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SUMMARY

Lithium-ion batteries are one of the most energy dense electrochemical energy
storage systems available today and for the foreseeable future will be the dominant
secondary battery type for applications needing large energy density and long operational
lifetimes. Among the many varieties and applications of lithium-ion batteries, electrode
design - and in particular the selection of active materials - is extremely influential in
determining overall device specifications. Furthermore, the cathode plays a particularly
important role in factors such as cell safety, lifetime, and cost. In applications which
require low cost and high safety LiMn2O4 cathodes are an excellent choice; however, the
well-known issue of rapid capacity fading has yet to be overcome.
In this dissertation, composite cathodes were fabricated by hydrothermal
precipitation of a LiMn2O4 coating on carbon fiber paper substrate, producing an
electrode with uninterrupted electronic and ionic pathways, thereby eliminating the need
for toxic solvents, polymeric binders, and metal foil current collectors used in
conventional tape-cast electrodes. The LiMn2O4 coated carbon fiber sheets were used
directly as free-standing electrodes, demonstrating superior specific capacity and
comparable rate capabilities to conventional tape-cast electrodes. A variety of phases of
manganese-oxides were produced and evaluated in electrochemical cells, while only
LiMn2O4 was found to have significant reversible capacity. Maximum LiMn2O4 mass
loading, which determines the overall electrode gravimetric energy density, was found to
be a major limitation when using commercially available carbon fiber paper.
Further improvements on this approach were achieved by replacing the
commercially available carbon fiber paper substrates with lab-made carbon nanofiber
xviii

sheets via electrospinning. The decreased fiber diameter and void space of the
electrospun nanofiber sheets allowed for oxide mass loadings of more than double the
value achieved with carbon fiber paper, enabling the production of electrodes with total
energy densities rivaling optimized tape cast electrodes. Two carbon fiber precursors
were investigated, the commonly used polyacrylonitrile in dimethyl formamide as well as
the bio-polymer lignin which was dissolved along with polyvinyl alcohol into distilled
water. While the carbon nanofibers derived from the two polymer precursors showed
similar overall morphologies, they displayed dramatically different electronic
conductivity and graphitic content. These variations influenced not only the LiMn2O4
phases deposited on carbon nanofibers by hydrothermal precipitation but also their
efficacy in electrochemical devices.
As expected, rapid capacity fading was observed while cycling the LiMn2O4
coated carbon fibers for extended numbers of charge and discharge cycles. To directly
mitigate these issues, ultrathin (<5 nm) layers of Al2O3 were deposited onto the surface of
the LiMn2O4 coated carbon fibers by atomic layer deposition. With Al2O3 coatings as thin
as 1 nm, capacity retention was improved by >100% over 500 charge and discharge
cycles. In addition, alumina coatings were found to decrease total electrochemical
impedance and enhance apparent lithium ion diffusivity, thus enhancing efficiency and
rate capability.
To better understand the mechanism through which ALD coatings enhanced
electrochemical performance, surface chemistry and molecular structure were
characterized using x-ray photoelectron spectroscopy and Raman spectroscopy,
respectively, for both carbon-fiber supported and thin-film model electrodes. These

xix

studies indicate that ALD coatings mitigate capacity loss and improve lithium-ion
kinetics by formation of preferential surface phases, namely aluminum fluoride and
aluminum oxy-fluoride, while inhibiting the formation of detrimental phases associated
with electrolyte decomposition which lead to increased electrode polarization.
While this dissertation focuses on the methods to produce and characterize
surface modified LiMn2O4 electrodes, the approaches used are general and applicable to a
wide variety of electrochemical devices. Specific conclusions from this work will inform
the development of low-cost lithium-ion batteries and support future research into this
area.
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1
1.1

INTRODUCTION

Motivation
In recent years, energy storage has been highlighted as a key limitation to

advances in emerging large format applications, including hybrid and electric vehicles,
broad incorporation of intermittent sources of renewable electricity, and overall
improvements to grid-level energy efficiency through load shifting1-4. For these
applications, cost, energy density, lifetime, and safety requirements are satisfied using
various combinations of active materials, pack designs, and engineering controls.
Lithium-ion batteries are becoming a dominant player in these application spaces, but
other secondary battery chemistries, such as nickel-metal hydride, lead-acid, and sodiumsulfur, are still prevalent for certain applications2. In comparison, for the secondary cells
found in small scale portable electronic devices, the incumbent lithium-ion chemistry of a
LiCoO2 cathode and graphite anode have largely reached an equilibrium between the
same critical design factors influencing the large scale applications and the market
realities of producing and distributing over one billion smartphones, laptops, and tablets
annually.
For all of these metrics the cathode material plays a disproportionately large role
in determining the properties of the cell. For example, cell safety is related to the thermal
stability, oxygen evolution during thermal decomposition, and overcharge reactivity of
the cathode material5. In general, LiFePO4 and LiMn2O4 are the most stable cathode
materials, with LiFePO4 showing greater thermal stability and no oxygen release during
decomposition, while LiMn2O4 has superior performance during overcharge. Cathode
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materials also strongly influence total cell energy density and cost. Table 1.1 compares
the capacities, voltages, and costs for various cathode materials relative to a natural
graphite anode. The energy storage cost, as normalized by active material mass (e.g., only
the cost of the electrode materials are considered), is calculated with Equation 1:
𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝐶𝑜𝑠𝑡 = (

𝐴
𝐶
( 𝑚𝑎𝑡 )+( 𝑚𝑎𝑡 )
𝐴𝑐𝑎𝑝

𝐶𝑐𝑎𝑝

(𝑉𝑐𝑎𝑡ℎ −𝑉𝑎𝑛 )

) × 1000

Eqn.1

where Acap and Ccap are the anode and cathode capacities, Amat and Cmat are the anode and
cathode materials costs, and Van and Vcath are the anode and cathode half-cell voltages
relative to a lithium metal reference.
Table 1.1 Comparison of various parameters for common lithium-ion electrode materials. Energy
storage cost is calculated for each cathode material with a natural graphite anode.

Material

Material Cost
($/kg)

Capacity
(Ah/kg)

Average Voltage
(V vs. Li/Li+)

Energy Storage Cost
($/kWh)

LiMn2O4

10

110

4

30.6

LiFePO4

20

150

3.45

48.3

LiNi0.8Co0.15Al0.05O2

33

191

3.7

55.9

LiCoO2

36

145

3.9

70.7

Natural Graphite

10

350

0.1

N/A

It is apparent from Table 1 that there is a large discrepancy between both typical cathode
and anode capacities and cost. Compared to the low cost and relatively high capacity of
the graphite anode, the current cathode materials fall short. A recent study by Nelson, et
al. (Argonne National Laboratory) reported that, for a 16 kWh battery pack using a
LiMn2O4 cathode and graphite anode, about half of the total battery pack cost is
associated with the cell materials (active materials, current collectors, binders and
conductive carbon, separator and electrolyte), with a quarter of this total pack cost being
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due to the cathode active material (i.e., the cathode active material is the largest singlecomponent contribution to the total cost) 6.
Applications for which maximizing energy density is less critical than cost and
safety (e.g., for hybrid vehicles and stationary storage), lithium-ion batteries utilizing
LiMn2O4 make an excellent choice. However, the rapid capacity fade upon cycling for
LiMn2O4 cathodes has prevented more widespread usage of this material7, 8. In this
dissertation the focus will be the development of a high-performance and long-lasting
LiMn2O4 based cathode.

1.2

Research Objectives
The objectives for the proposed thesis research are divided below into two categories:

engineering and scientific. From a practical point of view, it is important to recognize the
fact that lithium-ion batteries already exist in the marketplace. As a consequence,
research into electrode materials must acknowledge the current commercial benchmarks
for performance, cost, and safety. The main engineering objective is to develop an
electrode structure and processing technique that does not have the limitations of the
currently used tape cast electrodes. This design should be cheap, have acceptable energy
and power density compared to commercially available cells, and have excellent capacity
retention for many charge and discharge cycles. From a scientific point of view, this
study will focus on enhancing understanding towards the scientific basis for rational
design of efficient electrodes, especially the dynamic chemical changes that occur at the
interface between the electrolyte and electrode in a lithium ion battery using a passivated
LiMn2O4 positive electrode. To achieve this, the proposed research will leverage the
available surface characterization tools applied to cells with well-designed electrode
3

architecture, directly probing the relationship between materials microscopic features
(structure, composition, and morphology) and their electrochemical performance under
service conditions.
1.2.1 Engineering objectives
1. Develop a cost-effective process to directly fabricate LiMn2O4 electrodes on
carbon fibers of varying dimensions using a low temperature solutionprecipitation reaction. These oxide-coated carbon fiber networks will be applied
directly as the positive electrode in LIB test cells.
2. Passivate the as-prepared electrodes with appropriate materials (e.g. amphoteric
oxides) through a second processing step to enhance capacity retention.
3. Optimize the carbon fiber/oxide heterostructured electrode for other electrode
materials and electrochemical devices. This will be achieved by manipulating
carbon fiber dimensions/architecture as well as the chemistry of the synthesis
process.
1.2.2 Scientific objectives
1. Develop model cells with well-controlled geometry (e.g., thin- film electrodes)
and characterize the interfacial layer composition and structure. Compare these
results to passivated and bare carbon fiber supported electrodes.
2. Utilize in-situ techniques to analyze the chemistry, structure, and morphology of
electrode surfaces under cycling conditions as a function of cell polarization and
cycling rate, providing insights vital to the rational design of new electrode
materials and structures.
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3. Gain a fundamental understanding on the role of amphoteric oxides on the
improved capacity retention for LiMn2O4 electrodes.

1.3

Dissertation Structure

Chapter 2 introduces fundamental concepts in electrochemistry that help to guide the
experimental design and interpret results of electrochemical testing used in this
dissertation. Relevant concepts from crystallography and thermodynamics are also
discussed.

Chapter 3 covers the theory and operational technique behind all of the experimental
methods used herein. This chapter is separated into sample preparation techniques and
characterization methods. Details of each method in application are provided in
subsequent chapters where appropriate.

Chapter 4 describes the fabrication and electrochemical testing of LiMn 2O4 on carbon
fiber paper (LMO@CFP) by the hydrothermal method. The techniques and results
described in this chapter serve as a benchmark for subsequent chapter which investigate
various aspects introduced in Chapter 4 in more depth.

Chapter 5 discusses the results of surface-modified LMO@CFP electrodes by atomic
layer deposition (ALD). The electrodes modified by ALD in this chapter were prepared
in an identical fashion to those described in Chapter 4.

Chapter 6 describes the use of electrospinning from various polymer solutions to produce
carbon nanofibers. These fibers are in contrast to the micron-sized fibers found in CFP.
Comparisons and made between both the physical properties of the fibers produced by
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electrospinning with their CFP counterparts, as well as comparisons between the
electrodes made by introducing oxide coatings onto the carbon fibers.

Chapter 7 expands on the conclusions drawn in Chapter 5 using model electrodes and in
situ characterization of the modified electrode surface using Raman spectroscopy.

Chapter 8 concludes this dissertation and includes recommendations for future research
in this area.
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2
2.1

BACKGROUND

Fundamental Concepts
The theoretical specific capacity (in Ah/g) of an electrode material can be calculated

from Equation 2 below 9,

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =

𝑧𝐹
𝑀

Eqn. 2

where z is the moles of electrons associated with the reaction, F is Faraday’s constant,
and M is the molecular weight of the lithiated oxide. For a lithium-ion battery positive
electrode, z is equal to the moles of Li+ that can be removed from the lithiated oxide, as 1
e- is needed for each Li+ to maintain charge neutrality. When selecting a battery for any
application, total capacity (usually expressed in amp-hours) will determine the operating
time for the device. Because capacity is determined by the mass of active materials, this
value can be manipulated by simply scaling the battery size. This is the reason why the
commonly used primary “alkaline” cells (i.e. Zn/MnO2 in KOH electrolyte) and others
are sold in a variety of sizes. However, the operating potential of a cell is governed by
thermodynamics. Indeed, the relatively large operating potential of lithium-ion batteries
is the primary reason they are of technological interest. From a fundamental standpoint,
the reactions that occur in an electrochemical cell are identical to a normal
oxidation/reduction (“redox”) chemical reaction. A minimum of two reactant species
react to form at least one new product species which has lower total energy than the
reactants. In this reaction, electrons are exchanged in such a way that the oxidized species
loses an electron which is donated to the reduced species. The critical difference for
7

redox reactions in an electrochemical cell is that electrons cannot pass directly between
reactant species. Instead, the reactants (the electrodes) are separated by an electrically
insulating region (the electrolyte), and electrons must travel through an external
conducing circuit. To maintain charge neutrality of each electrode positive ions pass
through the electrolyte to match the electron flow. An example of this reaction is shown
in Equation 3 where reactants A and B form a product AB 9.

𝐴 + 𝐵 → 𝐴𝐵

Eqn. 3

This reaction can also be expressed as a half reaction by arbitrarily designating reactant A
as the reducing species and reactant B as the oxidizing species. Equations 4 and 5
describe the intermediate step of electron transfer between A and B before the final
product AB is formed.

𝐴 → 𝐴+ + 𝑒 −

Eqn. 4

𝐵 + 𝑒 − → 𝐵−

Eqn. 5

The reactions described in equation 3-5 are classified as “reconstitution” reactions
in which a new produced phase is formed during the reaction. All commercially available
lithium-ion batteries undergo an “insertion” type reaction at the positive electrode (i.e. the
lithiated transition metal oxide). Several examples of such electrode materials are shown
in Table 2.1. Table 2.1 also includes the most common negative electrode, graphite,
which is also an insertion type electrode. In an insertion type reaction, the product phase
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is a modified version of one of the reactants which has formed a solid solution with the
other reactant through electrochemical means. This is illustrated for LiMn2O4 in Equation
6.

𝑥𝐿𝑖 + 𝑀𝑛2 𝑂4 → 𝐿𝑖𝑥 𝑀𝑛2 𝑂4

Eqn. 6

Half reactions can also be written for each electrode. In a laboratory setting,
lithium is used as the negative electrode and is oxidized to form Li+ ions and electrons.
The electrons cannot pass through the electrically insulating electrolyte, and thus travel
through an external circuit driven by a potential gradient to the positive electrode. The
half reaction for lithium metal is shown in Equation 7.

𝐿𝑖 → 𝐿𝑖 + + 𝑒 −

Eqn. 7

At the positive electrode (shown here for the discharge reaction) lithium ions are
introduced into the host structure and one of the Mn4+ cations is reduced to Mn3+ in a
stoichiometric ratio with the extent of the reaction.

[𝑀𝑛4+ ]2 𝑂4 + 𝑥𝐿𝑖 + + 𝑒 − → 𝑥𝐿𝑖[𝑥𝑀𝑛3+ ][(2 − 𝑥)𝑀𝑛4+ ]𝑂4

Eqn. 8

In order for the reaction which forms AB to occur spontaneously, the total free
energy of the products must be less than that of the reactants. This energy difference
referred to as the change in Gibbs free energy, ΔG, and is often expressed as the
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difference in energy between reactants and products for reactants that existed prior to
reaction in their standard states. This quantity is denoted ΔG°. By introducing the
Faraday constant, F, which is the electric charge of one mole of electrons, an expression
relating the change in Gibbs free energy and electrical potential can be written. This is
shown in Equation 9.

ΔG° = −zFE°

Eqn. 9

The potential “E°” expressed in Equation 10 applies only when current is not flowing
through the cell, and for this reason is referred to as the “open circuit” potential. For
reactions not involving reactants in their standard states, the Gibbs free energy change
can be adjusted by considering the activities (αreactant/product) of the products and reactants.
This is shown in Equation 9 for the example reaction from Equation 3.

α

ΔG = ΔG° + RTln α AB
α

A B

Eqn. 10

By combining equations 9 and 10 we can produce the Nernst equation (Equation 11),
which is used to express the open circuit potential for an electrochemical cell consisting
of reactants not in their standard states.

E = E° −

RT

α

ln α AB
zF
α

A B
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Eqn. 11

However, as soon as current flows from the electrochemical cell the potential will
deviate from the equilibrium potential calculated in Equation 11. This deviation in
expected and observed potential is called the overpotential which increases with current.
The overpotential value is represented by η and is expressed in Equation 12.

𝜂 = 𝐸𝑂𝐶𝑉 − 𝐸𝑐𝑒𝑙𝑙

Eqn. 12

EOCV refers to the potential calculated using Equation 11 and Ecell is the potential
observed during operation. The overpotential is due to a convolution of influences known
as the cell polarization, which has contributions from electronic and ionic conductivities
as well electrochemical kinetics
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. These are referred to as ohmic, concentration and

activation polarization respectively. Ohm’s law can be used to describe the overpotential
contribution from ohmic losses, shown in Equation 13. Thus, the ohmic potential
increases linearly with current.

𝜂𝑜ℎ𝑚𝑖𝑐 = 𝐼𝑅

Eqn. 13

Concentration polarization is due to the finite rate at which the electrochemical
reactant can be delivered, via diffusion through the electrolyte, to the electrode surface. In
the case of a lithium-ion battery this is the Li+ ion. The limiting current is sometimes used
in discussions of concentration polarization, and describes the scenario in which any
reactant species which arrives at the electrode surface is instantaneously converted to a
soluble product species. The product species then diffuses back into the electrolyte. In
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this way a reactant concentration gradient is established with a depleted zone at the
interface between electrode and electrolyte and a reactant concentration effectively equal
to the bulk electrolyte value some characteristic distance away. The concentration
overpotential increases with the fraction of the limiting current drawn from the cell. A
notable difference between ohmic and concentration polarization is that while ohmic
polarization reaches the maximum value for a given current density very quickly,
concentration polarization gradually increases as the thickness of the concentration
gradient, called the diffusion layer, reaches a steady state value. Equation 14 describes
the concentration polarization, where C and Co are the concentration of reactant at the
electrode surface and in bulk solution (i.e. the nominal electrolyte concentration)
respectively. An equivalent expression relating concentration polarization to limiting
current il and applied current i is also given.

𝑅𝑇

𝐶

𝑅𝑇

𝑖

𝑙
𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = ( 𝑧 ) ln (𝐶 ) = ( 𝑧 ) ln (𝑖 −𝑖
)
𝑜

𝑙

Eqn. 14

Activation polarization is determined by electrochemical kinetics, and is related to
the chemical kinetics for the related redox reaction. Equation 15, the Butler-Volmer
equation, describes the expected current density (i=I/A) for a given value of
overpotential. In Equation 15, α is known as the charge transfer coefficient which
describes the symmetry of the electrochemical overpotential for forward and backward
reactions, and io is the exchange current density (io=koF(αA αB )), where ko is the chemical
equilibrium constant) which describes the current flow at zero overpotential. The
exchange current density is analogous to the thermodynamic equilibrium constant, as the

12

aforementioned current flow is assumed to be equal in both forward and reverse
reactions, creating a net flux of zero.

𝛼𝐹𝜂

𝑖 = 𝑖𝑜 exp ( 𝑅𝑇 ) − exp(

(1−𝛼)(𝐹𝜂)
𝑅𝑇

)

Eqn. 15

The expression shown in Equation 15 is one commonly used limiting case for
electrochemical kinetics which assumes that the electrolyte solution has a homogeneous
concentration of active species, or that the current flow is so low that no significant
concentration gradients are formed. This expression is obviously in contrast to Equation
14 in which overpotential is due to concentration gradients. The Tafel expression can be
derived from Equation 15 which describes the activation polarization far from
equilibrium, shown in Equation 16 where a and b are constants related to the charge
transfer coefficient.

𝐼

𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 = 𝑎 + (𝑏 ∗ 𝑙𝑜𝑔 (𝐼 ))
𝑜

Eqn. 16

Beyond choosing materials with high electrical and ionic conductivities, cell design can
strongly influence overpotential. This is discussed in more detail in the next section.

2.2

Lithium-ion Battery Cell Design
The conventional cell design for a lithium-ion battery is shown in Figure 2.1. For

each electrode, an active material is mixed into a solvent (usually N-methyl-213

pyrrolidone, “NMP”) with a binder material soluble in NMP (usually Polyvinylidene
fluoride, “PVDF”) and tape cast onto a metal foil current collector. For reasons of
electrochemical corrosion, aluminum is used at the oxidizing potentials of the positive
electrode and copper is used in the negative electrode. Aluminum is mutually
inapplicable at the negative electrode, because it would undergo an alloying reaction with
Li+ at the very reducing potentials of the negative electrode. In Figure 2.1, the negative
electrode active material is depicted as porous carbon, shown as black hexagons, which is
also present as a conducting additive in the positive electrode to compensate for the
relatively low electronic conductivity of the transition metal oxide active materials. The
positive electrode active material is shown as blue circles, and the PVDF binder is
assumed to be homogenously dispersed through each electrode. The separator must meet
the criterion of high electrolyte permeability to maintain ionic contact between the
electrodes and very low electrical conductivity. Separators are usually a porous sheet of
polymer or glass fibers.
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Figure 2.1 Conventional lithium-ion battery construction by tape casting.

Because of the large difference in specific capacity between carbon and the
lithium transition metal oxide positive electrode materials, Figure 2.1 depicts a thicker
positive electrode. In practical cells the maximum thickness of either electrode is roughly
150-200 microns. Increasing the tape cast thickness requires more polymer binder to
maintain mechanical integrity, which decreases the cell energy density. Furthermore,
increasing a composite film thickness leads to an increase in joule heating due to contact
resistance between discrete particles
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. Finally, the rate of electrolyte penetration into a

composite electrode, which is related to the electrode thickness, limits processing speeds
in thick electrodes
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. Research activity focused on improving cell design utilizes

interconnected networks of electrode and current collector as well as completely
interdigitated electrodes to maximize electrical and ionic conductivity 13-15.
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The polarization sources described in the previous section are influenced by cell
design in the following ways. Increasing the content of conductive additive in the positive
electrode and reducing the electrode or separator thickness will reduce ohmic
polarization. Creating a porous electrode which maximizes electrolyte penetration and
increasing electrode surface area by using very small active materials decreases
concentration polarization. Increasing surface area will also reduce the current density for
a fixed current value, and thus lower the activation polarization. A tradeoff between cells
with very high energy density (i.e. minimal amounts of inactive materials) or very high
rate capability (i.e. lots of conductive additive and thin electrodes to support large current
densities) determines the desired cell design for a given application.
With the exception of thin film or otherwise monolithic oxide positive electrodes,
a conductive agent must always be added to a working cell. The reason for this is quite
clear when observing the low electrical conductivities for lithiated transition-metal
oxides, which are in fact wide-bandgap semiconductors, used in lithium-ion batteries
shown in Table 2.1. Carbon is an excellent choice for this additive because of its
acceptably high electrical conductivity (compared to oxide positive electrodes), good
electrochemical stability, very low weight and myriad of microstructures available16, 17. In
some cases, carbon has been used to completely replace the conventional aluminum foil
current collector allowing for electrodes not limited by tape casting18-20. Carbon fibers,
with dimensions ranging from nanometers to microns, are a particularly active area for
improved LIB cell design21-24.
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Table 2.1 Conductivities of lithium-ion battery electrode materials.
Material

Li+ Diffusivity (cm2/s)

Electrical Conductivity (S/cm)

Band Gap (eV)

LiCoO2

10-10 – 10-8

10-4

0.5-2.7

LiMn2O4

10-11 – 10-9

10-6

0.28-2.2

LiFePO4

10-14 – 10-15

10-9

0.3-1

Graphite

10-7 – 10-12

103 – 104

-

2.3

Positive Electrode Materials
Three structures stand out amongst the research into lithium-ion battery positive

electrodes. Two are lithiated transition metal oxides, with the first being the layered
structure LiMO2 where M is mixtures of Co, Mn, Ni or Al. The second oxide is LiMn2O4
where Mn is sometimes partially replaced with Ni. The third is a lithiated transition metal
phosphate LiFePO4. All of them conduct Li+ ions through a network of interconnecting
pathways or “tunnels” formed by the interstitial voids of the unit cell. When Li+ enters a
structure, one of the transition metal atoms in the host structure of which there can be
more than one species, will be reduced in a stoichiometric ratio to maintain charge
neutrality. All of the structures exhibit a slight anisotropic volume change during
lithiation and de-lithiation but the total volume change is typically less than about 5% 25.
Each electrode material has various pros and cons. The layered transition metal oxides
(LiMO2) type have the highest specific capacity, exceeding 200 mAh/g with mixtures of
transition metal cations, but as shown in Table 2.1 typically high costs

26

. When

considering operating voltage, LiMO2 compounds and LiMn2O4 have open-circuit
potentials at the beginning of discharge exceeding 4 V vs. Li/Li+. LiFePO4 has a
discharge potential below 3.5 V vs. Li/Li+ but has a higher specific capacity than
17

LiMn2O4. These are commonly used metrics to compare various lithium-ion battery
electrode chemistries but ignore the influence of chemical stability, rate capabilities and
safety. This section will focus on the properties of LiMn2O4, and compare these to the
other common electrode chemistries when appropriate.
2.3.1 Structure of LiMn2O4
LiMn2O4 has a spinel structure with an FCC lattice formed by O atoms, half of the
octahedral sites filled by Mn cations, and one eighth of the tetrahedral sites filled by Li+.
Figure 2.2 shows this structure, where Li is represented as orange, O as teal, and Mn as
red within the green octahedrons 27.

Figure 2.2 Crystallographic structure of Spinel LiMn2O4 with orange tetrahedrally coordinated Li
atoms, red octahedral coordinate Mn atoms, and teal oxygen atoms at the corners of the green
octahedrons.

Manganese exists in both the +3 and +4 states in the above mentioned
stoichiometry and lithium can either be inserted up maximum of Li2Mn2O4 (all Mn3+) or
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removed to form Mn2O4 (all Mn4+), which is sometimes referred to as λ-MnO2 28, 29. In the
case of the extra-lithiated LiMn2O4, a significant impact on capacity retention from the
Jahn-Teller effect is observed. This is related to the concentration of Mn3+ in the host
structure, as the octahedrally coordinated d4 electrons of Mn3+ induce a distortion of the
Mn coordination polyhedron
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. As the Li fraction of the host structure exceeds 1 atom

per formula unit the crystal structure is distorted from the cubic spinel to tetragonal.
Repeated cycling in this region is a known source of severe capacity degradation in the
extra-lithiated spinel and for this reason only Li contents ≤ 1 (Li(0-1)Mn2O4) will be
discussed further.
2.3.2 Theoretical Capacity and Potential
When considering a maximum of 1 Li atom per mole of host spinel Mn oxide the
theoretical capacity is 148 mAh/g using Equation 2. In the layered type (LiMO2) metal
oxides, the maximum accessible Li content is limited due to significant structural rearrangement. When charging beyond some fraction of Li (about 50% for LiCoO2),
removal of Li+ ions filling the inner-layer space between [MO6] octahedra causes this rearrangement. The consequence is that while LiCoO2 has a theoretical capacity of 273
mAh/g, it can only demonstrate about 160 mAh/g associated with 58% of the total
lithium extraction. However, the accessible lithium content is enhanced by doping with
multiple cations. The three-dimensional tunnels or “gallery space” which accommodate
Li+ in the spinel structure are relatively invariant with lithium extraction and thus
LiMn2O4 can be completely stripped of Li+. The operating voltage for LiMn2O4 is usually
in the range of 4.5 to 3.5 V vs. Li/Li+ with two distinct plateaus occurring at about 4.1
and 3.9 V vs. Li/Li+. Similarly to the layered oxides, Mn can be replaced with other
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transition metal cations to shift operating voltage. For example, Ni and Fe substituted
LiMn2O4 (LiMn1.5Ni.42Fe.008O4) has an operating voltage of over 4.8 V vs. Li/Li+ 31. It is
also possible to formed a mixed spinel in which some amount of the normally
tetrahedrally coordinated Li atoms occupy octahedral sites displacing Mn (Li1+xMn2-xO4)
which can yield a greater initial discharge capacity 8. Table 1.1 compares includes typical
voltages and obtainable specific capacities for several positive electrode materials.
2.3.3 Rate Capabilities
From a fundamental standpoint, the rate capability, which is the maximum current
density that a battery can demonstrate with the desired voltage and capacity outputs, is
governed by the ability of the electrode active material to conduct electrons and lithium
ions. In a full cell the various contributions to overpotential described earlier must also be
considered. Electrical conductivity and lithium ion diffusivity for the three positive
electrode materials discussed are listed in Table 2.1. Values presented in Table 2.1 are
from a review article written by M. Park et. Al. on the subject
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. Graphite is the only

negative electrode included in Table 2.1 for comparison. It is interesting to note that all of
the positive electrode materials discussed are considered semiconductors by the presence
of a band gap, but conduct via hopping conduction between neighboring atoms.
From the same article, ionic conductivities for several salt/solvent electrolyte
pairs range from 3-10 S/cm. A typically used electrolyte, 1 M LiPF6 in a 50/50 mixture of
Ethylene Carbonate and Dimethyl Carbonate (EC/DMC), has a reported ionic
conductivity of 10.7 S/cm – five orders of magnitude higher than the electrical
conductivity of LiCoO2. Furthermore, the Li+ diffusivity in all of the listed electrode
materials is smaller still. For this reason, the rate capability of a lithium-ion battery is
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limited by the insertion of Li+ ions into the host electrodes, except for at very high current
densities when ohmic losses become significant.
The assumption could be made based on the data presented Table 2.1 that only the
layered type electrode materials are suitable for high rate applications. However, many
reports have shown that nanostructured electrode materials can exhibit extremely high
rate capabilities – each chemistry discussed has been shown to be capable of charge and
discharges of rates greater than 10 C 26, 33-37. The “c-rate” is defined as 1C corresponding
to a complete discharge or charge in one hour. Thus a rate of 10C means complete charge
or discharge takes place in 6 minutes. This is typically reported as an impact of greatly
reduced diffusion distances, but it should be noted that these values are almost always
reported for cells which contain high amounts of carbon additive to increase electrical
conductivity (and minimize ohmic polarization) and have laboratory scale dimensions. At
extremely high rates of charge and discharge, joule heating in external cell hardware (e.g.
metal wiring connecting cells within a battery pack) can become significant.
2.3.4 Capacity Retention
It is insufficient to compare batteries based on their short term cycling ability
alone. Battery electrodes should be capable of cycling many times while maintaining all
of their original capacity – to be more precise, they should exhibit complete
electrochemical reversibility. In reality, all battery materials exhibit slight capacity fade
during cycling. One fundamental contribution to this capacity fade that influences all
battery insertion type electrodes is known as “electrochemical shock” which is analogous
to thermal shock 25. Electrochemical shock occurs when the active materials expand and
contract anisotropically during insertion and extraction of Li+ ions. The effect is rate
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independent and leads to micro-cracking, which introduces discontinuities in ionic and
electronic conduction pathways and opens up previously unexposed regions to form SEI
layers. This cracking phenomenon is particularly problematic for negative electrode
materials like graphite which can experience exfoliation of graphene layers or alloy type
electrodes which show expansion of several times their original volume.
In positive electrode materials SEI formation is due to electrochemical
decomposition of the electrolyte during cycling and contributes to increased overall cell
impedance38. The potential range within which formation of an SEI due to decomposition
of the electrolyte is not thermodynamically possible is constrained by the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
of

the

electrolyte
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.

For

carbonate

based

electrolytes,

like

the

ethylene

carbonate/dimethyl carbonate mixture described in the previous section, this range is
about 1 V to < 5 V vs. Li/Li+. If an electrode potential travels outside this region
decomposition of the electrolyte is possible but often becomes kinetically retarded when
a passivating SEI is formed. In the case of LiMn2O4, it is clear from the reported increase
in electrode impedance and loss in total capacity that some irreversible reactions are
occurring. However the nature of these reactions and their effect on the surface chemistry
of an LiMn2O4 electrode are difficult to attribute to one mechanism.
Most discussions of the LiMn2O4 capacity fade focus on two mechanisms:
dissolution of Mn and the Jahn-Teller distortion. Both of these mechanisms are related to
the cathode state of charge (and thus, the Mn oxidation state) and are most prominent
when the Mn3+ content in the cathode is relatively high. While the Jahn-Teller distortion
is possible for LiMn2O4 in the discharged state, it has been reported to have a relatively
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minor contribution to capacity fade for cathodes cycled above 3 V vs. Li/Li+40. Mn
dissolution is often associated with the reaction proposed by J.C. Hunter in the early
1980’s, in which LiMn2O4 spinel was exposed to acidic, water-based solutions to produce
the isostructural λ-MnO2 phase41. Since then, the “Hunter Reaction” has become
synonymous with Mn dissolution.
Early work studying Mn dissolution in lithium-ion batteries suggested that at
potentials near the charge cutoff (~4.5 V vs. Li/Li+) the electrolyte could be oxidized on
the surface of carbon additives in composite electrodes 42. This observation could be due
both to the electrolyte stability window discussed above, as well an inhomogeneous
current density at the surface of the electrode leading to regions of slightly higher
electrochemical potential. These oxidized species from the electrolyte can contribute to
the dissolution of the LiMn2O4 by functioning as Lewis acids, in contrast to the protons in
the classical Hunter reaction mechanism. Later works showed that this dissolution was
also influenced by the electrolyte solvent and salt types and that the dissolution does not
become exothermic except for in acidic pH solutions, which were caused by formation of
acids during chemical decomposition of the electrolyte salts themselves 38, 43. In particular
fluorine containing electrolyte salts, most importantly LiPF6 which is the commercially
used salt, is said to react with trace water impurities to form HF which accelerates this
process. In fact, because of the prevalence of LiPF6 as a standard salt in studies involving
positive electrode materials formation of HF is usually assigned as the sole culprit for
capacity loss. However, it is important to recognize that while electrolyte salt choice does
influence the specifics of electrode degradation, for instance which compounds are
formed in the SEI, these reactions also depend on solvent, temperature, and state of
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charge44-48. Because of the influence of decomposed solvent species and other factors
Mn dissolution is also observed for non-LiPF6 electrolyte salts, although the effect is not
as severe42, 49. Capacity loss with cycling is a major impediment to the use of LiMn2O4
positive electrodes which otherwise are considered promising because of the high
operating voltage and relative low cost compared to Co based electrodes. As Amatucci
and Tarascon summarized, the combined electrolyte decomposition and Mn dissolution
further exacerbate capacity fade in LiMn2O4 vs. graphite full cells by destroying the solid
electrolyte interphase layer formed on the anode 8.
Several avenues have been pursued to enhance the capacity retention of LiMn2O4
positive electrodes. One approach investigated early in the development of LiMn2O4
electrodes is cation doping of the spinel host structure. Replacing some of the Mn cations
with mono or bi-valent (e.g. Li+ or Al2+) dopant species raises the average Mn oxidation
state above the stoichiometric Mn3.5+, reducing the amount Mn3+ available to
disproportionate. Alternatively or in conjunction with cationic doping, anionic doping of
atoms in the FCC oxygen lattice with F can also reduce Mn dissolution. This is achieved
by limiting Mn ion mobility due to an increased electronegativity in the Mn-anion bond8,
50

. While effective, the doping approach decreases electrochemical performance and

requires precise control of dopant placement within the unit cell, presumably negating the
cost advantage of the relatively lower capacity LiMn2O4 compared to derivatives of
LiCoO2 (e.g. Li(NixCoyAlz)O2) used today.
More recently introducing surface coatings has been shown to enhance the
cycling ability of LiMn2O4 electrodes. Several oxides have demonstrated this effect,
including amphoteric oxides of Zn, Zr, Al and Ti synthesized with a variety of
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techniques40,

51, 52

. It is typically reported that these oxide coatings, which are usually

discrete nanoparticles nucleated on the surface of a previously formed oxide (i.e. not
produced simultaneously with the active components), are “scavenging” the residual
acids like HF formed chemically in the electrolyte. Contributions to mechanical stability
such as enhanced resistance to the aforementioned micro cracking and physical
separation between active material and electrolyte which has also been demonstrated with
Li+ conducting glass are also cited as contributing to enhanced capacity retention53. For
these reasons, it is also often reported that any remaining capacity loss from introducing
these protective oxides is due to inhomogeneous surface coverage. However, at least one
demonstration of amphoteric oxides contrary to this assumption was produced by S.B.
Park et. Al. who reported that simply introducing ZrO2 into the tape cast slurry could
enhance capacity retention to a greater extent than their demonstration of a ZrO2
coating54.
While coatings of amphoteric oxides have been utilized in several studies to
greatly enhance capacity retention of LiMn2O4 electrodes, very little has been reported on
the exact mechanism of this enhancement. The generally accepted explanation is that by
removing HF from the electrolyte LiMn2O4 will not undergo the aforementioned
disproportionation reaction leading to Mn dissolution

41

. The detailed role of the

amphoteric oxide is still unknown, although neutralizing electrolyte pH and smaller Mn
concentrations for electrolytes containing amphoteric oxides have both been observed
experimentally54, 55.
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2.3.5 Safety of Lithium-ion Batteries
When comparing cathode materials, the most commonly discussed parameters are
those mentioned in the previous sections which pertain directly to battery performance.
Considering the fact lithium-ion batteries already exist in the marketplace, additional
criteria beyond performance metrics are needed. These criteria are the relative production
costs and safety issues which are occasionally, but not often, considered in academic
literature12, 56.
Safety can be subdivided into two categories 39. First, the likelihood of the battery
to exhibit catastrophic failure, particularly under abusive conditions such as high current
densities, elevated temperature or mechanical degradation. Second, environmental safety
or toxicity can be considered. This is especially important when developing large format
batteries for grid level energy storage or electric vehicles which represent potentially
large concentrations of hazardous materials. In the case of catastrophic failure, battery
manufactures refer to a risk of “venting with flame” and “rapid disassembly”. In most
cases these events are brought on by cell abuse – for example overcharge by not using an
appropriate charge management system, cycling or storing at high temperatures, and
mechanical failure can cause the kinetically limited, exothermic reactions associated with
SEI formation to progress spontaneously

57

. When reactions at either electrode generate

sufficient heat to overcome the activation energy barrier for these destructive reactions,
they are collectively termed “thermal runaway”

58

. Several reactions contribute to these

events such as decomposition of a the passivating SEI on the negative electrode, melting
of a polymer separator causing an internal short circuit, vaporization of the electrolyte, or
thermal decomposition of the oxide positive electrode. Some reactions such as the
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evolution of oxygen from a de-lithiated layered type positive electrode are dependent on
the state of charge of the electrode. While selection of positive electrode obviously does
not reduce the risk associated with other cell components it can limit the degree to which
thermal runaway presents a serious safety risk. For example, the aforementioned oxygen
evolution from de-lithiated electrodes does not occur in LiMn2O4 which reduces the
likelihood of electrolyte combustion during failure

59

. In a review article reporting the

stability of oxide positive electrodes in a 1 M LiPF6 ethylene carbonate/diethyl carbonate
electrolyte, it was reported that an exothermic reaction between partially lithiated LiCoO 2
began at 130 °C with thermal runaway occurring above 155 °C, whereas LiMn2O4 did not
experience thermal runaway until 180 °C

57

. LiFePO4, which is considered the most

intrinsically safe positive electrode material, did not experience thermal runaway up to
200 °C. These concepts are illustrated in Figure 2.3, which highlight that the majority of
heat generated during a thermal runaway event is attributed to the positive electrode
(2.3A), as well as the significantly lower heat rate for cathode materials like LiMn2O4 and
LiFePO4 during decomposition (2.3B) 60.

Figure 2.3 Heat generation rate for LIB full-cell, which initiates due to decomposition of the SEI but
is dominated by the eventual decomposition of the positive electrode (A), and normalized heat rate
for LIB cathode materials which shows that the spinel structure LiMn2O4 and olivine LiFePO4 have
the smallest normalized heat rates during thermal decomposition (B) (From Ref. 60).
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When considering safety of positive electrode materials from a health or toxicity
standpoint, consulting the MSDS for compounds of LiCoO2, LiMn2O4 and LiFePO4
shows that while all compounds receive a “0” for both flammability and reactivity
according to the Hazardous Materials Identification System (HMIS) only LiCoO2 does
not receive a 0 for health, which indicates no known toxicity. LiCoO2 is ranked as a “2”,
denoting a risk of temporary or minor lasting injury resulting from contact.
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3
3.1

TECHNICAL APPROACH

Sample Preparation

3.1.1 Hydrothermal Precipitation
Hydothermal precipitation was used to deposit oxides onto the surface of carbon
fibers in the current work. Also commonly referred to as hydrothermal synthesis or the
hydrothermal method, hydrothermal precipitation involves the formation of solid
particulates from an aqueous solution under conditions of elevated temperature.
Hydrothermal experiments are frequently conducted above the 1 atmosphere boiling
point of water and for this reason are contained inside of pressure vessels to prevent
solvent evaporation. In these cases a void space is included in the pressure vessel which
becomes saturated with water vapor during the experiment. The resulting steam pressure
can significantly raise the pressure of the reaction vessel. Typical laboratory experiments
utilize temperatures of <200 °C with corresponding autogenous pressures of a few MPa61.
Because of the relatively low synthesis temperatures, as well as the kinetic factors that
govern the solution nucleation and growth processes, powders formed by hydrothermal
precipitation are frequently on the sub-micron scale. The hydrothermal method has been
used to fabricate an impressive variety of compounds, crystal structures, and
morphologies including metals, oxides and semiconductors62-64. A multitude of academic
works have also demonstrated to applicability of hydrothermal processes in producing
nanostructured electrode materials for lithium-ion batteries, including LiMn2O4

65-67

,

LiFePO4 68, 69, and many other transition metal compounds 70-73.
In a typical experiment water-soluble compounds (frequently including transitionmetal salts) are dissolved into water at a known molarity, sealed inside a pressure vessel,
and then heated up to a temperature at which a chemical reaction will occur between the
reactants resulting in an insoluble product species. Many variations on this exist, for
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example the reaction may begin with an insoluble template precursor (i.e. an already
formed metal-oxide), or the precipitation reaction could occur immediately under
ambient conditions, whereupon the hydrothermal step is used to modify the crystallinity
or morphology of the rapidly formed precipitate. A schematic of a Teflon lined, stainless
steel autoclave used for hydrothermal experiments is shown in Figure 3.1

74

. Teflon (or

glass) liners prevent reaction of the hydrothermal solution with the pressure vessel, and
reduce thermal gradients within the solution.

Figure 3.1 Schematic diagram of a Teflon lined stainless steel autoclave used for hydrothermal
precipitation (From Ref. 74).

In the simplest sense, all hydrothermal experiments involve some precipitation event
due to a thermodynamic driving force, which is usually that the concentration of the
product species has exceeded the equilibrium concentration in the solvent. This driving
force is expressed for a homogenous nucleation as the change in Gibbs free energy per
unit volume (ΔGv)

∆𝐺𝑣 = −

𝑘𝑇
𝛺

𝐶

ln(𝐶 )
0
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Eqn. 17

where k is the Boltzmann constant, T is the solution temperature, Ω is the atomic volume,
C is the solute concentration and C0 is the equilibrium solute concentration75, 76. For a
spherical particle with radius r, the change in chemical potential associated with the
change in free volume energy ∆𝜇𝑣 is given by the expression

4

∆𝜇𝑣 = 3 𝜋𝑟 3 ∆𝐺𝑣

Eqn. 18

where ∆𝐺𝑣 is as defined in equation 17.
While introducing a volume energy by nucleating a particle in a supersaturated (C
> Co) solution will reduce the overall Gibbs free energy, and is thus favorable
thermodynamically, particle nucleation introduces new surfaces with associated change
in chemical potential associated with surface energy, ∆𝜇𝑠 , defined for a spherical particle
as

∆𝜇𝑠 = 4𝜋𝑟 2 𝛾

Eqn. 19

where γ is the surface energy per unit area. Particles nucleate when the sum of two
competing chemical potential changes, which are reducing total free energy by
introducing a solid volume into a super saturated solution vs. raising the total free energy
by creating new surface area, become negative (spontaneous). The total change in
chemical potential is expressed below as

4

∆𝐺 = ∆𝜇𝑣 + ∆𝜇𝑠 = 3 𝜋𝑟 3 ∆𝐺𝑣 + 4𝜋𝑟 2 𝛾
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Eqn. 20

where the change in chemical potential associated with the volume (∆𝜇𝑣 ) and surface
(∆𝜇𝑠 ) for a spherical particle are defined in equations 18 and 19.
For equations 19 and 20 the surface energy per unit area (γ) is assumed to be
homogenous, and can be generally defined at constant number of moles, temperature and
pressure as

𝜕𝐺

1

𝛾 = (𝜕𝐴)𝑛𝑖 ,𝑇,𝑃 = 2 𝑁𝑏 𝜀𝜌𝑎

Eqn. 21

where A is the surface area, ni is the number of moles, T is temperature, P is pressure, Nb
is the number of broken bonds on a particle surface, ε is the bond strength, and 𝜌𝑎 is the
surface atomic density. In reality, bond strength (ε) and surface atomic density (𝜌𝑎 ) vary
as a function of crystal structure or crystallographic plane (different packing densities)
and chemical composition (different bond character). This discrepancy provides a
thermodynamic driving force for faceted crystal formation. Meanwhile, amorphous
nuclei which should have relatively isotropic bond strength and packing density would
favor spherical particle formation.
For hydrothermal reactions which utilize a substrate as a nucleation site, the
driving force for nucleation is still the supersaturation of the solute species however the
surface energy component (which resists nucleation) is split into three factors. The
nuclei-liquid interfacial surface energy (solid nuclei and liquid hydrothermal solution),
which is the only factor for the homogeneous nucleation case, is expressed as 𝛾𝑁𝐿 , the
nuclei-substrate interface (solid nuclei and solid substrate), which is expressed as 𝛾𝑁𝑆 and
the liquid-substrate interface (liquid hydrothermal solution and solid substrate), which is
expressed as 𝛾𝐿𝑆 .Thus the driving force for a heterogenous nucleation (∆𝐺ℎ𝑒𝑡 ) can be
expressed as
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∆𝐺ℎ𝑒𝑡 = 𝑉𝑠 ∆𝐺𝑣 + 𝐴𝑁𝐿 𝛾𝑁𝐿 + 𝐴𝑁𝑆 𝛾𝑁𝑆 − 𝐴𝑁𝑆 𝛾𝐿𝑆

Eqn. 22

where Vs is the volume of the solid nuclei (no longer spherical as in equation 20), ANL
and ANS are the areas of the nuclei-liquid and nuclei-substrate respectively. It is apparent
from equation 22 that the surface energy changes are negative (favored by
thermodynamics) for the liquid-substrate interfaces (γLS), as they are related to the area of
the nuclei-substrate interface (ANS) which becomes covered during the nucleation
process. This factor tends to make heterogeneous nucleation favored over homogeneous
nucleation, however both processes can occur simultaneously. Instead of a spherical
particle, a hemispherical “cap” can be defined with a wetting angle θ and used to define
an expression very similar in appearance to equation 20

4

∆𝐺ℎ𝑒𝑡 = (3 𝜋𝑟 3 ∆𝐺𝑣 + 4𝜋𝑟 2 𝛾𝑁𝐿 ) 𝑆(𝜃)

Eqn. 23

where S(θ) is a geometrical relation as follows

𝑆(𝜃) = (2 + 𝑐𝑜𝑠𝜃)(1 − 𝑐𝑜𝑠𝜃)2 /4 Eqn. 24

which describes the shape of the semispherical nuclei cap as a function of the wetting
angle.
In both homogenous and heterogeneous nucleation cases, the rate at which nuclei
form is described by an Arrhenius type equation below

−∆𝐺

𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝑁𝑒 ( 𝑘𝑇 ) Eqn. 25
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where the pre-exponential factor N, which describes the quantity and distribution of
nucleation sites, is also dependent on the nucleation type. A rapid nucleation rate for a
given solute concentration generally means the final particle size will be smaller,
however after nucleation particles can grow through a number of mechanisms. For high
temperature synthesis, crystallographic domains are expected to grow through the
migration of grain boundaries by sintering, resulting in larger crystallite sizes. In a
hydrothermal experiment temperatures are significantly below the rule of thumb
estimation of a sintering onset temperature (~ 70% Tmelting), thus particulate growth
through sintering is unlikely. Still, nanosized nuclei have large surface areas and thus
some driving force to reduce the total system energy, and as a result grain growth does
occur. The two mechanisms available to low temperature synthesis of particulates to
reduce overall surface energy are Ostwald ripening and agglomeration. Ostwald ripening
occurs due to a chemical potential gradient produced by nuclei with dissimilar radii (and
therefore, different surface curvatures), shown below

1

1

∆𝜇 = 2𝛾𝛺(𝑅 − 𝑅 )
1

2

Eqn. 26

where surface energy and atomic volume are again represented by γ and Ω respectively,
while R1 and R2 are the radii of two neighboring nuclei. Equation 26 is related to, but
distinct from, the Young-Laplace equation (Equation 27) which describes the chemical
potential gradient between a curved surface with radius R and an infinitely flat surface

𝛺

∆𝜇 = 2𝛾 𝑅

Eqn. 27

which shows that for smaller nuclei radius the change in chemical potential increases,
thereby favoring the removal of atoms from the curved surface. As the curvature of a
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small particle is higher relative to a large particle, the change in chemical potential is
higher for the smaller particle and thus atoms will diffuse through the liquid solution to
the larger particles. Meanwhile, particles are assumed to maintain their shape and size
during agglomeration but will re-arrange themselves relative to each other to decrease
total surface energy.
3.1.2 Electrospinning
Electrospinning is a method which allows for the production of nanoscale
polymer filaments with controllable diameters, lengths, and interconnectivity from a
viscous solution. Such solutions are typically obtained by dissolving a polymer in an
appropriate solvent, and solvents utilized are frequently organic compounds like ethanol,
acetone and dimethyl formamide which can dissolve a wide variety of polymers. This
technique is used in the present work to prepare interconnected polymer-fiber mats which
are subsequently pyrolized to produce carbon fibers.
During the electrospinning experiment a computer controlled pump regulates the
flow of the viscous polymer solution from a syringe until a small droplet is formed from a
needle tip. A large DC electric field (i.e. kV) is applied between the needle tip with
polymer droplet and a grounded collector. The droplet is warped into a characteristic
“Taylor cone” due to repulsion between surface charges incurred by the electric field
until the surface tension of the viscous solution is overcome to produce a filament. The
filament is elongated and whipped in the direction of the collector, and this whipping
action both reduces the filament diameter as well as removes solvent from the thinning
filament

77

. Depending on the magnitude of the electric field (controlled by needle to

collector distance and applied DC bias), the viscosity of the polymer solution (a function
of solvent and polymer type, solution temperature, and the rheological properties of the
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solution), as well as the position and geometry of the collector a non-woven mat of
polymer fibers will be produced. A schematic of the electrospinning process is shown in
Figure 3.277. In the case that the polymer solution and experimental parameters cannot
maintain a continuous filament during the spinning process, the filament may break into
small droplets in transit to the collector and result in discrete particles. This process is
referred to as “electrospraying” and can also be utilized to create nano-scale materials.
One drawback of the electrospinning process is that on the laboratory scale building up a
suitably thick non-woven mat is very slow. Typical laboratory setups like the one
depicted in Figure 3.2 use a single spinneret, though demonstrations of “needleless”
systems can reportedly produce non-woven mats hundreds of micrometers thick at a rate
of 10s of meters per minute 78, 79.
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Figure 3.2 Schematic depiction of electrospinning experiment. Solution variables include solvent
type, solute type and temperature. Needle variables include diameter, arrangement of multiple
needles and needle-hole geometry. Collector variables include collector movement and geometry
(drum, plate or mesh) (From Ref. 77).

3.1.3 Sol-gel Films
Sol-gel process refers to the general process in which a solution of precursor’s
compounds (usually metal salts) in a suitable solvent is converted into a viscous gel by
controlled evaporation of said solvent. This approach ensures good homogeneity of
precursor compounds prior to a calcination step to form oxides, which can be difficult to
achieve by mechanical mixing of powders. In the current work, drop-coating of sol-gel
solutions was used to produce dense LiMn2O4 coatings on metal current collectors. These
dense films were used as model electrodes without any organic additives (e.g. carbon or
binders) to study interfacial effects in surface-modified electrodes. In a typical procedure,
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a solution containing a known concentration of metal-oxide precursors is placed onto a
substrate with a micropipette. The sol is then allowed to dry in a controlled manner,
usually involving increased temperatures, to form a gel. Depending on solution properties
(e.g. solvent vapor pressure, viscosity and solute concentration) a crack-free and uniform
gel can be produced. This gel can be calcined to produce dense oxide. While in this
dissertation a simple drop-coating approach is used, a common variation to produce
uniform films on larger substrate is spin-coating, which can be iterated to achieve
relatively thick films.
3.1.4 Atomic Layer Deposition
Atom layer deposition (ALD) allows for the coating of porous samples with a
conformal film, making it ideal for application in composite electrodes used in lithiumion batteries. In theory, ALD is a self-limiting process due to reactions of a precursor
molecule with functional groups on the sample surface. The deposition of Al2O3 onto Si
is depicted in Figure 3.380. In this case, hydroxyl groups on the surface of Si (or the
native SiO2 layer) react with incoming trimethyl alumina (TMA) molecules, releasing
methane in the process. The reaction chamber is then purged of excess TMA and pulsed
with a second precursor, in this case water, to re-functionalize the now methyl terminated
aluminum surface with hydroxyl groups. This process can be repeated indefinitely to
build up thicker layers of oxide layer-by-layer. Another advantage of ALD is the
relatively gentle conditions required for deposition. Reaction temperatures usually do not
exceed 200 °C and vacuum levels of approximately 10 -2 Torr. Thus, carbons and even
some polymers can be easily coated provided they have the correct functionalization.
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Figure 3.3 Schematic depiction of atomic layer deposition process for Al 2O3 on Si (From Ref. 80)

3.2

Physical and Chemical Characterization Techniques

3.2.1 Electron Microscopy
Two variations of electron microscopy are utilized in this dissertation, scanning
electron microscopy (SEM) and transmission electron microscopy (TEM), however SEM
was implemented to a much greater extent. Electron microscopes are ubiquitous tools for
materials characterization, in particular for nanoscale materials, as they are capable of
achieving lateral resolutions on the order of a few nanometers. All electron microscopes
utilize high-energy electrons to interrogate the sample. Electrons are extracted from the
tip of a charged (and sometimes heated) filament and accelerated towards the sample by
electromagnets. A series of apertures and electromagnetic “lenses” are used to shape the
electron spot to control flux and focus of the electron beam. For SEM systems, electrons
have typical energies of 5-25 keV, while TEM systems utilize much higher energies in
excess of 100 keV. As the name implies, the higher energy electrons utilized by TEM
enable electrons to transmit through sufficiently thin samples, while the lower energy
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electrons of an SEM interact only with the outer surface of the sample to some limited
depth. Thus, images are collected in TEM by analyzing the primary electron beam after it
interacts with the sample, which produces a contrast image where the electron beam is
blocked. Diffraction of the electron beam can also be utilized in TEM for crystalline
samples.

Imaging in SEM is achieved by collecting both backscattered primary

electrons, which interact with the sample surface nearly elastically and maintain a high
energy, and secondary electrons which are released from ionization events within the
sample. Primary electrons can be used to analyze regions of a sample with high
discrepancies in atomic density and appear as regions of differing contrast. Secondary
electrons are typically very low energy, and thus come from near the sample surface. The
ionization events which produce secondary electrons can also release a number of other
valuable signals, most notably characteristic x-rays, which are discussed in the next
section. The electron interaction volume, which has a tear-drop shape relating to the
energy of both incoming energies (electrons) and exiting signals, is depicted in Figure 3.4
81

.
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Figure 3.4 Schematic depiction of the electron interaction volume occurring during electron
microscopy analysis. Multiple processes occur in the sample, including both elastic and inelastic
processes (From Ref. 81).

One limitation of electron microscopes is that because the probe used for
characterization is charged, this charge can be imparted to insulating samples. Charge
buildup will warp the incoming electron beam and thus manipulate the apparent surface
morphology observed. For this reason, insulating samples are frequently coated with thin
conductive layers or gold or carbon to provide a conductive pathway away from the
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sample surface. At very high magnifications these conductive coatings can be observed,
thus inhibiting the observation of ultra-fine surface details.
3.2.2 Energy Dispersive X-ray Spectroscopy
As shown in the previous section, a variety of emissions are produced when a
material interacts with high energy electron. While transmitted, scattered or generated
electrons are useful for characterizing the morphology of a material, the x-rays produced
during electron microscopy are a powerful tool to characterize the elemental composition
of the sample by a technique known as Energy Dispersive X-ray Spectroscopy (EDS).
Characteristic x-rays are released from the sample when a high energy primary electron
removes an electron from an inner atomic orbital of an atom in the sample being
analyzed. The electron hole left behind is then filled by an electron from a higher-energy
outer shell, and an x-ray with a wavelength related to the energy difference between the
electron-hole shell and donor shell is emitted from the sample. Because the x-ray
emission process involves core electrons, the energy levels are fixed and thus the x-rays
are unique fingerprints for a given element. Electrons must have sufficiently high energy
to stimulate emission of an x-ray, and for the electron energies used during SEM
emissions from the Kα, Kβ, Lα and Lβ transitions depicted in Figure 3.5 are most
common82.
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Figure 3.5 Core-hole electron transitions leading to x-ray emissions observed by EDS. K and L
transitions involve core-hole generation in the two innermost electron shells (From Ref. 82).

One limitation of EDS is that because the interaction volume extends to some
significant depth into the sample, EDS does not have the same lateral resolution as SEM
or TEM can achieve for imagining. A rule of thumb is that x-rays can escape from
approximately 1 micron of depth from the electron beam, even if the beam spot-size is
only a few nanometers in diameter. Related to this escape depth are matrix effects,
meaning that x-rays of different energies will absorb differently within samples of
differing compositions or phases. As a result EDS is often considered a qualitative
technique, useful for identifying elemental composition but not reliably reporting
elemental stoichiometry. An additional limitation for lithium-ion battery electrodes is that
elements with atomic weights below Boron, which includes Lithium, cannot be detected
using the commonly available laboratory EDS systems which use a Be window and Si-Li
detector.
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3.2.3 X-ray Photoelectron Spectroscopy
Like EDS, X-ray Photoelectron Spectroscopy (XPS) can be used to identify the
elemental content of a sample. However, unlike EDS the XPS signal can be used to
determine bonding information and oxidation state from the elemental signals. X-rays
are used as the probe signal during XPS, which ionize core-level electrons such that they
are ejected into the vacuum beyond the sample surface. These electrons are called
“photoelectrons” because they are produced by interactions of the sample with highenergy photons, and have kinetic energies described as follows

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 = ℎ𝜈 − (𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 + 𝜑𝑠𝑎𝑚𝑝𝑙𝑒 )

Eqn. 28

where Ekinetic is the kinetic energy of the photoelectron at the vacuum level, h is Plank’s
constant, ν is the photon frequency (ν=speed of light divided by the photon wavelength)
Ebinding is the binding energy of the photoelectron, and φsample is the work function of the
sample being analyzed which varies from sample to sample. The kinetic energy of the
photoelectrons is measured by a spectrometer, while the binding energy is a quantized
value independent of the work function or photon energy. While the spectrometer has a
different work function than the sample, which would complicate the calculation of
binding energies, the Fermi level of the spectrometer and sample surface are identical.
Thus, the following relation applies

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐_𝑠𝑝 + 𝜑𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟 = 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐_𝑠 + 𝜑𝑠𝑎𝑚𝑝𝑙𝑒 Eqn. 29

where Ekinetic_s is the kinetic energy of the photoelectron relative to the sample, Ekinetic_sp is
the kinetic energy of the photoelectron relative to the spectrometer, and 𝜑𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟 is
the work function of the spectrometer. Thus equations 28 and 29 can be combined as
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𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = ℎ𝜈 − 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐𝑠𝑝 − 𝜑𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟 Eqn. 30

and because ν and 𝜑𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟 are constant for a given spectrometer, the binding
energy of photoelectrons in any sample can be determined (by measuring 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐𝑠𝑝 )
without measuring the work function of each sample. Accurate determination of the
photoelectron binding energy is particularly useful because binding energies are
influenced by the bonding environment and oxidation state of the atom from which they
are derived. Higher oxidation states or stronger bonds (i.e. a metal cation bound to a more
electronegative anion) will lead to a greater amount of energy needed to remove the
photoelectron, and thus a higher observed binding energy. These so-called “chemical
shifts” are utilized to further characterize the sample.
Soft x-rays (<5 keV, and typically 1-2 keV for laboratory XPS x-ray sources) have
relatively shallow penetration depths due to the short mean-free path for photoelectrons
produced by soft x-rays. Typical sampling depths are estimated to be less than 10 nm for
laboratory XPS systems, giving this technique a high degree of surface specificity.
Sputtering the sample with Ar ions can be utilized to mill into the sample surface either to
remove unwanted surface contamination or develop a depth-profile of elemental content
or chemical states. Peak fitting can be used to quantify relative photoelectron yield
between both different elements, as well as for electrons from atoms with different
bonding environments or oxidation states, making XPS more quantitative than EDS. Still,
many elements have asymmetrical peaks or various ancillary signal sources such as
shake-up peaks that can complicate analysis. Instrumental factors can also influence the
observed peak shape. Whenever possible, reference samples should be used for
quantitative analysis.
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3.2.4 X-ray Diffraction
X-ray diffraction (XRD) is utilized extensively in this dissertation to characterize
crystalline materials. XRD measurements produce a pattern of diffraction peaks related to
the crystal structure and composition of the sample being analyzed. In order for
diffraction to occur, the spacing between crystallographic planes (d) must satisfy the
Bragg condition below

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 Eqn. 31

where n is an integer of the x-ray wavelength λ and θ is the diffraction angle. Diffraction
of x-rays is an inelastic process, but the intensity produced during diffraction is highly
dependent on the sample crystallinity and density. Loosely packed, highly amorphous or
polycrystalline samples will diffract relatively weakly and can be difficult to analyze.
While satisfying the Bragg condition is required for any set of planes to diffract,
not all planes which meet this condition will diffract. For crystal structures containing
only one type of atom, or for structures containing multiple atoms, complete or partial
destructive interference will occur during diffraction. This interaction between planes
results in peaks with reduced intensity or “absent” peaks which satisfy the Bragg
condition but are not observed in the diffraction pattern. Equation 32 describes this effect
known as the structure factor as a sum of influence for N atoms,

2𝜋𝑖(ℎ𝑢𝑖 +𝑘𝑣𝑖 +𝑙𝑤𝑖 )
𝐹ℎ𝑘𝑙 = ∑𝑁
𝑖=1 𝑓𝑖 𝑒

Eqn. 32

where ui, vi and wi are the lattice positions for each atom i in a given plane described by
the miller indices (hkl) and 𝑓𝑖 is the intrinsic scattering factor for that atom. Other
structural features influence the intensity of individual diffraction peaks as well. For
example, planes which have a high multiplicity (multiple planes with identical lattice
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constant and therefore Bragg angle) will have a large intensity relative to those with few
planes. In cubic system, low index planes such as (100) or (111) will have the highest
multiplicity and therefore highest intensity. Intensity can also be influenced by nonstructural factors, such as relative degree of crystallinity as mentioned earlier, as well as
x-ray absorption (dependent on elemental composition) and crystallite size. Very small
crystallites (<100 nm) will lead to a broadened peak shape which can be interpreted by
the Scherrer equation

0.9𝜆

𝜏 = 𝐵𝑐𝑜𝑠𝜃

𝐵

Eqn. 33

where 𝜏 is the crystallite size, λ is the x-ray wavelength, B is the full-width at half-max
of the peak being analyzed, and 𝜃𝐵 is the position of the peak being analyzed. For
crystallites on the order of >100 nm, the Scherer equation does not provide accurate
estimation of crystallite size.
3.2.5 Raman Spectroscopy
Raman spectroscopy utilizes photons, usually within the visible spectrum, to
characterize the molecular structure of a material through the inelastic Raman scattering
processes. During the Raman experiment, a small fraction of incident photons impart
some energy to the molecules in the sample and return to a photodetector with less
energy than the incident photons. The difference is energy is observed as a change in
wavelength between the incident and scattered photons and is expressed in
“wavenumbers” with units of Δcm-1. Raman scattering is associated with molecular
vibrational modes with the theoretical number of modes defined a non-linear molecule
with N atoms as

𝑇𝑜𝑡𝑎𝑙 𝑉𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑀𝑜𝑑𝑒𝑠 = 3𝑁 − 6
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Eqn. 34

which is derived from the available degrees of freedom in molecular motion, with the
exception of translation in three directions or rotation about three axis (total of 6
“missing” modes). Further restrictions apply for different crystal structures, meaning that
some of the vibrational modes predicted for a molecule by equation 34 are “forbidden”.
For centrosymmetric space groups, which includes the space group to which LiMn2O4
belongs (𝐹𝑑3̅𝑚) only molecular vibrations which are symmetrical after an inversion
operation are Raman active, while all other modes are active during infrared
spectroscopy.
The Raman signal is generated regardless of whether a material is crystalline or
amorphous, however this can influence the observed spectrum. Furthermore, Raman
spectroscopy can be conducted under ambient or even in situ conditions, giving it a
distinct advantage over laboratory scale XPS, EDS and XRD. The lateral resolution of
Raman spectroscopy can be enhanced by using an optical microscope objective, with a
laser spot size on the order of a few microns. A significant drawback however is the
variability between the Raman spectrum produced for chemically or structurally similar
samples, for this reason the lack of a comprehensive database of Raman spectra. This
limitation requires significant prior knowledge of the materials being analyzed. Thus,
Raman is a suitable complimentary technique to the techniques previous introduced.
Figure 3.6 shows a schematic representation of the electrochemical cell utilized for in situ
characterization of LiMn2O4 electrodes. In order to make electrical contact to the
electrode, metal foils are used as the substrate and the electrode active material is a
relatively thin film without binders or conductive additives. To produce an optical
pathway for Raman analysis, both the separator and counter electrode (lithium metal) are
prepared with an annulus shape. This means that the portion of the working electrode
being analyzed has a more tortuous ionic pathway compared to the working electrode
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region directly below the counter electrode. Careful cell assembly and electrochemical
testing is required to prevent this from being a significant issue.

Figure 3.6 Schematic of in situ Raman cell showing cell hardware (A) and internal cross-section (B).

3.2.6 TGA/DSC
Thermal analysis is conducted in this dissertation to determine both reaction
temperatures and to determine the weight content of carbon fibers in composite
electrodes produced by coating oxides onto carbon fiber by hydrothermal precipitation.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
conducted in this dissertation simultaneously by heating an alumina crucible filled with a
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sample of interest in a controlled fashion under pure, dry air. As the sample heats,
fluctuations in mass and heat flow relative to an empty reference crucible are monitored
to identify chemical reactions. For samples containing carbon fibers, oxidation of the
carbon fibers is associated with a large exothermic heat flow and mass loss. When heated
to a suitably high temperature all of the carbon in a sample will oxidize leaving behind
only incombustible components and alloying for precise identification of the mass of the
coatings added during hydrothermal precipitation. In some cases, the oxidation of carbon
fibers is influenced by the oxide coating, which can also be observed by TGA/DSC.

3.3

Electrochemical Testing

3.3.1 Electrochemical Cell Assembly
Electrochemical testing was conducted for all electrodes using “Swagelok” type cell
hardware, excluding those electrode tested with the in situ Raman cell shown in Figure
3.6. Swagelok cells are constructed from off the shelf hardware from the company
Swagelok originally intended as tube fittings. Stainless steel is used for all points of
electrical contact inside the cell, while the rest of the unit is made of chemical resistant
perfluoroalkoxy alkane (PFA). The working electrode (WE) is either an oxide coated
carbon fiber paper or drop-coated sol-gel electrode on stainless steel, with typical
diameters of 0.25 to 0.438 inches. The lithium metal counter electrode (CE), electrolyte
soaked separator, stainless steel spacer and stainless steel plungers are all 0.5”. The
Swagelok cells are assembled inside an Ar filled glovebox and tightened to compress the
stainless steel spring and seal the internal components from the atmosphere. Once sealed,
the cells can be cycled using a computer controlled potentiostat outside the glovebox.
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Figure 3.7 Swagelok cell hardware showing digital photograph of actual Swagelok fitting (A),
technical drawing showing cell interior (B) and schematic identifying features of assembled cell (C).

3.3.2 Cyclic Voltammetry
Cyclic Voltammetry (CV) involves sweeping the cell potential at fixed rate between a
starting and final potential, and then reversed. This technique was used to identify the
position of reduction and oxidation (Faradaic) reactions relative to a reference electrode,
which in all cases for this dissertation was lithium metal. Multiple cycles are typically
collected to monitor changes in the electrochemical behavior of the electrode. Redox
activity for Faradaic reactions is observed during a CV experiment as an increase in
current to a maximum in the vicinity of the equilibrium redox potential, as defined by the
Nernst equation (Chapter 2, Equation 11), followed by a decaying current to a constant
diffusion controlled value. For a faradaic reaction the peak current, ip, can be described
by the Randles-Sevchick equation at room temperature with Equation 35
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𝑖𝑝 = (2.69𝑥105 )𝑛3/2 𝐴𝐷

1⁄
1
2 𝐶𝑣 ⁄2

Eqn. 35

where n is the number of electrons transferred per molecule of reactant, A is the electrode
surface area in cm2, D is the diffusion coefficient of the reactant species in cm2/s, C is the
concentration of the same species at the electrode surface in mol/cm3, and v is the sweep
rate in V/s 83. For a completely reversible reaction, an identical current magnitude is
expected during the reverse sweep, while the potential observed will be separated from
the forward sweep reaction by a value of approximately 59/n mV.
As can be seen in equation 35, the peak current observed for a redox peak during
a CV experiment is related to the square root of the sweep rate. For a set of known
electrode conditions, unknown factors such as the diffusion coefficient (D) can be
determined by conducting CV sweeps at various rates. In some cases, capacitive current
may also be observed, especially for high surface-area electrodes in which the current
associated with forming an electrochemical double-layer is large. For an ideal capacitor,
the current is described as

𝑑𝑉

𝐼𝑐𝑎𝑝 = 𝐶 𝑑𝑇

Eqn. 36

where Icap is the purely capacitive current, C is the capacitance, and dV/dT is the change
in voltage with respect to time (i.e. the sweep rate). Thus, a relatively constant current
associated with a capacitor may be imbedded in the observed current response from a
Faradaic reaction during a CV experiment.
3.3.3 Galvanostatic Cycling
Most battery testing is conducted under galvanostatic, or constant current, conditions
between a voltage maximum and minimum. Upper and lower cutoff conditions are
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defined by the theoretical potential of the active material, but also the working range of
the electrolyte. In most cases the active materials potential will be well within the
working range of the electrolyte. Currents are typically presented as a normalized value,
either by the area of the electrode or the mass of the active material. In the latter case a
“C rate” is used, where 1C is defined as the current required to consume the entire
theoretical capacity of the active material in one hour. In an example for LiMn 2O4, with a
theoretical capacity of 148 mAh/g, a rate of 1C corresponds to 148 mA/g. C rate are
useful when comparing batteries with identical active materials but dissimilar amounts of
inactive components or cell construction. In this dissertation, galvanostatic testing is used
to determine the life time of electrodes during repeated charge and discharge cycling.
While the observed capacity may decrease with each subsequent cycle, the amount of
active material is assumed to be constant and thus the C rate defined for the starting
condition is maintained throughout the testing.
3.3.4 Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) utilizes a small AC voltage
perturbation on a cell under open circuit conditions. The frequency of the AC signal is
varied with time and the current response is recorded. The result of this testing is a
frequency dependent impedance response which can be used to describe the magnitudes
and time constants associated with various physical and electrochemical processes
occurring at the electrodes. In theory, individual processes can be modeled using socalled “equivalent” electrical circuit elements, namely resistors, capacitors and inductors.
The impedance for a resistor-like element (ZR) is frequency independent, and described
by Ohm’s law

𝑍𝑅 = 𝑅 =

𝐸

Eqn. 37

𝐼
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where E is the open circuit potential, I is the observed current, and R is the equivalent
resistance. The impedance of capacitors and inductors are both frequency dependent, and
described for capacitor-like elements as

1

𝑍𝐶 = 𝑗𝜔𝐶

Eqn. 38

where i is the imaginary number (𝑗 = √−1), ω is the frequency and C is the capacitance.
Likewise, for inductors the impedance is described as

𝑍𝐿 = 𝑗𝜔𝐿

Eqn. 39

where L is the equivalent circuit inductance. While resistors and capacitors are
commonly utilized to describe electrochemical processes, inductors are only rarely
introduced. Because electrochemical circuits do not behave as perfect analogues of
electrical circuit elements, special elements are also used. One of particular importance is
the constant phase element (CPE) which is used to replace capacitor elements in systems
with inhomogeneous surface features. The impedance of a CPE is described as

1

𝑍𝐶𝑃𝐸 = (𝑗𝜔)𝛼𝑌

0

Eqn. 40

where Y0 is a parameter equivalent to the capacitance (C) in equation 38 and α is a
parameter describing the deviation from the behavior of an ideal capacitor, which is
always between 0 and 1. When α=1 ZCPE is identical to ZC.
Equivalent circuit models consisting of combinations of electrical circuit elements
are used to describe electrochemical systems, and allow for quantification of individual
elements. The Randles circuit is one such combination, and is often used as a starting
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point when building equivalent circuits which describe more complicated electrochemical
processes. As shown in Figure 3.8, the Randles circuit consists of a resistor (Rs) in series
with a second resistor (RCT) and capacitor (Cdl) which are in parallel. In the theoretical
Randles circuit, RS, RCT and CDL are associated with solution resistance, charge transfer
resistance, and the double layer capacitance, respectively. More complicated circuits
often build on the Randles circuit with repetitions of the parallel R/C circuit associated
with different time constants.

Figure 3.8 Randlles circuit used to quantify equivalent circuit elements observed during
electrochemical impedance spectroscopy.

A new element included in Figure 3.8, known as the Warburg element (ZW), concludes
the equivalent circuit and describes ionic transport through a solid electrode. For
diffusion through a layer with a finite thickness, the Warburg impedance is defined as

−

1
2

𝑍𝑊 = 𝜎𝜔 (1 −

1

𝑗𝜔 2
𝑗)tanh(𝛿 ( 𝐷 ) )

Eqn. 41

where σ is the Warburg coefficient with units of ohm-seconds-1/2, δ is the thickness of the
diffusion layer, and D is the apparent diffusivity of the diffusing species.
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4

DEVELOPMENT OF LIMN2O4 COATED CARBON FIBER
ELECTRODES
In this chapter, the development of LiMn2O4 coated carbon-fiber electrodes by

hydrothermal precipitation is described. This approach removes the need for tape casting
and the associated binders, solvents and metal foil current collectors and greatly
simpliﬁes electrode assembly.

A schematic illustration of the composite electrodes

constructed in this way is shown in Figure 4.1. Ideally, the carbon fibers would produce
an uninterrupted electronic pathway to the surface coating of electrochemically active
oxide, while the interconnecting voids between the fibers allow for electrolyte penetration
into the electrode. Figure 4.1 suggests a possible cell design in which both the positive
and negative electrode could be constructed in this manner, however this chapter will
only focus on development of an LiMn2O4 based positive electrode.
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Figure 4.1 Schematic depiction of bare carbon fibers (A), hydrothermal process (B) and resultant
coating of oxide (C). Oxide coated carbon fibers are used as a composite electrode, shown with an
idealized microstructure and compared to a conventional tape cast electrode in (D) where carbon
fibers form a continuous electronic pathway.

Careful control of the substrate preparation and oxide growth conditions were
required to obtain a phase-pure and electrochemically reversible electrode. Several other
phases of manganese oxides were produced in the process of refining the hydrothermal
technique, and these are introduced along with possible opportunities for future research.
The experimental conditions and testing results for the LiMn2O4 phase serve as a
benchmark for the work presented in subsequent chapters.
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4.1

Background of the Hydrothermal Method
Today, state-of-the-art positive electrodes are mixed cation layered oxides

isostructural with LiCoO2 (e.g. LiNi1-y-zCoyAlzO2). These materials allow close to 1
lithium extraction per formula unit, greatly enhancing energy densities, and are produced
by solid-state synthesis84-86. Still, these compounds have some of the same drawbacks of
high cost, toxicity of precursors, and poor safety intrinsic to LiCoO2. While commercial
application of LiMn2O4 has been limited due to issues with rapid capacity fading,
research into nanostructured LiMn2O4 has shown that certain morphologies produce
exceptional rate capabilities, enhanced capacity retention (even with a ﬂuorine-containing
electrolyte), and the ability to cycle below the 3 V vs. Li/Li+ potential region in which a
Jahn-Teller distortion normally causes additional capacity loss

35,

87,

88

. These

considerations provide impetus towards re-evaluating LiMn2O4 as a commercial viability
and provide the incentive for focusing on LiMn2O4 in the present work.
One branch of research into nanostructured LiMn2O4 has introduced an interesting
dynamic to this re-evaluation. Namely, crystalline LiMn2O4 can be produced at very low
temperatures via hydrothermal synthesis compared to solid-state calcination routes
usually occurring above 500 °C. One approach uses pre-formed Mn-oxide (e.g. MnO2)
starting material as a template and reacts this with a solution of lithium salts in a
hydrothermal autoclave to produce LiMn2O4

89, 90

. These reactions have relatively high

hydrothermal temperatures (≥ 200 °C) and long dwell times, requiring up to several days
for a complete conversion. Another approach uses potassium permanganate (KMnO4) in
which manganese exists in the water soluble +7 oxidation state and can be readily
reduced to form insoluble Mn-oxides. An aqueous solution of KMnO4, LiOH•H2O , and a
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reducing agent can be used to obtain nano-crystalline LiMn2O4 at temperatures below
200 °C in a matter of hours

91

. An interesting variation of this approach incorporates

carbon into the hydrothermal solution. Composites formed in this way show enhanced
rate capabilities, especially when using carbon nanotubes 66, 67, 92.
Regardless of the fabrication methods, powders used as active materials in
lithium-ion batteries are typically formed into electrodes using a ubiquitous tape casting
process, which introduces certain limitations to electrode design. The cast tape consists of
slurry of active material and binder in a solvent. A common solvent used for this process
is N-methyl-2-pyrrolidone (NMP), which is toxic and expensive12. For positive electrodes
a conductive dilutant, usually carbon, is added to raise the electrical conductivity of the
composite electrode and greater amounts of carbon must be added to the slurry for highpower operation
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. Tradeoffs between electrode energy density and rate capability,

which are inﬂuenced by electrode thickness, weight percentage of inactive materials, and
porosity, are necessarily inversely related

93

. A flow chart depicting the assembly of

electrode by the tape-casting method in shown in Figure 4.2 94.
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Figure 4.2 Flowchart for construction of a conventional Lithium-ion electrode by tape-casting.

Porous current collectors have also been applied to solve some of the issues
inherent to tape-cast electrodes. Such structures can be made much thicker than tape-cast
electrodes while maintaining ionic and electronic conduction pathways. Foams of metal
and carbon have been demonstrated extensively for their application as porous current
collectors in electrochemical devices

13, 95-97

. Whitehead and Schreiber reported that

carbon current collectors have good electrochemical stability but are limited by their
electrical conductivity

17

. However, the work of Dudney et al. has demonstrated that

networks of carbon ﬁbers inﬁltrated with a slurry containing pre-formed LiFePO4 powder
are capable of high cycling efﬁciency and high power outputs 21, 24. Work in the Liu lab at
Georgia Tech and others have focused on producing porous electrodes for
electrochemical devices by growing oxide active materials directly onto carbon ﬁber
paper (CFP) using hydrothermal synthesis

22, 98, 99
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. While several example of high-

performance LiMn2O4 produced by hydrothermal synthesis have been introduced here,
all of these examples required additional processing (e.g. tape casting) to produce an
electrode. By using a pre-formed carbon fiber “backbone” the electrodes can be produced
directly from the hydrothermal procedure. This greatly simplifies the electrode
fabrication process described in Figure 4.2, removes the need for toxic organic solvents
like NMP, and offers the potential for high power operation through an optimized current
collector design.

4.2

Experimental Methods

4.2.1 Hydrothermal Coating of Mn-oxides on CFP
Several factors are important to control when producing samples by hydrothermal
precipitation. Temperature, reaction time, reagent types and concentrations must be
considered in any chemical reaction, however hydrothermal specific conditions such as
the reaction vessel material, fill ratio (which influences the head-space pressure) and
substrate type should also be considered. For all of the hydrothermal experiments
presented in this dissertation, a carbon fiber substrate was utilized and oriented upright
(i.e. perpendicular to the pressure vessel base) inside of a steel autoclave with a Teflon
liner. The solvent used for every experiment was distilled water and the fill factor of the
Teflon liner was 80% of the total volume. An electric oven was used to heat the
hydrothermal pressure vessel, with heating and cooling ramp rates fixed at 60 °C/ hour.
Reagent types, reaction temperatures, reaction times were varied in an effort to produce
phase-pure LiMn2O4
The carbon ﬁber paper (CFP) used in this study was provided by Engineered
Fibers Technology, LLC and has a network of interconnecting ﬁbers with diameters
averaging 8-10 μm with a total thickness of about 200 μm. Pieces of carbon ﬁber paper
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with typical dimensions of 2.5 cm x 5 cm were ﬁrst activated using a heat treatment at
350 °C for 5 h. The heat-treated CFP was placed into a 200 mL Teﬂon-lined stainless
steel autoclave and oriented upright using a notched Teﬂon support. Various
hydrothermal solutions were utilized to evaluate hydrothermal growth conditions, with
the principle reagents being potassium permanganate (KMnO4) as a manganese-oxide
precursor, lithium hydroxide (LiOH•H2O) as a lithium source, and ammonium chloride
(NH4Cl) as a mild reducing agent. Solutions containing the desired concentrations of
KMnO4, NH4Cl and LiOH•H2O in distilled water were prepared by magnetic stirring at
room temperature for 20 min until all the reagents were dissolved. To obtain phase-pure
LiMn2O4, a hydrothermal solution containing 20 mM NH4Cl, 20 mM KMnO4 and 50
mM LiOH•H2O was used. The solution was added into the autoclave covering the CFP
then sealed and allowed to sit at room temperature for a period of 3 h for the solution to
soak into the CFP. After the soaking period, the autoclave was placed in a furnace and
underwent a heating procedure to initiate the hydrothermal process. After the
hydrothermal procedure the CFP became coated with a product phase and was rinsed
several times with distilled water to remove residual salts from the hydrothermal
procedure.
4.2.2 Tape cast electrodes
For comparison purposes, electrodes were prepared via tape casting by first mixing a
slurry containing 80% by weight store bought LiMn2O4 powder (MTI) along with 10%
by weight acetylene black conductive carbon and polyvinylidene fluoride (PVDF) binder
into NMP. The slurry was mixed in a mortar and pestle until homogeneous and spread
onto a sheet of aluminum foil but a doctor blade with a height set to 20 microns. After
tape casting, the wet slurry film was dried in an oven set to 95 °C for 12 hours to
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evaporate residual NMP. The dried electrode sheet was punched into circular discs which
were calendared under a force of 1 ton in a uniaxial press. Typical mass loading of
LiMn2O4 onto the electrodes was 2-3 mg/cm2. According to the vendor, the active
material used had a specific capacity at 105 mAh/g at a non-specified current density or
mass loading.
4.2.3 Physical Characterization
Pieces of the larger LMO@CFP sample were cut out and prepared for X-ray
Diffraction (XRD) and Scanning Electron Microscope (SEM) analysis. A PANalytical
X’Pert PRO Alpha-1 with Cu K-α1 source was used for the X-ray diffraction
experiments. All XRD data is presented as relative intensity, wherein the intensity scale
was normalized for the particular sample. For strongly crystalline peaks, the intensity
range was normalized relative to the most intense peak. For weakly crystalline or
amorphous samples, the intensity was normalized relative to the background intensity.
The SEM used was a LEO 1530 thermally-assisted ﬁeld emission scanning electron
microscope. No additional conductive coating was needed for the SEM analysis. To
determine the mass loading of the hydrothermal treated CFP, pieces of bare CFP heat
treated as per the pre-hydrothermal routine were weighed with a lab balance after vacuum
drying inside an argon ﬁlled glovebox, with pieces of hydrothermal treated CFP weighed
in a similar manner. Thermogravimetric analysis was performed to characterize the
thermal properties of the CFP substrate using a TA Instruments Q600 SDT with air
(Airgas, Ultra Zero purity) as the purge gas. After taring the alumina pans, samples of 10
mg or less were loaded and allowed to rest at room temperature for at least 1 h under 100
mL min-1 of purge gas until the mass loss due to suspected water evaporation stabilized.
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Once the sample mass stabilized, the sample was heated at 10 °C min to 900 °C to
oxidize the CFP.
4.2.4 Electrochemical Measurements
Using a circular punch, electrodes with a superﬁcial area of approximately 1 cm2
were cut from the larger hydrothermal treated CFP piece. These electrodes were placed in
a vacuum drying oven at 100 °C overnight and then immediately transferred into an
argon ﬁlled glovebox. The electrodes were assembled into half-cells using glass ﬁber
separators (Whatman GF/D) soaked with 1 M LiPF6 in 1:1 ethylene carbonate/dimethyl
carbonate electrolyte (Novolyte). A piece of Li metal with an area of 1.26 cm 2 was used
as both the counter and pseudo-reference electrode. All electrochemical measurements
were made using an Arbin BT-2000 battery tester. For cycling measurements, current
was ﬁxed to a desired C rate (1C = 148 mA/g) using the mass of the active material and
the cell was charged or discharged until the cell potential reached the desired cutoff. The
charging cutoff potential was set at 4.4 V vs. Li/Li+ and the discharge value was set at 3.1
V vs. Li/Li+.

4.3

Structure and Morphology of Hydrothermal Phases

4.3.1 Carbon Fiber Paper Substrate
The CFP utilized in this study is available in large quantities with a variety of
properties. All of the commercially available CFP’s contain pyrolized polyacrylonitrile
(PAN) fibers which are either woven or resin-bonded to form a two-dimensional sheet.
Woven CFP’s are commonly referred to as carbon cloth, are generally more flexible than
resin-bonded CFP, and are significantly more compressible. One drawback is that carbon
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felts typically have great pore volume, and thus lead to lower volumetric energy density
in electrochemical devices. The typical application for both carbon cloth and CFP are
electrodes in electrochemical devices such polymer-electrolyte membrane fuel cells, flow
batteries, and electrolyzers. Macroscopically, CFP resembles a stiff textile and can be
easily cut or punched into shapes. An SEM image of the as-received carbon fiber paper is
shown in Figure 4.3. An area of resin bonding between two fibers is visible in the top left
of Figure 4.3, which appears as a webbed region between two carbon fiber struts.

Figure 4.3 SEM image of as-received carbon fiber paper.

The heat treatment temperature used for the CFP substrates was selected by
identifying the onset of thermal oxidation via TGA/DSC Shown in Figure 4.3, a large
exothermic peak occurs at approximately 495 °C, while a slow onset of mass loss is
observed around 300 – 500 °C. Temperatures within this range were used to pre-treat the
CFP in order to increase the hydrophilicity of the samples, which improved the
wettability of the carbon fiber substrate towards the hydrothermal solution.
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Figure 4.4 TGA/DSC for bare CFP in air.

For heat treatments at or above 400 °C, the CFP substrates became physically
degraded observed as a loss of interconnectivity between the fibers which could be
mechanically separated from each other. This is possibly due to thermal decomposition of
the resin bonding, which might be attributed to the small exothermic hump beginning
near 400 °C. At a temperature of 350 °C the CFP remains macroscopically unchanged,
however a dramatic increase in wettability is observed. Surface-area and porosimetry
measurements conducted on the 350 °C samples show an increase in surface area from <
5 m2/g to 320 m2/g after heat treatment. By 700 °C the residual CFP mass has decayed to
a static value of about 3% of the original mass, which is attributed to inorganic “ash”
content in the CFP which cannot be combusted or volatilized under the conditions used.
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X-ray diffraction measurements of the uncoated CFP shown in Figure 4.5 feature
only a broad amorphous region in the range of 25° 2θ. This implies that the carbon fibers
contained within the CFP have not been pyrolized at a temperature high enough to induce
significant graphitization, or that any existing graphitic domains are very small.

Figure 4.5 X-ray diffraction of CFP without coating.

Several physical properties provided by the vendor are listed in Table 4.1 and compared
values collected in the lab for the as-received samples, and for samples of CFP after heat
treatment at 350 °C.
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Table 4.1 Physical properties of carbon-fiber paper supplied by vendor and after heat treatment at
350 °C in air for 5 hours.

Density

Thickness

BET Surface Area

(g/cm3)

(μm)

(m2/g)

Vendor Values

0.5

203

N/A

As received

0.58

180-190

5

After Heat-treatment

0.58

180-190

320

When cycled electrochemically, bare carbon fiber paper shows no redox activity
in the region of 3-4.5 V vs. Li/Li+. CV measurements conducted at a rate of 50 uV/s
(Figure 4.6) reveal a very low specific current density without faradaic peaks. A small
excess oxidation current is observed during the first CV cycle which dissipates during
subsequent cycles. This is perhaps attributed to an initial oxidation of the electrolyte for
form an SEI type layer, or to oxidation of impurities in the electrolyte such as H2O.
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Figure 4.6 CV of LIB half-cell with Li metal counter electrode, CFP working electrode and 1 M
LiPF6 1:1 EC:DMC LIB electrolyte conducted at 50 uV/s.

Even when normalized by the mass of the CFP working electrode the observed current
density is very low, and for the majority of the voltage range is actually negative, which
is likely due to measurement error in the Arbin BT2000 measurement system for total
currents on the order of a few microamps. For all of the electrodes coated with
hydrothermal precipitation, the total current density is significantly larger which
minimizes this error.
4.3.2 Hydrothermal Reaction of Potassium Permanganate
Potassium permanganate (KMnO4) was selected as the manganese precursor in
the present work. As described in the introduction to this chapter, many previous
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academic works have used KMnO4 as a reactant for hydrothermal synthesis of
manganese-oxides, including LiMn2O4. At room temperature KMnO4 produces a stable
aqueous solution with distilled water. Reduction of KMnO4 is easily identified by a
change in color from the brilliant pink or purple (depending on concentration) associated
with Mn7+ ions, which helps in identifying appropriate reagent combinations. Several
literature examples in which LiMn2O4 was produced using KMnO4 utilized organic
solvents as reducing agents, including ethanol and acetone

66, 91, 92

. Even at room

temperature introducing these reducing agents to a solution of KMnO4 leads to rapid
precipitation of an amorphous manganese oxide phase, which prevents significant
nucleation of any oxide directly onto the carbon fiber paper. Carbon itself has been
reported as a reducing agent for KMnO4 to form MnO2 nanostructured composites, so an
initial series of tests was conducted to determine the reactivity of CFP towards the
aqueous KMnO4 solution 100, 101.
A series of experiments using a fixed concentration of 20 mM KMnO4 in distilled
water heated to temperatures of 120 °C, 140 °C and 160 °C for a period of 12 hours were
used to evaluate the reactivity of CFP towards the manganese precursor. At 120 °C a
heavy but non-uniform coating observed by SEM consisting of clumps of elongated
structures, as shown in Figure 4.7. At low magnifications it is apparent that the outermost
fibers have a thicker coating of material while the internal fibers further from the CFP
surface have less coating. Additionally, the internal fibers are by comparison smoother
than the outer fibers and some cracks are observed in the coating.
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Figure 4.7 SEM image of coating formed from 20 mM KMnO 4 onto CFP at 120 °C for 12 hours
taken at low magnification (A) and high magnification (B).

Increasing the hydrothermal temperature to 140 °C, while leaving other
parameters identical (20 mM KMnO4, 12 hour dwell time), has a noticeable effect on the
coating morphology. Figure 4.8 shows that the coating produced at 140 °C also has a
fairly inhomogeneous distribution between the outer and inner carbon fibers, while the
high magnification reveals newly formed nanorods amongst the featured features
observed at 120 °C.

Figure 4.8 SEM image of coating formed from 20 mM KMnO 4 onto CFP at 140 °C for 12 hours
taken at low magnification (A) and high magnification (B).
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The trends observed of increased coating homogeneity as well as the appearance
of nanorods when increasing the hydrothermal temperature from 120 °C to 140 °C is
continued for the hydrothermal experiment performed at 160 °C. Figure 4.9 shows that
the coating is now incredibly uniform into the depth of the CFP mat and free of thickness
deviations along the length of the fiber. Similar to the 140 °C sample, both nanorods and
feathered featured are observed at high magnification for the sample produced at 160 °C.

Figure 4.9 SEM image of coating formed from 20 mM KMnO4 onto CFP at 160 °C for 12 hours
taken at low magnification (A) and high magnification (B).

EDS analysis shown in Figure 4.10 for the samples produced by a hydrothermal
reaction of KMnO4 with CFP show that the coatings all contain Mn, O, and K in addition
to a small C signal detected from the underlying carbon fiber. While the elemental
content is consistent between the samples produced at different hydrothermal
temperatures, the Mn:K ratio (defined simply as the ratio of the maximum peak intensity
for the Mn Kα peak at 5.894 eV to the K Kα peak at 3.312 eV) increases from 1:1 for the
120 °C to 1.9:1 for the 140 °C, and up 2.9:1 for the 160 °C sample, indicating a decrease
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in relative K content with increasing temperature. Meanwhile, the O:Mn ratio (defined as
the ratio of the intensity of the Mn Kα peak at 5.894 eV and the O Kα peak at 0.525 eV)
remains relatively constant at 10:1 O:Mn for the 120 °C and 140 °C samples and 11:1 for
the 160 °C sample.

Figure 4.10 EDS of sample produced by decomposition of KMnO4 at temperature from 120 °C, 140
°C and 160 °C onto CFP. Sample was sputtered with Au prior to analysis, and the intensity scale for
each spectrum was normalized relative to the O Kα peak at 0.525 eV.

XRD (Figure 4.11) reveals that the coatings produced from the KMnO4 only
solution are only weakly crystalline. At 120 ° four broad peaks are observed at
approximately 12.3°, 36.9° and 66° 2θ. Along with the observation of K in the same from
EDS, it is likely that this phase is a K-birnessite with the general chemical formula
KxMnO2•yH2O

102

. Birnessite has also been reported as a useful material for

electrochemical capacitors and can be produced by hydrothermal reaction of KMnO4
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solutions 66, 103. For the sample produced at 140 °C, the most intense peak attributable to
K-birnessite at 12.3° 2θ is gone, while two new sharper peaks at 26° and 37° 2θ emerge.
Accompanied with the appearance of the nanorod features and the decrease in relative K
content, it seems that a new phase is present in the 140 °C sample. One possibility is a
layered MnOx compound having similar inter-planar lattice spacing to and intermixed
with a decreased amount of K-birnessite. After increasing the reaction temperature to 160
°C, the peaks which emerged at 140 °C are more prominent and joined by multiple less
intense peaks. All of the peaks observed in the coating produced at 160°C can be
attributed to γ-MnO(OH) (manganite) which has a similar layered structure to Kbirnessite and some phases of MnO2. The γ-MnO(OH) phase has been studied as an
anode material for lithium-ion batteries, oxygen-reduction catalyst for lithium-air
batteries, and electrochemical capacitors

104-107

. While the broad crystalline peaks

observed in the 120 °C samples are not apparent in the 140 °C and 160 °C coatings, the
morphology and elemental analysis conducted by SEM and EDS suggests that Kbirnessite is likely still present in these coatings as an amorphous phase.
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Figure 4.11 XRD of samples produced by hydrothermal precipitation of 20 mM KMnO 4 solution at
120 °C, 140 °C and 160 °C.

4.3.3 Influence of Lithium Hydroxide on Hydrothermal Phases
Lithium was added into the hydrothermal solution in the form of LiOH•H2O,
which was selected for its good solubility in water, compatibility with KMnO4 at room
temperature (i.e. no immediate precipitation occurs), and use in previously reported
hydrothermal approaches to produce LiMn2O4

66, 67, 89, 91, 108

. A solution containing 10

mM LiOH•H2O and 20 mM KMnO4 (the stoichiometric ratio of Li:Mn found in
LiMn2O4) was used for hydrothermal precipitation in an identical fashion to the pure
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KMnO4 experiments. At a hydrothermal temperature of 140 °C, a similar morphology to
the 120 °C pure KMnO4 sample is observed.

Figure 4.12 SEM image of coating formed from 20 mM KMnO 4, 10 mM LiOH•H2O onto CFP at 140
°C for 12 hours taken at low magnification (A) and high magnification (B).

Increasing the lithium salt content by five times (5:2 ratio of Li:Mn) results in a
similar overall morphology compare to the 1:2 Li:Mn sample at low magnification, while
at higher magnification small crystallites with clearly visible crystalline facets have
appeared. Macroscopically, the coating produced at these conditions was found to have
unusually poor adhesion compared to other samples. As a result, large sections of the
CFP were found to be completely uncoated in SEM.

76

Figure 4.13 SEM image of coating formed from 20 mM KMnO4, 50 mM LiOH•H2O onto CFP at 140
°C for 12 hours taken at low magnification (A) and high magnification (B).

Elemental analysis of the Li containing samples is somewhat less useful than for
the sample produced from a KMnO4 only solution as Li cannot be detected by EDS.
However, it is apparent that for the sample produced from the hydrothermal solution
which contains an excess of lithium compared to the stoichiometric ratio in LiMn2O4, the
presence of K is decreased (Figure 4.14). This could indicate that the structure formed
simply contains less K, or perhaps that Li has replaced K within the structure.
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Figure 4.14 EDS of samples produced by decomposition of KMnO4 with LiOH•H2O at 140 °C in a
molar ratio of 5:2 and 1:2. Samples were sputtered with Au prior to analysis, and the intensity scale
for each spectrum was normalized relative to the O Kα peak at 0.525 eV.

Once analyzed with XRD (Figure 4.15), it is clear that the coating produced with
excess lithium in the hydrothermal solution leads to the formation of the desired phase
LiMn2O4, however a small impurity phase was also observed. Based on the location of
the impurity peak in XRD the phase is suspected to be a mixed Li/K-birnessite previously
discussed. Meanwhile, the coating produced with a stoichiometric ratio of Li:Mn to form
LiMn2O4 has produced a phase with similar diffraction appearance to the KMnO4 only
solution at 120 °C, but with a slightly increased 2θ value of the most intense peak (12.42°
2θ vs. 12.31° 2θ), which corresponds to a slightly decreased lattice constant as
determined by Equation 31. For the K/Li birnessite impurity phase observed in the
hydrothermal produced with a 5:2 ratio of Li:Mn this peak has shifted further to 12.56°
2θ, which supports the assumption that Li is replacing K in the birnessite phase.
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Figure 4.15 XRD patterns for hydrothermal samples produced with LiOH•H2O added to the
solution. Sample produced with 5:2 ratio of Li:Mn shows crystalline peaks assignable to LiMn2O4
with an impurity peak assignable to birnessite. All observed peaks for the 1:2 ratio of Li:Mn can be
assigned to a birnessite phase containing Li an K.

4.3.4 Hydrothermal Phase Selection Using Ammonium Chloride
In previously reported hydrothermal experiments, NH4Cl has been shows to act as
a mild reducing agent and can influence phase morphology

109-111

. As will be shown in

the next section, adding an equivalent molarity of NH4Cl to KMnO4 into the
hydrothermal solution was found to be effective at suppressing the formation of
birnessite, and was added to the hydrothermal solution to produce phase pure LiMn2O4.
For hydrothermal solutions containing only KMnO4 and NH4Cl treated at 140 °C, a
morphology reminiscent of the pure KMnO4 solution at 140 °C is observed. Figure 4.16
shows that at low magnification, nanorods cover the surface of the carbon fibers. At
higher magnification it is apparent that these nanorods are significantly thicker than the
ones observed for the KMnO4 only hydrothermal solution, while the coating retains some
of the featured structures attributed to birnessite.
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Figure 4.16 SEM image of coating formed from 20 mM KMnO 4, 20 mM NH4Cl onto CFP at 140 °C
for 12 hours taken at low magnification (A) and high magnification (B).

Adding LiOH•H2O at the stoichiometric ratio for LiMn2O4 (1:2 Li:Mn) to the
hydrothermal solution containing NH4Cl (Figure 4.17) seems to counteract its’ influence,
and a great proportion of feather-like birnessite is observed, while the nanorods become
finer. In both cases containing NH4Cl the overall uniformity of the coating is improved.
EDS analysis of the samples produced with NH4Cl added to the hydrothermal solution
(Figure 4.18) show K is present in the coating, which is consistent with the observation of
a residual birnessite-appearing phase by SEM. For the sample produced from the lithiumfree hydrothermal solution, the relative K content is slightly decreased.
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Figure 4.17 SEM image of coating formed from 20 mM KMnO 4, 20 mM NH4Cl and 10 mM
LiOH•H2O onto CFP at 140 °C for 12 hours taken at low magnification (A) and high magnification
(B).

Figure 4.18 EDS for hydrothermal samples produced with NH4Cl added to the solution. Sample
shown in A was produced with 20 mM NH4Cl, 20 mM KMnO4 and 10 mM LiOH•H2O. Sample
shown in B produced with 20 mM NH4Cl and 20 mM KMnO4.
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For the coatings produced with NH4Cl in the hydrothermal solution, a major
change is observed with XRD (Figure 4.19). For both samples, all of the observed peaks
can be assigned to a single phase, γ-MnO(OH), which was also observed in the KMnO4
only samples. However, while the samples produced without NH4Cl at 140 °C had very
weak crystalline peaks attributable to MnO(OH) (Figure 4.11), the sample with NH4Cl
shows strong diffraction peaks with no peaks attributed to birnessite. For the coating
produced with Li in the hydrothermal solution, the relative intensity and signal to noise
ratio of the crystalline peaks is significantly worse than for the coating produced without
Li included in the hydrothermal solution. The peaks are broader, the background intensity
is noisier, and some of the lower intensity peaks observed in the coating produced
without Li in the hydrothermal solution are lost in the background noise for the Li
containing sample.

Figure 4.19 XRD patterns for hydrothermal samples produced with NH 4Cl added to the solution.
Both samples show the formation of MnO(OH) regardless of Li content.
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Once lithium is added in excess in the hydrothermal solution, for a reagent
concentration of 50 mM LiOH•H2O, 20 mM KMnO4 and 20 mM NH4Cl, new
morphologies are produced. At a temperature of 120 °C (Figure 4.20), a morphology
similar to the stoichiometric Li:Mn hydrothermal solution at 140 °C (Figure 4.12) is
observed. A coating with a flower-like morphology covers the carbon fibers and
protrudes in nodules along the surface of the fibers.

Figure 4.20 SEM image of coating formed from 20 mM KMnO4, 20 mM NH4Cl and 50 mM
LiOH•H2O onto CFP at 120 °C for 12 hours taken at low magnification (A) and high magnification
(B).

Increasing the hydrothermal temperature using the identical hydrothermal solution
leads to dramatic change in overall morphology compared to the 120 °C coating shown in
Figure 4.20. Figure 4.21 depicts a coating produced at 140 °C and shows a relatively
uniform coating of containing octahedral crystallites similar to those observed for the
excess lithium sample without NH4Cl (Figure 4.13).
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Figure 4.21 SEM image of coating formed from 20 mM KMnO4, 20 mM NH4Cl and 50 mM
LiOH•H2O onto CFP at 140 °C for 12 hours taken at low magnification (A) and high magnification
(B).

Increasing the hydrothermal temperature further to 160 °C (Figure 4.22) and 180
°C (Figure 4.23) seems to reduce the prevalence of the nodules observed at 120 °C and
140 °C, and as a result the coatings appear smoother at low magnifications. At high
magnifications a mixture of polyhedron typed particulates is observed however the
largest particulates, which have a predominately octahedral shape, are observed in the
140 °C coating. For the 160 °C and 180 °C similar crystallite morphologies, including
octahedrons, are observed while the range in particulate sizes is smaller. For the 140 °C
sample a few particulates are larger than the 400 nm scale bar and range between tens to
hundreds of nanometers. With increasing hydrothermal temperature the maximum
particulate size observed decreases and the resulting particulate size range decreases as
result, which seems to be consistent with the expectation that Ostwald ripening due to
mass transport between particulates will occur more rapidly at elevated temperatures.
From the SEM analysis, it appears that the coating produced at 180 °C has the smallest
overall particulate size, which is inconsistent with an assignment of Ostwald ripening,
which predicts a larger final particulate size is. While a similar overall morphology is
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observed, the mass loading of the predominately LiMn2O4 samples decreases
significantly with increasing temperature, which suggests increased solubility of
LiMn2O4 into the hydrothermal solution. For the sample produced at 180 °C the apparent
coating mass is only 17 wt% of the composite electrode, compared to 27 wt% for the
coating produced at 140 °C. Furthermore, all samples which contain LiMn 2O4 have lower
mass loadings than the samples which do not, which implies that the birnessite and
MnO(OH) coatings are thicker and/or denser (Table 4.3). Thus, the changes in average
crystallite size and particulate size distribution for the predominantly LiMn2O4 containing
coatings are likely due to a coalescence of factors including greater oxide solubility and
more rapid particle nucleation, which would produce a smaller final crystallite size, than
Ostwald ripening.

Figure 4.22 SEM image of coating formed from 20 mM KMnO 4, 20 mM NH4Cl and 50 mM
LiOH•H2O onto CFP at 160 °C for 12 hours taken at low magnification (A) and high magnification
(B).

85

Figure 4.23 SEM image of coating formed from 20 mM KMnO4, 20 mM NH4Cl and 50 mM
LiOH•H2O onto CFP at 180 °C for 12 hours taken at low magnification (A) and high magnification
(B).

Along with the change in morphology from flower-like nanosheets at 120 °C to
discrete crystallites formed at 140 °C, 160 °C and 180 °C, no K is observed via EDS for
the higher temperature samples suggesting that the low temperature phase is likely K
containing birnessite.
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Figure 4.24 EDS of samples produced by decomposition of LiOH•H2O with KMnO4and NH4Cl in a
ratio of 5:2:2 at various temperatures for 12 hours. Samples were sputtered with Au prior to
analysis, and the intensity scale for each spectrum was normalized relative to the O Kα peak at 0.525
eV.
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Consistent with the changes in morphology and elemental content, XRD confirms
that above 140 °C, a phase change corresponding to the emergence of LiMn 2O4. Unlike
the coating produced with excess lithium but without NH4Cl (Figure 4.13), no birnessite
phase is observed at 140 °C or for any of the higher temperature samples. At 180 °C a
pair of small impurity peaks attributable to Mn3O4 are observed, however there is no
obvious new phase visible by SEM. Like LiMn2O4, Mn3O4 has a spinel structure and thus
may form similar crystalline morphologies. For the coating produced at 120 °C, the
strongest diffraction peak occurs at 12.57 °which as discussed in section 4.3.3 indicates
some replacement of K by Li in the birnessite structure.
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Figure 4.25 XRD patterns for hydrothermal samples produced with 50 mM LiOH•H2O, 20 mM
KMnO4 and 20 mM NH4Cl at various hydrothermal temperatures for a total reaction time of 12
hours.
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The hydrothermal solution was further optimized to increase mass loading while
maintaining a maximum temperature of 140 °C to avoid the formation of Mn3O4. The
optimized approach involved two temperature regions, one at 100 °C for 12 hours to form
a dense birnessite phase and a second step at 140 °C for 24 hours. Mass loadings for this
approach had an average value of 32 wt%, and consist of phase-pure LiMn2O4. SEM
images of the coatings produced by the preliminary 100 °C step and after the complete
two step reaction are shown in Figure 4.26. In subsequent chapters, the two temperature
approach was used to produce hydrothermal coatings of LiMn2O4 on carbon fibers.

Figure 4.26 SEM images of carbon fiber papers coated using hydrothermal synthesis at 100 °C for 12
hours followed by 140 °C for 24 taken at low magnification (A) and high magnification (B).

Increasing hydrothermal temperature also leads to a decrease in average crystallite
size, which was estimated using the Scherrer equation (Equation 33). The average
crystallite size derived from the FWHM values for the three most intense diffraction
peaks which are the (111) peak at 18.6° 2θ, the (113) peak at 36.1° 2θ, and the (004) peak
at 43.9° 2θ, and is summarized in Table 4.2. While the coating produced at 180 °C has
the smallest average crystallite size, the two-step hydrothermal coating with a longer
dwell time at 140 °C has a slightly reduced crystallite size compare to the single step 12
hour dwell time.
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Table 4.2 Calculated crystallite size for LiMn2O4 samples produced from hydrothermal solution
containing LiOH•H2O, KMnO4 and NH4Cl in a 5:2:2 ratio at various temperatures.
Hydrothermal
Temperature / time

Average crystallite
size (nm)

Standard deviation
(nm)

140°C / 12 Hr

42.2

2.5

160°C / 12 Hr

39.7

0.7

180°C / 12 Hr

31.6

2.3

100°C / 12 Hr →
140°C / 24 Hr

38.8

2.3

4.3.5 Summary of Hydrothermal Phases
For the conditions studied, the three predominant phases appear to be birnessite
(MxMnO2•yH2O) where M can be either Li or K, manganite (γ-MnO(OH)), and spinel
lithium-manganese oxide (LiMn2O4). A minority crystalline phase of Mn3O4 was also
observed, however it is plausible based on relative mass loadings and elemental
composition of the various coatings that other amorphous phases, in particular manganese
oxides, are also included. Only phases in which LiMn2O4 was the majority crystalline
phase did not include K, where K is a strong indication that birnessite is included in the
coating. For coatings identified as birnessite produced by Li containing hydrothermal
solutions, a shift in the strongest diffraction peak was associated with a partial
replacement of K by Li in the birnessite structure. This conclusion is also supported by an
observed increase in the relative concentration of Mn to K in these coatings.
Manipulation of the hydrothermal solution and reaction temperature were sufficient to
control the crystallographic phase and elemental content of the coatings produced,
however mass loading (expressed as weight percent oxide in the composite electrode)
was minimized under the conditions found to produce a phase pure coating of LiMn2O4.
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For this reason a two temperature hydrothermal approach was used with a moderately
beneficial effect.

Table 4.3 Summary of phases, mass loadings and elemental content for hydrothermal coatings on
CFP. All coatings produced with 12 hour dwell time unless otherwise indicated.
Solution

Temperature

Mn:O

Mn:K

Phase

Mass
Loading

20 mM KMnO4

120 °C

0.11

1.0

K-Birnessite

59 wt%

20 mM KMnO4

140 °C

0.10

1.9

K-Birnessite +
MnO(OH)

55 wt%

20 mM KMnO4

160 °C

0.11

2.9

MnO(OH) +
K-Birnessite

58 wt%

20 mM KMnO4,
10 mM LiOH•H2O

140 °C

0.12

1.1

K/Li-Birnessite

53 wt%

20 mM KMnO4,
50 mM LiOH•H2O

140 °C

0.12

5.4

LiMn2O4 +
Li-Birnessite

40 wt%

20 mM KMnO4,
20 mM NH4Cl

140 °C

0.12

4.1

MnO(OH) +
K-Birnessite

51 wt%

20 mM KMnO4,
20 mM NH4Cl,
10 mM LiOH•H2O

140 °C

0.09

2.1

MnO(OH) +
K/Li-Birnessite

47 wt%

20 mM KMnO4,
20 mM NH4Cl,
50 mM LiOH•H2O

120 °C

0.14

2.05

K/Li-Birnessite

36 wt%

20 mM KMnO4,
20 mM NH4Cl,
50 mM LiOH•H2O

140 °C

0.13

N/A

LiMn2O4

27 wt%

20 mM KMnO4,
20 mM NH4Cl,
50 mM LiOH•H2O

160 °C

0.16

N/A

LiMn2O4

26 wt%

20 mM KMnO4,
20 mM NH4Cl,
50 mM LiOH•H2O

180 °C

0.15

N/A

LiMn2O4 +
Mn3O4

17 wt%

20 mM KMnO4,
20 mM NH4Cl,
50 mM LiOH•H2O

100°C / 12 Hr
-> 140°C / 24
Hr

0.13

N/A

LiMn2O4

28-36
wt%
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4.4

Electrochemical Testing of Hydrothermal Phases
To evaluate the charge storage capability of the oxide-coated CFP produced by the

hydrothermal method, electrochemical testing was conducted on all of the identified
phases. Electrodes were tested by CV at a rate of 50 μV/s to identify any redox peaks
within the potential range of 3.1 V to 4.4 V vs. Li/Li+, which is a typical potential region
for lithium-ion cathode materials. Galvanostatic testing was also conducted with a current
density normalized to the mass of the coating. A rate of C/10 as defined in section 3.3.3
was used as defined by the theoretical capacity of LiMn2O4 (148 mAh/g) regardless of
whether this phase was present in the sample being tested. The results from galvanostatic
testing were used to calculate the specific capacity of the various phases in the potential
region tested. All samples were dried in a vacuum oven prior to use as testing as halfcells using Swagelok type cell hardware. All testing was conducted using a 1 M LiPF6 in
1:1 EC:DMC electrolyte (Novolote) soaked into glass fiber separators (Whatman).
4.4.1 Electrochemical Testing of Li-free Phases
For the CFP coatings produced from a hydrothermal solution containing only KMnO4
and NH4Cl, a similar electrochemical response is observed during cyclic voltammetry.
All of these samples contain some content of K-birnessite, whereas a new phase, γMnO(OH), emerged with increasing temperature or with the addition of NH4Cl. Figure
4.27 shows the first, fifth and tenth cycle at a voltage sweep rate of 50 uV/s for the
coatings produced by hydrothermal reaction of CFP with a 20 mM solution of KMnO4
for 12 hours.
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Figure 4.27 Cyclic voltammograms for coatings produced by hydrothermal reaction of hydrothermal
solutions containing no Li (KMnO4 and NH4Cl only) with CFP at various temperatures at a scan rate
of 50 μV/s.

All of the Li-free coatings show a similar reactivity towards Li+ in the potential
region tested. On the first cycle, a slightly increased current is observed during the first
anodic sweep, which is found to be irreversible on the first cathodic sweep. This feature
was also observed for the bare CFP, although at a much lower total current, so it could
possibly be attributed to electrolyte oxidation. For the fifth and tenth cycle the CVs are
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coincident, suggesting the irreversible reactions observed on the first cycle have
dissipated. While the coating produced at 120 °C had the highest total mass loading (59
wt%), this sample also had the highest normalized current density. None of these coatings
shown in Figure 4.27 have redox peaks, and instead portray a relatively constant current
density across the potential region tested. Still, the overall normalized current density is
higher than that observed for the bare CFP substrate (approximately 50 mA/g for the
electrodes in Figure 4.27 compared to 2.5 mA/g for bare CFP in Figure 4.6), which can
only store charge through double-layer capacitance. Thus we can conclude that the
coatings produced from the KMnO4 only hydrothermal solution introduce some
pseudocapactive charge storage into the electrode.
For the coating produced by a reaction of NH4Cl and KMnO4 at 140 °C which
contained a highly crystalline γ-MnO(OH) phase (Figure 4.16), shows a very similar CV
response for the samples produced from a KMnO4 only solution. During the first cycle,
what appears to be an oxidation peak is observed and is more pronounced than for the
voltammograms for coatings produced from only KMnO4, however just like the previous
samples (KMnO4 only solution) this reaction is irreversible. By the fifth cycle only
pseudocapactive behavior is observed.
Figure 4.28 compares the specific charge and discharge capacity for the four
lithium-free coatings discussed in this section. Consistent with the CV analysis in Figure
4.27, the charge and discharge behavior is linear as a function of potential, suggesting
that no bulk faradic activity is occurring in these samples.
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Figure 4.28 Charge (solid lines) and discharge (dashed lines) Voltage vs. Specific Capacity plots for
hydrothermal coatings on CFP produced without Li. All samples were tested at a current density of
14.8 mA/g (C/10 for theoretical capacity of LiMn 2O4), normalized relative to the mass content of
oxide in the electrode

All of the samples produced without lithium, regardless of phase, crystallinity or
morphology, showed specific capacities less than 50 mAh/g in the voltage region of 3.1
to 4.4 V vs. Li/Li+, making them unsuitable for application as lithium-ion battery
cathodes.
4.4.2 Electrochemical Testing of Li-containing Phases
For the coatings produced while including LiOH•H2O in the hydrothermal solution
similar trends in phases produced and overall morphology were observed when compared
to the coatings without any Li source. Due to the similar appearance and crystalline
structure, as well as the inability to detect Li using EDS, Li inclusion was inferred from
96

relative changes in Mn:K ratio by EDS and lattice constant by XRD. Birnessite has been
produced to include Li, Na, K in the spacing between the layers of octahedrally
coordinated Mn, while manganite is not expected to incorporate Li to any degree 112. This
section will focus on the electrochemical response for phases produced which likely
contain some lithium, but not the performance of coatings which were determined to
include only LiMn2O4 as the lithium-containing phase. The testing of these coatings will
be treated in the next section.
Figure 4.29 shows the CV results for several coatings produced at various
temperatures with various Li contents in the hydrothermal solution. All of these coatings
contain some fraction of birnessite, which based on the position of the diffraction peak
and relative Mn:K content observed by EDS is assumed to contain some Li. For the
coating produced at 140 °C with NH4Cl and the coating produced with a 2:5 ratio of
Mn:Li, MnO(OH) and LiMn2O4 were also observed by XRD, respectively, along with
birnessite. One hypothesis being evaluated in Figure 4.29 is that for coatings containing
lithium in the structure, a greater reactivity to Li in the studied potential region could be
expected. In fact, with the exception of the coating containing some content of LiMn 2O4
the CV response is nearly identical to the Li free coatings shown in Figures 4.27. In the
case of the sample containing LiMn2O4, the observed gravimetric current density is an
order of magnitude higher than all of the previously analyzed samples. As with the Li
free coatings, of the samples in Figure 4.29 show some irreversibility during the first CV
cycle.
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Figure 4.29 Cyclic voltammograms for coatings from hydrothermal solutions containing KMnO4, Li
in the form of LiOH•H2O and NH4Cl with CFP at various temperatures for a period of 12 hours.
Cycles were conducted at a scan rate of 50 μV/s and current density is normalized by the mass of
LiMn2O4 in the electrode.

When analyzed by galvanostatic testing the sample containing LiMn2O4
demonstrates a reversible specific capacity over three times that of the other Li
containing phases produced. This observation is invariant of phase, crystalline quality or
relative K content which leads to the conclusion that among all of the phase produced
only LiMn2O4 is active towards Li through a faradaic reaction. Meanwhile,

98

pseudocapactive reactions involving the formation of a Li containing double layer are
possible but difficult to extrapolate.

Figure 4.30 Charge (solid lines) and discharge (dashed lines) Voltage vs. Specific Capacity plots for
hydrothermal coatings on CFP produced with Li in the hydrothermal solution. All samples were
tested at a current density of 14.8 mA/g (C/10 for theoretical capacity of LiMn2O4), normalized
relative to mass content of oxide in the electrode.

4.4.3 Electrochemical Testing of LiMn2O4 on CFP
At temperatures of 140 °C to 180°C, mostly phase pure LiMn2O4 coatings could be
produced with a solution of 20 mM KMnO4 , 20 mM NH4Cl and 50 mM LiOH•H2O. At
180 °C a small impurity phase identified by XRD as Mn3O4 appears while the general
morphology and chemical composition for samples prepared in this range were similar
(Figures 4.21 – 4.24). An optimized mass loading was achieved with a two-step
hydrothermal process involving an initial formation of birnessite at 100 °C which was
then converted to LiMn2O4 by a 24 hour period at 140 °C.
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Cyclic voltammograms of electrodes containing primarily LiMn2O4 show similar
positions of current peaks and overall magnitude when normalized by the oxide content
in the composite. All sample shows two oxidation (O1 and O2) peaks in the region of 4.04
V vs. Li/Li+ and 4.17 V vs. Li/Li+, and two reduction peaks (R1 and R2) in the region of
3.96 V vs. Li/Li+ and 4.09 V vs. Li/Li+, with maximum current densities between 0.10
and 0.15 A/g. These values are close to what has been reported for LiMn2O4 produced
using high temperature calcinations to ensure excellent crystallinity

33, 113

. Reversibility

of the electrochemically active material can be evaluated from the CV by comparing the
position of the forward and reverse current peaks, as well as the magnitude of forward
and reverse current. As described in section 3.3.2, a completely reversible faradaic
reaction should have a ratio of oxidation and reduction peak currents of 1.0, and at
separation of peak voltages (ΔV=Vox-Vred) of 59.2/n mV, where n is the number of
electron transfers. While LiMn2O4 is expected to undergo a single electron transfer
during the reaction between LiMn2O4 in the discharged state and λ-MnO2 in the charged
state, the removal of half of the tetrahedrally coordinated lithium atoms occurs at a lower
potential than the remaining half, making “expected” peak separation somewhat unclear.
Values derived from the CV analysis of LiMn2O4 coated carbon fibers are shown in
Table 4.4. All of the samples showed peak current ratios above 90%, however a few
examples of a current ratio exceeding 100% imply either inaccurate current measurement
or side reactions occurring simultaneously with lithium intercalation. Peak separations for
all samples are on the order of 70-80 mV, and appear to be smallest among all of the
hydrothermal temperatures presented in the 140 °C coating. Along with the apparently
stable CV response between the 1st through 10th cycle, this could imply that the coatings
produced at 140 °C for 12 hours have super electrochemical reversibility.
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Figure 4.31 Cyclic voltammograms for coatings produced from hydrothermal solutions containing 20
mM KMnO4, 20 mM NH4Cl and 50 mM LiOH•H2O CFP at various temperatures and times. Cycles
were conducted at a scan rate of 50 μV/s and current density is normalized by the mass of LiMn 2O4
in the electrode.
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Table 4.4 Summary of peak parameters for CVs of LiMn2O4 coated CFP conducted at 50 μV/s
Hydrothermal Temperature / time

IR1/IO1

IR2/IO2

ΔV(O1-R1)
(mV)

ΔV (O2-R2)
(mV)

140°C / 12 Hr

1.06

0.96

73.0

67.8

160°C / 12 Hr

1.07

0.94

87.8

88.4

180°C / 12 Hr

0.95

0.97

76.7

85.3

100°C / 12 Hr -> 140°C / 24 Hr

0.99

0.93

81.0

86.9

Galvanostatic testing of the LiMn2O4 containing coatings shows that the twotemperature hydrothermal process has the highest specific capacity in the voltage region
tested. Furthermore, capacity is observed to increase with increasing hydrothermal
temperature for the single temperature coatings. As with the CV measurements, the
coatings containing LiMn2O4 show similar voltage plateaus and some degree of
irreversibility, which is observed as a greater charge capacity than discharge capacity.
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Figure 4.32 Charge (solid lines) and discharge (dashed lines) Voltage vs. Specific Capacity plots for
hydrothermal coating containing primarily LiMn2O4. All samples were tested at a current density of
14.8 mA/g (C/10 for theoretical capacity of LiMn2O4), normalized relative to mass content of oxide in
the electrode.

4.4.4 Rate capability and lifetime of LiMn2O4 on CFP
LiMn2O4 coatings produced using the two-step hydrothermal procedure were further
evaluated by increasing the current density used during galvanostatic testing as well as
repeated charge and discharge cycles. In this way the overpotential and capacity could be
studied under more realistic use conditions, which typically need to operate at a variety of
current densities for hundreds or thousands of charge and discharge cycles. As a
comparison, a tape cast electrode was prepared using store bought LiMn2O4.
Figure 4.33 shows that the LiMn2O4 coated CFP electrodes have higher specific
capacity than the tape cast counterparts at all current densities tested except for the 5C
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(740 mA/g) rate, in which the CFP based electrode shows a large increase in
overpotential leading to a decreased discharge voltage plateau. Another important
distinction between the two electrode types occurs at the end of discharge polarization
region, typically associated with concentration polarization. In this region the tape cast
electrodes show a rapid drop in cell potential while the CFP based electrodes display a
gentle slope. This could be a contribution from a pseudocapactive charge storage
mechanism, which as observed for the non-LiMn2O4 hydrothermal samples would have a
linear voltage throughout the entire discharge potential window. Alternatively, the
sloping discharge potential may be a consequence of the range of particle sizes observed
for the hydrothermal coatings compared to the monodisperse nature of the commercial
powder, which according to the vendor has an average particle size between 10-20
microns. In this case smaller particles with shorter ionic pathways would become
lithiated faster than larger particles leading to a gradient of concentrations and thus
potentials.
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Figure 4.33 Galvanostatic discharge of LiMn2O4 electrodes prepared by hydrothermal coatings on
CFP and tape casting of store bought powders. Current densities were normalized relative to mass
content of oxide in the electrode.
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When the LiMn2O4 cells are cycled at a rate of 1C at room temperature, the
comparatively rapid capacity fade of the LiMn2O4 on CFP electrode is apparent. While
the CFP electrode starts with a higher specific capacity this is negated around cycle 100.
Over 100 cycles the CFP based electrode loses approximately 14% of the first cycle
capacity compared to only 3% for the tape cast electrode. While both samples are
expected to undergo capacity loss through a similar mechanism, the higher surface area in
the nanostructured LiMn2O4 coating on the CFP electrodes may increase the rate relative
to the micron-sized particles in the tape cast electrode.

Figure 4.34 Cycling at a 1C rate and room temperature for LiMn 2O4 electrodes produced by
hydrothermal coatings on CFP and tape casting commercial powders.
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4.5

Conclusions
In this chapter, a hydrothermal process was used to coat various oxides of Mn onto a

commercial carbon fiber paper substrate. While a number of crystalline phases and
compositions were identified using SEM, EDS and XRD, electrochemical testing
revealed that only LiMn2O4 has significant charge storage capability when paired with a
lithium metal counter electrode and lithium-containing electrolyte. Mass loading of
LiMn2O4, which is the critical factor for improving the energy density of electrodes
containing active and inactive components, was increased by using a two-temperature
hydrothermal approach. Still, the highest mass loading obtained was approximately 30
wt%, corresponding to an active material loading of 6-7 mg/cm2. Comparatively, the tape
cast electrode used in this chapter had an 80 wt% LiMn2O4 electrode (excluding the
weight of the Al foil current collector), corresponding to an active material loading of 2-3
mg/cm2. It is important to recognize, however, that tape cast electrodes used in devices
can exceed 20-30 mg/cm2 of active material. For these heavily loaded commercial
electrodes the effective active mass percentage is about 75 wt%. Assuming a capacity of
110 mA/g for both electrode types at a 1C rate, the effective capacity based on the entire
electrode mass becomes 82 mAh/gelectrode for the commercially used tape cast electrodes
and only 33 mAh/gelectrode for the electrodes produced by hydrothermal coatings on CFP.
Additionally, the hydrothermal produced electrodes showed a significantly faster
capacity loss than the tape cast electrodes with commercial powders. This was observed
by comparing the capacity loss at a fixed current density for the two electrode types.
Increasing the temperature or current density would typically lead to even faster rates of

107

capacity loss. Subsequent chapters will focus on methods to improve both the overall
energy density and capacity loss of carbon fiber based electrodes.
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5

IMPROVING LIFETIME OF LIMN2O4 ON CARBON FIBER
ELECTRODES WITH ALD COATINGS
In the previous chapter, the hydrothermal method was used to produce a variety of

manganese-oxide phases on carbon fiber paper. Of the phases produced, only LiMn2O4
displays high reactivity towards lithium-ions in the potential region of 3 – 4.5 V vs
Li/Li+. The LiMn2O4 on CFP electrodes showed well-defined redox peaks and near
theoretical capacity at low rates, which are excellent signs that producing electrodes by
hydrothermal precipitation of oxides onto carbon fibers may be a viable approach.
However, rapid capacity fading was observed for the as-prepared electrodes and this
presents a significant challenge which must be overcome. In this chapter, a surface
modification technique is introduced – atomic layer deposition – which is capable of
depositing ultra-thin and highly conformal layers of oxides onto the surface of the
LiMn2O4 electrodes. These surface coatings can dramatically enhance the capacity
retention of LiMn2O4 during electrochemical cycling. Aluminum-oxide was selected for
this study as its growth rates are well understood, and it can be deposited well below the
observed onset of LiMn2O4 catalyzed carbon oxidation at around 400 °C.

5.1

Methods to Improve LiMn2O4 Capacity Retention
There have been over two decades of research studies devoted to improving the

capacity retention of LiMn2O4 cathodes, likely driven by the promise of low cost and
high safety batteries. As described in the introductory chapters, LiMn2O4 capacity loss is
believed to be primarily due to Mn disproportionation and dissolution through the Hunter
reaction, typically expressed as
2𝐿𝑖𝑀𝑛2 𝑂4 (𝑠) → 𝐿𝑖2 𝑂 + 3𝑀𝑛𝑂2 (𝑠) + 𝑀𝑛𝑂(𝑎𝑞)
109

Reaction 1

which was observed by exposure of LiMn2O4 to HCl41. While LiMn2O4 contains Mn in
both Mn3+ and Mn4+ oxidation states, Mn3+ cations are more susceptible to
disproportionation and result in a soluble Mn2+ species and an insoluble Mn4+ species.
In an operational LIB, acidic species are attributed to spontaneously formed HF
due to a reaction of LiPF6 with water impurities in the organic liquid electrolyte. This
reaction shown below,

𝐿𝑖𝑃𝐹6 + 𝐻2 𝑂 → 𝑃𝑂𝐹3 + 𝐿𝑖𝐹 + 2𝐻𝐹

Reaction 2

is often invoked in academic literature to explain capacity fading in LiMn2O4 and can be
avoided by simply changing the electrolyte salt or including additives, however LiPF6 is
still the industry preferred salt8, 49, 50.
An acid-enabled variation of the Hunter reaction described by Benedek and
Thackeray (Reaction 3)

2𝐿𝑖𝑀𝑛2 𝑂4 (𝑠) + 4𝐻 + (𝑎𝑞) → 3𝑀𝑛𝑂2 (𝑠) + 𝑀𝑛2+ (𝑎𝑞) + 2𝐿𝑖 + (𝑎𝑞) + 2𝐻2 𝑂 (𝑎𝑞)
Reaction 3
and shows that as a result of Mn dissolution more water is generated, which can in turn
lead to more decomposition of LiPF6 43.
Cation substitution with 1+ and 2+ cations in the octahedral sites (i.e. Li(Mn2xMx)2O4)

of the spinel structure was an early identified route to raise the average

oxidation state of Mn and reduce Mn dissolution rates. The substitute species, “M”,
typically include first row transition metal elements (e.g. Cr, Co, Ni) as well as Al and
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“extra” Li (beyond 1 atom per formula unit) residing in the tetrahedral sites 114-116.
Combinations of cations have also been reported with much the same effect117-119. A
consequence of cation substitution is usually a lower initial reversible capacity; however,
this shortcoming is negated at some point during cycling, as the capacity of the standard
stoichiometry cathode decays at a faster rate and the doped cathode maintains a higher
capacity thereafter.
Surface coatings have also been widely employed to reduce capacity fade in
LiMn2O4. In some cases, lithium-conducting phases, such as other cathode materials and
lithium-conducting glasses (e.g. LiCoO2 and lithium-boron oxide) with favorable surface
properties, can be employed to act as a physical barrier between LiMn2O4 and the
electrolyte53, 120. Interestingly, LiMn2O4 itself has been reported as a coating material to
improve the thermal stability of LiCoO2121,

122

. Other protective coatings for LiMn2O4

utilize oxides of Al, Zn, Mg, Si and Zr to reportedly sequester acidic species in the
electrolyte and thus inhibit Mn dissolution123-125. Like with the cation substituted
electrodes, capacity retention is improved and can be correlated with a decreased Mn
content in the electrolyte after cycling. One work using this approach suggested that
surface coatings play a role in structurally reinforcing the underlying spinel to prevent
microstrain during cycling at elevated temperatures (elevated temperatures are used to
accelerate the Mn dissolution process)126.

The influence of the protective coating

morphology has also been investigated. Several groups have reported that high surface
area coatings consisting of agglomerated nanoparticles provide superior protection
compared to dense coatings40, 55, 123.
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Very recently a new technique has been used to pursue the goal of long-lived
cathode materials. In 2010, Jung, et al. (U.C. Boulder and the National Renewable
Energy Laboratory) reported that coatings of Al2O3 of less than one nanometer in
thickness provided a significant improvement in capacity retention for a LiCoO2 cathode
127

. The work of the X. Sun and Y. Wang groups have been actively exploring this area

and demonstrated similar results with ALD using a variety of coating and cathode
materials

128-131

. Unlike previous sol-gel based, colloidal solution based, or conventional

solid-state reaction processes, which produce porous electrode coatings consisting of
nanoparticles, these ALD coatings of Al2O3 were assumed to be fully dense and to behave
as both electronic and ionic insulators
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. Thin oxide coatings produced by ALD have

also been investigated for anode coatings and solid-state electrolyte materials 133.
In this chapter the electrodes produced by coating LiMn2O4 onto carbon fibers in
the previous chapter are utilized as a platform for further study by modifying the surface
of these electrodes with oxide coatings. This is in contrast to previous approaches in
which either discrete powders or tape-cast electrodes were coated by ALD, wherein
maintaining an uninterrupted interface was found to be critical to good electrode
performance 131, 134. Using conventional electrochemical testing techniques along with ex
situ structural and surface chemistry characterization, the influence of ALD coatings on
morphology, rate capability and capacity retention was investigated.

5.2

Experimental Methods
LiMn2O4 on carbon fiber electrodes were produced according to the two-step

hydrothermal process described in Chapter 4. Aluminum-oxide coatings were applied by
a Savannah 100 (Ultratech, MA, USA) atomic layer deposition system. Each ALD cycle
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was deposited at 175 °C with a pulse time of 0.1 s for the trimethylaluminum (TMA)
precursor and 0.015 s for the water vapor. Pulsing of each solution was followed by 15 s
of pause under vacuum to completely remove any remainder precursor. To ensure
thermal equilibrium, the chamber was held under vacuum for a minimum of 10 minutes
before deposition. During deposition, the N2 (Ultra High Purity, AirGas, PA, USA)
carrier gas was set to flow at 20 SCCM.
Half-cells of the ALD coated and uncoated LMO@CFP electrodes were
assembled in an Ar filled glove box using Swagelok-type cell hardware after drying
electrode discs in a vacuum oven overnight. The counter and pseudo-reference electrode
was Li metal and the electrolyte was 1 M LiPF6 in 1:1 EC:DMC (Novolyte) soaked into a
glass-fiber separator (Whatman GF/D). After assembly, cells were cycled using an Arbin
BT2000 battery cycler at room temperature with rates of C/10 to 10C (1C = 148 mA/g
LiMn2O4). Electrochemical Impedance Spectroscopy (EIS) was also measured after
various numbers of total cycles using a Solartron SI 1287 Electrochemical Interface and
Solartron SI 1255 Frequency Response Analyzer. For the equivalent circuit modeling,
Scriber Associates “ZView” software was used. Circuit elements were added sequentially
and optimized with constraints before the entire equivalent circuit was left free to vary to
ensure a reasonable fit.
Thermogravimetric analysis was performed to conﬁrm the measurements made
with the lab balance using a TA Instruments Q600 SDT with air (Airgas, Ultra Zero
purity) as the purge gas. After taring the alumina pans, samples of 10 mg or less were
loaded and allowed to rest at room temperature for at least 1 h under 100 mL/min of
purge gas until the mass loss due to suspected water evaporation stabilized. Once the
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sample mass stabilized, the sample was heated at 10 °C/min to 900 °C to oxidize the
CFP. The remaining mass is then presumed to be the oxide coating.
Like with the previous chapter, the observed charge and discharge capacities in
mAh were normalized using the assumed mass loading of LiMn2O4. This value was
obtained by multiplying the measured electrode mass by the weight percent increase
calculated from the hydrothermal experiment-typically about 30 wt%. However, while
the uncoated and 10 ALD layer coated electrodes had very similar calculated oxide mass
loadings (6.58 mgoxide/cm2 and 6.56 mgoxide/cm2) respectively, the 50 ALD layer coated
electrode was measured at 6.89 mgoxide/cm2, representing an increased mass for the 50
ALD layer electrode relative to the uncoated and 10 ALD layer electrodes of about 5%
(Figure 5.1). Including the mass of the ALD layer would artificially decrease the
calculated specific capacity for the 50 ALD layer coated electrode. To compensate for
this the “extra” mass added by the ALD process for the 50 ALD layer coated electrodes
(0.33 mg/cm2) was removed when calculating the specific capacity. As expected, 20
layers of ALD coating (not tested further) produced an intermediate mass relative to the
10 and 50 ALD layer coatings.
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Figure 5.1 Mass variations for ALD coated electrodes. Each electrode area was ~1 cm2. Error bars
indicate the standard deviation as obtained from at least 5 electrodes.

Electrodes were further characterized ex situ before and after cycling via powder
x-ray diffraction (XRD), scanning electron microscopy (SEM, LEO 1530 thermallyassisted field emission SEM), energy dispersive x-ray spectroscopy (EDS, Oxford
Instruments thin window silicon drift detector), and x-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-alpha), and transmission electron microscopy (TEM, FEI
Technai F30). Powder x-ray diffraction was conducted using Beamline X7B at the
National Synchrotron Light Source at Brookhaven National Lab with an x-ray
wavelength of 0.3196 Å. XPS analysis utilized a low-energy electron flood gun to reduce
charging effects, and binding energies were corrected using the C 1s peak position at
284.8 eV. XPS peaks were fitted using the software XPSPEAK 4.1. Backgrounds were
fitted using a Shirley type background function and a mixed Gaussian-Lorentzian peak
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shape was used. For the Al 2p photoemission in uncycled samples, no limitations were
placed on the % Gaussian, full width at half maximum (FWHM), or peak position. For Al
2p after cycling, a second peak was added with the constraints that it had the same
FWHM and % Gaussian as the first peak. Peak fitting for the Mn 2p photoelectron relied
on the use of a reference sample of store bought LiMn2O4 (Sigma Aldrich, 99.9% pure).
LiMn2O4 powder was cold pressed into a pellet approximately 1 mm in thickness and
held in place with a copper clip. For the reference sample, the relative intensities and
%Gaussian of the two Mn 2p3/2 sub-peaks were fixed to each other while the FWHM was
allowed to vary within the range of 2.4-2.6 eV. The asymmetry parameters in the XPS
peak software were manipulated manually until a good fit was obtained. As a “check” of
the Mn 2p3/2 fit for the reference sample, Mn 2p1/2 sub peaks were added with a separate
background region and identical FWHM, % Gaussian, and asymmetry parameters but
with peak areas fixed at 50% of their corresponding Mn 2p3/2 peaks. All of the line shape
values obtained from the reference were fixed for the experimental samples in this study,
while peak position and relative area were free to vary.

5.3

Influence of ALD coatings on LiMn2O4 Electrodes

5.3.1 Morphology of ALD coated electrodes
The morphologies of as-prepared LMO@CFP and ALD coated LMO@CFP were
quite similar as shown in Figure 5.2. All samples consisted of discrete crystallites in the
size range of 100-500 nm and no changes in surface features were apparent (at the
indicated scale in Figure 5.2) as a function of the Al2O3 coating thickness. When
analyzed using EDS during SEM analysis, as-prepared Al2O3 coated electrodes exhibited
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an increase in Al and O content with an increase in the number of ALD cycles. Likewise,
the average areal mass loading of the electrodes (mgoxide/cm2) increased slightly with
increasing ALD cycles, shown in Figure 5.1.

Figure 5.2 SEM images of LiMn2O4 as grown on CFP (A) and Al2O3-coated LiMn2O4 derived from
10 (B) and 50 (C) ALD cycles. A representative area of collection for EDS is shown in (D). EDS
spectrum (E) collected at 20 kV accelerating voltage shows higher Al and O content with increasing
ALD coating thickness.
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TGA/DSC was used to verify the mass increase due to the ALD coating shown in
Figure 5.1, and to determine if the ALD coating had any influence on the thermal
decomposition of the LiMn2O4 on CFP composite. Figure 5.3 shows that the relative
mass loadings for the ALD coated electrodes are consistent with the measurements made
on complete electrodes, reporting an approximately 5 wt% increase for the thickest (50
layer) ALD coating. Similar to the bare CFP TGA/DSC results presented in Figure 4.4,
two exothermic peaks are observed coincident with sample mass loss. For all of the
samples containing LiMn2O4, the first exothermic peak occurs at a significantly lower
temperature than for the bare CFP (402 °C with LiMn2O4 vs 495 °C without). LiMn2O4
has been previously reported to catalyze the decomposition of carbon when heated in an
oxidizing atmosphere135. Meanwhile, the second exothermic peak is broadened and the
apparent maximum heat flow shifts to higher temperatures with increasing coating
thickness, suggesting that the alumina coating possibly impedes this reaction.
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Figure 5.3 TGA/DSC for ALD coated LiMn2O4 on CFP electrodes.
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Analysis by TEM revealed a clear delineation between the crystalline LiMn2O4
particle and the amorphous ALD coating. A 50 ALD layer coating of approximately 5.1
nm thickness (Figure 5.4) was consistent with an assumed ALD growth rate of 0.9-1.1 Å
per layer for Al2O3 on Si using a TMA precursor. An EDS line-scan conducted during
TEM analysis shows that the signal intensity for Al began to increase slightly before the
Mn signal, and then remained relatively constant. The Mn signal continued to increase
along the distance of the line scan as the LiMn2O4 particle became thicker. A TEM image
of the 10 ALD layer coated sample is also shown in Figure 5.4, however the 10 ALD
layer Al2O3 coating was too thin for chemical analyses by EDS.
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Figure 5.4 High-resolution TEM image of a 10 ALD cycle coated (A) and 50 ALD cycle coated
LiMn2O4 particle (B). Arrow in (B) indicates the direction of the EDS line-scan shown in (C)
conducted for the 50 ALD cycle coated electrode. The EDS signal collected for the first ~ 10 nm is
expected to come exclusively from the underlying carbon in the TEM grid.

5.3.2 Electrochemical cycling of ALD coated electrodes
The observed capacities of the LMO@CFP electrodes were normalized by the
mass of the LiMn2O4 content in each electrode, which was about 30 wt% of the total
electrode mass as shown in the previous chapter. For the 50 ALD layer coated electrodes,
the mass contribution from the ALD coatings (Figure 5.1) was removed when calculating
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the normalized capacity, while the mass difference for the 10 ALD layer electrodes was
negligible compared to the uncoated electrode. Despite these corrections, it is apparent in
Figure 5.5 that the discharge capacity of the 50 ALD layer coated electrodes was
significantly lower than for the 10 ALD layer coated and uncoated electrodes, even when
cycled at a rate of C/10. At the lowest rate tested the uncoated and 10 ALD layer coated
electrodes exhibited similar capacities, whereas for rates up to 1C, the 10 ALD layer
coated electrode exhibited higher capacity compared to the uncoated electrode. This was
similar to the observation reported by Walz et al. who found that an LiMn2O4 electrode
coated with TiO2 nanoparticles had a higher rate capability than an uncoated electrode,
which was attributed to the coating resulting in a more uniform current density40.
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Figure 5.5 First cycle charge (dashed lines) and discharge (solid lines) profile at a C/10 rate (A) and
rate capability testing (B) for LiMn2O4 coated CFP with and without ALD coatings. 1C is defined as
148 mA/g base on the mass of LiMn2O4 in the electrode.
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While the total capacity of the 50 ALD layer coated electrode was severely
reduced, the relative rate capability (i.e., the percentage of original capacity maintained at
increasing current density) was not similarly influenced. The capacity of the 50 ALD
layer electrode actually increased very slightly between the C/10 and C/5 rate regions and
exhibited the smallest drop between the 1C and 5C regions, which was consistent with
the ALD coating improving the homogeneity of near-surface current density on the
coated electrodes. At rates of 5C and 10C the uncoated and 10 ALD layer coated
electrodes show roughly comparable capacities. The effect of the coating on improving
capacity retention was apparent even during rate capability testing. After returning to a
C/5 rate, the 10 and 50 ALD layer electrodes recovered 98.5% and 99.1% of their
original C/5 discharge capacity, respectively, compared to 93.5% for the uncoated
electrode.
Differential capacity plots for the first and tenth cycles at a C/10 rate (Figure 5.6)
show the typical pair of redox peaks expected for LiMn2O4 during charging and
discharging. For the ALD coated electrodes, an increased differential capacity was
observed above about 4.2 V vs. Li/Li+ on the first cycle, which was greatly reduced by
the 10th cycle. While all of the electrodes exhibited a larger charge capacity than
discharge capacity during the first cycle, it was not clear why only the ALD coated
electrodes showed a slight increase of differential capacity in the 4.2-4.4 V vs. Li/Li+
region during the first charge. One explanation could be that ALD coatings increased the
over potential for the initial delithiation of the underlying LiMn2O4, which would be
consistent with the slightly higher oxidation potentials and slightly lower reduction
potentials for the ALD coated electrodes on the first cycle compared to the uncoated
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electrode. By the 10th cycle, all of the electrodes exhibited redox peaks at 4.01 V and
4.13 V during charging and 4.11 V and 3.99 V during discharging.

Figure 5.6 Differential capacity plots for the first and tenth cycle at a C/10 rate are shown for both
ALD coated and uncoated electrodes. Insets show close up of redox peak region for each associated
graph.

The consistency in redox potential observed for the differential capacity plots, in
comparison to the inconsistency in observed specific capacity, highlights an unusual
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aspect of the ALD coated electrodes. While an increasing thickness of a dense aluminum
oxide could be expected to behave as a barrier to ionic conductivity, thus increasing the
effective concentration overpotential, a corresponding change in cell voltage is not
observed. To study this discrepancy further, cyclic voltammograms were conducted at
multiple voltage scan rates on uncoated and ALD coated electrodes. According to the
Randles-Sevchick equation (Equation 35), the observed peak current should be related to
the square-root of the voltage scan rate for a diffusion controlled reaction. Furthermore,
using the peak parameters introduced in the previous chapter some measure of relative
electrochemical reversibility can be obtained by studying the redox peak separation and
ratio of oxidation and reduction currents.
Figure 5.7 shows that as expected from galvanostatic testing, the specific current
observed in cyclic voltammetry testing decreases with increasing thickness of the ALD
layer. However, it is also apparent the that greatest specific current observed occurs in the
10 ALD layer coated sample, and further that the change in CV shape with increasing
scan rate is most significant for the electrode with no ALD coating at all. Put another
way, while the 50 ALD layer has the smallest capacity it seems to have the greatest
electrochemical reversibility. Table 5.1 summarizes the values obtained from the CV
measurements in Figure 5.7, revealing that ALD coatings dramatically reduce the peak
separation between reduction and oxidation peaks and increase the ratio of maximum
reducing and oxidizing current. Both of these changes confirm an increase in overall
electrochemical reversibility.
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Figure 5.7 Cyclic voltammograms for LiMn2O4 on carbon fiber electrodes with and without ALD
coatings. Current densities are normalized relative to the LiMn 2O4 content in the electrode, which for
this case is assumed to be identical regardless of ALD coating.
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Table 5.1 Summary of values derived from CV measurements for LiMn2O4 coated CFP with and
without ALD coatings. Note that for scan rates of 0.75 and 1.0 mV/s, O 1 could not be identified for
the electrode without ALD coating.
IR1/IO1

IR2/IO2

ΔV(O1-R1) (mV)

ΔV (O2-R2) (mV)

0.1

0.89

0.87

149

136

0.2

0.90

0.80

208

185

0.5

0.90

0.72

329

288

0.75

N/A

0.67

N/A

352

1.0

N/A

0.67

N/A

392

0.1

0.97

0.96

104

106

0.2

0.93

0.90

154

150

0.5

0.91

0.82

256

244

0.75

0.88

0.77

320

300

1.0

0.87

0.76

371

341

0.1

1.05

1.00

68

70

0.2

0.99

0.95

101

98

0.5

0.96

0.86

188

165

0.75

0.97

0.82

201

199

1.0

0.98

0.79

216

233

Scan rate (mV/s)
No Coating

10 ALD Layers

50 ALD layers

Peak current values for all of the LiMn2O4 on CFP electrodes show a linear
relationship with the square root of the scan rate (Figure 5.8), and thus are diffusion
controlled136-138 . It is also clear that the peak current observed for the 10 ALD layer
electrode is highest among all of the electrodes tested, while the 50 ALD layer electrode
is the lowest. Calculation of the average lithium diffusivity (DLi) using the RandlesSevchik equation yields values in the range of 10-11 to 10-10 cm2/s for the LiMn2O4 coated
CFP electrodes, and is summarized in Table 5.2 for the second oxidation and reduction
peaks. For these calculations the concentration of lithium in LiMn2O4 was assumed as a
constant 0.238 mol/cm3, which is derived from the theoretical density of LiMn2O4 (4.3
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g/cm3). As expected, the 10 ALD layer coated electrodes show the highest average
lithium diffusivity at approximately double that observed for the uncoated electrodes,
while the 50 ALD layer coated electrodes are an order of magnitude lower. The
diffusivity values shown in Table 5.2 do not reflect changes in the stoichiometry in
LiMn2O4 which has been reported to influence diffusivity. However, the values found in
this study are consistent with previous reports of lithium diffusivity in LiMn2O4 as
measured by CV and other techniques136-139.

Figure 5.8 Peak current vs. square root of scan rate for LiMn2O4 on CFP electrodes with and without
ALD coatings.
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Table 5.2 Calculated values of lithium diffusivity for LiMn2O4 on CFP electrodes derived from the
second oxidation and reduction peaks observed by CV.
Sample

DLi, O2 (cm2/s)

DLi, R2 (cm2/s)

No ALD coating

2.09-4.36x10-10

1.57-1.93 x10-10

10 ALD Layers

3.28-7.52x10-10

2.99-4.30x10-10

50 ALD Layers

2.06-5.44x10-11

2.02-3.37x10-11

Extended cycling at room temperature for the uncoated and 10 ALD layer
electrodes revealed that, after 500 cycles (Figure 5.9) at a 1C rate, the 10 ALD layer
coated electrode retained over 2.5 times the roughly identical starting capacity compared
to the uncoated electrode. For the 50 ALD layer coated electrodes, only 300 cycles were
conducted at a rate of 1C, whereupon a capacity retention comparable to that of the 10
ALD layer coated electrodes was observed. A small discrepancy was apparent when
comparing the 1C rate capacity for the uncoated electrodes in Figures 5.5B and 5.9. For
the extended cycling tests, electrodes were cycled first for one C/10 formation cycle
followed by extended cycling at 1C. During this testing, both the 10 ALD layer coated
and uncoated electrodes had starting 1C capacities above 130 mAh/g. Meanwhile, the 1C
capacity for both electrodes during the rate capability tests was about 128 mAh/g for the
10 ALD layer coated electrode and only 117 mAh/g for the uncoated electrode. However,
when considering the 30th cycle capacity for the extended cycling test, which should be
equivalent to the first 1C cycle observed for the multi rate tests, the capacities of the
uncoated and 10 ALD layer coated electrodes were 121 mAh/g and 127 mAh/g,
respectively, which were consistent with the observed 1C capacities in Figure 5.5B.
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Figure 5.9 Extended cycling conducted at room temperature and a rate of 1C for ALD coated and
uncoated samples.

5.3.3 Evolution of structure, impedance and surface chemistry
To better understand the mechanism by which the ALD Al2O3 coating improved
the capacity retention and apparent lithium diffusivity of LiMn2O4 electrodes,
synchrotron X-ray diffraction analysis was used to characterize the structure of coated
and uncoated electrodes before and after cycling. Rietveld refinements of the XRD
patterns (Figure 5.10) yielded a virtually identical lattice constant for uncycled electrodes
with and without ALD coating. For the uncycled electrodes, the lattice constant was
slightly less than the 8.247 Å value reported for stoichiometric, bulk LiMn2O4 (JCPDS
No. 35-0782), which was consistent with a Li-rich composition reported for other
hydrothermally produced lithium-manganese spinel oxides91.
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Figure 5.10 Synchrotron XRD patterns collected using 0.3196 Å X-rays with Rietveld refinement
results. All peaks identified by green vertical lines are assigned to LiMn2O4 with a lattice spacing of
8.247 Å.

Three small impurity peaks (Figure 5.11) were also apparent in the pre-cycled
electrodes, which appear at the same 2 locations for both the ALD coated and uncoated
electrodes, suggesting that these peaks were not related to the ALD process or the Al2O3
coating. These peaks were not resolvable using the laboratory scale powder XRD utilized
in Chapter 4, though are likely still present in several samples. After cycling, these
impurity peaks disappeared while the peaks associated with the spinel phase remained
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essentially unchanged in both position and relative peak intensity. The phase associated
with the impurity peaks could possibly be another manganese oxide which was either
chemically or electrochemically consumed during cycling, which is consistent with the
observation of an increased charge capacity and slightly shifted potentials for the first
charge and discharge cycle shown in Figure 5.5. Only a small change in lattice parameter
in the main spinel phase was observed after cycling. For the uncoated electrode, a slight
dilation towards the standard lattice parameter was observed, while for the 10 ALD cycle
coated electrode the lattice parameter is constricted by a similar amount. In both cases,
the change in lattice parameter was less than 0.5% of the starting value, which could
perhaps be explained by a slight variation in sample positioning relative to the x-ray
detector. An amorphous (broad hump) region between 4-6° 2θ observed for all electrodes
was attributed to the carbon fiber current collector.
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Figure 5.11 Overlay of synchrotron XRD patterns for 10 ALD layer coated and uncoated samples
before and after electrochemical cycling. Observed impurity peaks are identified with black arrows,
and appear in both coated and uncoated samples.

SEM images of the LiMn2O4 particles in ALD coated and uncoated electrodes after
electrochemical cycling are shown in Figure 5.12, and appear to have a slightly rougher
morphology and decreased image quality than the uncycled electrodes. Both of these
observations could be attributed to the formation of organic phases from electrolyte
decomposition. Meanwhile, no obvious pitting, cracking or particulate pulverization is
observed.
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Figure 5.12 SEM images of unmodified and ALD coated LiMn2O4 on CFP electrodes after 300
charge and discharge cycles at a 1C rate. Samples were rinsed with dimethyl carbonate and allowed
to dry in an Ar filled glovebox prior to inspection by electron microscopy.
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EIS analysis was conducted for cells in the discharged state (3.1 V vs. Li/Li+)
after various numbers of cycles. Cycling was conducted at a rate of 1C. However, before
each impedance spectrum was collected, a single cycle at a C/10 rate was conducted to
create a uniform reaction rate and open-cell potential. The equivalent circuit model used
for the fitting procedure, as well as Nyquist plots for the observed and fitted impedance
spectrum, are shown in Figure 5.13.

136

Figure 5.13 Equivalent circuit model (A) and fitting results for representative EIS spectra of
uncoated (black squares), 10 ALD layer coated (blue circles), and 50 ALD cycle coated electrodes
(green triangles) after the 1st (B), 50th (C) and 100th (D) cycles. All spectra shown were collected for
half cells discharged to 3.1 V vs. Li/Li+. Color coded arrows (black for uncoated electrode, blue for
10 ALD cycle coated and green for 50 ALD cycle coated) are used to identify points corresponding to
individual frequencies and to facilitate comparison between the electrodes.

The fitting results are summarized in Table 5.3 with values presented as an
average of three identical electrodes of each type. Two semi-circles offset from the origin
along the X-axis and a sloped linear region was observed for each impedance spectrum.
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The highest frequency semi-circle was fitted using a circuit model consisting of a resistor
and capacitor in parallel (R2 and C1), while the lower frequency semi-circle was
depressed and fitted with a model of a resistor and constant-phase element in parallel (R3
and CPE1). The lowest frequency region is fitted with an open-circuit Warburg element
(W1). As has often been previously reported, the x-axis offset was treated as the solution
resistance (Rs), which contained contributions from both the electrolyte conductivity and
the contact resistance between the electrode and current-collector. For the semi-circle
regions, the higher-frequency R2 and C1 were attributed to the SEI or sometimes “surface
film”, the lower-frequency R3 and CPE1 were attributed to the charge-transfer resistance
and double-layer capacitance, respectively, while the sloped linear region was associated
with solid-state lithium diffusion140-143. Impedance analyses indicated that the two semicircles have distinct time constants, which were identified by the positions of the marked
frequencies in Figure 5.13. However, the half-cell measurements did not provide enough
information to unambiguously confirm each of the proposed circuit elements suggested in
the literature. Instead, further discussion will only consider the solution resistance (Rs)
and polarization resistance (Rp) defined as the sum of the R2 and R3 values.
The general trend shows that the ALD coating had minimal influence on the
solution resistance Rs for all samples and for all of the number of cycles. A large drop in
Rp was observed between the first and 50th cycles, which was perhaps due to the removal
of the unidentified phase observed in the pre-cycled electrode by XRD analysis or due to
the influence of a native passivation layer on the Li anode. Comparatively small changes
in Rp were observed between the 50th and 100th cycles. After 50 cycles, the 10 ALD layer
coated electrodes exhibited the smallest value in Rp, which was slightly below the value
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observed for the uncoated electrode. The average Rp value for the 50 ALD layer coated
electrodes was more than twice the average value for the 10 ALD layer coated electrodes,
which was consistent with the lower capacity observed in Figure 5.5.

Table 5.3 Summary of EIS fitting results, where RΩ and Rp are presented as average (AVG) values
of three identical cells along with standard deviations (STDEV).
Sample
After 1st Cycle

-2

Rs (Ω cm )

-2

Rp (Ω cm )

AVG

STDEV

AVG

STDEV

No Coating

8.1

1.3

637.3

60.9

10 ALD Layers

10.5

2.2

520.5

180.4

50 ALD Layers

9.1

0.3

653.2

384.9

No Coating

10.8

1.2

86.8

30.1

10 ALD Layers

14.5

0.5

73.9

11.3

50 ALD Layers

12.5

0.7

295.0

235.3

No Coating

9.6

0.5

91.2

19.7

10 ALD Layers

14.0

0.7

68.4

4.4

50 ALD Layers

11.8

1.0

179.2

104.6

After 50th Cycle

After 100th Cycle

X-ray photoelectron spectroscopy was used to determine the binding energies of
the Mn 2p photoelectron line on all electrodes and the Al 2p photoelectron line for ALD
coated electrodes, both before cycling and after 300 charge and discharge cycles at a rate
of 1C. Peak fitting was used to quantify the relative positions and areas of any sub-peaks
within each photoelectron line. Binding energies for all Mn 2p peaks, as well as the
doublet separations (ΔB.E.) and calculated Mn oxidation state (Mn Ox.), are summarized
in Table 5.4.
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The Mn 2p peak has been commonly used to characterize the near-surface
oxidation state of LiMn2O4 and other manganese oxides140, 141, 144-147. Prior XPS studies of
LiMn2O4 have yielded between 641.4 eV to 642.1 eV for the Mn 2p3/2 sub-peak assigned
to Mn3+ and 642.4 eV to 643.6 eV for the Mn 2p3/2 sub-peak assigned to Mn4+.
Furthermore, the doublet separation between the Mn 2p3/2 and Mn 2p1/2 is listed in the
NIST database as ranging from 11.6 eV to 11.8 eV for Mn oxides, with a value of 11.6
eV reported for LiMn2O4147. Interpretation of the Mn 2p can be particularly challenging
because of the possibility for multiple oxidation states, which vary as a function of state
of charge as well as cycling history, but also due to the intrinsically asymmetric Mn 2p
peak shape. To minimize any cognitive bias introduced during the fitting procedure, a
cold-pressed LiMn2O4 pellet was used as a reference sample. Values for an asymmetrical
Voight-type peak shape were derived from the reference sample and fixed for all other
electrodes. The full width at half maximum (FWHM) values was allowed to vary within a
narrow range. Figure 5.14 shows the Mn 2p peak shape for the reference sample (cold
pressed LiMn2O4 pellet used to derive the peak shape parameters.
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Figure 5.14 Fitted Mn 2p photoemission peak in a cold-pressed LiMn2O4 reference sample.

As shown in Figure 5.15, all electrodes before cycling exhibited Mn 2p binding
energies slightly lower than previously reported literature values, but were internally
consistent regardless of the presence of an ALD coating. However, an obvious decrease
in the Mn 2p signal for the 50 ALD layer coated electrode was apparent before cycling.
While this observation was reasonable given the increased thickness of the ALD layer
compared to the 10 ALD layer coated electrode, it introduced some uncertainty into the
analysis of the uncycled 50 ALD layer electrode. With the exception of the 50 ALD layer
electrode, the Mn 2p3/2 and Mn 2p1/2 doublet separation for each set of sub-peaks was
near 11.6 eV, suggesting that the peak fitting routine was reasonable. The near-surface
Mn oxidation state was calculated using the relative area for peaks associated with Mn4+
and Mn3+ in the Mn 2p3/2 region. For the uncoated, uncycled electrode, an average
oxidation state of Mn3.5+ was obtained, which was expected for stoichiometric LiMn2O4.
Meanwhile, the relative peak area associated with Mn3+ increased with increasing
ALD layer thickness, and as a result both of the 10 ALD layer and 50 ALD layer
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electrodes show a decreased Mn oxidation state relative to the LiMn2O4 surface without
any ALD coating. It is unclear whether this reduction was due to a reaction occurring
during the ALD process or due to the decreasing signal-to-noise ratio for the Mn 2p peak.
At the temperature used for the ALD process (175 °C), no reaction is expected between
the carbon fiber substrate and LiMn2O4 coating (Figure 5.3). However, the Al precursor
TMA is in fact a strong reducing agent which suggests the possibility that this decreased
oxidation state is due to a reaction of the substrate with the ALD precursors
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. The

typical depiction of the ALD process using TMA and H2O reactants is the two-step
methyl transfer reaction described by George et. Al. with surface species indicated by
asterisks,
∗

𝐴𝑙𝑂𝐻 ∗ + 𝐴𝑙(𝐶𝐻3 )3 → 𝐴𝑙𝑂𝐴𝑙(𝐶𝐻3 )2 + 𝐶𝐻4
𝐴𝑙𝐶𝐻3 ∗ + 𝐻2 𝑂 → 𝐴𝑙𝑂 − 𝐴𝑙𝑂𝐻 ∗ + 𝐶𝐻4

Reaction 4
Reaction 5

assumes a reaction between incoming TMA molecules and omnipresent hydroxyl groups
on the surface of an oxide substrate

149, 150

. However, these reactions do not explicitly

involve reduction of the substrate, and in fact ALD coatings using TMA have been
demonstrated for relatively inert surfaces including carbon and gold

150, 151

. Furthermore,

according to the Hunter reaction (Reaction 1) a decreased oxidation state of Mn should
lead to an accelerated capacity fade due to Mn dissolution, which is not observed for the
ALD coated samples during electrochemical cycling. Thus, while TMA may be the
reducing agent responsible for the observed Mn oxidation state change in the ALD
alumina coated electrodes this effect does not override the benefits of the alumina
coating.
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Figure 5.15 Mn 2p spectra before cycling (A) and after 300 cycles (B) at a 1C rate. Blue and green
peaks identify contributions attributed to Mn 4+ and Mn 3+ ions, respectively.
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After cycling, all of the Mn 2p peaks shifted to slightly higher binding energies,
suggesting an increased oxidation state for Mn. However, only the uncoated electrode
exhibited a change in relative Mn3+/4+ peak areas and thus, a change in the average Mn
oxidation state. Previous works have also reported reduction of manganese and other
transition metals during electrochemical cycling of lithium-ion battery positive
electrodes, and that this reduction can be inhibited with appropriate surface coatings
129
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.
Two important changes were observed when comparing the Mn 2p peaks before

and after cycling. First, the apparent Mn 2p signal-to-noise ratio for the cycled 50 ALD
layer electrode improved dramatically compared with the uncycled electrode using
identical XPS analysis conditions. This could imply that the ALD layer experienced a
significant change in morphology or thickness, which resulted in an improved yield of
Mn 2p photoelectrons. An alternative explanation is that Mn ions can migrate into the
coating and nearer to the surface during the Mn dissolution process or form a new phase
on the surface of the electrodes. A recent study of spinel LixNi0.5Mn1.5O4−δ revealed the
formation of Ni2+ and Mn2+/3+ complexes with β-diketonate ligands produced by
oxidation of the electrolyte during electrochemical cycling
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. These phases or others

like it may also be present at the surface of the ALD coated electrodes after
electrochemical cycling, leading to an enhanced Mn 2p signal in XPS, though from the
current analysis these complexes cannot be specifically identified. High-angle annular
dark-field (HAADF) scanning transmission electron microscopy (STEM) images (Figure
5.16) comparing the 50 ALD layer coated electrode before and after cycling revealed a
brighter edge on the cycled electrode. The increased contrast in the cycled sample could
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be attributed to the presence of higher atomic number Mn, indicating diffusion of Mn
from the LiMn2O4 particle into the Al2O3 coating. This was consistent with the both the
EDS data collected in TEM (Figure 5.16C), which indicated an increase in Mn and Al
signal at roughly the same lateral position, as well as the increased signal to noise ratio
for the 50 ALD layer electrode shown in Figure 5.15A compared to Figure 5.15B .

Figure 5.16 HAADF (high-angle annular dark-field) STEM (scanning transmission electron
microscopy) images for a 50 ALD layer coated electrode before (A) and after (B) 300 cycles. An EDS
line scan using the direction indicated by the red arrow in (B) is shown in (C).
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The second observation is that while the cycled ALD coated electrodes showed
qualitatively reasonable fits under the same conditions used for the uncycled electrodes,
the uncoated electrode after cycling did not. This was observed as a slight underestimation of the total peak intensity for the Mn 2p3/2 peak and a slight over-estimation
for the Mn 2p1/2 peak when comparing the raw experimental data with the calculated fit.
Furthermore, while the Mn 2p signal-to-noise ratio for the bare electrodes remained high,
the doublet separation between the Mn 2p1/2 and Mn 2p3/2 peaks increased relative to the
uncycled electrode. These observations likely resulted from the formation of a new phase
on the surface of the uncoated electrode after cycling.

Table 5.4 Summary of XPS fitting results for Mn 2p. Binding energies (B.E.) are corrected relative to
adventitious carbon on each sample.
Mn 3+

Mn 4+

Mn 2p 3/2
B.E. (eV)

Mn2p1/2
B.E. (eV)

ΔB.E.
(eV)

Mn 2p 3/2
B.E. (eV)

Mn2p1/2
B.E. (eV)

ΔB.E.
(eV)

Mn
Ox.

No Coating

641.2

652.8

11.6

642.7

654.2

11.6

3.5

10 ALD Layers

641.2

652.7

11.5

642.7

654.2

11.5

3.4

50 ALD Layers

641.1

652.5

11.4

642.6

654.6

12.0

3.3

No Coating

641.6

653.5

11.8

643.3

655.2

11.9

3.3

10 ALD Layers

641.5

653.1

11.6

643.0

654.5

11.6

3.4

50 ALD Layers

641.6

653.2

11.6

643.2

655.0

11.8

3.3

Sample
Before Cycling

After Cycling

Compared to the Mn 2p spectra, analysis of the Al 2p photoelectron peaks shown
in Figure 5.17 revealed a much more dramatic change as a result of electrochemical
cycling. Regardless of ALD coating thickness, a single well defined peak is identified in
the Al 2p region before electrochemical cycling.
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Figure 5.17 Al 2p XPS peak comparing 10 ALD layer coated (A) and 50 ALD layer coated (B)
electrode before and after 300 cycles at a 1C rate.

Binding energies and FWHM values for the Al 2p photoelectron peaks shown in Figure
5.17 are summarized in Table 5.5.
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Table 5.5 Summary of XPS fitting results for Al 2p peak.
Sample

Al-O B.E. (eV)

Al-F B.E. (eV)

Al 2p FWHM (eV)

10 ALD Layers

74.4

-

1.81

50 ALD Layers

74.6

-

1.81

After Cycling
10 ALD Layers

73.8

75.7

1.88

50 ALD Layers

74.3

75.5

1.67

Before Cycling

The binding energies of these peaks were approximately 74.5 eV, which was
consistent with previous reports of aluminum oxide deposited onto LiMn2O4 by ALD154.
After cycling, the peak maximum shifted to higher binding energies and developed a
broader, slightly asymmetrical peak shape. Al was assumed to exist with a single
oxidation state, Al3+ (unlike Manganese). Thus, the observed binding energy shift was
likely due to a change in chemical bonding. An increased binding energy could be caused
by increased electronegativity in the bonding character. Among the available and likely
bond forming anions that are more electronegative than oxygen, only fluorine can be
responsible for the large change in binding energy observed after cycling. The peak
associated with residual aluminum oxide was also found to shift slightly to lower binding
energies for both the 10 ALD layer and 50 ALD layer electrodes. Thus, the data
suggested that, after electrochemical cycling the originally pure alumina coating
consisted of a mixture of aluminum fluoride, aluminum oxy-fluoride, or fluorine-doped
alumina and unreacted alumina. This conclusion was further supported by observing the
relative intensity of the assumed Al-F and Al-O peaks. For the thinner 10 ALD layer
electrode, only a small shoulder region could be attributed to residual unreacted

148

aluminum-oxide, while for the 50 ALD layer electrode, the residual peak was distinctly
stronger.
Some authors have suggested that Al2O3 can sequester HF by the following
reaction155, 156
𝐴𝑙2 𝑂3 (𝑠) + 6 𝐻𝐹(𝑙) → 2 𝐴𝑙𝐹3 (𝑠) + 3𝐻2 𝑂(𝑙)

Reaction 6.

Thermodynamic data for Reaction 6 yielded a value for the standard Gibbs free energy of
Reaction 6 of -356.1 kJ/mol at 298K157, 158. Myung et al. reached a similar conclusion for
higher temperature (400°C) solution-deposited Al2O3 coatings on Li[Li0.05Ni0.4Co0.15
Mn0.4]O2, and observed various aluminum-oxy-fluoride compounds including Al2O2F2
and Al2OF4 using time-of-flight secondary ion mass spectroscopy (TOF-SIMS),
accompanied by a decreased HF content in the electrolyte, with eventual formation of
AlF3155. However, the byproduct of water formed along with AlF3 according to Reaction
6 would enable further HF production and thus increase the rate of Mn dissolution
(Reaction 2), which seems counterintuitive based on the large amount of empirical
evidence showing that aluminum-oxides and other compound do indeed improve capacity
retention for LiMn2O4 and reduce HF content in the electrolyte. In light of this
contradiction, Oh et al. utilized TOF-SIMS to observe Al2O3 coated LiCoO2 cathodes
after electrochemical cycling and suggested that Al2O3 coatings instead form a final
compound of AlF3•H2O in the presence of HF159. The residual Al-O bonding shown in
the XPS analysis may indicate that HF molecules are not completely disassociated by
contact with Al2O3 and that a compound with both Al-O and Al-F bonding remains. This
is shown schematically, and compared to the assumed case for Mn dissolution by the
Hunter reaction, in Figure 5.18.
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Figure 5.18 Schematic of proposed mechanism through which ALD protects LiMn2O4 surface. For
the uncoated electrode, LiPF6 decomposition proceeds in (A) leading to Mn2+ dissolution and
formation of MnO2 on the electrode surface (B). For the ALD coating, LiPF 6 still decomposes for
form HF (C) which reacts instead with Al-O to form a new phase and prevent extensive Mn
dissolution (D).

5.4

Conclusions
In this chapter ALD was used to deposit coatings of Al2O3 onto LiMn2O4 grown on

carbon fiber electrodes via hydrothermal synthesis. Among the samples studied, the 10
ALD layer coated electrodes exhibited the best performance, with significantly enhanced
capacity retention and improved rate capability. By studying the peak current of cyclic
voltammograms the lithium diffusivity of the 10 ALD layer coated electrode was found
to be slightly higher than the uncoated electrode, which could explain the increased rate
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capability. Meanwhile, the structure of the electrodes remained virtually unchanged when
examined using synchrotron X-ray diffraction and electron microscopy. No cracking or
electrode pulverization was observed for either the coated or uncoated electrodes. These
observations suggest that the capacity loss observed in the uncoated electrodes is due
primarily to Mn dissolution.
XPS analysis of the Mn 2p photoelectron line showed that the oxidation state of Mn
decreased slightly for the uncoated sample after electrochemical cycling, while for the
ALD coated samples the Mn oxidation state was unchanged. While the static oxidation
state for the ALD coated samples indicate that the Mn dissolution reaction has been
subdued, the expected increase in Mn oxidation state for the uncoated sample (due to
buildup of insoluble Mn4+) is not observed. Meanwhile, XPS analysis of the Al 2p
photoelectron line revealed a large shift in the binding energy and change in the Al 2p
peak shape, implying that aluminum oxide is capable of scavenging HF from the
electrolyte through the formation of an aluminum-oxy-fluoride compound. Finally,
redistribution of Mn was observed both with TEM and XPS analysis in the 50 ALD layer
coated electrode, suggesting that Mn migration due to the HF activated dissolution
process is not completely arrested by the coatings. This important observation suggests
that the ALD coatings do not simply act as a mechanical barrier between the electrolyte
and cathode surface. Rather, the spontaneous formation of a new phase of good ionic
conductivity on the electrode surface prevents the dramatic increase in polarization
resistance or decrease in discharge capacity reported for other coating morphologies and
techniques.
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6

CARBON NANOFIBER BASED ELECTRODES PREPARED
BY ELECTROSPINNING
In the previous chapters electrodes were produced by coating commercially

available CFP with LiMn2O4 by the hydrothermal method. With CFP substrates average
mass loading obtained was only 32 wt%, which significantly compromises the overall
energy density of the electrodes. Because the active charge storing material is deposited
only on the surface of the carbon fibers, the relatively low ratio of surface are to volume
for the micron sized fibers leads to a low overall content of oxide. Similarly, the large
void space between carbon fibers also contributes nothing to charge storage. By reducing
the diameter of the carbon fibers, as well as the voids between them, the available area
for oxide coating increases. Substrates which meet this requirement are not commercially
available; however electrospinning is a commonly used technique to produce them in the
lab. This chapter introduces the process of electrospinning and demonstrates how this
technique can be utilized to create carbon fiber substrates with favorable properties which
were then coated by LiMn2O4 and tested in electrochemical devices.

6.1

Background on electrospinning and application of carbon

nanofibers for electrochemical devices
Electrospun fibers have been used in electrochemical devices in a number of
ways. Because of the nanoscale dimensions obtainable, electrospinning has frequently
been used as a templating approach for oxides used in lithium-ion batteries and
pseudocapacitors. A typical experiment in which electrospinning is used to produce
electrode materials utilizes a solution in which a stoichiometric mixture of the desired
metal oxide compounds precursors (e.g. metal salts such as nitrates, acetates or
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carbonates) are dissolved into a solution along with a polymer. The polymer serves only
to increase the viscosity of the solution, and thereby enable the electrospinning process to
occur. Following the electrospinning experiment the metal-salt loaded polymer fibers are
calcined in air to convert the metal salts to metal oxides and burn away the polymer. The
metal oxides formed by this process usually inherit the high aspect ratio of the precalcination fibers. This approach has been used to produce cathode materials for lithiumion batteries including LiMn2O4160, 161, LiCoO2 162 and LiNi1/3Mn1/3Co1/3O2163. For all of
these reports however, the materials produced were tested electrochemically by
mechanically powdering the calcined fibers and then tape-casting electrodes containing
the resultant powders. This is presumably due to the poor electronic conductivity and
mechanical integrity of the pure oxide fibers.
Another approach to create electrochemical devices by electrospinning utilizes
polymers which can be converted into carbon during pyrolysis. Suitable polymers have
high residual carbon content when thermally decomposed in an inert atmosphere, and
preferably have the ability to produce graphitic domains which improves overall strength
and electronic conductivity. The polymer polyacrylonitrile (PAN) is by far the most
common carbon precursor utilized in electrospinning experiments164. As mentioned in
Chapter 4 PAN is also the polymer used for producing the carbon fibers found in CFP
and accounts for over 90% of commercial carbon fiber production, though these fibers
are formed by methods other than electrospinning
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. Carbon fibers produced by

electrospinning solutions of PAN dissolved in DMF usually have dimensions ranging
from 100-1000 nm and remain amorphous for pyrolysis temperatures up to 2000 °C
168

166-

. Electrical conductivity is also strongly influenced by pyrolysis temperature, and has
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been reported to increase by four orders of magnitude between 600 °C to 1000 °C

169

.

Bare PAN derived carbon fibers have been demonstrated as binderless electrodes for both
lithium-ion battery anodes, as well as carbon-carbon supercapacitors after chemical or
physical activation 166, 170, 171.
While PAN is the most frequently used polymer for producing carbon nanofibers
by electrospinning another polymer, the biomass product lignin, has been demonstrated
in electrochemical devices very recently. Because of its’ high natural abundance, low cost
(~10% of PAN), and high-carbon content, lignin has been sought after as replacement for
PAN in structural carbon fibers for a number of years but these fibers have yet to be
proven competitive with PAN based fibers in terms of tensile strength and elastic
modulus

172, 173

. Lignin exists as part of the cellular structure in vascular plants and is

particularly prevalent in trees and other rigid, woody biomass. Lignin is most commonly
produced as a byproduct of the pulp-and-paper industry, wherein it is separated from
cellulose in the puling process. Different pulping processes produce varieties of lignin
with varying properties, and the two most frequently encountered varieties are referred to
as Kraft and Alcell lignin named for their respective pulping approach. Typically only
Alcell lignin is used for structural applications due to its higher purity, while Kraft lignin
is more readily available174. An important difference between Alcell and Kraft lignin is
that only Kraft lignin is soluble in water due to the salts used in the Kraft pulping process.
The downside of this is that Kraft lignin contains inorganic impurities which end up in
the carbon fiber. A few demonstrations utilizing bare lignin derived carbon fibers have
been demonstrated in academic literature by producing fibers from electrospinning as
well as extrusion processes175-178. This chapter compares the experimental approach for
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producing carbon nanofiber webs from PAN and Kraft lignin by electrospinning, as well
as the performance of LiMn2O4 electrodes using these webs as substrates.

6.2

Experimental Methods

6.2.1 Electrospinning of PAN and Lignin solutions
PAN based electrospinning solutions were prepared by dissolving a given mass
of the polymer (Mw=150 kDa) into N,N dimethylformamide (DMF) at 70 °C under
constant magnetic stirring for a period of 12 hours to produce a homogenous mixture.
While the Kraft lignin used for electrospinning in this work is water soluble, it cannot
form a viscous solution due to the low molecular weight of the polymer. Thus, for the
lignin based solutions the supporting polymer polyvinyl alcohol (Mw = 89-98 kDa) was
used. Solutions were prepared by first dissolving PVA into distilled water at 70 °C with
magnetic stirring until a clear solution was obtained. Lignin powder (Mw ~10 kDa) was
then added to the PVA solution and stirred for 12 hours at 70 °C.
After mixing the solutions were allowed to cool to room temperature and then
loaded into a plastic syringes with a luer-lock fitting. A 21 gauge needle tip (ID = 514
μm) was affixed to a the polymer solution containing syringe by flexible tube, while the
syringe was placed into a programmable syringe pump (NE-1000 New Era Pump
Systems) with the desired flow rate. An alligator clip was used to attach the high-voltage
power supply (Gamma High Voltage ES30) lead to the needle tip. The capillary fed
needle tip, while connected to the high voltage power supply, was translated along the
length of the fiber mat collector by a programmable linear-motion track. The collector
used was a custom built drum with a diameter of 4 inches which was connected to ground
by a metal brush. Sheets of aluminum foil were first sprayed with PTFE mold release and
taped to the drum to collect the electrospun fibers. The concentrations of PAN and
lignin/PVA were selected based on literature reports with the goal of producing smooth,
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unbroken fibers with as many identical parameters as possible. As described in section
3.1.2, many factor influence not only the fiber morphology but the ability to form fibers
by electrospinning at all. Thus, emitter to collector distance and solution preparatory
conditions were consistent between solution types while concentration, voltage, and flow
rate varied as needed to optimize the electrospinning process. Lignin/PVA solutions have
a relatively narrow range of parameters in which fibers will form, and as a result the
values used are the result of optimization around a stable electrospinning process rather
than a desired fiber morphology

176, 177

. Meanwhile, PAN has been produced with wide

range of solution and spinning parameters. Parameters were chosen to produce small
diameter and smooth fibers168,

179

. Critical parameters used during the electrospinning

experiment are summarized in Table 6.1.

Table 6.1 Parameters used for electrospinning of polymer solutions
Solution

Concentration

Emitter/Collector
Distance

Voltage

Flow Rate

Sheet Thickness

Lignin + PVA
in H2O

15 wt% lignin +
7.8 wt% PVA

10 cm

25 kV

0.9 mL/hour

120-170 μm

PAN in DMF

10 wt%

10 cm

15 kV

3 mL/hour

140-160 μm

After the electrospinning process, the fiber mat was peeled away from the
aluminum foil and pressed under a weight (textbook) for 12 hours. Total dimensions of
the electrospun sheet are approximately 25 cm by 10 cm. Strips approximately 2.5 cm
wide and 10 cm long were cut from the larger sheet and stored in a desiccator. The
thickness across the width of the electrospun sheet varied somewhat, and strips were cut
to maximize thickness homogeneity. A schematic showing the custom built
electrospinning apparatus used for these experiments is shown in Figure 6.1.
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Figure 6.1 Schematic of electrospinning apparatus (A) with important features identified in digital
photograph (B).

6.2.2 Pyrolysis of electrospun fiber mats
Strips of electrospun fiber mats were sandwiched between alumina plates and
wrapped tightly with silver wire to apply tension to the mat and prevent warping or
wrinkling of the polymer fiber sheet as it became carbon. The sandwiched fiber mats
were then loaded into a quartz tube-furnace tube and sealed with rubber stoppers. The
pyrolysis procedure is preceded by stabilizing the polymer fibers through thermal
oxidation in air. This step is frequently used when producing high-strength fibers from
PAN and commonly appears in academic literature covering electrospinning of both PAN
and lignin, and for both polymers stabilization temperatures in the range of 200 °C to 300
°C are typical

166, 174-178, 180, 181

. In this dissertation, a single temperature of 280 °C for a

period of 2 hours was used for thermal oxidation. After thermal stabilization in air the
tube was flooded with N2 at a flow rate of at least 100 sccm for a period of one hour at
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the stabilization temperature, and then heated to a desired pyrolysis set-point.
Temperatures of 600 °C and 900 °C were used, with the max temperature in the
configuration used limited by the melting point of silver (Ag Tm = 962 °C). The furnace
was kept at the pyrolysis temperature for 2 hours then cooled under flowing nitrogen to
room temperature. All heating and cooling rates were set at 3 °C min-1.
6.2.3 Hydrothermal coating of LiMn2O4, Electrochemical Testing and Physical
Characterization
Samples of pyrolized PAN and lignin were coated with LiMn2O4 in an identical
fashion to what was described in previous chapters. In short, coupons of pyrolized
electrospun fibers were loaded into a hydrothermal autoclave with a solution of 20 mM
KMnO4, 20 mM NH4Cl and 50 mM LiOH•H2O and sealed. The autoclaves were then
heated in an electric box furnace to a temperature of 100 °C for 12 hours followed by a
temperature of 140 °C for 24 hours. After cooling to room temperature the samples were
thoroughly rinsed in distilled water and then dried.
Conductivity and structure of the pyrolized fibers was determined by four-point
probe conductivity testing, where the resistance was determined by Ohm’s law (R=V/I)
for a range of applied current values and repeated over multiple regions and samples of
each type. Resistance was converted to bulk resistivity by the following equation

𝐵𝑢𝑙𝑘 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 = 2𝑎𝜋𝑠 ∗ 𝜌 ∗ 𝑡

Equation 42

where 𝑎 is the thickness correction factor, 𝑠 is the inter-probe spacing, 𝜌 is the resistance
value derived from Ohm’s law, and 𝑡 is the sample thickness. For samples in which the
ratio of sample thickness to inter-probe spacing is sufficiently small (𝑡⁄𝑠 ≤ 0.5), the
constant correction factor term (2 𝑎𝜋𝑠) can be simplified to 4.53. Because the inter-probe
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spacing used was 1016 microns, and the thickest samples tested were less than 200
microns, all of the samples tested fit this criterion.
Ex situ Raman spectroscopy was used to characterize the relative content of
graphitic and disordered (amorphous) carbon in the pyrolized fibers by studying the
relative intensity and FWHM values for the D and G band, which are linked to electrical
conductivity167, 169 . For all of the Raman experiments in this chapter a laser wavelength
of 633 nm, a 20x objective, and a 0.4 numerical aperture. Peak fitting of the Raman bands
was conducted using a mixed Gaussian-Lorentizan peak shape, but without further
restrictions. Electrochemical testing was conducted by cutting discs of hydrothermal
coated carbon fiber mats and evaluating the rate capability, redox potentials, and cycling
stability in lithium-ion half cells. Swagelok type cell hardware was used along with glassfiber separators soaked with a 1 M LiPF6 in 1:1 ethylene carbonate: dimethyl carbonate
electrolyte. SEM, EDS and XRD were conducted as described in previous chapters on
both the electrospun fibers before and after pyrolysis and after hydrothermal coating.

6.3

Results and Discussion

6.3.1 Morphology and composition of electrospun fibers
As shown in Figure 6.2 fibers produced from both PAN and lignin are smooth and
cylindrical, with diameters for as prepared polymer fibers range from 400-600 nm for the
PAN derived fibers and 100-200 nm for the lignin derived fibers. Both fibers show
significant charging during SEM analysis even after sputtering with Au, and as a result
produce relatively poor resolution images.
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Figure 6.2 SEM images of electrospun polymer fibers prior to pyrolysis. Fibers from PAN in DMF
solution are shown at low magnification (A) and high magnification (B), as well as fibers from a
lignin, PVA and water solution are shown at low magnification (C) and high magnification (D).

EDS analysis was used to benchmark the initial composition of both polymer
fiber types before pyrolysis. As expected, the PAN derived fibers with a monomer
composition (C3H3N)n show only C, N and trace amounts of O in the EDS spectra.
Meanwhile for the lignin and PVA polymer fibers, which have monomer composition of
(C31H34O11)n and (C2H4O)n, respectively, include a significant content of Na and S in the
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EDS spectra. This is attributed to the Kraft pulping process, which uses alkaline solutions
containing sodium sulfide to separate lignin from cellulose.

Figure 6.3 EDS of electrospun PAN and Lignin/PVA fibers. Samples were sputtered with Au prior to
analysis to prevent charging. Intensity scales are normalized relative to the C Kα peak at 0.277 eV.

Pyrolysis was conducted at two temperatures, 600 °C and 900 °C, under flowing
nitrogen following a thermal oxidation in air at 280 °C. Both pyrolysis temperatures led
to blackening of the fiber mat as well as some shrinkage and mass loss. All fibers were
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thoroughly rinsed in distilled water and dried after pyrolysis and prior to weighing. While
this was not observed to have any influence on the PAN derived carbon fiber mass, a
significant portion of “extra” water soluble mass was removed by this step for the lignin
derived fibers. Because the pulping salts such as sodium sulfide are water soluble, but
have appreciably high melting points (>1000 °C), this mas loss is attributed to dissolving
some of the inorganic salts not contained within the fibers.
After pyrolysis the PAN derived fibers show a large decrease in fiber diameter,
but in general maintain the same smooth and cylindrical morphology. For the 600 °C
pyrolized PAN fibers the average diameter shrunk from 503 nm for the as-spun fibers to
378 nm, while after a 900 °C pyrolysis the fibers had an average diameter of 339 nm.
Even without Au sputtering the pyrolized PAN fibers can be easily resolved by SEM
indicating a large increase in electronic conductivity leading to a reduced charging effect.
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Figure 6.4 SEM images fibers electrospun from PAN solution pyrolized at 600 °C (A,B) and 900 °C
(C,D) and low magnification (A,C) and high magnification (B,D).

Elemental analysis of the pyrolized PAN fibers shows that even up to 900 °C the
fibers contain a small amount of N, which suggests that all of the C-N triple bonds in the
PAN monomers are not completely destroyed, or that N exists within a graphitic
framework as dopant atoms. The relative N content is noticeably larger in the 600 °C
sample which supports the hypothesis that some of the carbon-nitrogen bonding in the asspun PAN fibers remains intact.
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Figure 6.5 EDS of electrospun PAN fibers after pyrolysis at 600 °C and 900 °C in nitrogen. Intensity
scales are normalized relative to the C Kα peak at 0.277 eV.

Compared to the PAN derived fibers, lignin/PVA fibers show virtually no
decrease in fiber diameter which is maintained around 150 nm for all of the conditions
tested, while similar to PAN the apparent electronic conductivity is greatly improved.
Anecdotally, the lignin derived fibers exhibited a greater degree of macroscopic
shrinkage during pyrolysis which may explain the apparent lack of diameter change.
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Even after pyrolysis the lignin/PVA fibers show a high degree of interconnectivity
compared to the PAN derived fibers. Many forked branches are apparent in Figure 6.6 for
the lignin/PVA fibers after pyrolysis while the PAN derived fibers show very few
examples of similar fiber architecture.

Figure 6.6 SEM images fibers electrospun from lignin/PVA solution pyrolized at 600 °C (A,B) and
900 °C (C,D) and low magnification (A,C) and high magnification (B,D).
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In terms of relative peak intensity, the pyrolysis process seems to reduce the Na
and S content in the carbon fibers. This is consistent with the observed additional mass
loss after rinsing the lignin derived carbon fibers. Still, some of the pulping salts may
indeed be contained inside the pyrolized carbon fibers and thus contributes to the
observed EDS spectrum.

Figure 6.7 EDS of electrospun Lignin/PVA fibers after pyrolysis at 600 °C and 900 °C in nitrogen.
Intensity scales are normalized relative to the C Kα peak at 0.277 eV.
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Table 6.2 compares the various physical parameters of the electrospun fibers
before and after pyrolysis. Both polymer types show an increase in mass loss with
increasing pyrolysis temperature, however an obvious jump is observed for the PAN
fibers in which the mass loss more than doubles between 600 °C and 900 °C. While
several volatile organic species containing carbon are evolved during pyrolysis, the PAN
and lignin monomers are 68% and 64% carbon by mass, respectively, which gives some
indication of expected carbon yields. Previous reports of thermal analysis conducted on
PAN fibers during thermal oxidation and pyrolysis shows that properties such as
electronic conductivity, morphology, mass loss and fiber strength are all dependent on the
heat treatment conditions used. Pyrolysis is expected to begin at temperatures above 300
°C with the observed mass loses here being roughly consistent with previous reports of
stabilized PAN fibers after pyrolysis to temperatures in the range of 600 °C to 900 °C 182,
183

.
Compared to the PAN fibers, the lignin/PVA fibers show a significantly increased

mass loss at both pyrolysis temperatures studied, resulting in only 30 wt% of the original
electrospun fiber mass remaining after pyrolysis at 900 °C. Lignin has a wide variety
types based on the pulping process used and as a result there are not many examples of
pyrolysis conditions for Kraft lignin and PVA blends, however similar works describing
the pyrolysis of lignin report pyrolysis temperatures beginning in the range of 300 °C to
400 °C with residual masses of approximately 60 wt% and 40 wt% when pyrolized to
600 °C and 900 °C respectively

184, 185

. It is unclear whether any of the PVA content in

the lignin/PVA fibers was also converted to carbon. Several studies have reported that
PVA only fibers combust entirely under pyrolysis conditions leaving only a small amount
(<5 wt%) of residual mass, while certain inorganic additives which favor the formation of
cyclic carbon rings dramatically increase this value, allowing for the formation of intact
carbon fibers by pyrolysis of PVA fibers including these additives

186, 187

. One study

conducted low temperature thermal analysis (<350 °C) in air and reported that
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mechanical mixtures of PVA and lignin led to an increased residual mass content with
certain concentrations and variants of PVA, suggesting that such an interaction in the
present study might be possible 188. If PVA is assumed to completely volatilize during the
pyrolysis procedure, then only about two-thirds of the pre-pyrolysis mass can be
converted to carbon. This factor, along with the inorganic salts which were removed by
rinsing (about 7 wt% for both pyrolysis conditions), may explain the relatively low
apparent carbon yields in the lignin/PVA fibers compared to the PAN fibers. Both of the
electrospun fiber types show a decreased density relative to CFP (0.58 g/cm3), and
interestingly density seems to be invariant with pyrolysis temperature.

Table 6.2 Comparison of diameters, mass loss and density of electrospun fibers before and after
pyrolysis
Diameter (nm)

Mass loss (wt. %)

Density (g/cm3)

Sample

PAN

Lignin/PVA

PAN

Lignin/PVA

PAN

Lignin/PVA

Pre-Pyrolysis

503 (80)

142 (19)

N/A

N/A

0.244

0.460

600 °C

378 (18)

161 (37)

22

62
(55 pre-rinsed)

0.243

0.375

900 °C

339 (46)

151 (30)

51

70
(63 pre-rinsed)

0.236

0.387

6.3.2 Structure and conductivity of pyrolized carbon fibers
Raman spectra for the pyrolized electrospun fibers, as well as the commercially
produced CFP, shows both the D and G peaks associated with sp2 hybridization in
disordered carbons occurring at 1340 cm-1 and 1580 cm-1 respectively190, 191. The ratio in
relative intensity of the D and G band (denoted herein as ID and IG), or ID/IG is inversely
proportional to the crystallite size in graphitic carbons and is therefore used to express
relative degrees of graphitization in disordered carbons189. In general, the relative
intensity of the G band has been reported to increase with increasing pyrolysis
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temperature, indicating a greater degree of graphitization occurring in the carbon
fibers167, 190, 191. Thus, larger values of ID/IG indicate a greater degree of disorder in the
carbon structure. The full-width at half-maximum of the D band is also an important
parameter. For a given excitation energy (i.e. photon wavelength) a larger FWHM of the
D band indicates a greater inhomogeneity in local carbon-carbon bonding. Greater
graphitic domain size and greater homogeneity are hallmarks of highly ordered carbons,
which is usually only obtained with very high pyrolysis temperatures.
Raman spectra for CFP shows two relatively sharp peaks with comparable height.
Compared to CFP, the pyrolized PAN fibers show a significantly broader D band at both
pyrolysis temperatures. However, an obvious increase in G band intensity is observed
when comparing the fibers pyrolized at 600 °C and 900 °C. This change indicates a
dramatic increase in graphitic content occurs between the lower and higher pyrolysis
temperatures.
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Figure 6.8 Raman spectroscopy for commercially obtained carbon fiber paper. Peak fitting is
indicated by the blue D band, green G band and red total fit curves. Raw data is indicated with a
dotted line.

170

Figure 6.9 Raman spectroscopy for carbon fibers derived from electrospun PAN pyrolized at 600 °C
and 900 °C. Peak fitting is indicated by the green D band, blue G band and red total fit curves. Raw
data is indicated with a dotted line.
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Meanwhile, Raman spectra of the pyrolyized Ligin/PVA fibers show minimal
differences between the two pyrolyiss temperautres utilized. Both the FWHM of the D
band, as well as the relativele intensity of the two bands, is fairly constant. In fact, for the
samples analyized here the ID/IG ratio is slightly higher for the 600 °C pyrolized
Lignin/PVA sample, thought is likely due to an intrinsic measurement error.
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Figure 6.10 Raman spectroscopy for carbon fibers derived from electrospun Lignin/PVA pyrolized at
600 °C and 900 °C. Peak fitting is indicated by the green D band, blue G band and red total fit
curves. Raw data is indicated with a dotted line.
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As summarized in Table 6.3, CFP has the lowest bulk resistivity, as well as the lowest
ID/IG ratio and smallest D peak width, indicating a larger content of graphitic domains
compared to the other samples. While the 900 °C pyrolized Lignin/PVA fibers had a bulk
resistivity on the same order of magnitude as the CFP, the PAN fibers were an order of
magnitude higher even for the same pyrolysis temperature. Furthermore, both the ID/IG
ratio and FWHMD of the 900°C PAN fibers were noticeably larger than either the 900 °C
Lignin/PVA fibers or the CFP, which indicates a lower degree of graphitization. The
resistivity and Raman results for the 600 °C pyrolized fibers support this conclusion, as
while both the Lignin/PVA and PAN fibers show increased resistivity, this increase is
five orders of magnitude for the PAN fibers while only three for the Lignin/PVA fibers.

Table 6.3 Electronic resistivity and Raman spectroscopy derived peak parameters for carbon fibers
pyrolized at different temperatures.
Sample
600 °C Lignin/PVA
600 °C PAN
900 °C Lignin/PVA
900 °C PAN
CFP

Bulk resistivity (Ω m)

ID/IG

FWHMD

1.0-2.6x10-1

1.26

288

2

2.10

237

-4

1.37

258

1.62

306

1.34
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1.6-8.5x10
3.6-6.5x10

1.6-1.71x10
1.4-1.9x10

-3

-4

6.3.3 Morphology and structure of LiMn2O4 on electrospun carbon fibers
LiMn2O4 was deposited onto electrospun fiber mats in a process identical to the
technique described in previous chapters. The hydrothermal coating produced by coating
900 °C pyrolized PAN fiber is conformal but shows a morphology reminiscent of the 5:2
Li:Mn coating on CFP produced without NH4Cl (Figure 4.13). Rather than a single
morphology consisting of discrete crystallites expected for LiMn2O4, a combination of
ultrafine nano-needles with the occasional faceted crystallite.
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Figure 6.11 SEM images of hydrothermal coating on electrospun PAN fibers pyrolized at 900 °C at
low magnification (A) and high magnification (B).

When PAN derived carbon fibers pyrolized at 600 °C are used, the coating
produced by the hydrothermal process is further manipulated away from the desired
morphology associated with phase pure LiMn2O4. No large crystallites are observed and
the predominant coating morphology resembles the birnessite phases produced on CFP.

Figure 6.12 SEM images of hydrothermal coating on electrospun PAN fibers pyrolized at 600 °C at
low magnification (A) and high magnification (B).
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EDS testing shows that consistent with the observed morphology, the
hydrothermal coatings on electrospun PAN contain some fraction of K, suggesting that
the produced phase is not exclusively LiMn2O4. Furthermore, the relative concentration
of K is reduced in the hydrothermal coating of 900 °C pyrolized PAN fibers, suggesting
that the needle-like phase contains the observed K content.

Figure 6.13 EDS hydrothermal coating from solution containing LiOH•H2O, KMnO4 and NH4Cl
onto PAN fibers pyrolized at 600 °C and 900 °C. Intensity scales are normalized relative to the O Kα
peak at 0.525 eV.
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XRD analysis of the hydrothermal coatings onto pyrolized PAN fibers confirms
that the K containing phase is indeed birnessite, which is present in both the coatings on
600 °C and 900 °C pyrolized fibers. As was observed with SEM and EDS, the K
containing birnessite phase becomes more intense in the coating on the lower pyrolysis
temperature fibers. Meanwhile, the peaks associated with LiMn2O4 show the opposite
trend and are significantly more intense in the coated 900 °C PAN fibers.

Figure 6.14 XRD patterns for hydrothermal coatings onto electrospun PAN fibers pyrolized at 600
°C and 900 °C.

The morphology of the hydrothermal coatings on pyrolized lignin/PVA fibers
reveals that the carbon fibers are completely obscured by particulates. For the 900 °C
pyrolized fibers the particulates are uniform and reminiscent of the phase pure LiMn2O4
coatings produced on CFP.
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Figure 6.15 SEM images of hydrothermal coating on electrospun lignin/PVA fibers pyrolized at 900
°C at low magnification (A) and high magnification (B).

Hydrothermal coatings on 600 °C pyrolized lignin/PVA fibers appear similar to
the coatings produced onto the 900 °C pyrolized fibers at low magnifications.
Meanwhile, nanorod features are visible under higher magnification, suggesting that like
the PAN derived fiber pyrolysis temperature may have some influence on the phases
formed during the hydrothermal coating process.

Figure 6.16 SEM images of hydrothermal coating on electrospun lignin/PVA fibers pyrolized at 600
°C at low magnification (A) and high magnification (B).

178

Elemental analysis of the hydrothermal coatings on lignin/PVA fibers does not
detect K for either of the pyrolysis temperatures studied. Instead, Mn, O and C appear in
nearly identical ratios indicating that the coatings have quite similar compositions.

Figure 6.17 EDS hydrothermal coating from solution containing LiOH•H2O, KMnO4 and NH4Cl
onto lignin/PVA fibers pyrolized at 600 °C and 900 °C. Intensity scales are normalized relative to the
O Kα peak at 0.525 eV.
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XRD confirms that while a small impurity phase of MnO(OH) is present in
coatings produced on the 600 °C pyrolized lignin/PVA fibers, LiMn2O4 is the
predominant phase formed.

Figure 6.18 XRD patterns for hydrothermal coatings onto electrospun lignin/PVA fibers pyrolized at
600 °C and 900 °C.

Crystallite sizes for the LiMn2O4 phase deposited on the above discussed
electrospun carbon fibers, as well as the typical mass loadings for each type is
summarized in Table 6.4. Observed crystallite sizes are slightly larger than for the CFP
based coatings, which under identical hydrothermal conditions had an average crystallite
size of 38 nm (Table 4.2). Despite having larger diameter fibers and pore sizes, the PAN
derived fibers had a higher mass loading of oxide after the hydrothermal coating.
Meanwhile, the PAN derived fibers had the lowest density among all of the carbon fiber
types tested, which may be the dominating factor determining maximum mass loading
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during hydrothermal experiments. However, it is difficult to determine the relative
contents of crystalline LiMn2O4 and amorphous birnessite in the hydrothermal coated
PAN fibers which makes this conclusion somewhat misleading. For both substrate types
the mass loading is significantly higher than the average value for CFP, though in all
cases the standard deviation is relatively large. Variations in carbon fiber sheet thickness
and hydrothermal conditions are likely the source of these deviations. Note that for the
600 °C pyrolized fibers, no standard deviation is provided due to limited experimental
repetitions.

Table 6.4 Crystallite sizes and mass loading for LiMn2O4 coatings on electrospun carbon fibers
Carbon Fiber
substrate

Average crystallite
size (nm)

Mass loading (wt%)

600 °C PAN

46.7 (4.7)

57 (-)

900 °C PAN

56.1 (3.4)

64.9 (5.7)

600 °C lignin/PVA

41.5 (4.9)

45.9 (-)

900 °C lignin/PVA

45.8 (2.7)

53.1 (7.1)

6.3.4 Electrochemical testing of LiMn2O4 on electrospun carbon fibers
Galvanostatic testing shows a large dependence of specific capacity on pyrolysis
temperature. While both the 600 °C and 900 °C pyrolized fibers showed evidence of
crystalline LiMn2O4 by XRD with similar morphologies to the CFP based electrodes, all
of the 600 °C pyrolized fiber electrodes show increased overpotential resulting in
decreased capacity, even at a low rate of C/10. It seems very probable that this
overpotential is due to the significantly increased bulk resistivity observed for the lower
temperature pyrolized carbon fibers. Because the 600 °C pyrolized lignin/PVA fibers
have lower resistivity, produced a mostly phase-pure LiMn2O4 coating, and have lower
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mass loading, the specific capacity for these electrodes it over triple that of the
hydrothermal coated 600 °C PAN fibers.
For the 900 °C pyrolized samples the specific capacities at lower current densities are
much closer regardless of carbon precursor and are comparable to the LiMn2O4@CFP
electrodes discussed in previous chapters. With the increase in oxide mass loading, this
significantly enhances the overall gravimetric energy density of carbon fiber based
electrodes.
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Figure 6.19 Charge and discharge testing at a rate of C/10 for LiMn2O4 on PAN and Lignin/PVA
fibers at difference pyrolysis conditions. Current density and specific capacities are normalized by
the assumed mass of LiMn2O4 in the electrode.
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Increasing the current density during galvanostatic testing reveals a huge
discrepancy between the PAN based and lignin/PVA based fibers. Like with the 600 °C
pyrolized fibers, a combination of resistivity, mass loading and phase purity could be
contributing to the decreased capacity and rate capability for the hydrothermal coated 900
°C pyrolized PAN fibers. While the 900 °C pyrolized lignin/PVA fibers show capacities
and rate capabilities comparable to the uncoated LiMn2O4 on CFP shown in Chapter 5,
the 900 °C PAN fibers demonstrate near-zero reversible capacity at rates above 1C.
Meanwhile, the lignin/PVA fibers show rate capabilities comparable to the CFP and tape
cast electrodes demonstrated in previous chapters.

Figure 6.20 Rate capability of LiMn2O4 coated carbon nanofibers derived from electrospun
lignin/PVA and PAN pyrolized at 900 °C. Rate current densities and capacities are normalized by the
assumed mass of LiMn2O4 in the electrode.
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Rate capabilities of the two carbon nanofiber based electrodes were further
characterized by conducting cycling voltammetry and multiple rates. Consistent with the
observed poor high-rate capability, the PAN derived electrodes show a transition from
quasi-reversible to irreversible behavior at a much lower voltage sweep rate than either
CFP or lignin/PVA based fibers.
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Figure 6.21 Cyclic voltammograms conducted on LiMn2O4 coated carbon nanofibers derived from
electrospun lignin/PVA and PAN pyrolized at 900 °C.

While the PAN derived fibers had the highest mass loading of oxide after the
hydrothermal treatment, which is desirable, the combination of factors described in this
chapter that led to poor performance make the lignin/PVA fibers a clearly superior
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choice. One obvious method to improve the performance of the PAN derived fibers is to
simply increase the pyrolysis temperature to improve the graphitic quality, and in turn the
electronic conductivity, of the composite electrodes. Still, it seems plausible that the
higher mass loading of oxide was in some way due an intrinsically higher reactivity of
the PAN derived fibers towards the hydrothermal solution. This higher reactivity could
result in a preferential formation of amorphous oxide species, which as seen for the CFP
electrodes result in higher overall mass loading of the hydrothermal coating (Table 4.3).
To further compare the carbon nanofiber based electrodes with the CFP based
electrodes described in the previous chapters, LiMn2O4 on lignin/PVA electrospun fibers
pyrolized at 900 °C were cycled 250 times at room temperature at a rate of 1C. The
nanofiber based electrodes show slightly lower rates of capacity loss to the as-prepared
LiMn2O4 on CFP electrodes, which maintain on average about 89 mAh/g of an initial 133
mAh/g (67 %) (Figure 5.9) compared to 76 mAh/g of an initial 132 mAh/g (58%)
respectively.
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Figure 6.22 Extended cycling of LiMn2O4 on electrospun lignin/PVA fibers pyrolized at 900 °C.
Cycling was conducted at a rate of 1C at room temperature.

6.4

Conclusions
In this chapter electrospun fibers were pyrolized to produce non-woven mats of

interconnected carbon fibers with similar overall morphology to the CFP used in the
previous chapters. Despite similar electrospinning conditions and identical pyrolysis
procedures carbon fibers derived from lignin/PVA blends showed superior properties,
both as bare carbon fibers and as composite electrodes, compared to fibers derived from
PAN. The ultimate goal of this approach was to improve the overall mass loading, and
thus energy density of carbon fiber based composite electrodes. At an initial 1C capacity
of 133 mAh/g and an average mass loading of 53 wt%, the effective capacity of
composite electrodes using hydrothermal coatings on 900 °C pyrolized lignin/PVA is
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70.5 mAh/g. This is a large improvement over the 33 mAh/g based on the total weight of
the CFP electrode (Chapter 4), but still inferior to the 82 mAh/g total weight capacity of
tape cast electrodes. Another important parameter which has not yet been discussed is
volumetric capacity. For the ~150 micrometer thick lignin/PVA samples, the volumetric
capacity is about 45 mAh/cm3. The same tape cast electrodes mentioned above have
volumetric capacities of nearly 200 mAh/cm3. While increases in mass loading seem
plausible, improving the volumetric capacity of porous carbon fiber based electrodes,
especially when using nano-particulate coatings, is more challenging. Combined with the
rapid capacity fading, poor energy density, and uncertain scalability of electrospinning
and hydrothermal precipitation the possibility of carbon fiber based LIB electrodes
outperforming traditional tape cast electrodes seems slim.
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7

ANALYSIS OF SURFACE-MODIFIED LIMN2O4 THIN FILM
MODEL ELECTRODES

In the following chapter, the porous coatings of nanocrystalline LiMn2O4 on
carbon fibers used in the previous chapters are replaced by dense LiMn2O4 films on
conductive substrates. No binders or conductive additives are included, thus allowing for
an unadulterated platform from which to study the LiMn2O4/electrolyte interface,
particularly after modification by ALD. These model electrodes both remove any
structural or chemical signature from the carbon fibers or other passive additives as well
as the possibility for side reactions involving such additives. Thus, dense film electrodes
enable an evaluation of the conclusions drawn regarding the structural and chemical
changes resulting from electrochemical cycling of carbon fiber based electrodes which
have much more complex geometries. In addition to the electrochemical and materials
characterization techniques relied on in the previous chapters, in situ Raman spectroscopy
is utilized in this chapter to gain some additional insight. The specific goal of this
approach is to confirm the formation of a new phase by reaction of the electrolyte with
the ALD aluminum oxide which results in both suppression of Mn dissolution and
increases overall lithium diffusivity in the electrode.

7.1

Background on thin-film LiMn2O4 and Raman Spectroscopy
Films of LiMn2O4 have been researched extensively both for application in

rechargeable microbatteries as well as to study fundamental interfacial effects governing
the rate capability and capacity loss in lithium-ion battery electrodes
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192-198

. Physical

vapor deposition techniques, specifically pulsed laser deposition (PLD) and radiofrequency (RF) sputtering are perhaps the most common approaches used to prepare thin
films of LiMn2O4 and produce extremely uniform, smooth and dense films
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48, 193-195, 197,

. Another popular technique involves depositing solutions containing metal-salt

precursors by drop-coating, spin coating or spraying, though this technique usually
produces lower quality films than physical vapor deposition 45, 47, 196, 200, 201.
Because of the simplified interfacial geometry and lack of inactive additives films
have been used extensively to study the electrode-electrolyte interface. This property is
particularly useful for Raman spectroscopy, which is limited for composite electrodes as
inactive components can be degraded by the high energy laser. This degradation leads to
artificial signatures not associated with native electrode species202. Ex situ Raman
spectroscopy has been used extensively to characterize LiMn2O4 and these works provide
important reference for the present study. In particular, several reports have highlighted
the sensitivity of Raman spectroscopy to the lithium-content in LiMn2O4 147, 202, 203. In an
example from early work in this area by Julien and Massot (Figure 7.1) a clear distinction
is observed between the fully-lithiated LiMn2O4 and de-lithiated λ-MnO2. In all of the
spinel structured magnates the strongest vibrational mode (A1g) occurring around 600650 cm-1 is associated with stretching of the Mn-O bond, and as such is sensitive to the
oxidation state of Mn. McLarnon and co-workers took advantage of this sensitivity to
observe spontaneous λ-MnO2 formation along with several electrolyte decomposition
products after storing LiMn2O4 films in an LiPF6 containing carbonate electrolyte at
elevated temperatures 47. By monitoring the formation of λ-MnO2 through a reaction with
the electrolyte, the researchers were able to infer that Mn dissolution had occurred. A few
works have used ex situ Raman spectroscopy to characterize surface-modified electrodes,
but only to determine whether the film had altered the near-surface structure of the
underlying LiMn2O4 active material204, 205.
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Figure 7.1 Ex situ Raman spectrum for LiMn2O4 with varying lithium contents (From Ref. 202).

For space groups which have a center of inversion (including the 𝐹𝑑3̅𝑚 structure
belonging to LiMn2O4) only molecular vibrations which have “Gerade” symmetry,
indicating no change in phase occurs after an inversion operation, are Raman-active. Five
Raman bands are expected for ideal LiMn2O4 (A1g, Eg, and three F2g modes).
Occasionally “extra” bands are detected, like the small band identified at 303 cm-1 in
Figure 7.1, which are attributed to deviations from ideal structure. These features can be
exceedingly difficult to differentiate from contaminants and new phases.
In situ testing of LiMn2O4 electrodes has also been demonstrated in a few cases to
monitor the bulk structural changes which occur during lithiation and de-lithiation.
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Scherson and co-workers used Raman spectroscopy with a single crystal LiMn2O4
microelectrode pressed against a piece of optical glass to observe these structural changes
206

. A noticeable contribution of the electrolyte is also observed for Raman spectrum

collected in situ, which generally results in lower observed intensities for the underlying
electrode or additional signal from fluoresce or Raman active electrolyte species
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. The

Scherson work avoided this by minimizing the electrode-electrolyte interface through cell
design, while in the present study this interface is a prerequisite. In the Liu lab, a laser
wavelength of 633 nm was found to minimize fluorescence from a 1M LiPF6 in 1:1
EC:DMC electrolyte. Coincidently, this wavelength may also enhance the intensity of the
A1g band in λ-MnO2, which was reported to resonate at a wavelength of approximately
620 nm 203.

7.2

Experimental Methods

7.2.1 Preparation of LiMn2O4 films by drop coating
Electrodes were prepared by drop coating a sol-gel solution of 100 mM Manganese
Acetylacetonate and 55 mM Lithium Acetylacetonate in a solvent of 3:1 by volume 1butanol:acetic acid, in a procedure derived from Park et. Al 201. The substrates used were
1.1 cm diameter, 50.8 micron thick discs of 304 stainless-steel punched from a sheet of
foil which were pressed flat under a load of 10 tons and then cleaned by sonication in
ethanol and acetone. After cleaning, the flat foil discs were sputtered with a 100 nm layer
of Pt by DC sputtering prior to spin coating to prevent reaction between the LiMn2O4
precursors with the steel substrate during calcination, as well as limit the contribution of
Fe-oxides to the observed Raman spectrum. Sputtering conditions for the Pt layer were
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45 minutes with a DC power of 20 W, a working pressure of 2.5e-2 mBar flowing Ar, and
a substrate to target distance of approximately 15 cm.
The sol-gel solution was stirred in a sealed vial for a period of 4-5 hours and used
within 24 hours of mixing, after which time significant solute precipitation was observed.
Multiple layers were deposited sequentially to increase the film thickness, with each layer
consisting of a 10 μL droplet. After each droplet was applied the wet sol was allowed to
dry for a period of 20 minutes at room temperature in a fume hood to begin gelation.
After drying at room temperature the gels were converted to thin, dense layers by rapidly
heating to approximately 80 °C on a hot plate which evaporated residual solvent. This
temperature was held for 20 minutes, following which the substrates were further heated
on a hotplate to approximately 150 °C and held for a period of 20 minutes and finally 300
°C for 20 minutes. At this point the films darkened indicating an initial decomposition of
the Li and Mn precursors. The entire process was repeated five times, after which the
films were calcined at 700 °C for one hour with a heating and cooling rate of 1°C/min.
Some electrodes were further modified via ALD using identical parameters to those
described in Chapter 5. Based on the concentration of the precursor solute and the
molecular weight of stoichiometric LiMn2O4 (180.8 g/mol), the five 10 μL droplets are
expected to produce 0.452 mg of LiMn2O4. The thickness of the films (assuming they are
produced perfectly flat) can be estimated by considering the theoretical density of
LiMn2O4 (4.3 g/cm3), which combined with the electrode area (0.969 cm2) and
theoretical mass yield, a minimum theoretical thickness of 1.02 microns is obtained.
Another technique, RF Sputtering was also used to prepare LiMn2O4 films but provided
poor electrochemical results. These attempts are summarized in Appendix B.
7.2.2 Electrochemical testing and physical characterization
Electrochemical testing was performed in both Swagelok style cells consistent with
previous chapters, as well as in specialty cells for in situ Raman spectroscopy featuring a
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transparent window. A schematic of the Raman cell used is shown in Figure 3.6. In both
cases the working electrode was a 0.969 cm2 sol-gel LiMn2O4 film, the counter electrode
was lithium metal, and the electrolyte was 1 M LiPF6 in 1:1 EC:DMC soaked into a glass
fiber separator. For the Raman measurements a 0.16 cm (3/32”) hole was punched into
the glass fiber separator while a 0.24 cm (1/16”) hole was punched into the lithium
counter electrode. Keeping a minimum hole size in both the separator and counter
electrode was critical to ensure good electrolyte wetting of the working electrode and as
non-tortuous an ionic pathway as possible. Rate capability and galvanostatic testing was
conducted with the Swagelok cells, while only cyclic voltammetry was used for the in
situ Raman hardware with maximum scan rates of 200 μV/s.
Ex-situ testing was conducted on the thin film electrodes before and after
electrochemical cycling. XRD, SEM and XPS analysis was conducted under identical
conditions described in previous chapters. Raman measurements were conducted under
identical conditions for both in situ and ex situ testing using a Renishaw RM 1000
spectromicroscopy system. A laser wavelength of 633 nm and total power of 8 mW was
coupled with a 20x objective to achieve minimum a laser spot size of approximately 2
μm. To avoid damaging the samples, the microscope objective was deliberately
defocused when collecting Raman spectrum. While this protects the sample from
structural changes due to laser heating (demonstrated later in this chapter) defocusing the
laser spot prevents the ability to achieve any appreciable amount of lateral resolution on
the sample surface. Thus, multiple regions were analyzed and the thin film samples were
generally found to be homogeneous.
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7.3

Results and Discussion

7.3.1 Physical characterization of as-prepared sol-gel films
SEM analysis of the calcined, sol-gel films shows that they are relatively uniform
featuring nanosized grains on the sample surface when deposited on stainless steel. A
cross section image for a calcined film deposited on Si (without a sputtered Pt layer)
shows a thickness which varies between 900 nm and 1.3 microns, close to the calculated
thickness for a completely uniform film with theoretical density.

Figure 7.2 SEM images of drop-coated sol-gel LiMn2O4 film after calcining at 700 °C for 1 hour. A
cross-section image of a film deposited on Si (A) shows a total thickness of approximately 1 μm, while
a top down image for a film deposited on Pt coated stainless steel (B) shows a relatively dense
polycrystalline surface.

While elemental analysis shows only minimal traces of carbon, suggesting a
complete decomposition of the organic precursor compounds, the relative intensity of the
Mn and O Kα x-rays at 5.894 eV and 0.525 eV respectively is nearly half that of the
values observed for LiMn2O4 on carbon fibers (Table 4.3) at only 7.8%. This could imply
a non-stoichiometry in the sol-gel film, or that x-rays from other oxide phases are being
detected. In some regions (not shown) Fe from the substrate, along with the Pt detected
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throughout, is also observed. “Matrix effects” which influence the ability of x-rays to
escape from samples with varying stoichiometry, densities and morphology may be the
main cause for this apparent decrease in Mn:O ratio.

Figure 7.3 EDS of spin-coated LiMn2O4 film on Pt coated stainless steel after calcining at 700 °C for 1
hour.

XRD shows that in addition to peaks assignable to Pt and the stainless steel
substrate, six peaks are assignable to LiMn2O4 are also found. Based on the lattice
position calculated from the most intense LiMn2O4 peak occurring at approximately 18.6
° 2θ, the as-prepared film has a lattice constant identical to stoichiometric LiMn2O4.
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Figure 7.4 X-ray diffraction pattern for drop-coated sol-gel LiMn2O4 on Pt coated stainless steel after
calcination at 700 °C for 1 hour.

Ex situ Raman spectroscopy shows that the as-prepared sol-gel films, both with
and without ALD films, have detectable A1g (625 cm-1) and F2g(1) (~580 cm-1) modes
(Figure 7.5A), while none of the other Raman bands attributed to LiMn2O4 occurring at
lower wavenumbers (Figure 7.1) could be identified. An additional shoulder peak at
higher wavenumber is also observed for the sol-gel films. Reference samples of
commercial powder LiMn2O4 and LMO@CFP show nearly identical Raman bands to
each other (Figure 7.5B), while the relative intensity and position of the A1g and F2g(1)
bands is slightly shifted for the films. This, along with the higher wavenumber band,
suggests that the films have some slight deviation from an ideal structure or composition
of LiMn2O4. The sol-gel films also show a broad region of higher intensity from 300 cm-1
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to 400

-1

which is not attributed to any specific molecular vibration, but may indicate

some structural variation in the films relative to the reference samples.

Figure 7.5 Comparison of Ex Situ Raman spectrum for sol-gel film electrodes with and without ALD
coatings (A) and comparison of sol-gel LiMn2O4 film to reference samples including store-bought
LiMn2O4 powder and LMO@CFP (B).
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Literature reports have highlighted that the Raman bands observed for LiMn2O4
are extremely sensitive to structure and stoichiometry, which may be the origin of the
deviations in the sol-gel film electrodes. However, heating due to the focused laser is also
a considerable factor. Figure 7.6 shows that focusing the Raman laser on the sample
surface can introduce significant distortion of the observed Raman spectrum. For the
commercial powder reference sample, a shift toward smaller wave numbers is observed
along with the appearance of a higher-wavenumber shoulder peak when the Raman laser
is focused to a minimum spot size. Meanwhile, massive changes are observed in both the
total background intensity as well as Raman band position for the LMO@CFP sample
when using a focused laser point. In addition to the high background intensity and shift in
Raman band position, the damage caused on LMO@CFP due laser heating is apparent
under the 20x magnification of the optical microscope objective. For the CFP containing
electrodes the laser heating may be sufficient to enable oxidation of the carbon fibers
which as observed in Chapter 5 can be catalyzed by LiMn2O4. Despite the apparent
deviation from the reference samples, the film electrodes show no variation between a
focused or defocused condition other than a decreased intensity for the A1g and F2g(1)
peaks. It is unclear whether this is because they are highly resistant to laser heating, or so
susceptible that even defocusing the spot size cannot prevent laser heating from
occurring. To avoid possible complications in spectrum analysis due to sample heating, a
“defocused” condition was used for all subsequent Raman measurements.
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Figure 7.6 Influence of laser focus on commercial LiMn2O4 (A) LMO@CFP(B), and sol-gel LiMn2O4
film (C). In (A,B) red dashed lines indicate the position of common Raman bands, while the black
dashed line indicates the shoulder band only observed in the laser-heated sample. An optical image
showing the region damaged by the Raman laser on LMO@CFP is shown in (D).

7.3.2 Electrochemical testing of surface-modified films

Cyclic voltammetry testing of the ALD modified thin film electrode shows similar
results with the ALD modified LMO@CFP electrodes in that the highest current density
is observed for the 10 ALD layer electrode. As with the CFP and carbon nanofiber based

201

electrodes, two pairs of oxidation and reduction peaks are observed for the sol-gel film
electrodes at approximately 4.04 V vs. Li/Li+ and 4.17 V vs. Li/Li+ during charge and
4.09 V vs. Li/Li+ and 3.97 V vs. Li/Li+ during discharge.
Galvanostatic testing conducted at a rate of C/10 shows a voltage profile
consistent with the CV measurements shown in Figure 7.7, but with a noticeably reduced
specific capacity (less than 100 mAh/g) compared to the carbon fiber based electrodes,
which is typical of thin-film LiMn2O4 electrodes. Similar to the carbon fiber electrodes
however, the uncoated and 10 ALD layer coated electrodes have comparable discharge
capacities, while the 50 ALD layer coated electrode has slightly less capacity but with
identical redox peak positions.
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Figure 7.7 Cyclic voltammograms at a scan rate of 50 μV/s for sol-gel LiMn2O4 films with and
without ALD coatings.
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Figure 7.8 Specific discharge capacity for sol-gel thin film LiMn2O4 electrodes with and without
ALD. Current density of C/10 defined based on assumed LiMn2O4 mass loading of 0.452 mg.

Increasing scan rate CV testing was used to determine the apparent Li+ diffusivity
in the thin film electrodes. Compared to the CFP and carbon nanofiber based electrodes,
the dense sol-gel films show much better overall reversibility as evidenced by minimal
warping of the voltammograms shape and peak positions with increasing scan rate. While
the uncoated and 10 ALD layer CFP based electrodes had peak separation of over 300
mV at a scan rate of 1 mV/s the corresponding film electrodes are below 200 mV of
separation, indicating good electrochemical reversibility in the films. Similar
comparisons can be made at all scan rates. Contradicting this observation however is the
relatively lower ratio of peak currents for the films, which were slightly higher for the
CFP based electrodes. A deviation from a completely reversible 1.0 ratio for CFP based
electrodes was attributed in Chapter 5 to side reactions such as irreversible reaction of a
minority phase or electrolyte oxidation. While an impurity phase seems less likely for the
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sol-gel films which were calcined at 700 °C, the small mass of active material may make
the overall current contribution from electrolyte oxidation more apparent. Values of peak
current ratio and peak separation were derived from these plots and are summarized in
Table 7.1.
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Figure 7.9 Cyclic voltammograms for LiMn2O4 thin film electrodes with and without ALD coatings.
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Table 7.1 Summary of values derived from CV measurements for LiMn2O4 thin films with and
without ALD coatings.
IR1/IO1

IR2/IO2

ΔV(O1-R1) (mV)

ΔV (O2-R2) (mV)

0.1

0.83

0.60

69

70

0.2

0.96

0.80

102

96

0.5

0.92

0.82

155

135

0.75

0.89

0.81

179

161

1

0.87

0.79

188

169

10 ALD Layers
0.1

0.90

0.74

97

91

0.2

0.90

0.80

126

106

0.5

0.84

0.75

184

139

0.75

0.82

0.75

195

149

1

0.82

0.74

197

162

50 ALD layers
0.1

0.94

0.77

73

62

0.2

0.88

0.75

87

76

0.5

0.90

0.77

138

106

0.75

0.86

0.75

156

123

1

0.85

0.72

161

135

Scan rate (mV/s)
No Coating

Like with the CFP based electrodes, plots of peak current versus the square root
of scan rate (Figure 7.10) show a linear relationship. Thus, the Randles-Sevchik equation
is again applied to calculate lithium diffusivity. The 10 ALD layer coated electrodes are
again observed to have slightly higher apparent lithium diffusivity than the uncoated
electrodes, while the 50 ALD layer coated electrodes are slightly lower. All of the film
samples show diffusivity values approximately two orders of magnitude lower than the
CFP counterparts; however all of the calculated values are consistent with literature
reports for LiMn2O4. Because the Randles-Sevhick equation assumes a planar, infinitely
thick diffusion region, the porous CFP electrodes have an effectively higher electrode
area than the superficial surface area used for the calculation, leading to a higher apparent
diffusivity.
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Figure 7.10 Peak current vs. square root of scan rate for sol-gel LiMn2O4 thin films with and without
ALD coatings.

Table 7.2 Calculated values of lithium diffusivity sol-gel LiMn2O4 thin films derived from second
oxidation and reduction peaks observed by CV.
Sample

DLi, O2 (cm2/s)

DLi, R2 (cm2/s)

No ALD coating

2.05-4.16x10-12

0.87-2.03x10-12

10 ALD Layers

2.78-8.28x10-12

1.46-3.67x10-12

50 ALD Layers

0.78-1.59x10-12

3.26-6.29x10-13
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7.3.3 Characterization of surface-modified films by ex situ XPS and Raman
spectroscopy

Analysis of the Mn 2p and Al 2p photoelectron lines for the surface modified films is
completely consistent with the observations made with surface modified CFP based
electrodes. Using the same peak shape constraints described in Chapter 5, and average
manganese oxidation state of 3.51+ was determined for the uncoated electrode, while
decreased oxidation states of 3.42+ and 3.40+ were calculated for the 10 and 50 ALD
layer coated electrodes, respectively. This decreased oxidation state, which was also
observed for the CFP electrodes, indicates that the alumina precursor (TMA) is very
likely acting as a reducing agent at the outer surface of the LiMn2O4 electrodes. Also like
the CFP based electrodes, the 50 ALD layer coated electrode shows a significant decrease
in Mn 2p intensity relative to the other samples, indicating that the thickness of the ALD
coating on the sol-gel film electrodes is comparable to the CFP based electrodes.
Meanwhile peak fitting for the Al 2p photoelectron line was accomplished with a single
peak with binding energies and FWHM values comparable to that of the ALD coated
CFP electrodes, indicating that a single bond type of Al-O is present in the as-prepared
thin film samples.
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Figure 7.11 XPS characterization of Mn 2p and Al 2p photoelectron lines for as-prepared sol-gel
films.
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In addition to monitoring the changes of Mn and Al photoelectrons after
electrochemical cycling, analysis of the F1s peak was added to confirm the formation of
Al-F concluded from the CFP based electrodes. Furthermore, samples were also analyzed
after simple exposure to electrolyte at room temperature for 24 hours, without the
inclusion of Li metal or current flow. All of the reactions suggested between the Al2O3
layer and HF in the electrolyte are independent of the cathode state of charge or potential,
thus similar reactions are expected to occur even under in vitro conditions.
Both after electrolyte exposure and electrochemical cycling, the Mn 2p peak shows
similar trends with the CFP electrodes. Specifically, a slight reduction in Mn oxidation
state is observed for the uncoated electrode, while the 10 ALD electrode maintains an
oxidation state close to 3.5+. One major deviation in the sol-gel films compared to the
CFP electrodes is found in the Mn 2p photoelectrons for the 50 ALD layer sample.
Unlike the CFP electrodes, the thin-film electrodes do not show a significant increase in
Mn 2p signal to noise ratio after electrochemical cycling. Instead, fitting of the Mn 2p
photoelectron lines for the 50 ALD layer coated electrodes is inconclusive for all of the
thin film samples, leading to inconsistent separations between Mn 2p3/2 and Mn 2p1/2
(usually around 11.6 eV for LiMn2O4) peaks and low values of calculated oxidation state.
In the CFP based electrodes, the increased signal to noise ratio in the Mn 2p peak
for the 50 ALD layer electrodes was attributed to redistribution of Mn from the electrode
interior to the surface of the ALD coating, which was supported by TEM analysis of
these electrodes after electrochemical cycling. While this process cannot be ruled out for
the sol-gel electrodes it seems based on the XPS analysis to be less significant in
comparison to the CFP based electrodes, possibly due to the more consistent morphology
of the dense electrodes which would be assumed to have a more homogenous coating by
ALD.
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Figure 7.12 XPS characterization of Mn 2p after 24 hour electrolyte exposure and electrochemical
cycling.
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Table 7.3 Summary of XPS fitting results for Mn 2p. Binding energies (B.E.) are corrected relative to
adventitious carbon on each sample.
Mn 3+

Mn 4+

Mn 2p3/2
B.E. (eV)

Mn 2p1/2
B.E. (eV)

ΔB.E.
(eV)

Mn 2p3/2
B.E. (eV)

Mn 2p1/2
B.E. (eV)

ΔB.E.
(eV)

Mn
Ox.

No Coating

641.4

653.1

11.6

642.8

654.4

11.6

3.51

10 ALD Layers

641.4

653.0

11.6

642.9

654.5

11.6

3.42

50 ALD Layers

641.5

652.8

11.3

643.2

654.3

11.2

3.40

No Coating

641.6

653.3

11.6

643.2

654.8

11.6

3.38

10 ALD Layers

641.3

652.8

11.5

642.8

654.3

11.6

3.47

50 ALD Layers

641.3

652.8

11.5

643.6

655.3

11.7

3.25

No Coating

641.8

653.4

11.6

643.2

654.8

11.6

3.40

10 ALD Layers

641.4

652.9

11.5

642.8

654.4

11.6

3.47

50 ALD Layers

642.0

653.5

11.4

642.0

655.4

11.1

3.19

Sample
Before Cycling

Electrolyte
Exposed

After Cycling

After electrolyte exposure the ALD coated sol-gel films, a new peak is observed
in the Al 2p region indicative of Al-F bond formation. This observation confirms the
spontaneous fluorination of Al-F in the presence of HF, which was the suspected
mechanism for Al-F formation in the CFP based electrodes. For the cycled electrodes,
disassembling the Swagelok cells used for electrochemical testing led to some
mechanical exfoliation (electrodes are squeezed against the glass fiber separator during
assembly). Because the film was damage a large signal associated with Pt 4f was
observed in the Al 2p region (not shown), making analysis difficult. To compensate for
this the Al 2s photoelectron line was used for the electrochemically cycled samples,
which at the photon energy used for these experiments (1486.3 eV for Al Kα) has a
similar photoionization cross-section, and thus similar photoelectron yield, to Al 2p but is
well removed from the Pt 4f region. Consistent with the CFP samples and electrolyte
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exposed films, the cycled sol-gel films show two peaks attributed to Al-O and Al-F
bonding, which for both thicknesses of ALD coating show an increase in relative Al-F
content after cycling. This increase could be due simply to an increased duration of time
spent in the electrolyte which was approximately one week for the cycled samples and 24
hours for the electrolyte exposed films. In both cases Al-O bonding is still present and the
peak attributed to Al-F is not at a high enough binding energy to expected a pure Al-F
bonding as would be expected for AlF3 (121-122 eV for Al 2s and 76.9-77.1 eV for Al
2p), indicating that like with the CFP samples an aluminum-oxygen-fluorine compound is
likely present.
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Figure 7.13 Al 2p for electrolyte exposed sol-gel films with ALD coatings (A) and Al 2s for
electrochemically cycled sol-gel films with ALD coatings (B).
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Table 7.4 Summary of XPS fitting results for Al 2p and Al 2s (cycled electrodes only) peaks.
Al-O B.E.
(eV)

Al-F B.E.
(eV)

Al 2p FWHM
(eV)

10 ALD Layers

74.62

-

2.06

50 ALD Layers

74.87

-

1.82

Electrolyte exposed
10 ALD Layers

74.3

75.5

1.59

50 ALD Layers

74.9

75.9

1.72

After Cycling
10 ALD Layers

118.9

120.0

1.98

50 ALD Layers

119.2

120.3

2.01

Sample
Before Cycling

XPS analysis of the F1s peak was conducted to confirm the formation of Al-F,
and to investigate whether any other fluorine containing phases are also formed. After
electrolyte exposure both the 10 ALD layer and 50 ALD layer coated electrodes show a
single strong peak with a binding energy near 685.7 eV and a small shoulder peak at a
higher binding energy of approximately 688 eV. For the uncoated electrode three peaks
are observed, with a high binding energy peak in approximately the same region as was
observed for the ALD coated electrodes, an additional small peak is observed in the
region of 686.6 eV between the highest intensity peak and the highest binding energy
shoulder peak.
For the ALD coated electrodes after electrolyte exposure it seems obvious that
one of the two peaks should be assigned to Al-O-F type bonding, but with overlapping
ranges of Li-F (685 to 686.5 eV for LiF), Mn-F (684.8 to 686.1 eV for MnF2) and Al-F
(682.8 to 686.3 eV for AlFxH2O and 687.5 to 687.8 eV for AlF3) casual assignments
should be avoided. Meanwhile, the highest binding energy peak can be assigned with
some confidence to derivatives of the LiPF6 electrolyte salt, which despite rinsing in
dimethyl carbonate is still present on the electrode surface and has a reported binding
energy of 688.3 to 688.8 eV198
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After electrochemical cycling the assignment of F1s peaks becomes somewhat
clarified. For the uncoated electrode, a large increase in the middle peak indicates the
addition of new material to the sample surface, which therefore seems likely to come
from electrolyte decomposition. Meanwhile, the position and relative intensity of the
highest intensity peak for both ALD coated samples is relatively invariant. As a result of
these observations, the two peaks in addition to LixPFy observed in the uncoated electrode
are assigned as Li-F and Mn-F, with the Li-F bonding increasing as electrolyte is
decomposed on the sample surface.
These observations not only support the conclusion that Al2O3 coatings can react
remove HF from an LiPF6 containing electrolyte by forming Al-O-F compounds, but also
provide some indication as to why a higher rate capability and greater apparent lithium
diffusivity is observed for the ALD coated electrodes. While AlFxH2O type compounds
are not expected to have particularly high electronic or ionic conductivity, formations
Mn-F and Li-F have been previously reported to increase cell polarization and thus
decrease electrochemical performance198. By avoiding the formation of these compounds
the

electrode-electrolyte

interface

is

protected

decomposition.

217

from

progressive

electrolyte

Figure 7.14 F1s XPS spectrum for sol-gel LiMn2O4 with and without ALD coatings after electrolyte
exposure (A) and electrochemical cycling (B).
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Table 7.5 Summary of XPS fitting results for F1s peak.
Al-O-F, Mn-F
B.E. (eV)

LiF
B.E. (eV)

LixPFy
B.E. (eV)

FWHM (eV)

No Coating

684.7

686.6

687.9

1.68

10 ALD Layers

685.8

-

688

1.90

50 ALD Layers

685.9

-

688.2

1.95

After Cycling
No Coating

685.1

686.8

688.1

1.79

10 ALD Layers

685.6

-

687.4

1.94

50 ALD Layers

685.7

-

687.7

1.93

Sample
Electrolyte exposed

Ex situ Raman analysis conducted after electrolyte exposure and electrochemical
cycling shows very slight changes to the three Mn-O vibration peaks (A1g at ~625 cm-1,
F2g(2) at~580 cm-1 and a shoulder peak at 660 cm-1) identified in Figure 7.5. However, all
of the samples in Figure 7.15 show reduced overall intensity in the Mn-O region making
peak assignment more difficult. In addition to the vibration modes known to be
attributable to LiMn2O4, a much wider range of wavenumbers was analyzed to
investigate the formation of new bands at higher wavenumbers. Three peaks, indicated by
black arrows in Figure 7.15 at 975 cm-1, 1259 cm-1 and 1370 cm-1 are attributable to the
dried electrolyte as shown in Figure 7.16 however none of the other spectral features seen
in the dried electrolyte are apparent in the sol-gel films.
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Figure 7.15 Comparison of Ex Situ Raman spectrum for sol-gel film electrodes with and without
ALD coatings after overnight electrolyte exposure (A) and electrochemical cycling (B). Black arrows
indicate peaks assigned to the electrolyte and red boxes show the wavenumber region associated with
Mn-O molecular vibrations.
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Figure 7.16 Ex situ Raman spectrum of dried electrolyte on Pt coated SS.

7.3.4 Characterization of surface-modified films by in situ Raman spectroscopy
In situ Raman analysis was conducted on unmodified and ALD coated thin film
electrodes to determine whether any additional phases could be detected by avoiding
exposure to air and without the solvent rinsing step used prior to Ex Situ
measurements. For Figures 7.17, 7.18 and 7.19, cells were assembled with uncoated,
10 ALD layer coated and 50 ALD layer coated working electrodes as described in
section 7.2.2. Upon assembly weak Raman bands associated with LiMn2O4 can be
detected, while several additional peaks attributable to the DMC solvent (which had
evaporated before the Ex Situ measurement of the electrolyte in Figure 7.16) are also
apparent. Upon charging several new peaks with a massive intensity increase are
observed. These peaks are all assignable to the fully de-lithiated spinel λ-MnO2,
which as mentioned previously resonates strongly near the wavelength used in the
current analysis.
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After collecting the Raman spectrum in the as-assembled discharged and fully
charged states, the cells were cycled ten times by cyclic voltammetry at a rate of 200
μV/s between 3.5 V vs. Li/Li+ and 4.5 V vs. Li/Li+. Raman spectrum were then
collected again under identical conditions as the initial discharged and charged
measurements. While Raman measurements were collected during the duration of the
cycling process, the persistent laser energy led to electrolyte evaporation even under
defocused conditions and the region being analyzed became electrochemically
isolated from the rest of the electrode. For this reason the measurements collected
before and after cycling were taken in two different regions within the 1/16” diameter
area visible by the microscope objective.
For every electrode, regardless of surface coating, the discharged state becomes
virtually undetectable (and in fact was barely detectable for the ALD coated
electrodes to begin with), while in the charged state the same high intensity λ-MnO2
peaks could be resolved but with a decreased signal to noise ratio. This could indicate
the formation of surface phases which block the Raman signal after electrochemical
cycling, but without additional Raman features it is difficult to support this
conclusion. All of the peaks identified during the In Situ measurements are
summarized in Table 7.6.
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Figure 7.17 In Situ Raman spectroscopy of uncoated sol-gel LiMn2O4 film in region of Mn-O
vibration at full charge and discharge state before and after electrochemical cycling. Black arrows
indicate electrolyte peaks while blue arrows indicate electrode peaks.
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Figure 7.18 In Situ Raman spectroscopy of 10 ALD layer coated sol-gel LiMn2O4 film in region of
Mn-O vibration at full charge and discharge state before and after electrochemical cycling. Black
arrows indicate electrolyte peaks while blue arrows indicate electrode peaks.
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Figure 7.19 In Situ Raman spectroscopy of 50 ALD layer coated sol-gel LiMn2O4 film in region of
Mn-O vibration at full charge and discharge state before and after electrochemical cycling. Black
arrows indicate electrolyte peaks while blue arrows indicate electrode peaks.
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Table 7.6 Features identified during In Situ Raman spectroscopy measurements of sol-gel LiMn2O4
films
Sample

After assembly
(cm-1)

First Charge
(cm-1)

After cycling,
discharged (cm-1)

After cycling,
charged (cm-1)

No ALD Coating

LiMn2O4:
573, 625
DMC:
519, 717, 730,
742, 763

λ-MnO2:
420,496, 589,
643
DMC:
717, 730, 742

LiMn2O4:
573, 625
DMC:
519, 717, 730,
742

λ-MnO2:
420,496, 589,
643
DMC:
717, 730, 742

10 ALD Layers

LiMn2O4:
573, 625
DMC:
519, 717, 731,
742

λ-MnO2:
496, 590, 643
DMC:
717, 730, 742

LiMn2O4:
DMC:
717, 730, 742

λ-MnO2:
494, 590, 643
DMC:
519,717

50 ALD Layers

LiMn2O4:
581, 630
DMC:
717, 741

λ-MnO2:
496, 590, 643
DMC:
717, 741

LiMn2O4:
592
DMC:
519, 719, 741

λ-MnO2:
494, 589, 644
DMC:
521, 719

A potential improvement over the In Situ measurements present above could be
achieved by surface-enhanced Raman spectroscopy, or SERS. Standard Raman
spectroscopy typically measures structural changes occurring within ~1 micrometer of
the electrode surface, which limits the ability to characterize the electrode/electrolyte
interface in detail as the desired signals may be lost as noise in the larger bulk signal or
fluorescence contribution. The SERS effect is achieved by applying noble metallic
nanoparticles (e.g. silver or gold) to the sample surface which enhances the signal of
Raman active phases in the immediate vicinity of the SERS particles produce greater
signal intensity, whereas Raman signals generated from deeper in the sample are not
enhanced. In a typical experiment SERS particles are applied to the sample surface by a
technique such as sputtering; however the bare metal particles are not suitable for
electrochemical cycling at the highly oxidizing potentials of the positive electrode, which
would lead to a buildup of electrolyte decomposition products or direct oxidation of the
SERS particles. Both cases would preclude the SERS effect. At least one example of
oxide coated SERS particles for in situ Raman on positive electrodes has also been
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recently published, while uncoated SERS particles have been demonstrated for negative
electrodes in which oxidation is less of a concern 208, 209.

7.4

Conclusions
In this chapter, sol-gel model electrodes were used to successfully confirm the

influence of ALD coatings on both the rate capability and surface chemistry for LiMn 2O4
in an LiPF6 containing electrolyte. Like was observed for LiMn2O4 coated CFP, uncoated
electrodes showed a decrease in Mn oxidation state, while ALD coatings (at least for the
10 layer ALD electrode) did not. Furthermore, Al-F bond formation was observed both
for electrochemical cycling and simple electrolyte exposure, confirming the spontaneous
nature in which Al2O3 coatings passivate the LiMn2O4 from HF attack. New
understanding was gained by analysis of the F 1s photoelectron line, which revealed that
in addition to the expected Al-F formation in the ALD coated electrodes, the uncoated
electrodes formed Li-F and Mn-F compounds, the relative content of which increased
with electrochemical cycling.
These conclusions support much of the empirical evidence surrounding surfacemodified electrodes, however they also conflict with some of the commonly reported
assumptions regarding Mn dissolution. Specifically, the process through which Mn3+
disassociates to form electrolyte soluble Mn2+ and insoluble Mn4+ compounds (Reaction
3 in Chapter 5) should lead to an increase of near-surface Mn oxidation states and
potentially give rise to a detectable λ-MnO2 signal with Raman spectroscopy. Neither of
these events are supported by the current analysis, and instead it seems that after
dissolution new Mn compounds with lower oxidation states are formed on the electrode
surface. Future work should focus on testing this hypothesis with surface coatings that
have tailored reactivity towards species such as HF, and with cathode materials of
varying Mn oxidation state.
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8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

8.1

Conclusions

The following key conclusions were determined from each chapter:

Chapter 4: Development of LiMn2O4 coated carbon fiber electrodes
1. Electrochemically active LiMn2O4 can be deposited on carbon fiber substrates
from a hydrothermal solution containing 20 mM KMnO4, 20 mM NH4Cl and 50
mM LiOH•H2O with a range of solution temperatures from 140 °C to 180 °C.
Increasing temperatures led to a decreased LiMn2O4 mass loading and emergence
of impurity phases, which was maximized at approximately 30 wt%.
2. Various phases of Mn oxide (K/Li birnessite and λ-MnO(OH)) could be produced
by manipulating the hydrothermal conditions. While these phases show minimal
reactivity toward Li+, they may be useful as electrochemical active materials in
other electrolytes.
Chapter 5: Improving lifetime of LiMn2O4 on carbon fiber electrodes with ALD
coatings
1. Approximately 1 nm coatings of Al2O3 led to greater than 100% increase in
capacity retention for LiMn2O4 electrodes cycled at room temperature.
2. Increasing thickness of the ALD coating to approximately 5 nm led to a large
decrease in specific capacity, however no corresponding increase in overpotential
at low current densities.
3. Compared to the uncoated electrodes, a small increase in polarization resistance
was observed for the electrodes with the thickest ALD coatings, while a small
decrease in polarization was observed for the thinnest ALD coatings. Lithium
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diffusivity followed the same trend with thinnest ALD coatings > No ALD
coating > thickest ALD coatings.
4. A change in binding energy for the Al 2p photoelectron implied the formation of
Al-F bonding after electrochemical cycling.
Chapter 6: Carbon nanofiber based electrodes prepared by electrospinning
1. Decreasing carbon fiber diameter can increase oxide mass loading and overall
energy density by up to 100%.
2. Lower pyrolysis temperatures led to an expected decrease in electronic
conductivity and graphitic content, but also manipulated the phases formed by
hydrothermal precipitation.
Chapter 7: Analysis of surface-modified LiMn2O4 thin film model electrodes
1. Thin films prepared by a sol-gel drop coating method show identical trends in
lithium diffusivity and Al photoelectron binding energy to those observed for CFP
based electrodes.
2. Analysis of F1s photoelectron revealed formation of Li-F and Mn-F for the
electrodes without ALD coatings.

8.2

Recommendations for Future Work
In this dissertation, LiMn2O4 was investigated as a positive electrode material for

lithium-ion batteries. An alternative electrode design featuring a porous carbon fiber
current collector was implemented to determine the feasibility of adopting this approach
over the conventional tape casting method. Both micron-scale, commercially available
carbon fibers as well as nanosized electrospun carbon fibers were utilized for this
purpose. The hydrothermal method was used to deposit the LiMn2O4 active material onto
the carbon fiber current collectors, and while under certain conditions this approach was
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effective at producing a phase-pure active material, minimal control over morphology,
crystallite size, or mass loading was realized. As a direct consequence significant
variation was observed between experimental batches. Much of this variation is likely
due to the experimental conditions employed which relied on a high-temperature box
furnace and unstirred hydrothermal solution. Commercial hydrothermal systems are
available which offer much greater precision in temperature control and solution
convection which would enable significant optimization of the conditions presented in
this dissertation.
The carbon fiber substrates themselves could be further improved with a deeper
understanding of the extent to which graphitic and disordered carbons interact with the
hydrothermal solution. At low pyrolysis temperatures for the electrospun carbon fibers
new phases were observed under identical hydrothermal conditions, suggesting that the
carbon fibers are not simply serving as heterogeneous nucleation sites but rather as active
participants in the hydrothermal reaction. Increasing the pyrolysis temperature is the
logical progression of this topic as it would further increase graphitic content and
electronic conductivity, and could also provide additional benefits to the negative
electrode work presented in Appendix A.
Regardless of possible improvements made to either the carbon fiber substrate or
oxide coating conditions it is important to emphasize the even under the best performing,
highest mass loading of active material conditions presented in this dissertation (900°C
pyrolized Lignin/PVA fibers), carbon fiber based electrodes are at least by some metrics
insufficient compared to conventional tape cast electrodes. Specifically, maximum rate
capability and volumetric energy density are limited by replacing a metallic current
collector with the porous network of relatively low electrical conductivity carbon fibers.
For this reason, future research in this area should begin with an assessment of the
“competing” technologies or approaches using every relevant metric before proceeding
with a lengthy optimization procedure.
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Capacity retention was addressed by atomic layer deposition of aluminum oxide
directly onto both carbon fiber composite and thin film electrodes and while several
reports have suggested that Al2O3 is an extremely effective surface coating material,
transition metal oxides such as TiO2 and ZrO2 have also been investigated and in some
instances demonstrate superior results to Al2O3 and could be applied here. Like with
Al2O3 coatings, very few studies have focused on assessing changes in chemistry and
structure of the protective coatings, rather than the electrode material being protected.
Comparisons between dense coatings with similar thicknesses and morphologies but
varying chemistries or crystal structures would provide some additional insight into the
mechanism with which the protective coatings influence the electrode/electrolyte
interface. Specifically, reactivity of various coating chemistries towards the presumed
compounds responsible for electrode degradation (i.e. HF and electrolyte decomposition
products) could be investigated. These studies would be critical in order to optimize the
beneficial influence of surface coatings, which as demonstrated in this dissertation can
include both improved capacity retention and increased lithium ion diffusivity.
Thin film electrodes provide the greatest opportunity for future research based on
the present work. Unlike the hydrothermal method which requires case by case
optimization, sol-gel thin film electrodes can be produced with greater homogeneity and
process control using a generic solution approach making the investigation of a wide
variety of cathode materials possible. Issues of film adhesion, which complicated the
post-electrochemical cycling characterization of thin film electrodes, could also be
improved by utilizing a physical vapor deposition technique, substrate choice or more
elaborate electrochemical testing setup. Specifically, use of Swagelok cells in this work
required a conducting substrate, and thus stainless steel was used; however many other
works use Si substrates with patterned electrodes.
This dissertation focused on one electrolyte, LiPF6 in EC/DMC, which is used as
a “general purpose” electrolyte for the overwhelming majority of lithium-ion battery
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studies, however many other salts and solvents exist (e.g. salts like LiClO4, LiB(C2O4)2
or solvents such as propylene carbonate) which would likely produce varying interactions
with electrode materials and surface coatings. LiPF6 in EC/DMC is the preferred
electrolyte due to high ionic conductivity and good electrochemical stability (particularly
for anode SEI formation), but decomposition products of this electrolyte are directly
responsible for Mn dissolution. Thus while surface coatings can address the symptom of
Mn dissolution, they do not prevent the root cause. Further studies focused on benefits
versus drawbacks of surface modification or electrode choice, as opposed to simply
changing the electrolyte, could be conducted.
It is important to emphasize the interaction between cathode and anode surface
layers, which was not investigated in this study. Mn dissolution is known to lead to
destruction of the SEI layer on graphitic anodes, which further accelerates capacity loss
in LiMn2O4 vs. graphite full cells. Some studies have shown that cathode coatings do
indeed improve capacity retention in full cells; however optimization of half-cell
performance could produce misleading results. Thus, future studies focusing on cathode
protective coatings using half-cells should also include an evaluation of full-cell
performance.
Finally, in situ experiments such as the in situ Raman spectroscopy applied in this
dissertation are necessary to understand both cathode degradation and protection
mechanisms under the conditions in which they occur. In this dissertation, in situ Raman
spectroscopy was only cable of determining that significant changes in Mn-O occurred as
a function of ALD coatings. New bands associated with electrode degradation may be
present but were concealed by their intrinsically low intensities and high background
intensity due to fluorescence. SERS is one possible avenue to improve sensitivity to nearsurface minority phases, but would require extensive optimization.
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APPENDIX A NEGATIVE ELECTODES USING CARBON FIBERS
In order to create a full cell without any tape cast electrodes, electrospun carbon
fibers were tested electrochemically to determine their feasibility as negative electrodes.
Electrodes made of 900 °C pyrolized lignin/PVA fibers show a typical voltage profile
and reversible capacity of amorphous carbon. A major limitation of amorphous carbons is
the huge irreversible capacity on the first cycle and very steep voltage profile, which
reduces overall cell energy density.

Figure A.1 Galvanostatic testing of carbon fiber negative electrode at a current density of 30 mA/g.

After the initial irreversibly capacity loss, carbon fiber negative electrodes are
quite stable and show a reversible capacity of about 200 mAh/g.
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Figure A.2 Galvanostatic cycling of lignin/PVA carbon fibers at 60 mA/g.

Several attempts were made to increase the overall reversible capacity by
including additional phases, such as Sn and Sn intermetallic by electrodeposition and
reduce the initial irreversible capacity loss, such as increasing the pyrolysis temperature
(max temperature available was 1500 °C) however none of these routes were effective.
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APPENDIX B LIMN2O4 THIN FILMS BY RF SPUTTERING
Thin films were initially prepared by RF sputtering, but with poor results. For the
sputtering experiments attempted, powders of LiMn2O4 were mixed with a polymeric
binder (e.g. polyvinyl propylene or polyvinyl alcohol) and pressed into a green body
using a uniaxial powder press. This is first fired at a low temperature (400-600°C) to burn
out the binder, and then sintered at high temperature (800-1300°C depending on the
materials) to form a dense ceramic disc which can be used as a target for RF sputtering.
Store-bought LiMn2O4 targets were also utilized.
Utilizing a sputtering power of 5 W/cm2 (the maximum value for our system) and a
working pressure of 2x10-2 mbar of Ar, the film shown in A1 was obtained after 30 hours
a total thickness is about 370 nm, which corresponds to a sputter rate of roughly 12 nm
per hour. This value is considerably smaller than the rates reported by previous
researchers, which are usually on the order of 30-100 nm per hour with identical working
conditions. Control of sputtering parameters such as RF power, working pressure, target
to substrate distance can be used to optimize the morphology, composition and growth
rate during the sputtering process and were all varied in an attempt to increase the
sputtering growth rate

193, 194, 210

.
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Figure B.1 Cross section electron micrograph of RF sputtered LiMn2O4 film

While most of the literature reports for RF sputtering of LiMn2O4 used larger
diameter targets (2” or 3” vs. 1” used here), the sputtering system in the Liu lab is
capable of high sputtering rates for some materials. Figure A2.2 shows a film deposited
from a CeO2 target produced in our lab. The CeO2 film was deposited under identical
conditions as the LiMn2O4 film with the only difference being the target material. A layer
of gold which has a known sputter rate was also deposited to calibrate the growth rate of
the CeO2 film. The ceria target was sputtered for 9 hours, corresponding to a deposition
rate of 690 nm per hour – fifty times the rate observed for the LiMn2O4 target.
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Figure B.2 Cross-section electron micrograph of RF sputtered CeO2 on Au thin film

Very weak peaks were observable by XRD for the ~400 nm film show in Figure A2.1
after annealing at various temperatures.

Figure B.3 XRD of RF sputtered LiMn2O4 film on Si
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Further difficulty was also encountered when attempting to conduct
electrochemical testing on the sputtered LMO films. Figure A2.4 shows a CV test on a
600 °C annealed LiMn2O4 sputtered onto stainless steel. After an initial oxidation peak,
the observed current density drops significantly indicating a loss in electrochemical
activity.

Figure B.4 CV testing of 600 °C annealed RF sputtered LiMn2O4 (LMO) film on stainless steel (SS).

Due to the factors of low growth rate that decreased the ability of the films to be
easily characterized or electrochemically cycled, the sol-gel method was implemented
instead.
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