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Lithium-ion batteries powered the recent boom of personal electronic devices, such 

as cell phones, laptops and digital cameras.  This success spawned a global research 

initiative to adapt this technology to more demanding applications, such as low-

temperature systems or those relying on pulse-power.  The electrodes of these batteries 

store charge by reversibly intercalating Li-ions.  The facile insertion flux of Li-ions into 

the electrode and sluggish solid-state diffusion from surface to non-surface intercalation 

sites causes a polarization of charge.  Therefore, under demanding conditions, the 

electrode discharges without fully accessing all charge-storage sites. 

The electrode used in these studies is created by template-synthesis.  Template-

synthesis is a general nanofabrication method capable of creating structures of known 

geometry.  Nanomaterial-based electrodes mitigate the rate-limiting effects of sluggish 

electron-kinetics and mass-transport.  The large surface-area of this design serves to 

distribute the current density, improving electron-kinetics, while the small size ensures 

xii 



that intercalation sites reside close to the surface, minimizing the distance Li-ions must 

diffuse in the solid-state. 

The intent of this dissertation is to highlight the success of nanomaterials in the 

study and design of energy-storage systems.  It begins with a discussion of the low-

temperature performance of Li-ion battery electrodes.  Charge-storage characteristics and 

reproducible electrode geometries identify the fundamental breakdown of Li-ion batteries 

at low-temperature as the decrease in solid-state diffusion coefficient of the Li-ion (DLi+).  

This study then quantifies the value of DLi+ as a function of both intercalation-level and 

temperature.  Next, it describes a variation of the previous template-synthesis method, in 

which the polymeric template is pyrolyzed to create a LiFePO4/carbon composite 

electrode.  This composite improves upon the poor electron-conductivity of the otherwise 

attractive LiFePO4 cathode.  Finally, preliminary results from polyvalent-ion (Mg2+) 

intercalation into the V2O5 electrode are presented.  Polyvalent-ions allow for more 

charge to be stored than is stoichiometrically possible by singly charged ions. 

The advantage of incorporating nanomaterials into the design of energy-storage 

devices is the recurring theme of this document.  While the studies are approached from a 

fundamental view, conclusions such as those reported here will undoubtedly have 

profound commercial impact on the increasingly portable world. 
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CHAPTER 1 
INTRODUCTION AND TEMPLATE-SYNTHESIS 

Introduction 

Batteries provide power to an incredible number of devices that we rely on daily 

such as automotives, electronics, and hearing aids and pacemakers.  In addition to being 

portable, batteries operate more efficiently than solar power, cleaner than fossil fuels, and 

safer than nuclear power.  Andrew Volta is credited for the first battery device in 1799 

and sixty years passed until Gaston Plante discovered the first practical rechargeable 

battery (the lead-acid battery still used in cars today.)  Now there are several classes of 

rechargeable batteries, which include Plante’s lead acid battery, nickel-based systems 

(nickel-metal hydride and nickel cadmium) and the Li-ion battery. 

The introduction of Li-ion batteries by T. Nagaura and K. Tozawa of SonyTec Inc. 

in 1990 marked a major advance in battery technology.1  Li-ion batteries have generated 

great interest as lightweight, portable, rechargeable power sources over the last decade.  

Li-ion batteries are now the power source of choice for laptops, cell phones, digital 

cameras, and camcorders.  Table 1-1 compares several of the rechargeable batteries 

currently on the market.2  Note that the Li-ion battery has unparalleled energy density, 

but is comparatively expensive.  Li-ion batteries are popular because of their high cell 

potential, large cycle life, high energy (Wh L-1, Wh kg-1,) and power density (W L-1, W 

kg-1.)  For many applications these advantages outweigh the expense of these batteries. 

 

1 



2 

Table 1-1:  Comparison of commercial rechargeable batteries. 
 

  Energy Density 

Battery Type 
Nominal 

Voltage (V) 
By Weight  
(Wh kg-1) 

By Volume 
(Wh L-1) 

Pb-acid 2 25 80 

Ni-Cd 1.2 50 150 

Ni-MH 1.2 75 200 

Li-ion 3.6 150 325 
 

The public has quickly embraced this technology, which accounts for an 

approximately 3 billion dollar annual market.3  Despite the commercial success of these 

batteries, a global research initiative exists to improve the existing design.  The goal of 

this research is to apply this technology to more demanding applications, such as those 

relying on pulse-power or improved low-temperature performance.  A specific example is 

for use as the electric component of hybrid vehicles, which is currently a NiMH based 

system.  However, the current Li-ion battery design cannot adequately satisfy the power 

requirements of such systems due to the inability to deliver a sufficient quantity of charge 

at high discharge currents4 combined with concerns of safety and capital expenses. 

The emergence of the burgeoning field of nanotechology has already tremendously 

impacted the field of scientific research.  The fields of biotechnology and electronics 

have revolutionized.  This dissertation details my efforts to incorporate the field of 

nanomaterials to improve the design of Li-ion batteries. 
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Background on Li-ion Batteries 

The three primary components of any battery are the cathode, the electrolyte, and 

the anode.  Li-ion batteries operate by reversibly intercalating charge in each of the two 

electrodes.  Intercalation is the process by which a specific quantity of guest species (Li+) 

is able to reversibly enter/exit a host structure (e.g., V2O5, carbon), causing little or no 

difference to the host.  These electrodes are separated by an ion-conductive electrolyte.  

Upon discharge, the Li-ions deintercalate from the low-potential electrode, migrate 

through the electrolyte, and insert into the high-potential electrode.  The ions then must 

rely on solid-state diffusion to fill the non-surface intercalation sites.  A corresponding 

quantity of charge travels the circuit and provides power to the load.  This process is 

detailed in Figure 1-1. 

 
 

Figure 1-1:  Schematic of discharge process of Li-ion battery.  Charge moves from anode 
to cathode during discharge.  Adapted from van Schalkwijk. 5. 

If current flow is reversed (from cathode to anode), Li-ions insert into the low-

potential electrode and the system is charged.  The low-potential electrode is the anode 
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and the high-potential electrode is the cathode.  This convention (adopted from the 

discharge process) is obeyed regardless of the direction of current flow.  As in a 

traditional electrochemical process, the reaction is limited by either mass-transfer 

(diffusion of ionic species) or electron-kinetics.  It does differ though, because it is the 

host, not the diffusing species, which oxides/reduces.  General forms of the 

charge/discharge reactions for a Li-ion battery cathode and anode are shown in Equation 

1-1 and 1-2, respectively. 

 1-1 

 

 1-2 

For the cathode material shown in Equation 1-1 M = transition metal or a mixture 

of transition metals.  The most popular choices are Co, Mn, Ni, and V.  These are the 

constituents of the complex that undergo the redox reaction. 

The anode material is shown in Equation 1-2 as carbon.  Development of the 

carbon-based anode was an engineering improvement to mitigate the early safety issues 

of lithium-metal anodes.  Replacing the Li metal anode with the carbonaceous material 

obviated the short-circuit issues caused by dendritic growth during the Li-deposition 

process.  Graphite has a layered structure and is a popular alternative to lithium because it 

can store a large amount of charge (~370 mAh g-1) and has a reduction potential just 

positive of lithium metal (~ 100 mV).  The cell voltage delivered by a battery is the 
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difference in the operating potential of the two electrodes, so a significantly negative 

anodic potential is necessary to maintain the large cell voltage. 

Nanomaterials by Template-Synthesis 

The Martin research group has pioneered the nanofabrication strategy of template 

synthesis.6  This general method has been used to synthesize nanostructures of a variety 

of materials such as gold,7-10 carbon, 11-13semiconductors,14,15 polymers,6,16 and Li-ion 

battery electrodes,12,14,17-26 our focus here.  This method involves deposition of a material 

precursor into a micro- or nanoporous template.  This template can be a variety of porous 

materials, such as commercially available track-etch polymer filters, anodized alumina, 

or even colloidal crystals.  Depending on both the pore-diameter and the specific 

chemical interactions between the pore wall and the precursor, the resulting structures 

may be tubes (hollow) or wires (solid).  The template is functional by restricting particle-

growth.  It may remain intact to impart directionality or increased mechanical strength 

during the experiments. 

For battery materials, the template is a commercially-available polycarbonate filter.  

The pores of this filter are monodisperse, nanoscopic in diameter, nominally cylindrical 

in shape, and traverse the entire length of the membrane.  Electrode precursor is 

deposited into the pores of the organic template.  The template is then preferentially 

etched by oxygen plasma, leaving structures of identical geometry as the pores.  A 

sintering process imparts crystallinity to the structures to ensure that the host-structure is 

maintained during the intercalation/deintercalation process.  These structures are referred 

to as “nano” if one or more of their dimensions are on the nanoscale (< 100 nm).  

However, the aspect ratio (length / width) is often on the order of 10. 
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Templates 

Track-etch Membranes 

Micro- and nanoporous polymeric filtration membranes prepared via the “track-

etch” method are available from commercial sources (e.g., GE Osmonics) in a variety of 

materials and pore geometries.27  Polycarbonate is perhaps the most common example of 

a track-etch filter material.  Other options of materials include polyester, Teflon®, and 

polyethersulfone.  An electron micrograph of the surface of a polycarbonate template 

membrane is shown in Figure 1-2. 

 
 

Figure 1-2:  Scanning electron micrograph of the surface of a commercial nanoscale 
polycarbonate track-etch template membrane. 

The term track-etch refers to the pore-production process.28,29  Pores of the filters 

are created by exposing the solid material film to nuclear fission fragments, which leave 

randomly-dispersed damage-tracks in the film.  The high energy (on the order of 2 GeV) 

of the fragments ensures that the tracks span the entire length of the membrane (typically 

from 6 to 10 µm).  These reactive chains end at the damage-tracks in the polycarbonate 

film and are then etched with a basic chemical solution, and they become pores.  One ion 
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creates one track, which in turn becomes one pore.  During production the pore density is 

controlled by the duration of time that the polycarbonate film is exposed to the charged 

particles.  Typical track-etch membrane pore-densities are 104 to 108 pores cm-2.30 

Varying parameters of this etching solution such as temperature, strength and 

exposure time dictate the pore diameter.  Commercial membranes are available with pore 

diameters ranging from 10 nm to 20 µm.  The microporous material etches to form 

uniform cylindrical pores, but as the pore diameter is reduced to the smaller nanoscopic 

dimensions the shape of the pore becomes like a cigar, slightly tapered at the ends.  

Microscopic investigations of template-synthesized nanostructures prepared within the 

pores of such nanoporous membranes have shown that the diameter of the pore in the 

center of the membrane is larger than the diameter at the membrane surface.22,31  This 

pore geometry may arise from the fission fragment that creates the damage track and also 

generates secondary electrons, which contribute to the damage along the track.  The 

number of secondary electrons generated at the faces of the membrane is less than in the 

central region of the membrane.  An alternate theory is that the surfactant protective layer 

adsorbed to the surface of the membrane retards the local etching process.29  Either 

suggested mechanism leads to “bottleneck” pores. 

In the production of template-synthesized nanostructured battery materials, 

polymeric (specifically polycarbonate) track-etch membranes are the current template of 

choice.  These templates may be easily removed in conditions that do not adversely affect 

the nanostructures themselves.  The wide variety of commercially available pore 

diameters and densities can generate comparative structures of differing geometries that 

are key tools for fundamental investigations.  The disadvantage that is associated with 
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these types of membranes and their application to electrode materials is their low 

porosity.  These values are typically between 2 – 10%.  This decreases the ratio of active 

material to a given footprint area or volume region on the current collector surface.  It is 

important to remember, however, that these electrodes will serve as tools for fundamental 

studies, not a viable approach for commercial synthesis. 

Anodized alumina 

Another template membrane used in our laboratory is anodized alumina.  

Anodization of aluminum metal in an acidic environment causes the metal to etch in a 

fashion that leaves a porous structure.32  These pores are extremely regular, having 

monodisperse diameters and cylindrical shapes in a hexagonal array.  Unlike the track-

etch process, this process is systematic and generates an isolated, non-connected pore 

structure.  The pore densities of these alumina filters can be on the order of 1011 pores 

cm-2, which is about 1000 times the density available in the track-etch polycarbonate 

membranes.  The porosities can be as high as 50%.  Also, alumina filters have much 

greater mechanical stability and chemical resistivity than polycarbonate.  However, there 

is an extremely limited selection of commercially available pore sizes, and the smaller 

pores are branched.  These membranes can be very thick (10 -100 µm).  It is also notable 

that this alumina structure is electronically insulating. 

There are advantages of alumina templates, but, to date, the application to Li-ion 

battery research has been limited.  The high porosity (template pore volume becomes 

material volume) would dramatically increase the volumetric capacity (mAh L-1) 

available for a template-synthesized electrode.  However, the chemical resistivity of the 

membrane dictates that more harsh dissolution methods be employed.  There are few Li-
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ion battery intercalation electrodes that survive such exposure.  Recently though another 

research group has shown reversible Li-ion intercalation into MnO2 wires 

electrochemically deposited in alumina template33. 

Colloidal-crystals 

In the previous examples of templates, the pore-structure is cylindrical in general 

shape.  An alternative to this configuration is a nanosphere template (see Stein’s recent 

review).34  In this method, spherical particles with diameters of nano- to microscale 

dimensions (typically ~ 100s of nm) are deposited in a close-packed array.  This is 

commonly accomplished by a solvent evaporation technique.  If a solvent evaporates at a 

slow, controlled rate, it imparts an order to the particles.  These particles are typically 

made of polymers (latex, polysterene) or silica.  Since they are spherical in shape, void-

volume exists in the interstitial sites, even when close-packed.  These interstitial sites 

serve as the porous network and the nanosphere array act as the template.  These close-

packed spheres have a theoretical packing efficiency (defined as [volume of space 

occupied by the spheres/total volume]) depending on specific arrangements of between 

68 – 74%.  Therefore, the theoretical void volume is approximately 30% in a close-

packed array and increases to 48% in a monolayer of spheres. 

Again by physically restricting particle growth (as opposed to a chemical 

technique), the deposition strategy becomes general.  The requirements of size, shape, 

and uniformity are transferred from the material to the template.  This is demonstrated 

with examples from the literature of synthesis of a variety of materials such as metal 

salts,34,35 metal particles,36 polymeric materials,37,38 and evaporated or electroplated metal 

films.39  Though the spherical shape is the most common, it is possible that the sphere can 

be distorted to other shapes, such as an ellipsoid or even a “doughnut”-shape.38 
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Material Deposition Strategies 

There are a number of differing structures of templates used for template-synthesis.  

There are just as many material-deposition strategies.  It is the combination of templates 

and deposition-methods that provide a multiplicative number of solutions to a given 

challenge.  In our laboratory alone we have shown examples of sol-gel deposition, 

electrochemical deposition (metals and polymers), electroless deposition, and chemical 

vapor deposition. 

Sol-gel 

Sol-gel chemistry has recently evolved as a powerful approach for preparing 

inorganic materials such as glasses and ceramics.  This method for the synthesis of 

inorganic materials has a number of advantages over more conventional synthetic 

procedures.  For example, high-purity materials can be synthesized at a lower 

temperature.  In addition, homogeneous multi-component systems can be obtained by 

mixing precursor solutions; this allows for easy chemical doping of the materials 

prepared.40  Such a versatile deposition technique partners well with the template-

synthesis nanofabrication method. 

The sol-gel process typically involves hydrolysis of a solution of the precursor 

molecule to obtain first a suspension of colloidal particles (the sol) and then a gel 

composed of aggregated sol particles.  The amorphous gel may then be thermally treated 

to yield a more crystalline product.  We have recently conducted various sol-gel 

syntheses within the pores of the alumina and polycarbonate membranes to create both 

tubes and wires of a variety of inorganic oxide materials, including semiconductors14,15 

and Li-ion battery intercalation materials.20,22,24,25  First, the template membrane is 

immersed into a sol for a given period of time, and the sol deposits on the pore walls.  
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After hydrolysis, either a tube or wire of the gelled material is formed within the pores.  

As with other template synthesis techniques, longer immersion times yield wires, while 

brief immersion times produce tubes. 

The formation of tubes after short immersion times indicates that the sol particles 

adsorb to the template membrane’s pore walls.  It has also been found that the rate of 

gelation is faster within the pore than in bulk solution.  This is most likely due to the 

enhancement in the local concentration of the sol particles owing to adsorption on the 

pore walls.  An electrostatic interaction may also pull charged sol particles to the walls of 

the template membrane.14 

Previously, our group has demonstrated the formation of TiO2 semiconductor 

nanostructures via template-synthesis.15  The mechanism of formation of TiO2 from 

acidified titanium alkoxide solutions is well documented.  In the early stages of the 

synthesis, sol particles are held together by a network of -Ti-O- bonds.  These particles 

ultimately coalesce to form a three-dimensional infinite network, the gel.  The fact that 

tubes are initially obtained when this process is done in the alumina membrane indicates 

that the sol particles adsorb to the pore walls.  It is well-known that at the acidic pH 

values, the sol particles are weakly positively charged.  Tubes are formed because these 

positively charged particles interact with anionic sites on the alumina pore wall.14  

Several other inorganic oxides, specifically MnO2, Co3O4, ZnO, WO3, and SiO2, have 

been synthesized in a similar fashion.  Since transition-metal oxides are typical choices 

for Li-ion battery cathodes, it can easily be seen how this method partners well with 

research of this field. 
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Other deposition strategies of template-synthesis 

Electrochemical deposition is a based on electroplating metal from a solution into 

the pores of the template.  The structures plate axially from a current collector.  By 

controlling the charge (current and time) passed, the length of the structure can be 

controlled.  This method typically produces wires, but tubes are possible when a 

molecular anchor is employed.  We have made electrochemical plated structures of gold, 

silver, nickel, platinum and even polymers. 

Conversely, the electroless plating method relies on the electrochemical series for 

metals to replace ones more noble than themselves.  A polymer (nonconductive) template 

is “sensitized” by Sn-ions, which are replaced by Ag particles, which are replaced by Au 

particles.  These gold particles coalesce to form a continuous structure.  This method 

plates metals from the walls of the template (radially); therefore, they plate as tubes with 

a controllable inner diameter down to when they become solid-wires.  The plating occurs 

indiscriminately onto all faces of the membrane exposed to the solution.  The most 

common example is the electroless deposition of gold into a track-etch polymeric 

template. 

Vapor deposition is useful because of the conformal coating that it can create by 

depositing materials in the vapor phase.  It is commonly applied for making carbon 

nanotubes from ethylene gas; however, there are examples of conducting, semi-

conducting and insulating materials.  The difficulty with this method is the selection of 

suitable precursors.  Anodized alumina templates are ideal selections to accompany this 

method, because of the ruggedness of that template.  We deposit carbon by this method at 

greater than 600 oC.  Another advantage to this method is that tubes of thin wall 
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diameters are possible.  The Martin laboratory has shown that vapor-deposited carbon 

nanotubes are ideal tools for fundamental studies of electroosmotic flow investigations.11 

Impact of Template-Synthesis to Nanoelectrochemsitry 

Fundamental Electrochemical Investigations 

Gold nanoelectrode ensemble 

One of the first fields where these template-synthesized nanomaterials 

demonstrated superior functional capabilities is as an array of gold nanoelectrodes 

elements.10  Our group has created an array of gold nanoelectrodes by electroless 

deposition of Au to form solid wires in a track-etch polycarbonate template.  

Nanoelectrodes offer opportunities to perform electrochemical experiments to investigate 

the kinetics of redox processes that are too fast to measure at conventional macroscopic 

electrodes.41,42  Also, they have the ability to serve as useful electrodes even in highly 

resistive media.43  Depending on the spacing (pore density) and timescale of the 

experiment (voltammetric scan rate), we were able to demonstrate by “radial” and “total 

overlap” diffusional and voltammetric responses.  The radial case refers to when the 

diffusion layer of each element is independent, whereas the total overlap refers to when 

the layers merge to act as a single diffusion layer.  Template-synthesized gold nanowires 

operating in the “total overlap” regime are able to measure electrochemical response of 

redox molecules at trace concentrations (less than 2 nM for TMAFc+).10,44  This is a result 

of the faradaic response being a function of geometric gold surface area, and the 

background double-layer charging current being a function of active Au area.  Gold 

nanoelectrodes were shown to provide advantageous electrochemical results, due to their 

unique template-synthesized geometry. 
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Carbon nanotube membrane 

Carbon nanotubes are of great interest in both fundamental and applied science.  

Our group has created template-synthesized carbon nanotubes by chemical vapor 

deposition of ethylene gas onto a home-grown alumina membrane.  This carbon nanotube 

membrane (CNM) is used for fundamental electrochemical investigations, specifically as 

tools to monitor and control electroosmotic flow (EOF).11,45  EOF refers to the movement 

of solution past a stationary surface due to an externally applied electric field and is a 

consequence of the way ions are distributed near surfaces.46  The Martin laboratory has 

shown the ability to measure EOF through carbon nanotube membranes.  This work was 

further developed into the ability to control the rate and direction of EOF inside a CNM 

by depositing a thin-layer of PVFc.  By applying a potential, the sign and magnitude of 

surface-charge, and thus EOF, can be effectively modulated. 

Li-ion Battery Nanoelectrodes 

Polymeric track-etch templates 

Nanomaterials are advantageous in regards to both ionic and electronic 

conductivity.  Decreasing particle-size decreases the solid-state diffusion distance for Li+ 

and increases the specific surface area, thus distributing the current and decreasing the 

effective current-density.  This serves to increase the electron-transfer kinetics of the 

system.  Solid-state diffusion coefficients are dependent on material and state-of-charge, 

but are extremely small, in the range of 10-11 to 10-15 cm2 s-1.  This is an intrinsic 

property.  Therefore, our strategy is to use nanoparticles and minimize the distance the 

Li-ion must diffuse.  This creates a situation in which the intercalation sites are as close 

to the electrode surface as possible. 
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The Martin laboratory published its preliminary data of Li-ion batteries in 1997.12,14  

This was not long after these batteries were introduced to the marketplace.  Patrissi22 and 

Li19 were the first of the Martin laboratory to demonstrate the structural and 

electrochemical characterization of template-synthesized Li-ion batteries electrodes, 

V2O5 cathodes and Sn-based anodes, respectively.  The work detailed here builds upon 

the preliminary findings of these scientists.  They built the foundations for a number of 

the experiments discussed below. 

A tremendous number of laboratories across the world are involved in this research.  

Several premier journals devote sections of every issue to featuring advances in energy 

storage (specifically, Li-ion based technology).  Current major goals in this research are 

to 1)  create high-rate pulse-power compatible structures, 2)  identify alternative electrode 

materials (specifically more energetic, less expensive, and less hazardous cathodes), 3)  

fabricate solid-electrolytes with viable ionic conductivity at room temperature.  Energy 

storage and production are topics of conversation at every corner of the industrialized 

world. 

The focus of research in the field of Li-ions batteries is to create systems of the 

highest energy and power densities, both on a gravimetric and volumetric basis.  

Essentially the goal is to get more power from a smaller, lighter device.  Template-

synthesis as applied to the field of Li-ion batteries creates ideal tools for the fundamental 

studies of factors that limit both rate and power.  Previously, we have focused on using 

constant-current to discharge template-synthesized electrodes and comparing that to the 

response of thin-film control electrodes.  During the discharge process, Li-ions 

deintercalate from the anode, migrate through a Li-ion conducting electrolyte, and then 
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intercalate into the cathode.  When these Li-ions intercalate into an electrode, they are not 

able to solid-state diffuse rapidly enough to compensate for the facile nature of the 

insertion-flux (D ~ 10-8 to 10-11 cm2 s-1).  This results in concentration-polarization of Li-

ions at the surface during intercalation; conversely, the polarization is in the core during 

the deintercalation process.47 

This is a practical limitation to the stoichiometric quantity of charge-storage (mAh 

g-1) that is theoretically possible.  The discharge-rate (current) determines this rate of 

insertion-flux; therefore at the high currents of a demanding application, this 

concentration-polarization problem is exacerbated.  Since the diffusion coefficient is an 

intrinsic property of the electrode material, we work with the strategy of decreasing the 

size of the electrode-particles.  This allows the intercalation sites to be closer to the 

surface, shortening the distance over which the sluggish solid-state diffusion process 

must propagate.20,22,24,25 

This plan of using smaller particles has another attribute.  The increased surface-

area per total-volume fraction serves to decrease the effective current density at any given 

rate.  This works to offset any sluggish electron-kinetics of the system.  Since the 

electrodes must exhibit both good electronic and ionic conductivity, a structure 

comprised of electronically addressable small particles is extremely favorable.  This has 

been demonstrated by template-synthesis of both cathodic20,22,24,25 and anodic 

materials.20,48  In every case, the nanostructured material was able to deliver higher 

specific capacity (mAh g-1) at any given discharge rate (C, C = h-1) than the 

microstructured control electrode. 

 

http://www.sparknotes.com/chemistry/stoichiometry/stoichiometriccalculations/
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For an electrode to function in a rechargeable system, it must be able to maintain its 

ability to be charged and discharged for many cycles.  This cycle-life parameter is 

measured as the charge-discharge cycle is repeated at the same rate.  Our nanostructured 

electrodes has been cycled for greater than 1400 times at the high-rate of 58 C, without 

diminishing the quantity of charge delivered per cycle.20 

As demonstrated in the above discussion, electrodes comprised of small particles 

are advantageous.  Void-volume is used to keep these particles small.  While this has no 

effect on the gravimetric capacity (mAh g-1), it does on volumetric capacity (mAh L-1).  

Volumetric restrictions of an application may be just as stringent as gravimetric 

restrictions.  Our lab has shown the ability to “refill” a portion of this void-volume with 

more active material to increase the charge stored per liter.23  In that investigation, the 

volumetric charge delivered by the template-synthesized nanostructured electrode at 

high-rates of discharge actually surpassed that delivered by the thin-film control. 

Nanosphere-templated structures 

Laboratories throughout the world are employing template-synthesis methods.  

Other groups (most notably from the University of Minnesota) have worked with a 

template method that uses nanospheres to create similar short-diffusion-distance 

materials.49  An array of monodisperse PMMA spheres of diameter of 300 nm serves as 

the template.  Approximately 10 layers of these spheres construct an array.  The void-

volume of these close-packed spheres hosts a Sn-based precursor solution.  After 

processing the precursor into a state capable of reversible Li-ion intercalation, the 

PMMA-template spheres were removed via calcination.  The electrode structure shrinks 

as a result of this heating.  Average solid-state diffusion distance for Li-ions is about 170 

nm.  This electrode showed good order to an area of 100 µm2.  The resulting electrode 
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was characterized electrochemically and was able to reversibly store and deliver charge 

under conditions similar to those previously described.49 

Li-ion Battery Electrode Fabrication Strategies 

Commercial Process Method 

This synthetic method can be contrasted to a general method for commercial Li-ion 

battery systems.47  There are many types of commercial batteries, such as prismatic cells, 

coin cells, and “jelly-roll” cylindrical cells.  The assembly and application of each are 

different; however, the synthesis and components are general.  The commercial battery 

cathode is created in a high-temperature procedure that gives particles of the active 

transition-metal-oxide.  This process generates particles that range in diameter from 

approximately 2 to 20 microns.  These discrete particles are then mixed into slurry with 

polymeric binder (PVDf) and a conductive element (carbon) and pressed into a metal 

mesh current collector.  The conductive element is necessary to improve the electronic 

conductivity of the system, which is very low in this system because the particles are only 

point-connected.  The polymer is necessary to simply ensure that the slurry physically 

contacts the current collector.  In our template-synthesis approach, these inactive (not 

capable of Li-ion intercalation) components are not necessary and are excluded so as not 

to decrease volumetric and gravimetric energy densities or complicate analysis.50  Notice 

that competing technologies use the mass of only the active material when determining 

charge-per-gram. 

Template-Synthesis Method 

In this embodiment of Li-ion electrodes a precursor-impregnated polycarbonate 

template membrane is attached to a section of metal foil.  The foil has dual-functionality 

as it serves as a substrate during synthesis and as a common current collector during 
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electrochemical characterization.  Template-synthesis methods yield a fiber-based 

electrode that consists of structures that mirror the geometry (length, diameter, and 

number density) of the pores of the template.  Typical values are 100-nm in diameter, 6 

microns in length, and 108 elements per cm2.  These structures extend from the surface of 

the current collector like the bristles of a brush.  There are only two components of the 

electrode – active material and current collector.  Each electrode is then 

electrochemically characterized as a half-cell. 

Because of the parallel electronic-conduction mechanism of our template-

synthesized nanostructrued electrodes, carbon is not required.25  No binder is necessary 

because the structures are directly attached to the metal foil that serves as both a physical 

substrate and a common current collector.  The absence of non-active components in our 

electrodes also assists in increasing volumetric energy densities. 

An Electrochemical Primer 

Comparing Electrochemical Methods 

A standard electrochemical experiment could be envisioned as a planar metal 

electrode (working electrode) and a facile redox couple such as ferrocene/ferrocenium.  

The ferrocene would be dissolved in water, along with a supporting electrolytic salt.  This 

other salt is composed of nonelectroactive ions and serves to decrease the contribution to 

migration to the mass transfer, as well as decreasing the cell resistance.  A reference 

electrode is in the system as well.  The purpose of this electrode is to provide a 

comparative value for the applied potential.  If the ionic conductivity (S cm-1) of the 

electrolyte is comparatively low, a Luggin capillary may be employed to minimize the 

effective distance between the working and reference electrodes.  This decreases the cell 

resistance, minimizes iR drop, and ensures that the potential measured is accurate.  A 
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counter electrode is inert in the system conditions and serves to pass current through the 

system.  A potentiostat is connected to the electrodes.  Envision a potentiostat as the 

instrument that sets the working electrode to the appropriate potential compared to the 

reference electrode and measures the flow of current between the working and counter 

electrodes. 

For a reduction-oxidation (redox) reaction to occur, an electron and ion must unite.  

Figure 1-3 illustrates this from thermodynamics.  Electron-kinetics describes the ability 

for electrons to be transferred at a certain rate constant.  Ion transport (mass transfer) is 

accomplished by one of three mechanisms:  diffusion, migration, and convection.  

Commonly systems eliminate convection by not stirring the system.  The effect of 

migration, movement of ions in an electric field, is minimized by the supporting 

electrolyte.  This leaves diffusion as the predominant mass-transfer mechanism.  

Diffusion is a result of a concentration gradient.  This concentration gradient is related to 

flux of the species by a proportionality constant, its diffusion coefficient (D).  This 

parameter has units of area per time.  A small molecule in water has D ~ 1 x 10-5 cm2 s-1.  

While the diffusive movements of species are random in nature, the bulk movement 

serves to smooth concentration gradients. 

Electrochemical measurements on Li-ion batteries are similar, but not identical.  

We test our electrodes in a half-cell setup, meaning that the cathode and anode are 

individually characterized.  Li-ions are solvated in a non-aqueous electrolyte.  This setup 

is inside of an argon glovebox, to protect the dry electrolyte and the lithium metal.  The 

diffusive movement is associated with the Li-ions, but Li-ions are stored and the host 

material is subject to the redox reactions. 
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Figure1-3:  Fundamentals of electrochemical reactions comparing oxidation and 
reduction reactions.  EF is the Fermi level, the average energy of the electrons 
of the current collector. 

The host material is electronically conductive and injects electrons by contact with 

a metal current collector.  This intermediary between the ions and the current collector 

serves to slow electron transfer.  In addition, though Li-ions are small, they must diffuse 

through solid-material as opposed to only liquid in a traditional system.  The diffusion 

coefficient for this process is about 6 orders of magnitude lower than for a liquid-phase 

system.  Therefore, the rates of the experiments must be several orders of magnitude less 

than those used to typical experiments.  Again, the rate of the reaction is either limited by 

mass-transfer or electron-transfer. 

Comparison of Diffusion Regimes 

This leads us to a discussion of two regimes of diffusion that are discussed in this 

dissertation – semi-infinite and finite.  Semi-infinite diffusion refers to the situation when 

Species loses e- 
Oxidation 

Species gains e- 
Reduction 

Electrode Solution 

Vacant MO 

Occupied MO 

EF 

E ∆G 

∆G = - nFE

 



22 

movement of ions is unrestricted.  Ions may freely diffuse without boundary constraints, 

so during the timescale of the experiment effects of the cell walls are not felt on the 

system.  Therefore, at some value away from the electrode there is no concentration 

gradient.  The direct opposite is the case for finite diffusion when the movement of ions 

is constrained.  This is often the case in thin-layer experiments where propagation of the 

diffusion layer is truncated at some distance, the thickness of the thin-layer. 

A colleague once compared these diffusion regimes to me as an analogy of two 

people each holding one end of a rope.  The first causes the rope to oscillate by moving 

his hand up and down.  This movement represents the diffusion process.  If the rope is 

sufficiently long enough, the second person cannot feel the response (semi-infinite 

diffusion).  However, if the rope is short enough, the perturbation is felt by the second 

person and it is stopped by his hand (finite diffusion).  There is no infinite diffusion 

regime, because the diffusing species is confined by the walls of the cell, and as t 

approaches infinity it will eventually encounter this system constraint. 

Electrochemical Methods for Li-ion Battery Electrodes 

We will use several standard electrochemical methods to characterize the Li-ion 

battery electrodes – cyclic voltammetry, chronopotentiometry, and small potential-steps.  

Cyclic voltammetry will be used to confirm the activity of the electrode, identify the 

potential region of electroactivity, and comment on the electron-kinetics and diffusion 

regimes of the process.  This is accomplished by sweeping an applied potential, while 

monitoring the current response.  Chronopotentiometry uses constant applied currents to 

charge and discharge the electrode, while monitoring the change in potential.  By 

applying a known current to a known electrode mass, the time is easily converted to 

charge stored and thus quantity of Li+.  Larger currents (faster rates) decrease the time 
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regime for the intercalation process.  Therefore, the solid-state diffusion process can 

access less of the intercalation sites at larger currents.  Measurement of the rate-

capability is a useful way to compare electrodes.  The final method uses small applied 

potential steps and monitors the current-response over time.  Data from these small 

potential steps are interpreted via the Cottrell relationship to identify the solid-state 

diffusion coefficient of the Li-ion and identify the activation energy of the diffusion 

process via an Arrenhenius relationship. 

Since the quantity of charge stored in a Li-ion battery electrode is dependent on the 

mass of the electrode, the molecular weight of the host species, as well as the 

stiochiometric theoretical maximum, a normalized parameter is necessary when 

discussing charge-discharge experiments.  This parameter is C-Rate, 1 C = 1 h-1, 

described in Equation 1-3. 

mC
iRateC

s

=−  1-3 

Here, i represents the applied current, Cs represents the theoretical specific capacity 

(mAh g-1), and m represents the mass of the electrode.  The rate of 1 C is the current 

necessary to incorporate the theoretical maximum charge in 1 h.  For reference, if a 

laptop battery lasts for 2 h, it is discharged at an average rate of C/2 (though, the rate is 

actually a little higher, because this calculation assumes theoretical charge-storage.) 

Figure 1-4 is a schematic of the result of the concentration polarization effect.  This 

effect depends greatly on C-Rate.  At small rates, there is enough time for Li-ions to 

occupy/vacate nearly all of the intercalation sites, even at the core of the electrode 

particle.  At high rates, there is much less time for these Li-ions to diffuse in the solid-
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state, creating this large number of inaccessible intercalation sites, resulting in poor 

charge-storage characteristics. 

 
Figure 1-4:  Concentration polarization of intercalating Li-ions.  Ions are non-uniformly 

distributed and are concentrated at the electrode surface.  Gray represents 
LiV2O5; whereas, yellow represents V2O5. 

Chapter Summary 

The intent of this dissertation is to demonstrate how nanoscale Li-ion battery 

design succeeds where conventional technology fails.  It will begin with a discussion of 

the improved low-temperature performance of these electrodes.  This will then be 

extended to quantify the solid-state diffusion coefficient of the Li-ion as a function of 

intercalation-level and temperature.  Next, it describes a variation of the general synthetic 

method, in which the polymer template is pyrolzed to create a LiFePO4/carbon composite 

electrode.  Finally, this is followed by a demonstration of polyvalent-ion (Mg2+) 

intercalation into V2O5.  

 



CHAPTER 2 
NANOSTRUCTURED ELECTRODES AND THE LOW-TEMPERATURE 

PERFORMANCE OF LI-ION BATTERIES 

Introduction 

Li-ion batteries have become the power source of choice for consumer electronic 

devices such as cell phones and laptop computers.2,51-58  This is because these batteries 

have good rechargeability (1000+ cycles) and offer higher energy density (stored charge 

per unit volume or mass of the battery) than competing battery technologies.2,51  

However, it is well documented that Li-ion batteries show poor performance at low 

temperature or under the extreme currents necessary for pulse-power.59-63  Specifically, 

the amount of charge delivered from the battery at temperatures below 0 oC is 

substantially lower than the amount of charge delivered at room temperature.59,60,62  This 

precludes the utilization of these batteries in a number of defense, space and even 

terrestrial applications.64  Figure 2-1 is generated from data published by 

Nagasubramainan60 on the effect of temperature on the performance of a commercial Li-

ion battery cell.  Note that the C-Rates are very low; however, still there is a dramatic 

decrease in the charge-storage ability of the cell as temperature is decreased. 

We have been investigating the application of nanotechnology to Li-ion battery 

electrode design.17,20-22,24  Previously, the Martin laboratory has shown that template-

synthesized Li-ion battery electrodes are capable of delivering more charge-per-gram at 

the same normalized discharge-rate (C-Rate) than control film electrodes.  Based on these 

studies it seemed likely that Li-ion battery electrodes composed of nanoscopic particles 

25 
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of the electrode material could mitigate this low-temperature performance problem.  We 

prove this case here by showing that nanofibers (diameter = 70 nm) of the electrode 

material V2O5 deliver dramatically higher specific discharge capacities at low 

temperatures than V2O5 fibers with micro-sized diameters. 

 

 
Figure 2-1:  Discharge proprieties of a commercial Li-ion battery (AT&T Cylindrical 

17500) at low temperature.  This cell has a rated capacity of 800 mAh. 

Li-ion batteries store charge by intercalating Li+ from a contacting solution phase, 

along with an equivalent number of electrons, into the battery’s anode material.2  During 

discharge the Li+ must diffuse out of the anode material, through the electrolyte, and 

intercalate into the cathode material.  This process can be seen in Figure 1-1. 
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For the cathode material V2O5, investigated here, the reversible charging and 

discharging reactions can be written as Equation 2-1. 

 2-1 
 

Other laboratories have concluded that the cathode, anode, and electrolyte were the 

source of the fundamental breakdown that occurs at low temperature.  While there is 

controversy in the scientific literature,59,60,62,63 the most likely causes of the poor low-

temperature performance are either - 1.)  Diminution in the rates of these electrochemical 

charge/discharge reactions at low temperature.  2.) Diminution in the rate at which Li+ 

diffuses within the particles which constitute the electrode at low temperature.  We 

hypothesized that in either case, an electrode composed of nanoscopic particles (diameter 

less than 100 nm) would provide better low temperature performance than the ~10-µm -

sized particles65 used in commercial battery electrodes.  This is because an electrode 

composed of nanoscopic particles would, in general, have higher surface area than an 

electrode composed of large particles, and this would mitigate the slow electrochemical 

kinetics problem.  Furthermore, the distance that Li+ must diffuse within the particle 

would be decreased for nanoscopic particles, and this would mitigate the slow solid-state 

diffusion problem.   

Electrode Synthesis 

To prove this point we have used the template-synthesis method6 to prepare 

cathodes composed of monodisperse V2O5 nanofibers (diameter = 70 nm) that protrude 

from a current collector surface like the bristles of a brush (Figure 2-2A).  We compare 

the low-temperature charge/discharge performance of these nanofiber cathodes with 
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cathodes composed of V2O5 fibers with diameters of 0.8 µm (Figure 2-2C), as well as 

with cathodes composed of 0.45 µm-diameter fibers (Figure 2-2B).  If our hypothesis is 

correct, the low-temperature performance of the cathode composed of the 70 nm-

diameter nanofibers (designated the 70-nm electrode) should be dramatically better than 

that of the cathode composed of the 0.8 µm-diameter fibers (0.8-µm electrode), and the 

low-temperature performance of the cathode composed of the 0.45 µm-diameter fibers 

(0.45-µm electrode) should be between these two extremes.  This experimental design 

exploits the power of the template-synthesis method for preparing monodisperse fibers 

having any desired diameter,6 and builds on our prior work on the electrochemistry of 

nanostructured Li-ion battery electrodes.17,20-22,24 

The template-synthesis method entails using the pores in a synthetic membrane or 

other solid to form nanofibers, nanowires or nanotubes of a desired material.6  

Commercially-available (Poretics, Inc) polycarbonate filtration membranes (figure 2-2D) 

were used as the templates for these studies.  These filters have monodisperse cylindrical 

pores that run through the complete thickness (6 - 10 µm) of the membrane and are 

available with a wide range of pore diameters.  The pore diameter of the template 

determines the diameter of the fibers synthesized within the pores.6 

This method was described in detail previously.22  Briefly, a 1.0 cm x 0.7 cm piece 

of the template membrane was placed on the surface of a Pt foil electrode, and 0.6 µL of 

the liquid V2O5 precursor triisopropoxyvanadium (TIVO) was applied to the membrane 

surface.  TIVO fills the pores in the template, and hydrolysis in air converts this material 

to V2O5.  This chemistry is straight-forward and it shown in Equation 2-2. 
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 2-2 
 

In fact, this reaction is so facile that the deposition must occur inside an argon-

filled glovebox, so that the precursor may impregnate the pores in this low-viscosity 

state.  It is then transferred to a low O2 environment (antechamber of the glovebox), so 

that they hydrolysis can proceed slowly enough as to form continuous structures inside 

the pores.  This was allowed to proceed at room temperature for 12 hours, followed by 

hydrolysis for 2 hours at 80 oC in air.  The film of V2O5 that covered the upper face of the 

membrane was then removed by wiping with a damp cotton swab, and this procedure was 

repeated to ensure that the pores were completely filled with V2O5.  Oxygen plasma (25 

W, 15 Pa, 2 hours) was then used to remove the polycarbonate template.  To ensure 

complete conversion to crystalline V2O5, the fibers were than heated at 400 oC for 10 

hours in flowing O2 gas.  X-ray diffraction studies confirmed that the material obtained is 

orthorhombic V2O5 (experimental details discussed later).66  A schematic of this process 

is shown in Figure 2-2. 
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Polycarbonate Template Membrane
    50-nm nominal diameter pores 
      6 µm in length 
      6 x 108 pores cm-2

Template with Sol-Gel Precursor

• Gel TIVO precursor  
     Air; Heat 80 oC; 2 h 

• Etch template  
     Oxygen plasma; 20 W, 2 h, 15 Pa 

• Heat 400 oC in O2; 10 h 

V2O5 Nanostructures on  
       Pt Current Collector 

100% active  
 

Figure 2-2:  Schematic of the template-synthesis of a V2O5 electrode. 

Scanning Electron Microscopy 

Scanning electron micrographs of electrodes of created in various templates are 

shown Figure 2-3.  These samples are attached to stubs by conductive copper tape prior 

to imaging.  The electrodes were not sputtered with any conductive material.  This 

demonstrates the sufficient electron conductivity of these samples.  The polycarbonate 

template was sputtered with a thin layer of Au/Pd to prevent excessive charging during 

image acquisition. 

These template-synthesized V2O5 nano and microfibers electrodes serve as useful 

tools in fundamental investigations, though the void-volume, that is responsible for the 

short diffusion distances, sacrifices volumetric capacity (mAh L-1).  Previously, we 

demonstrated a method that creates a compromise of these two interrelated parameters.23 
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Figure 2-3:  Scanning electron micrographs.  A) 70-nm electrode.  B) 0.45-µm electrode.  

C) 0.8-µm electrode.  D) Polycarbonate template used to prepare the 70-nm 
electrode. 

Electrode Electrochemical Investigations 

Constant Current Discharge Experiments 

The charge/discharge reactions for these nano and microfiber electrodes were 

investigated in an electrolyte solution that was 1 M in LiClO4 dissolved in a 1:1:1 (by 

volume) mixture of ethylene carbonate, diethyl carbonate, and dimethyl carbonate.67  Li 

metal ribbons served as the counter and reference electrodes.  A schematic of this 

electrochemical cell can be seen in Figure 2-4. 
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Figure 2-4:  Electrochemical cell used for the characterization of V2O5 electrodes. 

Temperature was set and maintained via a circulation bath of 80:20 ethylene 

glycol:water.  All potentials are quoted here vs. the Li/Li+ reference.  A galvanostat was 

used to apply a constant current to sequentially discharge and charge the V2O5 (Equation 

2-1), and monitor the change in potential of the V2O5 electrode as a function of time.  The 

discharge reaction was continued until a potential of 2.8 V was achieved, and the charge 

reaction was terminated when the potential reached 3.8 V.  Over this potential window 1 

mol of V2O5 is known to reversibly intercalate 1 mol of Li+, (i.e., x = 1 in Equation 2-1).68  

This corresponds to a maximum specific (per g) charge-storage capacity of 148 mAh g-1.  

The mass of V2O5 present in all of our electrodes was determined gravimetrically so that 

the specific capacities could be determined from the potential-vs.-discharge-time data. 

A typical potential-vs.-time curve associated with constant-current discharge of a 

70-nm electrode at 25 oC is shown in Figure 2-5.  A specific capacity of 145 mAh g-1 

(equivalent to x = 0.98) was obtained from these data. 
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Figure 2-5:  Slow-rate (C/3) constant current discharge of 70-nm V2O5 electrode using 

the cell pictured above. 

This shows that at this temperature and current density, nearly 100% of the 

maximum specific capacity of the cathode is being delivered.  The effect of discharge 

current or C-Rate and temperature on the specific capacity of the 70-nm electrode is 

shown in Table 2-1. 

Table 2-1:  The effect of discharge rate and temperature on the specific capacity of the 
70-nm electrode. 

 

C-Rate / h-1 Specific Capacity / mAh g-1

 25 oC 0 oC -20 oC 
0.2   77.5 
1 144.8 104.9 63.8 
5 123.0 74.4 40.7 
10 107.5 60.2 33.5 
20 90.4 48.7 27.3 
25   25.5 
30  43.1 24.8 
35   23.0 
40 72.9 39.6 22.7 
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Comparison of Rate Capabilities 

At all temperatures, we see the decrease in capacity with discharge rate, typical of 

Li-ion battery electrodes.20,21,51,57  However, as expected,60-62 this decrease in capacity 

becomes much more pronounced at low temperatures.  Data of this type were obtained 

for all three of the V2O5 fiber electrodes.  Again, our objective is to demonstrate that the 

70-nm electrode is able to deliver greater specific capacity at low temperatures than the 

electrodes composed of the larger-diameter fibers.  We define the specific capacity of the 

70-nm electrode at a given discharge current, I, and temperature, T (Table 2-1), as Cs-

70,I,T.  We define the identical parameter (i.e., same current and temperature) for the 0.8-

µm electrode as Cs-0.8,I,T.  Finally, we define a capacity ratio R70/0.8 = Cs-70,I,T / Cs-0.8,I,T.  If 

R70/0.8 is greater than unity, then at these particular values of I and T, the 70-nm electrode 

shows a capacity advantage relative to the 0.8-µm electrode.  

Figure 2-6A shows plots of R70/0.8 vs. the discharge rate for experiments done at 

temperatures of 25 oC, 0 oC and -20 oC.  Looking at the 25 oC curve first, we see that at 

low discharge rates, R70/0.8 is nearly unity, which means that at room temperature and low 

discharge rate, both electrodes are delivering nearly 100% of their maximum specific 

capacities; hence, at room temperature and low discharge rates, there is no capacity 

advantage for the 70-nm electrode relative to the0.8-µm electrode.  At higher discharge 

rates R70/0.8 increases above unity, indicating that there is now a capacity advantage for 

the nanofiber electrode; however, at room temperature this advantage is modest. 
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Figure 2-6:  Capacity ratio (see text) versus discharge rate for experiments conducted at 

25 oC (Blue), 0 oC (Orange), and -20 oC (Green).  A) R70/0.8  B) R70/0.45. 
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Turning now to the -20 oC data, we find that at the lowest discharge rate the 70-nm 

electrode delivers twice the specific capacity of the 0.8-µm electrode.  Furthermore, 

R70/0.8 increases dramatically with discharge rate; indeed, at the highest rate studied, the 

specific capacity delivered by the 70-nm electrode is almost two-orders of magnitude 

greater than the specific capacity delivered by the 0.8-µm electrode.  These data prove 

our hypothesis – that an electrode composed of nanoscopic particles shows better 

(indeed, dramatically better) low-temperature performance than an electrode composed 

of micron-sized particles.  The 70-nm electrode also shows a capacity advantage at the 

intermediate temperature of 0 oC, but as would be expected, the advantage is not nearly 

as dramatic as at -20 oC.  These data confirm the results obtained with commercial Li-ion 

batteries - that performance at room temperature and 0 oC are not so different but that 

performance becomes markedly worse at -20 oC.62,67 

We obtained similar data for the 0.45-µm electrode and calculated the analogous 

specific capacity ratio R70/0.45 = Cs-70,I,T / Cs-0.45,I,T.  If our hypothesis is correct, the 70-nm 

electrode should show better low-temperature performance than the 0.45-µm electrode 

(R70/0.45 > 1), but at any value of discharge current, R70/0.45 should be less than R70/0.8.  A 

comparison of the curves in Figure 2-6A and B shows that this is indeed the case.   

We have proven that a nanostructured Li-ion battery electrode shows better low-

temperature performance than analogous electrodes composed of micron-sized particles.  

Two questions remain.  1.) How do these studies relate to practical battery-electrode 

design? 2.) From a fundamental viewpoint, what is the genesis of this improved low-T 

performance?  With regard to question 1, our results suggest that to improve low-T 

performance, practical Li-ion battery electrodes should be prepared using smaller 
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particles of the active material than the ~10 µm-sized particles currently used.  However, 

a practical Li-ion battery electrode contains other components in addition to the active 

material; these include a polymeric binder and graphitic particles to improve electronic 

conduction through the electrode.50  The effect of amount and particle size of these 

ancillary components would also have to be evaluated.  In this regard, our experimental 

design based on template-synthesized micro and nano particles has tremendous advantage 

for the fundamental studies performed here because these ancillary components are not 

needed and therefore do not complicate the analysis. 

Our data also provide an answer to question 2.  We suggested above that the poor 

low-temperature performance of Li-ion batteries is due to either a decrease in the 

diffusion coefficient within the electrode particles, or a decrease in the rate of the 

electrode reactions (Equation 2-1), with decreasing temperature.  If the solid-state 

diffusion coefficient is the culprit then low-temperature performance should improve 

with decreasing particle diameter, and this is exactly what is observed here. 

If electrode reaction rate is the culprit, then low-temperature performance should 

improve with a parameter we designate Sc, the electrode-particle surface area per cm2 of 

current collector area.  The beauty of the template method is that Sc can be easily 

calculated from the fiber diameter, the pore density of the template membrane, and the 

fiber length.  Table 2-2 shows these parameters.  These calculations show that because of 

the interplay between pore diameter and density in the template membranes, Sc is higher 

for the 0.45-µm electrode (Sc = 14.1) than for the 70-nm (Sc = 7.9) or the 0.8-µm (Sc = 

6.8) electrodes.  This indicates that if electrode reaction rate is the culprit, then the 0.45-

µm electrode would show the best low-temperature performance, and this is not observed 
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experimentally.  Hence, our data show that the temperature dependence of the solid-state 

diffusion coefficient determines the low-temperature performance of the electrodes 

studied here. 

Evaluation of Sc

As discussed in the text of the paper, Sc is the electrode-particle surface area per 

cm2 of current collector area.  The parameters needed to calculate Sc are presented in 

Table 2-2. 

Table 2-2:  Parameters needed to calculate Sc. 
 

Pore Diameter 
(nm) 

Pore Density 
(cm-2) 

Membrane thickness 
(µm) 

70 6x108 6 
450 1x108 10 
800 3x107 9 

 

To calculate Sc for the template-synthesized nano or microfiber electrode, one first 

calculates the circumference of an individual fiber.  The surface area of the fiber is the 

product of the circumference and the length of the fiber.  The length is given by the 

membrane thickness.  The number of fibers per cm2 of current collector surface area is 

equivalent to the pore density of the membrane.  Therefore, the surface area per fiber 

multiplied by the pore density is Sc. 

Effect of Cycle Life 

The order of the series of experiments dictates that each test delivers less charge 

than the previous (e.g., low to high C-rate of discharge and high to low temperature.)  

Therefore, it is helpful to examine any adverse effects on the cycle life on the system.  

After the entire set of experiments was completed, if the system was returned to room 

temperature (25 oC), the electrodes maintained 98+% of the capacity shown in the 
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original series of tests at that temperature.  This is an important control experiment to 

help validate the data that are the basis for our conclusions. 

Also, the cycle-life can easily be characterized by charging and discharging the 

electrode with a constant current.  Figure 2-7 shows the cycle life of a V2O5 

nanostructured electrode that is charged and discharged at the constant rate of 10 C.  

Since the same current is used to charge and discharge the electrode, the columbic 

efficiency (charge out / charge in) reduces to a ratio of discharge time / charge time.  The 

columbic efficiency of this electrode was greater than 95%.  The electrode stored and 

delivered virtually the same charge over nearly 400 cycles at a high rate of discharge. 

 
Figure 2-7:  Cycle life of 70-nm V2O5 electrode charged and discharged at 10 C for 400 

cycles.  Columbic efficiency (Qout / Qin) over this range is greatly than 95%. 
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Effect of Electronic Conductivity 

In commercial Li-ion battery cathodes, it is necessary to add an electronically 

conductive material, typically carbon particles, to improve electronic conductivity 

through the electrode.  We have shown that this is not necessary with template 

synthesized electrodes.20-22,24  This is because while the electronic resistance of a single 

fiber (Rf) making up the template-synthesized electrode might be high, the electrode is a 

parallel ensemble of such fibers.  As such, the total resistance of the electrode (Rt) is 

given by Rt = Rf/N, where N is the number of fibers in the electrode. 

That electronic conductivity does not dominate the rate capabilities of the 

electrodes studied here is easy to prove.  Assuming the same length, it is easy to show 

that the electronic resistance of a 70 nm diameter fiber is 33 times higher than that of a 

0.8 µm diameter fiber composed of the same material.  If the rate capability was limited 

by electronic conductivity, the 70-nm electrode would show the worst rate capability and 

the 0.8-µm electrode would show the best.  This is exactly the opposite of what is 

observed experimentally. 

Chapter Summary 

This chapter clearly demonstrates the advantages of template-synthesis as a method 

to create ideal electrodes for fundamental studies of Li-ion batteries.  The electrode 

precursor was deposited into the pores of a commercially available polycarbonate 

template membrane.  The template serves to restrict particle growth as the precursor is 

hydrolysized to V2O5, a known Li-battery cathode material.  These V2O5 wires extend 

from the surface of a current collector like bristles of a brush.  The geometry of the pores 

of the template is imparted onto these wires – a nanoporous template yields 

nanostructured wires and microporous template yields microstructured wires.  We 
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demonstrated the ability to create structures of reproducible diameters by this template-

synthesis method. 

Three of these electrodes with different wire geometries were electrochemically 

charged and discharged by a constant-current.  By creating particles of the shortest solid-

state diffusion distance, we were able to demonstrate superior low-temperature rate-

capabilities when compared to microstructured control electrodes.  However, these 

superior discharge characteristics would be achieved with any competitive 

nanofabrication method.  The ability of template-synthesis to create structures of 

reproducible solid-state diffusion distance and surface-area is what differentiates it from 

other nanofabrication methods.  Analysis of these data identifies the decrease in solid-

state diffusion coefficient of the Li-ion associated with the decrease in temperature to be 

the rate-limiting factor in Li-ion batteries.  The conclusions presented in this chapter are a 

benchmark study in the field of low-temperature Li-ion battery research. 

 

 



CHAPTER 3 
EVALUATION OF SOLID-STATE DIFFUSION COEFFICIENT OF LI-IONS AT 

LOW TEMPERATURE 

Introduction 

Since their introduction in the early 1990s by Sony1, Li-ion batteries have been the 

focus of intense research to adapt their design to more demanding systems, such as those 

operating on pulse-power and at low-temperature.  It is widely known that these batteries 

can only provide limited capacity (mAh) at low temperatures.25,60,61  The previous chapter 

identified the fundamental breakdown that occurs in these batteries at low temperature to 

be the decrease in solid-state diffusion coefficient of the Li-ion (DLi+).25  The critical step 

in this analysis was the ability to produce nanowire-based electrodes with controllable 

particle-diameter, length, and density.  This was accomplished by template-synthesis.69  

Template-synthesis is a general nanofabrication method, pioneered in the Martin 

laboratory, capable of creating nanostructures of gold,8,9 carbon,12 semiconductors,14 

polymers,6 and Li-ion battery electrodes.20,22,24 

Since we identified the decrease in DLi+ as the rate-limiting factor in low-

temperature environment,25 the next logical progression is to quantify that decrease.  

Aurbach et al. 70,71 have demonstrated the ability of the potentiostatic intermittent 

titration technique (PITT) to measure the value DLi+ in Li-ion battery electrodes.  This 

experimental method is based on a series of small potential steps and data analysis via the 

Cottrell-relationship.  This was first described in this embodiment by Huggins and 

coworkers.72  This method results in the systematic discharge (intercalation) of a Li-ion 

42 
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battery cathode, such as V2O5.  Lithium is known to reversibly intercalate 1 mol of 

charge into an equivalent of V2O5 host over the potential window 2.8 to 3.8 V vs Li/Li+ 

as described by Delmas et al.68 according to the reversible intercalation reactions of 

Equation 2-1. 

One of the complications identified in prior studies is the ability to create structures 

of reproducible diffusion distance.70  Template-synthesized nanostructured V2O5 

electrodes are again an ideal tool for this analysis, due to the reproducibility of the 

nanowires solid-state diffusion distance (a factor closely related to the analysis) and their 

ability to equilibrate uniformly after an electrochemical perturbation.  The 

electrochemical response of these template-synthesized electrodes is not as subject to the 

interferences of conventional systems, such as concentration-polarization of the Li-ion 25 

and the effects of conductive carbon and polymeric binders 50 (absent in this system).  

This chapter reports our efforts to quantify this decrease in solid-state diffusion-

coefficient of the Li-ion with decrease in system temperature. 

Electrode Synthesis 

Template-synthesis was used to fabricate V2O5 electrodes.  This process has been 

detailed elsewhere.25  A 3 cm2 section of commercially-available polycarbonate template 

(Poretics) was placed atop a section of Pt foil.  A 1 µL drop of triisopropoxide vanadium 

(TIVO) precursor impregnated the pores of the template from the top.  This was 

performed in an argon environment to prevent hydrolysis of the precursor prior to 

complete filling the pores.  This assembly is then transferred to a low humidity 

environment (antechamber of the glovebox) and hydrolysis proceeds slowly over 8 hours.  

The particle-growth is restricted by the pore wall of the template; therefore, a nanoporous 
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template yields an array of nanoscale diameter wires and microporous template yields 

microscale diameter wires.  The templates used here are polycarbonate.  The nanoporous 

template has nominally 50-nm diameter pores, 6 microns in length with a density of 6 x 

108 pores cm-2.  The microporous template has nominally 0.8-µm diameter pores, 9 

microns in length with a density of 3 x 107 pores cm-2.  In order to ensure the micropores 

are completely filled, the filling procedure is repeated.25 

The assembly is then heated to 80 oC for 2 hours in air to ensure complete 

hydrolysis.  Oxygen plasma (20 Pa, 25 W, 2 hours) preferentially etches the organic 

template, leaving structures that have the same geometry of the pores.  These structures 

extend from the Pt current collector like the bristles of a brush.  This assembly is then 

heated in flowing O2 for 10 hours to convert the V2O5 into its crystalline form.  Note 

there is no conductive carbon or polymeric binder used in this synthesis. 

Electrolyte Synthesis 

Li-ion battery electrolytes are based on non-aqueous solvents.  The primary reason 

is that the available potential envelop is greatly extended in such solvents.  Aqueous-

based systems are limited to ~ 1.2 Volts as not to engage undesired reactions, i.e., the 

splitting of water.  The solvent system is a mixture of aprotic carbonates.  Ethylene 

carbonate (EC) has a high dielectric constant; therefore, it ensures that the LiClO4 

dissociates.  However, EC is a solid at room temperature and must be gently heated to 

melt prior to use.  Therefore, diethyl carbonate (DEC) is added to decrease the viscosity 

of the system; which greatly improves ionic conductivity.  Dimethyl carbonate (DMC) is 

added in proportion with diethyl carbonate in low temperature experiments, because of its 

ability to maintain ionic conductivity at low temperatures.  These solvent systems are 
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relatively standard in Li-ion battery research.  They are dry and it is imperative that they 

remain dry throughout the experiment. 

The salt used for all of these experiments is LiClO4.  There are several examples in 

the literature of alternative counter-ions.  Perhaps the most common seen in commercial-

systems is LiPF6.  Others include LiBF4 and LiAsF6.  We selected LiClO4, because it is 

much easier to handle than the competing salts.  LiPF6, for example, is much more 

hydroscopic and hazardous than LiClO4 and has only slightly improved conductivity.  

The LiClO4 is heated on a hot plate in the argon glovebox to aid the electrolyte to remain 

dry. 

Measurement of Diffusion Distance 

As stated previously, a primary advantage of using template-synthesized Li-ion 

battery electrodes for this analysis is the ability to create structures of reproducible solid-

state diffusion distance.  We have used scanning electron microscopy (SEM) to verify the 

geometry of our structures.  Figure 3-1A is a low-magnification image that demonstrates 

the uniformity of the structures.  Figure 3-1B is a high-magnification image of these 

structures to identify the solid-state diffusion distance (l), determined by the radius of the 

nanofiber.  This is a valid assumption since these wires are equally accessible to radial 

Li-ion intercalation and their aspect ratio is high (i.e., the surface area available for radial 

diffusion vastly exceeds that available for axial diffusion).  This value is 50 nm.  The 

uniformity of diffusion distance of the particles should provide a single characteristic 

diffusion time-regime, where all are subject to semi-infinite diffusion at the same times. 
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Figure 3-1:  Scanning electron micrograph.  A)  This low magnification image shows the 
uniformity over the large number of wires that constitute the electrode.  B)  
This high magnification image is used to identify the solid-state diffusion 
path-length (radius of a nanowire) to be 50 nm. 
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Electrochemical Investigations 

Potentiostatic Intermittent Titration Technique (PITT) 

Each electrode is characterized in a three-electrode jacketed cell.  Temperature is 

set and maintained by a cooling circulation bath.  Lithium ribbon is used as both the 

reference and counter electrodes.  The electrolyte is 1 M LiClO4 in an equivolume 

solvent mixture of ethylene carbonate, diethyl carbonate, and dimethyl carbonate 

(EC:DEC:DMC.)  The PITT electrochemical experiments begin with the electrode 

completely in the charged (as synthesized) state.  A -15 mV potential step polarized the 

electrode for the period of 45 minutes.  This process was repeated over the entire range of 

3.8 to 2.8 Volts versus Li/Li+.  The temperature is then reduced to the next level.  A slow 

linear potential sweep (0.1 mV s-1) is used to return the electrode to the charged-state 

after 3 hours has elapsed for temperature equilibration.  The experimental potential-step 

series was repeated.  The cyclic voltammetric experiments are performed in an identical 

system with a scan rate of 0.1 mV s-1. 

A typical electrochemical response (current peak and decay) after the negative 

potential step is shown in Figure 3-2A.  Since the electrode material is synthesized in the 

delithiated (x = 0) charged state, the potential steps are negative (∆E = -15 mV), so as to 

intercalate Li+ with every step.  Therefore, the currents are negative as well.  Note that a 

disproportionate quantity of charge is intercalated at the potentials that correspond to the 

voltammetric peaks, as expected.  After the 45 minute duration of the polarization, the 

currents have reached a small, but non-zero, steady state value.  Preliminary analysis of 

these data follows the work of Aurbach et al.70 In that experiment, they identified distinct 

kinetic regions during the charge reaction of anodic graphite by examining the It1/2 versus 

log t plot. 
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Figure 3-2:  Electrochemical response of nanostructured V2O5 electrode to a ∆E = -15 
mV potential step.  A)  Current-time transient recorded for 45 minutes as the 
current decayed to a steady-state value.  B)  Current-time transient shown in 
Cottrell-plot form.  The plateau represents the Cottrellian value It1/2. 
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Figure 3-2B represents the current-time transient (Fig. 3-2A) as a similar It1/2 

versus log t plot.  This method conveniently identifies the solution to the Cottrell 

relationship73 (i.e., where semi-infinite linear diffusion plays a major role), as it is the 

plateau of the plot.  This particular plateau (3.200 V) lasts approximately 20 s in duration 

and is identified on the figure.  The kinetic regimes70 are clearly seen and correlate to 1.)  

the time-constant associated with the double-layer capacitance and the charge-transfer 

resistance (the short-time linear region prior to the plateau) 2.)  the solution to the Cottrell 

relationship, where the value of It1/2 is independent of time (the plateau) and 3.)  the 

transition into the finite diffusion regime, where enough time has elapsed that the 

diffusion layer has propagated to encompass the entire nanowire [ )2( Dt<l ] (The 

long-time linear region post to the plateau.) 

Figure 3-3 demonstrates the potential-dependency of the time-region associated 

with this plateau.  As the potentials approach that of the voltammetric peaks the plateaus 

shift to longer times and more negative values.  This data can be easily converted to the 

solid-state diffusion coefficient of the Li-ion by means of Equations 3-1 and 3-2.  

Equation 3-1 establishes tau (τ) as the characteristic diffusional time constant.  Equation 

3-2 expresses the simple relationship of this time constant to the solid-state diffusion 

coefficient of the Li-ion (DLi+). 

( ) π
τ 22/1

2

It
Q∆

=  (3-1) 

τ

2l
=+LiD  (3-2) 
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Figure 3-3:  Cottrell-plots as a function of potential and thus level of intercalation.  At the 

potentials corresponding to the voltammetric minima, the Cottrellian value 
It1/2 is shifted to more negative values and occurs at longer times. 

Again, It1/2 is determined from the Cottrell-relationship plot (the ordinate value at 

plateau) (see Figure 3-2B); ∆Q represents the quantity of charge intercalated per step 

(this value is determined via a digital integration of the I-t response using the CorrView 

software package); l is the characteristic diffusion path length (nanowire radius).  The 

value for ∆Q is adjusted to account for the effect of background currents.  Figure 3-4 

shows this value of ∆Q at each E for the room temperature experiment. 
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Figure 3-4:  Charge intercalated per potential step.  The majority of charge is intercalated 

at the potentials corresponding to voltammetric minima and galvanostatic 
plateaus. 

Determining DLi+ (Data analysis) 

Figure 3-5 clearly shows the dependency of DLi+ on T and E.  Note that the y-axis 

(DLi+) is plotted on a log scale.  First, let us discuss the value of DLi+ at room temperature 

(blue curve.)  This curve exhibits similar dependence of D versus E seen by several 

research groups.71,74-77  Minima are observed at potentials of the voltammetric peaks and 

are attributed to the effects of ion-ion interaction on the energy of activation.70,78  This is 

intuitive as the movement of ions between intercalation sites becomes retarded in the 

presence of more of these species.  Also of note, the particular values are within the 

approximations made by other groups.75,77 
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Figure 3-5:  Solid-state diffusion coefficient as a function of potential.  Y1-axis is the 

solid-state diffusion coefficient and the Y2-axis corresponds to characteristic 
diffusion time constant (τ) at room temperature.  Note that both y-axes are 
plotted on a logarithmic scale. 

Previously, we have seen less charge delivered from template-synthesized 

nanostructured electrodes as the temperature is decreased.25  We attributed the decrease 

to a decrease in DLi+.  Comparing data collected at room temperature (blue) and those at 0 

oC (orange), we see this is indeed the case.  When comparing these curves, we notice the 

values of the orange curve are less than the blue curve in every instance.  The minima are 

again observed and again correlate to the potentials of the voltammetric peaks.  The 

minima of the low temperature curve are shifted slightly less positive of those observed 

with the room temperature curve.  This is attributed to sluggish electrokinetics and is 

discussed in detail later. 
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Figure 3-6:  Dependence of DLi+ conducted at 25 oC (Blue squares), 0 oC (Orange 
circles), and -20 oC (Green triangles). 

Figure 3-6 shows the trend continues in a comparison of the 0 oC curve to the -20 

oC (green) curve.  Again the decrease in DLi+ is seen, particularly at the low-potential 

region.  The low-potential DLi+-minimum at -20 oC (2.2 x 10-15 cm2 s-1) is an order of 

magnitude lower than the minima at 25 oC (2.3 x 10-14 cm2 s-1).  These data confirm our 

previous conclusions that the rate-limiting factor of these electrodes at low-temperature is 

the decrease in solid-state diffusion coefficient.  Again, the minima potentials are more 

negative than those at 0 oC. 

Activation Energy of Diffusion Process 

Energy of activation represents the thermal energy barrier that must be overcome 

for a process to proceed.  Equation 3-3 is the general form of the Arrhenius equation that 
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describes the relationship between the rate constant k and the temperature T.  Equation 3-

3 is the form of the general Equation 3-4 and conveys the relationships of our data to EA.   

( RTEAk A /exp −= )  (3-3) 

( ) TREAD ALi
1/lnln −=+  (3-4) 

As stated earlier and clearly observed in the figures above, the value of D is 

dependent on potential.  We selected the D at potential of 3.24 V for this activation 

energy analysis, because it is between the two minima at every temperature, so the 

electrodes are in comparable states.  The slope of this graph (Figure 3-7) is -5700 K and 

represents the –EA / R value shown in Equation 3-4.  Therefore, we can assign EA a value 

of 690 J.  This represents the thermal energy barrier associated with the solid-state 

diffusion of the Li-ion. 

 

Figure 3-7:  Arrhenius plot to solve for activation energy of diffusive process.  The slope 
of this line represents –EA/R.  All values of D were taken at E = 3.24 V.  At 
this potential the intercalation is between phases of intercalation (see text). 
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Cyclic Voltammetry 

To further bolster this conclusion, we performed cyclic voltammetry (CV) 

experiments at all three temperatures with nanowires and microwires.  In this experiment, 

the parameter ∆Epk is the difference in the potentials at which the peak currents occur 

during the charging and discharging reactions.  This parameter provides information 

concerning the electron-kinetics of the reaction (Equation 2-1). 79  

A typical CV of a 0.8-µm electrode is shown in Figure 3-8A.  The data for the peak 

separation at the low-potential (∆Epk1) for the nanowire and microwire electrode at the 

three different temperatures are presented in Figure 3-8B.  These data show a correlation 

between the decrease in temperature and an increase in ∆Epk.  Also from these data, the 

∆Epk for the nanowire and microwire are very similar at each temperature.  Therefore, we 

can state that the electron-kinetics of this process does decrease with temperature; 

however, it is not the dominant effect, as the decrease is virtually independent of these 

electrode geometries. 
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Figure 3-8:  Cyclic voltammetric responses.  A)  Typical cyclic voltammetric response of 
0.8-µm electrode at room temperature.  Scan rate = 0.1 mV s-1.  B)  
Comparison of ∆Epk1 from cyclic voltammograms of nano- and micro-
structured electrodes at various temperatures. 
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Chapter Summary 

In this chapter, we demonstrated the measurement of solid-state diffusion 

coefficient of Li-ions (DLi+) as a function of potential and temperature.  This is 

accomplished using the potential intermittent titration technique (PITT).  PITT acquires 

data from small potential steps and analyzes data via the Cottrell relationship.  Template-

synthesis created electrode particles of reproducible and determinable solid-state 

diffusion distance.  This method mitigates a critical data analysis issue identified by other 

research groups. 

DLi+  was seen to vary greatly with potential.  This potential represents various 

states of charge (Li-ion intercalation level) of the electrode.  Minimas were observed in 

the potentials close to the voltammetric peaks.  These peaks represent the potential at 

which the majority of charge is actively intercalating causing ion-ion interactions to 

decrease the diffusitivy of the ions.  DLi+ decreases over the range of potentials with 

temperature.  We performed these experiments at five different temperatures ranging 

from room temperature to -20 oC.  This generates the data required to identify the 

activation energy for the diffusion process by an Arrenheius relationship. 

We also report the results of cyclic voltammetric experiments where ∆Epk is seen to 

be dependent on temperature, but independent of electrode-geometry (solid-state 

diffusion distance and electrode-particle area per template-area.  Since ∆Epk is a kinetic 

parameter, kinetics is again identified as a secondary contributor to the decrease in rate 

capabilities discussed in detail in the previous chapter. 

In discussions on the research contained in this chapter, the validity of this PITT 

method has come under debate.  The Cottrell equation is a globally accepted and 
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implemented method to determine the diffusion coefficient of small particles in aqueous 

systems diffusing in the semi-infinite regime to a planar electrode.  The debate arises due 

to the uniqueness of this solid-state intercalation process.  This method is analogous to 

ion diffusion through a polymer-coated electrode.  Research of this type (e.g., Nafion-

coated electrodes) gained popularity with the last generation of scientists.  Collectively 

they describe this parameter as an “apparent” diffusion coefficient.  Debate ensues on the 

spurious nature of the relationship of diffusion coefficient to voltammetric peak 

potentials.  Many researchers believe this to be an artifact of the application of the 

Cottrell method to the battery intercalation mechanism.80  It would be remiss to not 

mention this debate in a discussion of this method.  At the time of publication of this 

dissertation, the debate continues.80,81 

 

 



CHAPTER 4 
A HIGH-RATE, NANOCOMPOSITE LIFEPO4/CARBON CATHODE 

Introduction 

Lithium-ion batteries are the power source of choice for portable electronics, a 

multi-billion dollar market.1  This outstanding commercial success has spawned great 

international interest in applying this technology to systems that demand higher power, 

such as the electric component of hybrid vehicles.3  This would require new electrode 

materials that are less expensive, more energetic, and more environmentally friendly than 

the present ones.  Of particular interest is the olivine-structured LiFePO4 cathode 

developed by Goodenough and co-workers,82 which offers several appealing features, 

such as a high, flat voltage profile and relatively high theoretical specific capacity (168 

mAh g-1), combined with low cost and low toxicity.  However, the current designs of 

cells based on LiFePO4 technology have not shown the ability to deliver high specific 

capacity at high discharge rates.  For this reason, LiFePO4 is currently not a promising 

electrode material for high-rate and pulse-power applications. 

The discharge reaction for LiFePO4 (Equation 4-1) entails intercalation of Li+ 

(from the contacting electrolyte phase) along with an equivalent number of electrons into 

the electrode material.  The rate capabilities of LiFePO4 are limited primarily by its 

intrinsically poor electronic conductivity and by the low rate of Li+ transport within the 

micron-sized particles used to prepare the battery electrode.  A number of approaches 

have been proposed to improve this material’s inherent poor electronic conductivity, 
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including carbon coating,83 nano-fibril textures,84 optimized synthesis procedures85 and 

foreign metal doping.86 

 

 4-1 
 

We describe here a new approach for preparing high rate-capability LiFePO4 

electrodes.  This approach builds on the application of the template synthesis method for 

preparing nanofiber Li-ion battery electrodes.17,19,20,22,24  However, the method was 

modified such that the template-prepared LiFePO4 nanofibers are mixed with carbon 

particles, and coated by thin carbon films, to yield a nanocomposite LiFePO4/carbon 

matrix.  As we have shown previously,19,20,22 the nanofiber morphology mitigates the 

slow Li+-transport problem, because the distance Li+ must diffuse within the electrode 

material is minimized.  The carbon matrix obtained with this new template-based method 

obviates the poor electronic conductivity problem.  These nanocomposite 

LiFePO4/carbon electrodes can deliver a capacity of 150 mAh g-1 at a rate of 5 C and 

maintains a substantial fraction of the theoretical capacity even at rates exceeding 50 C.  

To our knowledge, performance at this level has never been achieved by other types of 

LiFePO4.

Electrode Synthesis 

The sol-gel method developed by Croce et al. was employed for the synthesis of the 

electrode precursor solution.87  Accordingly, LiOH monohydrate (Aldrich), ferric nitrate 

nonahydrate (Fisher), ascorbic acid (Fisher), phosphoric acid, and ammonium hydroxide 

were used to create the LiFePO4 precursor solution.  The template membranes were 
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commercially available polycarbonate filters (Poretics).  Pt foil (2.5 x 1.5 x 0.025 cm, 

99.99% purity, Aldrich) was used as the current collector.  LiClO4 (Aldrich), ethylene 

carbonate (Aldrich), diethyl carbonate (Aldrich) were used as received for preparing the 

electrolyte. 

An approximately 1 cm2 piece of the polycarbonate filter was immersed in a 

precursor solution of 1 M LiFePO4 in water in 24 hours.  This solution was synthesized 

with ferric nitrate, lithium hydroxide, and phosphoric acid in proportions for a 1:1:1 

molar ratio.  Ascorbic acid, in equimolar ratio to the total metal (Li+ plus Fe2+) content, 

aided the synthesis by forming a complex with the iron, and ammonium hydroxide was 

used to raise the pH to ~2.  The impregnated template was then attached to a Pt current 

collector and dried in air at 80 oC for 10 minutes.  A 10 µL drop of precursor solution 

was placed on top of the dried filter to increase the amount of active material in the 

sample.  It was dried again under the same conditions.  This assembly, template intact, 

was heated in a reducing atmosphere of flowing Ar/H2 gas (95/5 %).  The temperature 

was slowly taken over the course of 4 hours from 250 oC to 650 oC and held there for 12 

hours.  This procedure yields the Fe(II) oxidation state necessary for LiFePO4 and 

decomposes the template into the carbon necessary for improved conductivity.  A 

schematic of this process is shown in Figure 4-1.  

In all of our previous examples of template-synthesized nanofiber electrodes19,20,22 

after synthesis of the nanofibers the template would be totally removed to yield the 

nanofibers protruding from an underlying current collector surface like the bristles of a 

brush.  For the LiFePO4 nanofibers prepared here we instead pyrolyzed the polycarbonate 

in a reducing Ar/H2 environment at a temperature of 650 oC.  This yields graphitic carbon 
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particles intimately mixed with the LiFePO4 nanofibers, and thin carbon films that coat 

these fibers. 

 

Figure 4-1:  Schematic of template-synthesis of LiFePO4/carbon nanocomposite 
electrode. 

Two different templates were used.  A template with a slightly larger pore-diameter 

of 100 nm is used for microscopy.  A template of 50 nm pore-diameter is used for 

electrochemistry.  The template being used for each experiment is clearly stated. 

Structural Investigations 

Scanning Electron Microscopy 

A FEG - SEM JEOL JSM 6335F instrument was used to obtain SEM images of the 

electrode.  The nanostructured electrodes on Pt foil were prepared for imaging by 

attaching them to a SEM stub by conductive copper tape.  No conductive metal sputtering 

was required for the composite electrodes, but a thin Au/Pd sputtering was applied to the 

bare LiFePO4 wires (Figure 4-2C) prior to imaging. 

 

http://www.mse.ufl.edu/%7Emaic/SEM6330Capabilities.htm
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To obtain detailed images of the morphology of the nanocomposite structure we 

found it prudent to use a template with nominally 100 nm-diameter pores.  The larger 

LiFePO4 nanofibers obtained from this template are more easily imaged with scanning 

electron microscopy.  This template was also 6 µm thick and had a pore density of 4x108 

pores per cm2.  A lower magnification scanning electron microscopic (SEM) image of the 

resulting LiFePO4/carbon nanocomposite electrode is shown in Figure 4-2A.  Because of 

the relatively low porosity of the template, there is substantial void volume, but in 

analogy to our prior nanofiber electrodes of this type, the LiFePO4 nanofibers can be seen 

crossing through this void space.19,20,22  Higher magnification images (Figure 4-2B) show 

that there are carbon particles dispersed through this matrix and that the LiFePO4 

nanofibers are coated with thin carbon films.  To prove that these fibers are coated with 

carbon films, we prepared fibers in the same template, but instead of then pyrolyzing the 

template, we simply removed it quantitatively by burning it away in O2 plasma.  Hence, 

in this sample the fibers are not coated with carbon films.19,20,22  An image of these fibers 

is shown in Figure 4-2C.  

The fibers from the pyrolyzed membrane (Figures 4-2A and B) have a textured 

surface morphology and have a larger diameter than the fibers from the plasma-removed 

membrane (Figure 4-2C).  Both the larger diameter and the textured surface are due to the 

carbon coating surrounding the fibers from the pyrolyzed membrane. 
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Figure 4-2:  Scanning electron micrographs.  A)  Lower magnification image of the 
nanocomposite LiFePO4/carbon electrode.  B) Higher magnification image of 
the nanocomposite LiFePO4/carbon electrode.  Composite fiber diameter is 
350 nm.  C)  Image of LiFePO4 electrode synthesized by template dissolution 
method (absent of carbon).  LiFePO4 fiber diameter is 170 nm. 
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X-ray Diffraction Studies (XRD) 

The X-ray diffraction data are presented in Figure 4-3.  The pattern represents the 

diffraction of LiFePO4/carbon on quartz.  The quartz substrate was used because the Pt 

foil would give a large signal in this region.  This signal would dwarf the relative signal 

from the LiFePO4/nanocomposite.  The lines below correspond to the accepted literature 

values for LiFePO4, olivine group, triphylite subgroup, published as JCPDS 40-1499.  

The large amorphous wave ranging from 15 to 30 2Θ is characteristic of disordered 

carbon.  Our group has seen similar diffraction patterns when working with disorderd 

carbons. 

 

Figure 4-3:  XRD pattern from nanocomposite, microcomposite, compared to accepted 
literature values for LiFePO4.  The substrate is quartz.  Acquisition time is 10 
s. 

X-ray Photoelectron Spectroscopy 

The XPS studies were performed on a Kratos XSAM 800 spectrometer with Al-Kα 

exitation (180W).  The sample, mounted onto a stainless steel sample stub, was inserted 

into the sample analyzer chamber by means of a quick insertion probe, and spectral 
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acquisition commenced after the pressure decreased to 5x10-9 Torr.  High resolution C1s 

spectra were recorded at a take-off angle of 75° relative to the sample surface.  Data 

analysis was done by using the DS 800 software package.  Peak positions were all 

referenced to 70.9 eV for the Pt4f7/2 peak (literature value for metallic platinum used as 

sample support). 

The presence of carbon was also confirmed by XPS analysis (Figure 4-4).  The 

high resolution C1s spectrum may be fitted to three peaks with binding energies of 283.2 

± 0.5, 284.7 ± 0.3 and 286.0 ± 0.3 eV.  According to previous work by the Martin 

laboratory11, the lowest binding-energy peaks may be assigned to graphitic (283.2 eV) 

and amorphous (284.7 eV) carbon.  The predominance of the 284.7 eV peak indicates 

that most of the carbon present is amorphous; this is confirmed by the X-ray diffraction 

data.  The peak at the highest binding-energy (286.0 eV) is due to oxygen-containing 

surface functional groups.  Oxygen functional groups are nearly always observed on 

carbon surfaces that have been exposed to air.11 
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Figure 4-4:  X-ray photoelectron spectroscopy data for C1s peak for the carbon in the 
nanocomposite electrode.  Relative peak areas show amphorous form is 
dominant (~80%), but graphitic carbon is also present (~20%). 

Analysis of Carbon Content 

We estimated the weight percent of carbon in the composite electrode 

gravimetrically using an Ultra-Micro-Balance SC2 (Satorius).  LiFePO4 nanofibers were 

synthesized within the pores of the polycarbonate template on a Pt current collector, and 

the polymer was pyrolzyed as described previously.  The mass of this composite, 

corresponding to the masses of the Pt current collector, the nanofibers and the carbon, 

was obtained.  This composite was then heated in air at 600 oC for 30 minutes to burn off 

the carbon, and the mass was measured again.  The difference between these two masses 

is the mass of carbon in the composite.  Replicate analyses on four identically prepared 

samples gave a carbon content of 7 + 4 % in the nanofiber/carbon composite. 
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The presence of carbon in this matrix was confirmed by X-ray diffraction analysis, 

Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS).  A Raman spectrum 

(data not shown) of the nanocomposite LiFePO4/carbon electrode was also taken.  The 

most intense peak (centered around 1000 cm-1) and others at the lowest frequencies 

correspond to the PO4 stretching modes of LiFePO4.  Bands at 1350 cm-1 and 1580 cm-1 

are assigned to carbon.88 

Electrochemical Investigations 

For the electrochemical studies we wanted a template with small-diameter pores so 

that correspondingly small-diameter nanofibers of LiFePO4 would be obtained.  For this 

reason we used a template with nominally 50 nm-diameter pores for the electrochemical 

studies.  This template was 6 µm thick and had a pore density of 6x108 pores per cm2 of 

surface area.  Cyclic voltammetric and constant current charge/discharge experiments 

were performed in a three-electrode cell using a Solartron 1287 Potentiostat, driven by 

the CorrWare software package.  The electrolyte for these experiments was 1 M LiClO4 

in ethylene carbonate:diethyl carbonate (3:7 v/v).  The nanostructured LiFePO4 was the 

working electrode and lithium ribbon was the reference electrode and counter electrode.  

Potentials are reported versus the Li/Li+ reference. The experiments were performed in 

the inert atmosphere of a glovebox filled with argon gas. 

This unique LiFePO4/carbon nanocomposite electrode should be ideally suited for 

high rate applications because the distance that Li+ must diffuse in the electrode material 

is limited to the radius of the nanofibers19,20,22 and because the carbon matrix should 

provide for good electronic conductivity through the composite.  This was confirmed 

experimentally via electrochemical characterization of these electrodes.  Again, the 
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electrochemical studies were done on electrodes prepared in templates with 50 nm-

diameter pores. 

Cyclic Voltammetry 

Cyclic voltammograms (CVs) for the nanocomposite electrode show reversible 

waves centered at 3.5 V associated with the reduction and re-oxidation of the LiFePO4  

(Figure 4-5A).87,89  The difference in peak potentials (∆Epk) for this nanostructured 

electrode is 60 mV (Figure 4-5A).  This may be contrast to CVs for conventional, non-

nanostructured, LiFePO4 electrodes, which at comparable scan rates and in comparable 

electrolyte solutions show ∆Ep > 200 mV. 87,89  This clearly shows that our 

nanostructured LiFePO4 electrodes lack a resistive component that is present in the 

conventional electrodes.  This verifies the major premise of this work – that the 

conductive carbon matrix overcomes the inherently poor electronic conductivity of 

LiFePO4. 

Rate Capabilities 

The constant-current discharge curve (lithium insertion, Equation 4-1) for the 

nanocomposite electrode shows the flat voltage plateau centered at 3.5 V, characteristic 

of LiFePO4 (Figure 4-6A)83,87,89.  At the lowest discharge rate used (3 C), the specific 

capacity for the composite is 165 mAh g-1, essentially identical to the maximum 

theoretical capacity, 168 mAh g-1.  While capacity falls off with increasing discharge rate 

(Figure 4-6B) the electrode retains 36% of its theoretical capacity at discharge rates as 

high as 65 C.  There are no other examples in the literature of LiFePO4 being discharged 

at such enormous rates. 
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Figure 4-5:  Cyclic voltammograms.  A)  Cyclic voltammogram for the nanocomposite 
LiFePO4/carbon electrode prepared using a template with 50 nm-diameter 
pores.  Scan rate = 0.1 mV s-1.  B)  Comparison of voltammetric response to 
theoretical response exhibiting diffusional tailing.  The diffusional wave was 
generated from the normalized Χ function.79 
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Figure 4-6:  Constant current experiments.  A)  Constant-current (3 C) discharge of 
LiFePO4/carbon nanocomposite electrode.  B)  Specific capacity versus C-rate 
for the nanocomposite LiFePO4/carbon electrode prepared using a template 
with 50 nm-diameter pores. 
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Chapter Summary 

We have described here a new type of template-prepared nanostructured LiFePO4 

electrode.  LiFePO4 was developed as an alternative cathode material to LiCoO2, the 

industry standard.  LiFePO4 is an energetic material with advantages of both cost and 

safety.  However, this material is inherently electronically insulating.  This material is 

also susceptible to the concentration polarization with larger micron-diameter particles. 

Our nanocomposite electrode consists of nanofibers of the LiFePO4 electrode 

material mixed with an electronically conductive carbon matrix.  It is created by a 

modified template-synthesis procedure, where the polymeric template is pyrolzed.  This 

carbon matrix coats the LiFePO4 nanostructures and provides an improved electron 

pathway.  Therefore, both rate-limiting effects of electron-transfer and ion-transport are 

delayed.  This unique nanocomposite morphology allows these electrodes to deliver high 

capacity, even when discharged at extreme rates necessary for many pulse-power 

applications.  This nanocomposite is a specific example of nanotechnology overcoming 

the limits of conventional technology.  We are currently working toward developing a 

commercially viable route for preparing such nanocomposite electrodes. 

 

 



CHAPTER 5 
MAGNESIUM-ION INTERCALATION INTO TEMPLATE-SYNTHESIZED 

NANOSCALE ELECTRODES IN THE ABSENCE OF CARBON 

 Introduction 

Li-ion batteries have powered the mobile electronic industry.  Though these 

energy-storage devices have enjoyed tremendous commercial success, they remain the 

subject of international research.  This is primarily due to the consumer driven demands 

of an increasingly portable world, specifically, the desire for increased pulse-power and 

decreased size.  The Li-ion intercalation reaction (mechanism by which the host-

electrodes store charge) is shown previously.  Lithium-ions were chosen because of their 

low reduction potential (-3.05 vs. NHE) and their small dimensions facilitate both the 

intercalation process and the solid-state diffusion process. 

We have had great success synthesizing and characterizing Li-intercalation into 

template-synthesized nanostructured electrodes.  Template-synthesis is a general 

nanofabrication method pioneered in the Martin group.  Employing this method, we have 

shown that with no addition of inactive ancillary components (carbon or polymeric 

binder), template-synthesized nanostructured electrodes are capable of reversibly storing 

and delivering a dramatically greater portion of the electrode’s theoretical capacity (mAh 

g-1) than similarly constructed microstructured electrodes.  These nanostructured 

electrodes are capable of this, due to their small solid-state diffusion distance and large 

surface-area per gram.  These traits serve to delay the effects of concentration 

polarization and sluggish electron-kinetics, respectively. 
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Dramatically fewer researchers have explored the field of polyvalent-ion 

intercalation.90-92  The charge-storage mechanism for this device is similar to that of the 

Li-ion battery; however, whereas the Li-ion intercalation reaction has 1 electron 

equivalent per Li-ion each Mg-ion has 2 electrons.  Simply stated, by doubling the 

quantity of electrons available, one can store an amount of specific energy that is not 

stoichiometrically possible via the Li-ion intercalation process.  However, the diffusivity 

of these ions is further hindered by its polyvalent nature and larger dimensions.  

Therefore, a structure that has proven to be able to delay the limiting effects of such 

phenomena may be able to successfully intercalate such ions.  Template-synthesized 

V2O5 nanostructured electrodes have, in fact, this ability.25  Here we detail these studies 

and demonstrate the ability to reversibly (de)intercalate Mg2+ into/out of the host 

(template-synthesized V2O5 nanostructures) by Equation 5-1. 

 5-1 

Other advantages of Mg-based technology are that concerns still exist with the 

safety and stability of lithiated carbon as well as the expense of the constituents of the 

battery. 

Electrode Synthesis 

As stated, these electrodes were created by the template-synthesis method.  This 

process is similar to those described previously; however, the notable exception is that 

the current collector is Indium Tin-Oxide (ITO)-glass.  Another research group has 

demonstrated the usefulness of the substitution.91  This is a piece of glass that has a thin 

layer of conductive Indium Tin-Oxide deposited onto it.  Therefore, one of the surfaces of 
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the glass is electronically conductive.  Electrodes were synthesized on both ITO-glass 

substrates as well as platinum. 

A commercially available (Poretics) polycarbonate filter was used as the template.  

This membrane has nominally-cylindrical track-etched pores (~ 50 nm in diameter) that 

run its entire length of 6 microns.  There are 6 x 108 of these pores per cm2 of template 

area.  In an inert environment (Ar-filled gloebox) a 3 cm2 section of template is placed 

atop a section of electrically conducting ITO-glass.  A 1 µL volume of TIVO 

(triisopropoxide vanadium) was placed atop the template membrane.  The precursor’s 

low viscosity allows it to flood the pores of the filter.  This assembly is then moved to a 

low water environment (antechamber of glovebox).  In the presence of the atmospheric 

water, the TIVO precursor hydrolyzes.  At this point, the assembly is heat to 80 oC for 2 h 

in air to ensure complete hydrolysis and conversion to the gel-phase.  Any top surface 

layer is then removed with a damp cotton swab. 

The assembly is then placed into oxygen plasma (20 W; 10 Pa; 2 hours) to etch 

away the organic template.  The resulting nanowires extend from the ITO-glass (or 

platinum) communal current collector and mirror the geometry (length, diameter, and 

number density) of the pores of the membrane.  The electrode is then heated to 400 oC in 

flowing O2 for 10 hours to form crystalline V2O5 nanowires. 

XRD Studies 

X-ray diffraction is a convenient experiment to identify the crystalline phase of the 

electrode material.  Like SEM, it is non-destructive.  In a powder x-ray diffraction (XRD) 

experiment, a quantity of powder-form sample is exposed to X-rays at a sweeping angle.  

These incident X-rays deflect off the sample onto a detector at a pattern relative to the 
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crystalline lattice structure of the powder.  The arrangement of the atoms in a relationship 

to each other can be determined from the pattern and Bragg’s law.  It is displayed in 

terms of Miller indices (hkl), coordinates of parallel planes in a unit cell. 

 

Figure 5-1:  X-ray diffraction experiment.  The sample is nanostructured V2O5 on Pt.  
Acquisition time =10 s.  The discrete lines represent the accepted values for 
orthorhombic phase V2O5 (JCPDS 41-1426). 

This continuous line is the response of a nanostructured V2O5 electrode.  The 

discrete lines represent the internationally accepted pattern for orthorhombic V2O5 as per 

JCPDS card 41-1426, which replaced card 9-387.  These two patterns are similar, with 

only the relative intensity of the peak at 2Θ = 26.1  (representing the (110) plane) being 

smaller than the standard.  The 2Θ range was limited to 15 to 35, so as to not record the 

intense Pt peak at 39.8, which would dwarf the relative intensities of the V2O5 sample.  

An acquisition time of 10 s per step was used to increase resolution of the pattern. 
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The XRD pattern of a powder can also be used to estimate the crystallite size of the 

sample.  This relationship is described in the following Equation 5-2 first described by 

Scherrer93 and refined by Biscoe and Warren.94 

BB
t

Θ
=

cos*
*89.0 λ  5-2 

The term t is the size of the crystallite.  The term λ is the wavelength of the incident 

X-rays (Copper α = 1.54 Angstroms).  The ΘB is the Bragg’s angle being analyzed.  The 

term B represents the full-width half-max of the crystallographic peak in radians. 

Here the data from the most intense 001 plane is compared.  Using this equation, 

the nanostructured electrode has an average crystallite size of 20.1 nm; whereas, the 

microstructured electrode (data not shown) has an average crystallite size of 32.3 nm.  

So, qualitatively the particles of the micronstructured electrode are lager on a 

crystallographic plane than the nanostructure electrode.  This also indicates that each wire 

may consist of a number of smaller crystallites. 

Electrochemical Investigations 

The electrode was characterized in a three-electrode half-cell configuration.  The 

cell differs significantly from the ones discussed earlier.  The V2O5 nanostructures on 

ITO-glass (or platinum) were the working electrode.  Lithium must be excluded from the 

cell to ensure that all charge-storage is due to Mg2+.  Polished Mg ribbons were used as 

the reference and counter electrodes.  The electrolyte is 1 M Mg(ClO4)2 in dry 

acetonitrile.  This system been used by other researchers in this field.91  This cell was 

assembled and characterized in the Ar-filled glovebox. 
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Ferrocene Pseduo-Reference 

As stated previously, Li-ions must be excluded from the electrochemical system to 

ensure that the response is strictly from the Mg-ion intercalation.  Therefore, the 

reference electrode in this experiment is Mg/Mg2+.  This reference reaction is not as 

common, especially in this particular electrolyte system.  We use the well established 

ferrocence / ferrocenium redox couple as a pseduo-reference. 

The first system has lithium ribbon as the counter and the reference electrode.  

Platinum metal is used as the working electrode.  The electrolyte is 1 M LiClO4 in 

EC:DEC (3:7).  Ferrocence is also dissolved into the solution.  A cyclic voltammogram is 

taken using this system.  Figure 5-2 shows the potential of the reversible ferrocence redox 

reaction to be 3.25V vs. Li/Li+. 

 

Figure 5-2:  Cyclic voltammogram of ferrocence in Li-based and Mg-based systems (see 
text).  Scan rate = 50 mV s-1. 
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The comparative system has magnesium ribbon as the counter and the reference 

electrode.  Platinum metal is again used as the working electrode.  The electrolyte is 1 M 

Mg(ClO4)2 in dry acetonitrile.  Ferrocence is also dissolved into the solution.  A cyclic 

voltammogram is taken using this system.  The potential of the reversible ferrocence 

redox reaction is 1.5 V vs. Mg/Mg2+.  The same redox reaction occurs in the Mg-based 

system at a potential that is 1.75 V negative of the potential at which is occurs in the Li-

based system.  Therefore, the Mg/Mg2+ reference is 1.75 V negative of the Li/Li+ 

reference (i.e., 0 V versus Mg/Mg2+ is +1.75 V versus. Li/Li+). 

Cyclic Voltammetry 

ITO-glass current collector 

The CV experiment (Figure 5-3) was performed at the scan rate of 0.1 mV s-1.  The 

electrolyte is the Mg-based system described above.  There is a peak, indicating a charge-

storage process, during both intercalation and deintercalation scans.  The most notable 

characteristic is the large peak separation associated with these peaks.  Interestingly, this 

low-potential peak does represent the deintercalation of Mg2+, because if the experiment 

is terminated at 1.5 Volts, then the high-potential peak is not seen again in the next scan 

(i.e., it becomes an irreversible reaction).  To date, we are uncertain as to the source of 

this phenomenon.  It appears too large to be iR drop, an effect of arising from the 

uncompensated resistance between the reference and working electrodes.  For such small 

currents, the resistance would need to be on the order of 100 kΩ.  The conductivity of the 

solution was measured to be 25 S cm-1.  This translates to a Runcomp of > 25 Ω in this 

system.  (The distance between working and reference electrode would need to be 4 m for 
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this to be the source of the peak separation.)  Also note that the Runcomp was estimated by 

Electrochemical Impedance Spectroscopy to be approximately 10 Ω. 

The effect is most probably related to either the vulnerability of the ITO layer 

during the thermal processing step or a resistive passivation layer.  The poor thermal 

stability of ITO is undoubtedly an effect, because the mass of the ITO-glass post-heat 

treatment is significantly lower mass prior to the heat treatment.  Other groups91 were 

able to use ITO-glass as a substrate, because they apply the active electrode material 

post-processing (i.e., it is not necessary for the current collector to be compatible with the 

fabrication process of the material synthesis, as it is in our case). 

 

Figure 5-3:  Cyclic voltammogram of ITO-glass/MgxV2O5 nanowire electrode.  Scan rate 
= 0.1 mV s-1.  X2-axis is calculated from data shown in Figure 5-1. 
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Pt foil current collector 

For comparison, we also used our standard Pt foil as a substrate.  The results of this 

experiment are shown in Figure 5-4.  The current response during the voltammetric 

sweep is much greater for approximately the same sample mass.  This represents the 

inertness during the synthetic process seen with Pt as opposed to ITO-glass.  However, 

the large peak separation still exists.  This suggests that this peak-separation is not 

dominated by interactions between the current collector and the electrolyte system.  It is 

possible that a Mg-insulating passivation layer forms on the surface of the electrode.  

Other groups have also proposed this theory90.  Our electrodes created by template-

synthesis may, in fact, be particularly susceptible to such limiting factors, due to the high 

surface area.  This theory would explain the resistive nature of the current-response. 

 
Figure 5-4:  Cyclic voltammogram of Pt/MgxV2O5 nanowire electrode.  Scan rate = 0.1 

mV s-1.  The potential reference is Mg/Mg2+. 
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Rate Capability 

We also characterized this ITO-glass/V2O5 electrode using the galvanostatic 

method to charge and discharge the electrode.  The potential limits used were 2.7 and 0.8 

versus the Mg/Mg2+ reference. 

While the ITO-glass/V2O5 electrode has advantages during the electrochemical 

characterization, this system has a distinct problem in template-synthesis.  As stated 

earlier, the standard method of Li-ion battery construction processes the active material 

of the electrode separately from the current collector.  However, in the template-based 

method the electrode material is processed from “cradle to grave” with the current 

collector.  The chemical and thermal inertness of platinum makes it a good choice.  

During the final heating stage of the synthesis, the ITO-layer degrades.  This is easily 

seen by noting that the mass of an ITO-glass is significantly less after a similar heating 

process than before.  Therefore, in Figure 5-5 can analyze the rate capability data using 

the electroactive mass, as we did with the LiFePO4.  

We have taken data comparing rate-capabilities of nanostructured (50-nm template) 

microstructured (0.8 micron) and film electrodes.  These data are presented in Figure 5-6.  

Each of these was analyzed for mass post-electrochemical characterization by dissolving 

the V2O5 electrode material in 2 M H2SO4 and analyzing for the V-ion by ICP-AES at 

310 nm.  Again, we observe an advantage in rate capabilities of the nanostructured 

electrode compared to the controls.  However, there is markedly less specific capacity, 

when using the mass determined by ICP-AES. 
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Figure 5-5:  Comparison of rate capabilities of Li xV2O5 and Mg xV2O5.  The mass for 
these calculations is the electroactive mass determined by integration of the 
respective cyclic voltammogram. 

 

Figure 5-6:  Comparison of rate capabilities of nano- and micro-structured MgxV2O5.  
The mass for these calculations is the mass determined by ICP-AES analysis 
of the V-ion from post-electrochemical dissolution. 
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Investigations of a Possible Mg-Sn Alloy 

There is evidence in the literature that Mg and Sn form an alloy.95  Previously, we 

and others have demonstrated the superior charge-storage properties associated with a 

reversible Sn-Li alloying process.20  We propose that if the Mg-Sn could form a 

reversible alloy by electrochemistry, then it may be an alternative anode for a Mg-based 

system.  This technology is based on two interesting reactions.  First, a sol-gel route is 

used to synthesize SnO2 nanowires.  These wires are electrochemically converted to Sn, 

which reversibly alloys with Li, thus storing charge.  Figure 5-7 is the typical 

electrochemical response in the Li-system, which serves as a control for the synthetic 

process.  The first wave is the electrochemical conversion to Sn; whereas, the reversible 

waves are attributed to the Sn-Li alloying process. 

 
Figure 5-7:  Cyclic voltammogram for Sn-based electrode in Li-system prepared using a 

template with 50 nm-diameter pores.  Scan rate = 0.1 mV s-1. 
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However, when the SnO2 electrode is inserted into the Mg-based system, there is 

only a single reduction wave.  We can attribute this to the conversion of SnO2 to Sn, 

analogous to what was seen in the Li-system.  As the potential is swept more negative, 

we fail to see the reversible waves of charge-storage.  Therefore, we can conclude that 

where SnO2 may successfully become Sn, Sn has trouble forming MgxSn by this 

electrochemical means.  The apparent inability of this reaction eliminates it from 

consideration as an alternative anode system. 

 

Figure 5-8:  Cyclic voltammogram for Sn-based electrode in Mg-system prepared using a 
template with 50 nm-diameter pores.  Scan rate = 0.1 mV s-1. 
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Chapter Summary 

We were able to form several conclusions from this preliminary series of 

experiments.  Our primary goal of demonstrating reversible intercalation of Mg-ions into 

V2O5 nanowires without carbon or binder was achieved.  We also showed that at a low 

discharge rate, more charge can be stored per gram in the Mg-based system than the Li-

based system.  This is from the rate capability experiment ITO-glass, using the 

electroactive mass obtained via voltammetric integration.  Another observation is that at 

large discharge rates, the charge-per-gram stored by the Li-based system comes to exceed 

that stored by the Mg-based system.  This suggests a decrease in diffusivity of the Mg-ion 

compared to the Li-ion.  When diffusion profiles are given less time to propagate, this is 

more of a concern.   

ITO-glass was determined to be a satisfactory current collector because of its 

available potential window, but it is incompatible with this synthetic process.  Data 

suggest that this results in only islands of material that is electronically addressable.  

Also, a comparison between the ITO-glass and the Pt systems reveals some background 

specific to the platinum.  This may be a result of excess capacitance associated with the 

exposed back of the metal.  This would not be a factor with the ITO-glass, because the 

exposed back of that substrate is not conductive.  It is notable though, that this effect 

appears to be unique to this system, as is not dominant in previous studies. 

 

 



 

CHAPTER 6 
CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

Li-ion batteries are the current power source for portable electronics.  We are part 

of an intense, global effort to improve upon this existing design, in order to expand the 

applications of these batteries.  We are specifically investigating the effects of 

nanomaterials on the design of Li-ion batteries.  This dissertation details our use of 

nanostructured electrodes created by template-synthesis as tools in fundamental studies of 

these batteries. 

Chapter 1 is an introduction to the field of Li-ion battery research and 

nanofabrication method of template-synthesis.  This chapter lays a framework for the 

dissertation and explains the significance of our research. 

In Chapter 2, we demonstrate the advantages of template-synthesis as it pertains to 

Li-ion batteries.  The electrode precursor is deposited into the pores of a commercially 

available polycarbonate template membrane.  The template serves to restrict particle 

growth as the precursor is hydrolysized to V
2
O

5
, a known Li-battery cathode material.  

These V
2
O

5 
wires extend from the surface of a current collector like bristles of a brush.  

The geometry of the pores of the template is imparted onto these wires – a nanoporous 

template yields nanostructured wires and microporous template yields microstructured 

wires.  We demonstrated the ability to create structures of reproducible diameters by this 

template-synthesis method.

87 



88 

Three of these electrodes with different wire geometries were electrochemically 

charged and discharged by a constant-current.  By creating particles of the shortest solid-

state diffusion distance, we were able to demonstrate superior low-temperature rate-

capabilities when compared to microstructured control electrodes.  However, these 

superior discharge characteristics would be achieved with any competitive 

nanofabrication method.  The ability of template-synthesis to create structures of 

reproducible solid-state diffusion distance and surface-area is what differentiates it from 

other nanofabrication methods.  Analysis of these data identifies the decrease in solid-

state diffusion coefficient of the Li-ion associated with the decrease in temperature to be 

the rate-limiting factor in Li-ion batteries.  The conclusions presented in this chapter are a 

benchmark study in the field of low-temperature Li-ion battery research. 

Chapter 3 is derivative of the previous study, as we demonstrate the measurement 

of solid-state diffusion coefficient of Li-ions (D
Li+

) as a function of potential and 

temperature.  This is accomplished using the potential intermittent titration technique 

(PITT).  D
Li+ 

decreases over the range of potentials with temperature.  Using this value 

recorded at several temperatures, we are able to calculate activation energy for the 

diffusive process via the Arrehenius relationship.  We also report the results of cyclic 

voltammetric experiments where ∆E
pk 

is seen to be dependent on temperature, but 

independent of electrode-geometry (solid-state diffusion distance and electrode-particle 

area per template-area.  The key to this analysis is the ability of template-synthesis to 

create structures of determinable diameter, length and number density. 

In Chapter 4, we have described a new type of template-prepared nanostructured 

LiFePO
4 
electrode.  LiFePO

4 
is a promising alternative cathode material, but, to date, its 
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use is limited by its inherently poor electron-conductivity.  The electrode described in this 

chapter is a composite consisting of nanofibers of the LiFePO
4 

material mixed with an 

electronically conductive carbon matrix.  This composite is created by a modified 

template-synthesis procedure, where the polymer template membrane is pyrolyzed.  This 

nanocomposite electrode provides an intimate-contact mechanism between carbon and 

LiFePO
4 
nanostructures.  This encompassing carbon matrix provides an improved 

electron-pathway, while the nanostructured geometry minimizes Li-ion diffusion 

distance.  Therefore, the composite assists on both rate-limiting factors.  This unique 

nanocomposite morphology allows these electrodes to deliver high capacity, even when 

discharged at extreme rates necessary for many pulse-power applications. 

In Chapter 5, we were able to demonstrate the reversible intercalation of a 

polyvalent-ion into a Li-ion battery electrode.  From this preliminary series of 

experiments, we can form several conclusions.  Our primary goal of demonstrating 

reversible intercalation of Mg-ions into V2O5 nanowires without carbon or binder was 

achieved.  We also showed that at a low discharge rate, more charge can be stored per 

gram in the Mg-based system than the Li-based system.  This is from the rate capability 

experiment ITO-glass, using the electroactive mass obtained via voltammetric 

integration.  Another observation is that at large discharge rates, the charge-per-gram 

stored by the Li-based system comes to exceed that stored by the Mg-based system.  This 

suggests a decrease in diffusivity of the Mg-ion compared to the Li-ion.  When diffusion 

profiles are given less time to propagate, this is more of a concern. 

ITO-glass was determined to be a satisfactory current collector because of its 

available potential window, but it is incompatible with this synthetic process.  Data 
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suggest that this results in only islands of material that is electronically addressable.  

Also, a comparison between the ITO-glass and the Pt systems reveals some background 

specific to the platinum.  This may be a result of excess capacitance associated with the 

exposed back of the metal.  This would not be a factor with the ITO-glass, because the 

exposed back of that substrate is not conductive.  It is notable though, that this effect 

appears to be unique to this system, as is not dominant in previous studies. 

Future Directions 

When given the forum to layout the future directions of a project, I first consider 

the goals of academic research.  I perceive the goal of academic research in the pure 

sciences as the exploration of fundamental principles and the fostering of creativity.  

Approaching experiments and challenges by a strategy well founded in the scientific 

method ensures an understanding of underlying processes.  It is the responsibility of the 

private sector to adapt the creative findings of academia to the marketplace.  Graduate 

school is as much about the contribution of the field to the student as it is about the 

contribution of the student to the field.  My journey through graduate school has instilled 

a tremendous respect for original thought. 

With these goals in mind, I believe that the existence and interplay of the physical 

and chemical phenomena of this complex system can be resolved Electrochemical 

Impedance Spectroscopy (EIS).  EIS imposes a small amplitude sinusoidal AC potential 

onto a DC potential.  The response to this voltage perturbation is a current.  The signal in 

(voltage) and signal out (current) are related by the impedance.  This impedance has both 

a resistive and capacitive contribution.  This response can be modeled as the response of 

an equivalent electric circuit constructed of different inductors, capacitors, resistors, and 

diffusive components in different connectivity and of different value.  These electric 
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components represent true physical-chemical processes, such as charge-transfer 

resistance and double-layer capacitance.  By modulating the frequency of the voltage 

perturbation, processes on different timescales can be probed.  For instance, a typical 

experiment would investigate frequencies from the 100s of kHz to 1s of mHz.  The 

geometries available from the template-synthesis of nanoscale electrodes studied by EIS 

should help to separate the collective current response into the contributions of faradaic 

and non-faradaic processes.  Here a complex system requires a complex method of 

investigation. 

Another topic where focused resources can be productive is expanding upon the 

preliminary studies outlined in Chapter 5.  The results presented in that chapter lay a 

framework for a polyvalent-ion intercalation project.  Since there are orders of magnitude 

difference in the number of researchers investigating these principles compared to Li-ion 

intercalation, it is a field ripe for progress.  This could result in a new class of less 

expensive batteries.  This new class of batteries could become a compromise of cost and 

performance, a niche of systems more powerful than those based on Ni (NiMH or Ni-

Cd), while less expense than the Li-ion. 

On a broader view, the field of Li-ion batteries works to constantly improve on the 

interplay of size, weight and power.  Improvements are sectioned into materials and 

design.  Research in the field of materials has been a focus of engineers since the Li-ion 

battery introduction in the early 1990’s.  After fifteen years of research, the standard 

commercial battery still uses the same (or very similar) components.  If there is to be 

another great advance in the field, it will come in the design of the battery.  These 

materials have sufficient intrinsic properties to function as Li-ion battery components. 
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The key to providing more power using a smaller, lighter device is to become more 

elegant in its design.  The issues with the current materials are their expense and toxicity.  

Both of these issues are direct functions of quantity.  Apparently, the consumer is 

perfectly content with the “hidden” cost of this type of battery.  This cost is hidden, 

because it is integrated into the total price of a laptop or the contract from a cellular 

phone service provider.  An explicit price such as in a replacement battery, it warrants a 

raise of the eyebrow (about $50 for a cellular phone and $200 for a high-performance 

laptop).  Why are these batteries so expensive?  A main contributor to this is cost of the 

raw materials. Conservation comes from better design.  What is meant by better design?  

The use of smaller, better contacted particles. 

 Another fundamental tool in elegant design is a polymer electrolyte.  Such an 

electrolyte allows the engineers more design flexibility.  This should reduce the capital 

cost of these batteries.  An electrochemically deposited polymeric electrolyte that has 

room-temperature Li-ion conductivity to rival that of the liquid electrolyte would be a 

major advance.  Without a doubt there is a pot of gold at the end of this rainbow.  A 

battery with a polymeric electrolyte is termed a solid-state battery.  It is a difficult 

proposition though as the deposition process for each component of a solid-state battery 

has to be successively compatible.  The components can be constructed of nanoparticles 

or “nano-machined” from deposited macrostructures by laser or plasma ablation.  Indeed, 

the ultimate goal of this document is to inspire the next generation of graduate students to 

take hold of the methods and findings presented here and to direct them as they see fit. 
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