used in the cell body.

| also worked to develop novel cathode materials for use in LIBs. Specifically, |
worked on LigZrOg, which has a high maximum theoretical capacity of 880 mAh/g,
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although computation predicts structural changes when the third lithium ion is extracted
per formula unit, giving a theoretical capacity of between 220 and 330 mAh/g; still
higher than any other developed cathode material. My initial work focused on showing
the viability of the system and comparing computational predictions (performed by Dr.
Shuping Huang), such as the oxidation state of the oxygen atoms, with experimental
results, such as a shift in the O peak in the XPS spectrum. Additionally, the LigZrOg
system was improved with the addition of both a secondary carbon phase and yttria
dopants within the LZO system. Both additives mitigate the effect of the low conductivity
inherent to LigZrOg by creating a conductive network through the composite and reducing
the grain size of the active material. This led to initial capacities of over 200 mAh/g with
over 140 mAh/g retained after 60 cycles.

This system was then further developed by the incorporation of transition metal
dopants into the LZO/C composites. This was done to both improve the conductivity, as
all dopants were predicted to reduce the band gap of the material, and mitigate the redox
activity on the oxygen atom by providing a more favorable redox center. As expected, all
dopants tested improved the specific capacity over an undoped control sample, with Fe**
showing the best improvement. In the case of Fe-LZO-8, a specific capacity of over 175
mANh/g was observed after 140 cycles. This shows the viability and gives direction for
future development of the system with additional dopants and different methods for

dopant incorporation.
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8.2 Outlook and Future Directions
8.2.1 Electrochemical Doubleayer Capacitors

My work focused on pure double-layer capacitance, as described in Chapter 1. While
this can provide significant power density, it is fundamentally limited by the accessible
surface area of the electrodes. Work to improve this is focused on creating hierarchical
porosity, with small micropores to create the high surface area necessary for maximum
capacitance and meso- and macropores for electrolyte accessibility to the micropores.
One method to do this is to create composites of carbon nanotubes and graphene oxide.*®
Both forms of carbon are conductive, allowing for fast electron transport within the
structure. The carbon nanotubes created pillared 3D structures, increasing the surface

area and allowing for fast ion diffusion (Figure 8.1). This composite showed high

electrochemical performance in an ionic liquid electrolyte.
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a) CTAB -CNT

CTAB
(Positive head group)

Figure 8.1. Schematic for fabricating the graphene/carbon nanotube 3D structure. The carbon nanotubes
are positively charged and the graphene oxide sheets are negatively charged as a result of their respective
functional groups (a) leading to the self-assembly into a 3D network (b). KOH activation creates nanoscale
pores within the graphene layers to improve ion diffusion. Reprinted with permission from reference 378.

Copyright 2015, American Chemical Society.

Beyond double-layer capacitance, pseudocapacitive elements can be added to

improve the energy density, creating a hybrid capacitor. For instance,
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MnO,/graphene/carbon nanofiber ternary composites have been created through a
dispersion/filtration mechanism.*”® The composite was reacted with hydrazine to create a
reduced graphene oxide composite. The use of this type of hybrid capacitor could be
combined with a templated carbon, such as that described in Chapters 2 and 3. The highly
conductive carbon, combined with a pseudocapacitive element could improve the

capacitance, allowing for higher energy density applications.
8.2.2 Lithiumlon Batteries

The LigZrOg system is still in its infancy. A significant amount of work remains to
create a viable alternative for commercialization and replacement of existing cathode
materials. One of the biggest limitations of the system described in Chapters 6 and 7 is
the high carbon content. Currently, this carbon is required to both limit the grain size of
the active material and to provide a conductive phase to allow for reasonable cycling
rates. One method to reduce the necessary carbon content is to utilize templating, similar
to the approach described in Chapter 4. However, the template should be at a larger scale
to help prevent grain growth and sintering, eliminating the structure. Using poly(methyl
methacrylate) sphere colloidal crystal templates has been used previously to create
macroporous cathode materials out of a LiFePO,/C composite.** Initial results using this
technique has resulted in small grain sizes of less than 40 nm with carbon contents half of
that needed for the published synthesis. While the final material does not predominately
show the desired three-dimensionally ordered macroporous structure, it does show a high
level of porosity and LigZrOg purity (Figure 8.2). This material shows promise for future
optimization for use as a higher volumetric capacity cathode material.
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Figure 8.2. Scanning electron micrograph (a) and powder X-ray diffraction pattern (b) for LigZrOg

templated with a poly(methyl methacrylate) colloidal crystal template. Results unpublished.

As discussed in Chapter 7, transition metal dopants can be used to improve the
specific capacity of LigZrOg. In the work discussed, this has only been done for six
metals, at approximately 5% precursor loading, and through doping of the ZrO,/C
precursor material. This leaves a wide range of future directions to improve the final
material through doping. Work has already been performed in the group to dope the final
material through an ion exchange process, either with a solution exchange or though
reaction at high temperatures with a secondary salt. This has shown initial promise to
load the dopants into the active material with little to no impurities detected though X-ray
diffraction. This procedure has the advantage of putting the dopant atom into the
interstitial lithium sites, rather than potentially in the zirconium or interlayer lithium sites,
as these ions are the most mobile and likely to be exchanged. Computation has predicted
that by introducing defect sites into these locations, such as by introducing a multivalent
cation, ionic diffusion can be increased, leading to improved capacity, especially at
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higher rates. Furthermore, by introducing the dopant atoms into the structure post
synthesis, additional synthetic routes could be explored, such as chemical or physical
vapor deposition, that can be difficult to find appropriate precursors for the dopant atoms.

Another avenue that should be explored is the use of different atoms for doping.
While all six dopant atoms chosen showed improved performance, some elements
showed better improvements than others. This implies that the atom used has a large
effect on the resulting performance rather than merely being a method for producing
structural defects, as would be expected. Therefore, potential exists for other, yet
untested, dopants to have an even greater effect on both the specific capacity and the
capacity retention. A systematic study of suitable dopant atoms could yield valuable
insight into the process by which the dopant atoms benefit the performance, as well as
yielding higher capacity materials.

Beyond doping with transition metals, alternative dopants could be used. Initial
studies into doping with sodium to replace lithium within the structure (not shown) led to
reduced capacity. However, as mentioned, alternative dopants that create defects in the
interlayer lithium sites could improve the ionic conductivity, and subsequently the
performance, of the cathode material. Replacing one lithium ion with an alkaline earth
metal, such as magnesium, would require a lithium vacancy for charge balance, and could
yield the desired improvements. This might be accomplished by either initially replacing
some of the lithium precursor salt with an appropriate magnesium salt or by using the ion
exchange method discussed earlier. Alternatively, the oxygen atom could be replaced

with a different, more redox active, element such as nitrogen or sulfur. As discussed in
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Chapter 6, the redox activity in the undoped LigZrOg is shown to be primarily focused on
the oxygen atoms. By providing a more stable redox center in those locations, a more
thermodynamically favorable delithiation process could be achieved, giving rise to higher
capacity and verifying the role that oxygen plays in balancing the charge after removal of
one lithium atom. As a more stable redox center, a higher depth of charge could be
expected, and potentially a higher theoretical limit of lithium ions removed before
structural changes occur, which are typically irreversible and stop further lithium cycling.

In all, there exists significant work yet to be done to fully optimize the LigZrOg
cathode system. While | have briefly described a few options in the preceding few pages,
many alternatives also exist. This material shows great promise as a potential cathode
material for high performance lithium ion batteries and begs for further research to reach

its full potential.
8.3 A Few Final Words

Throughout this thesis, | have shown that nanostructured materials, from templated to
textural porosity, can lead to improved performance in electrochemical storage devices.
Beyond control over the structural morphology, control over the composition through
doping can lead to further improvements while retaining the same structural control
necessary for improved performance. | hope that my contributions to the electrochemical
storage literature can help lead to more efficient utilization of energy in the coming years.
While my work may only be a brick in the wall of science, together, with collaboration

and respect, we can build a better tomorrow.
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