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ABSTRACT OF THE DISSERTATION 

 

Characterization of nanostructured materials for lithium-ion batteries and electrochemical 

capacitors 

 

by 

 

Veronica Augustyn 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2013 

Professor Bruce S. Dunn, Chair 

 

 In this dissertation, nanostructured materials are examined for electrochemical energy 

storage devices with high energy and power densities.  While previous research on 

nanostructured materials for energy storage has mostly focused on the effects of reduced 

dimensionality on diffusion distances, the research presented here demonstrates how 

nanostructuring can lead to new charge storage mechanisms.  The first part of the dissertation 

describes the low-potential reactivity of V2O5 aerogels and how nanostructuring leads to 

significantly improved reversibility of the charge storage process.  The second part details the 

rapid kinetic response of T-Nb2O5 and in addition, how the combination of nanostructure and 

appropriate crystalline structure leads to a mechanism called intercalation pseudocapacitance.  

The third part examines how a 2D nanosheet morphology changes both the redox potentials and 

kinetics of lithium ion storage in TiO2.  These investigations underscore how reducing a 

material's dimensions and morphology lead to unique electrochemical behavior beyond simple 

decreasing of diffusion distances, and how such structures could lead to ultimately higher 

energy and power density electrochemical energy storage devices.       
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Chapter 1. Objectives and Introduction 

 The need for more abundant, clean, secure, and efficient energy is one of the most 

serious social and engineering issues of our time.  This is due to the combination of declining 

fossil fuels, the increasing climate concerns associated with the use of these fuels, and the 

growing global population.  Much of the population growth is expected to occur in Africa and 

Asia, areas that have heretofore not contributed greatly to the global energy consumption.  

Electrochemical energy storage (EES) can play a large role in the newly developing energy 

landscape provided that some long-standing challenges are overcome.  Many of these issues 

relate to the need for new materials as indeed "technology is always limited by the materials 

available."1   

 

 

Figure 1.1.  Cartoon from 1993 depicting the emerging use of portable electronics and the need 

for better EES devices.  Reproduced from Ref. 2. 

 

 The primary objective of this research is to characterize the behavior of lithium-ion 

charge storage mechanisms in nanodimensional solids.  One of the major issues affecting EES 

devices is low energy density, particularly for transportation applications.  Charge storage 

reactions that involve multiple electrons result in high capacities.  Due to structural 
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considerations, however, intercalation reactions in transition metal oxides rarely result in the 

storage of more than one electron per transition metal.  To access further redox states, highly 

reducing potentials as well as significant structural changes are usually necessary.  In the first 

part of the dissertation, the low-potential reactivity of V2O5 aerogels is investigated for high 

capacity lithium storage reactions involving multiple redox states.  Another major issue for 

certain energy storage devices is low power density.  Many applications require intermittent 

energy storage, with cycles on the order of seconds or minutes, as in regenerative braking.  The 

second part of the dissertation details charge storage reactions that occur due to the fast 

pseudocapacitive response of orthorhombic Nb2O5 nanocrystals.  With these materials, there is 

the possibility of designing energy storage materials for both high power and high energy 

densities.  The third part of the dissertation presents the electrochemical behavior of TiO2 

nanosheets, materials that are molecular-layer thick, to explore whether the confinement of 

crystal growth in one dimension leads to unique charge storage behavior.   Last, the preliminary 

results on the charge storage behavior of copper catecholate metal organic frameworks is 

described.   

 The desire to increase the capacity of lithium-ion energy storage devices led to the 

consideration of the low potential (vs. Li/Li+) reactivity of V2O5 aerogels.  Although V2O5 is a 

well-known electrochemical material that serves as a positive electrode in lithium-ion batteries, 

its behavior at lower potentials (below 1 V) is not well-known.  The V2O5 aerogel was 

electrochemically lithiated to 0.1 V vs. Li/Li+, the lowest safe voltage possible before lithium 

plating begins to occur on the surface of the electrode.  The high capacity of 800 mAh g-1 

achieved after cycling to such reducing potentials was reversible, and represented the storage of 

more than 5 Li+/V2O5.  The goals of this study were to elucidate the reaction mechanism 

responsible for such high capacity and reversibility. 

 A second research area focused on high rate energy storage reactions, those occurring 

through capacitive mechanisms.  The electrochemical behavior of Nb2O5 nanocrystals was 
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characterized through cyclic voltammetry, and several analysis techniques were developed to 

understand the pseudocapacitive behavior.  The goal of this study was to determine whether 

pseudocapacitive behavior was an inherent property of nanostructured orthorhombic Nb2O5, 

and also to further understand the behavior of intercalation pseudocapacitance in non-aqueous 

lithium-ion electrolytes.   

 The next research area has to do with the electrochemical characterization of TiO2 

anatase nanosheets.  Nanosheet structures, where a particular crystal facet is exposed, provide 

an excellent experimental system in which to investigate the effect of the surface on charge 

storage behavior.  TiO2 nanosheets with a thickness of ~7.6 Å were synthesized and their 

electrochemical behavior examined in a lithium-ion electrolyte.  The nanosheets had 

significantly faster kinetics than the nanocrystal counterparts, and even exhibited some capacity 

for the storage of sodium ions.       

 In the final research area, the idea of designing energy storage materials from the 

bottom-up is explored.  The ability to tailor properties by selecting appropriate linkers and 

metals to form a networked structure could lead to new, inexpensive energy storage materials.  

Currently, the behavior of copper catecholates in non-aqueous electrolytes is being investigated.  

The cyclic voltammetry results indicate that there are several reversible redox processes active in 

this material.   

 This dissertation covers four separate and yet interrelated topics.  The first part describes 

the characterization of V2O5 aerogel electrodes at low potentials.  This work represents the first 

report of a very high reversible capacity in this material, 800 mAh g-1, indicating the storage of 

more than 5 Li+/V2O5.  The second part details a study of the exciting transport properties of 

Nb2O5 nanocrystals.  Nb2O5 may represent a model system that exhibits intercalation 

pseudocapacitance.  The third part describes the unique electrochemical behavior of TiO2 

nanosheets where the very thin 2D material exhibits different properties from nanocrystals.  The 

fourth part describes progress on designing metal organic frameworks for energy storage.  Metal 
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organic frameworks are well-known network solids but their charge-storage properties have 

received very limited study.   
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Chapter 2. Electrochemical Energy Storage 

2.1 Historical Perspective 

 As this dissertation considers materials for both electrochemical capacitors and 

batteries, it is useful to look at the historical development of these two technologies.  While the 

idea that some materials could be "charged" was known since ancient times- for example, amber 

that was rubbed with a cloth would attract small particles (interestingly, the Greek word for 

amber is elektron)3— the reason for this attraction would not be known until the 19th century.  

The first capacitors, known as Leyden jars (Figure 2.1), were built independently by von Kleist 

and van Musschenbroek in the mid-18th century.  The full understanding of capacitive charge 

storage would not emerge until much later.   

 

 

Figure 2.1.  Leyden jar, Museé des Arts et Métiers, Paris. 

 

 The study of electrochemistry, and the dawn of electricity, began in the late 18th century 

when Luigi Galvani noted that a frog's leg twitched when touched with a charged metal scalpel.  

This discovery led Alessandro Volta to develop the first battery, called the Volta pile (Figure 2.2), 

which consisted of alternating disks of copper and zinc separated by salt water soaked cardboard 
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or felt.  The discovery of the Volta pile was a gateway for the field of electrochemistry which 

enjoyed a renaissance in the early 19th century.  At the time, the Volta pile was the only way to 

generate a consistent direct current and voltage.  The Volta pile led to the discovery of the 

electrolysis of water (1800, Nicholson & Carlisle) and to the discoveries, within several years 

(1807-1808), of sodium, potassium, calcium, boron, barium, strontium, and magnesium by 

Humphry Davy.  Michael Faraday used the Volta pile to develop his 1st and 2nd laws of 

electrochemistry.4      

 

 

Figure 2.2.  Volta pile, Museé des Arts et Métiers, Paris. 

 

 The early impact of the Volta pile was to enable a number of important scientific 

discoveries, as noted above.  The importance of electrochemical energy as a power source did 

not emerge until the 20th century when electronic devices, first as simple electric bells but later 

as complex integrated circuits in computers, became ubiquitous.  It is interesting to note that 

most of the battery technologies in use or development today were invented in the previous two 

centuries, the exception being the lithium-ion battery (Table 2.1).   
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Table 2.1.  Development of various battery technologies.  Adapted from Ref. 5. 

Inventor Technology Year 

A. Volta First battery 1800 

A. Smee Metal air batteries 1840 

G. Plante Lead acid battery 1859 

G. Leclanché Zn-MnO2 primary battery 1868 

T. deMichalowski Ni-Zn battery 1899 

W. Jungner Ni-Cd battery 1901 

Multiple inventors Li-ion battery 1991 

 

 The development of electrochemical capacitors came much later than batteries- more 

than a century. The first electrochemical capacitor was developed in 1957 when a patent was 

granted to General Electric for electrical energy storage through the electric double layer at a 

porous carbon electrode.6  Pseudocapacitance was first described in 1971 for RuO2 by Trasatti 

and Buzzanca7 while the theoretical understanding was further developed by Conway. 

 

2.2 Fundamentals of Electrochemical Energy Storage with Batteries and 

Electrochemical Capacitors  

2.2.1 Thermodynamics of Electrochemical Energy Storage 

 EES involves the storage of charge, either directly through electrostatic interactions or 

indirectly through chemical bonds, on two electrode surfaces separated by an electrolyte.  

Batteries store electrical energy faradaically, or through the formation of chemical bonds 

through oxidation/reduction reactions that involve electron transfer.  Capacitors store electricity 

non-faradaically, so that the energy storage does not involve electron transfer and is electrostatic 

in nature.  In either device, the total energy stored (G) is an integral function of the overall 

capacity (Q) and voltage (E): 
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                 (2.1) 

The relationship between capacity and voltage is fundamentally different for batteries and 

capacitors.  This is entirely due to the fact that faradaic reactions utilized in batteries often result 

in a phase transformation when an electrode material transforms from the oxidized to the 

reduced form: 

      O + ne- ↔ R     (2.2) 

The coexistence of two phases leads to a constant potential according to the Gibbs Phase Rule: 

      F = C-P+2     (2.3) 

where F is the number of degrees of freedom, C is the number of components, and P is the 

number of phases in thermodynamic equilibrium.  In the two-phase equilibrium described 

above (C = 2, P = 2), F is 2 so that if the temperature and pressure of the reaction are fixed, then 

there are no degrees of freedom left and the reaction potential is constant.  This means that for 

an ideal battery with an invariant potential, the total stored energy is simply: 

      G = QE      (2.4)    

The theoretical (or maximum) capacity of a battery material can be determined by knowing the 

redox reaction taking place and from using Faraday's laws of electrolysis which state that: 

      Q = Fn/M     (2.5) 

where F is the Faraday constant (96,485 C mol-1), n is the number of electrons transferred, and 

M the molar mass of the material.  The potential of a battery material (assuming activities of 1 

for a standard potential, E°) is directly related to the Gibbs energy change (ΔG) of the redox 

reaction and thus the chemical potential change (Δµ) upon reduction:8  

      E° = -ΔG/nF = -Δµ/nF      (2.6)  

This relationship forms the basis of the Nernst equation, which also accounts for different 

activities of the materials involved in the redox reaction. 

 As no charge transfer occurs in a capacitor, no phase transformations occur and the 

relationship between the potential and capacity is linear:  



9 
 

      ΔE = Q/C     (2.7)  

The proportionality constant, C, is the capacitance.  Thus for an ideal capacitor, including 

electrochemical capacitors based on the electric double layer, the capacitance remains constant 

over the entire operation potential.  As a result of this linear change in capacity with potential, 

the energy stored by a capacitor can be written as: 

      G = ½ CE2 = ½QE    (2.8)  

In a capacitor, the potential is no longer related to the chemical potential and instead is 

dependent upon the stable potential window of the electrolyte.  The capacitance is dependent 

upon the structure of the electrode material as well as the properties of the electrolyte:9 

      C = Aε/d       (2.9) 

where A is the surface area of the electrode material, ε is the relative permittivity of the 

electrolyte, and d is the thickness of the electric double layer.  

   The fundamental difference between batteries and capacitors based on their relationship 

with potential is shown in Figure 2.3.  This figure demonstrates several of the important 

fundamental differences between faradaic and non-faradaic charge storage, and what these 

differences mean for device applications.     
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Figure 2.3.  Comparison between the potential and capacity in an ideal battery and a capacitor.  

Adapted from Ref. 3.    

 

First, it is apparent that assuming the same starting potential and total capacity, the maximum 

energy stored by a capacitor will be 1/2 that of the maximum energy stored by a battery.  

Secondly, while the reversibility of a capacitor is ideal, with the potentials upon charging and 

discharging remaining the same, this is not the case in a battery as will be explained in more 

detail later.   

 A Ragone plot comparison of capacitors, electrochemical capacitors, and batteries on a 

gravimetric basis is shown in Figure 2.4.  The power and energy density differences between 

these devices stem from the mechanism of charge storage:  bulk storage in batteries gives high 

energy densities but low power while surface storage in capacitors gives high power but low 

energy storage.  The characteristic time response of the various devices is also indicated.  

Lithium-ion batteries typically store between 100-200 Wh kg-1 in hours while electrochemical 

capacitors store between 1-10 Wh kg-1 in less than 1 minute.     
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Figure 2.4.  Ragone plot comparison of various energy storage technologies.  Reproduced from 

Ref. 10. 

 

2.2.2 Types of Electrochemical Capacitors 

 The discussion of capacitors in the previous section describes the thermodynamics of 

charge storage in a type of electrochemical capacitor called an electric double-layer capacitor 

(EDLC).  However, as was first discovered in 1971 with RuO2, there is another mechanism that 

gives rise to capacitive behavior and this is termed pseudocapacitance.  Here, the charge storage 

is due to faradaic processes but the electrochemical response is like that of a capacitor.  Figure 

2.5 shows the different types of charge storage for double layer and pseudocapacitor types of 

electrochemical capacitors.    
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Figure 2.5.  The different types of charge storage mechanisms in electrochemical capacitors.  

Reproduced from Ref. 11. 

   

 The electric double layer responsible for charge storage in an EDLC forms whenever an 

electrode material is inserted into an electrolyte solution.  The basic structure of the electric 

double layer, based on the Grahame model, is shown in Figure 2.6.  When the metal electrode is 

inserted into the electrolyte solution, the cations in the electrolyte move towards the metal 

surface at the same time as the free electrons in the metal move toward the surface.  As shown in 

the figure, the electrode has an overall negative charge on its surface while there is an equal but 

opposite charge on the electrolyte solution side.  On the metal/electrolyte interface, the first 

layer that forms is the Helmholtz Plane which consists of adsorbed anions and cations as well as 

neutral solvent molecules.  The difference in solvation between cations and anions led to the 

distinction between an Inner and an Outer Helmholtz plane, the former corresponding to 

desolvated ions and the latter to ions that retain their solvation shell.12  Beyond the tightly 

adsorbed Helmholtz Layer is the Guoy-Chapman diffuse layer that accounts for the thermal 

fluctuation of ions in a solution.  The capacitance of the double layer then contains contributions 
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from the Helmholtz and the Guoy Chapman layers and is determined by the smaller of the two 

components.3              

 

 

Figure 2.6.  Schematic of the electric double layer at the surface of a metal immersed in an 

electrolyte, based on the Grahame model.  IHP = inner Helmholtz plane, OHP = outer 

Helmholtz plane.  Reproduced from Ref. 9. 

 

 From a physical standpoint, the electrostatic nature of the electric double layer 

formation at one electrode/electrolyte interface is directly analogous to a single dielectric 

capacitor.  Equations 2.7-2.9, derived from dielectric capacitors, apply for the EDLC.  However, 

unlike the dielectric capacitor, a single electrode/electrolyte interface cannot function as a 

device; it must be coupled with a second electrode.  Therefore, the circuit diagram of an ideal 

EDLC consists of two capacitors (C1 and C2, corresponding to the capacitance of two electrodes) 

in series and the total cell capacitance (Ctot) contains contributions from both: 

      1/Ctot = 1/C1 + 1/C2    (2.10)  

 When an external potential is applied to the electrode, the size of the double layer 

increases in proportion to the induced charge on the electrode.  The maximum capacitance 
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obtained through such a process is obtained from Eqn. 2.9 as for a dielectric capacitor, and a 

major research objective in the field of EDLCs is to understand the dependence of electrode 

area, including pore structure, on the capacitance.13  Currently, the best carbon materials 

achieve double-layer capacitances of approximately 150 F g-1 for optimum carbon pore sizes in 

ionic liquid electrolytes.10  Despite these advances in materials, commercial EDLCs store 

between 3-6 Wh kg-1,(Ref. 14) well below the theoretical energy densities of the electrode 

materials.  This is mostly due to the fact that the nanostructured carbons under research result 

in volumetric and areal energy densities that are the same or lower than those of commercial 

devices.15  While gravimetric capacitance values are useful for fundamental material 

characterization, when it comes to devices these values are no longer of great importance unless 

the capacitors are to be used in vehicular applications.     

 In some materials, there is an additional mechanism available for capacitive charge 

storage termed pseudocapacitance.  This can occur when fast, reversible charge-transfer 

reactions take place at the interface between the electrolyte and the electrode.  While the 

physical mechanism is no longer electrostatic, the electrochemical response is like that of the 

EDLC.  There are many materials that exhibit pseudocapacitance:  transition metal oxides16 and 

nitrides,17 conductive polymers,18 oxygen and nitrogen functionalized carbons,19 and molecular 

redox species in the electrolyte that adsorb onto an electrode surface.20  By far, the most well-

studied of these have been the transition metal oxides due to their stability, ease of synthesis, 

and variety of redox states. 

 

2.3 Applications of Electrochemical Energy Storage   

 EES is used in a number of applications, and the type of device used (electrochemical 

capacitor vs. battery) is determined by the power and energy demands as well as cost.  The main 

applications of EES are in portable electronics, transportation, and standby power.21  

Electrochemical capacitors and batteries fulfill different requirements and are sometimes paired 
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to fully meet the application demand, which is often more  demanding than what a single EES 

device can provide.  In general, batteries are used when portable power is necessary for periods 

of hours.  Electrochemical capacitors are used for applications that require fast delivery or 

uptake of electrical energy.  In terms of cost, aqueous-electrolyte based EES devices are always 

less expensive than ones that require non-aqueous electrolytes, which include lithium-ion 

devices and most EDLCs. 

 In portable electronics, the main use of EES is to provide electricity for the whole device.  

Historically, the majority of electronics were powered with alkaline Zn-MnO2 ("Leclanché”) 

batteries developed in the mid-19th century.  However, as the energy demands of electronics 

increased this function was taken over by rechargeable batteries such as the aqueous electrolyte-

based nickel-metal hydride batteries and lithium-ion batteries.  Since their emergence in the 

early 1990s, Li-ion batteries have become the EES technology of choice for mobile phones and 

laptops.  Electrochemical capacitors may be used in portable electronics for power demanding 

applications, such as the camera flash22 or digital communication as in GPS.23 

 In the transportation sector, over 250 million rechargeable lead-acid batteries are 

manufactured every year for starting, lighting and ignition (SLI) of internal combustion 

engines.21  There are other uses for EES in internal combustion vehicles that have been largely 

untapped.  This includes catalytic converter pre-heating with electrochemical capacitors,24 

which could reduce hydrocarbon emissions of internal combustion engines by 60%.  However, 

the major drive for research into EES devices has been to develop storage technologies for 

electric vehicles that can perform similarly to those powered by fossil fuels.  By all accounts, this 

is an enormous challenge for EES due to the high energy content of hydrocarbons (> 10,000 Wh 

kg-1);25 the best lithium-ion batteries today store 50x less energy.  Nevertheless, the pursuit of 

higher energy density batteries is ongoing due to the importance of curbing carbon emissions 

and fossil fuel use. 
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 Another major application for EES technologies is in standby power for use during 

emergencies, to provide electricity to crucial equipment and data until emergency generators 

start up or grid power returns.  For example, EDLCs are used to provide power during 

emergencies to doors on the Airbus A380 jet airliner.26  EES is well established for standby 

power applications, and the important EES properties include low self-discharge and long 

lifetimes.  These can be fulfilled by EDLCs and where more energy storage is required, lead-acid 

batteries.21  As this is a stationary application, high gravimetric energy densities are not as 

crucial. 

 Another emerging application of EES technology is in the power grid, where both 

electrochemical capacitors and batteries can play a role in lowering costs and improving 

reliability as well as reducing fossil fuel use in electricity generation.27  Some renewable energy 

converters such as photovoltaics and windmills give intermittent electricity generation.  In the 

case of photovoltaics, the peak demand time does not coincide with the peak generation.28  Cost 

is one of the main obstacles for the adoption of EES technologies for this application as cheaper 

energy storage options are available.27        

 

2.4 Nanomaterials for Electrochemical Energy Storage 

 Although there is no official definition of nanomaterial, the term is generally used to 

describe those materials where at least one of the dimensions is on the nanoscale, between 1-100 

nm.  When the size of a material becomes nanoscale, interesting new properties emerge due to 

quantum confinement effects as well as the increased number of surface atoms.  

Electrochemistry fundamentally involves interfaces between an electrolyte and electrode, and 

this interface increases by using the high surface area of a nanomaterial.  In addition, the 

potentials at which a redox reaction occur are directly related to the change in Gibbs free energy 

of a substance, as described by Eqn. 2.6.  In a nanomaterial, the surface adds an extra term to 

the Gibbs free energy of formation, called the Gibbs-Thomson effect:29 
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     (2.11)  

here,    is the stoichiometric coefficient of the reaction,     is the effective surface tension,    the 

effective radius, and V the molar volume.  The result of the Gibbs-Thomson effect is that for a 

spherical particle of 1 nm diameter, the reaction potential increases by approximately 0.1 V from 

the bulk.29   The advantages as well as disadvantages of utilizing nanomaterials for energy 

storage are summarized in Table 2.2. 

 

Table 2.2. A comparison of the general advantages and disadvantages of utilizing 

nanomaterials for EES, adapted from Ref. 30.   

Advantages Disadvantages 

 Enable reactions that cannot occur in 
micron-sized particles 

 Difficult to synthesize and control size 
or shape 

 Increase charge/discharge rates due 
to smaller diffusion distances 

 High contact area with electrolyte 
may lead to significant side reactions 

 Enhanced electron transport 
 Lower volumetric energy density due 

to high porosity 

 High contact area with electrolyte 
enabling high lithium flux 

 

 Chemical potential for lithium ions 
may be modified leading to potential 
shifts 

 

 Extended composition range for solid 
solutions 

 

 Better strain accommodation 
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Chapter 3. Lithium-ion Batteries 

3.1 Current State-of-the-Art  

 Lithium-ion batteries enabled the portable electronics revolution to take place over the 

past 20+ years.  Today the batteries utilize reversible lithium-ion intercalation into both the 

cathode and anode to store energy.  While electrochemical insertion of lithium into transition 

metal compounds was reported in the 1970s,31 it wasn't until the discovery of lithiated transition 

metal oxides and lithium intercalation into graphite that the first battery was commercialized by 

Sony.  The basic configuration of a lithium-ion battery is shown in Figure 3.1.  The cathode 

material is usually LiCoO2 while the anode is graphite.  The advantage of utilizing these two 

electrode materials is that they result in a high cell voltage of 3.6 V and an energy density of 

approximately 120-150 Wh kg-1.(Ref. 32)  The electrolyte is LiPF6 in a mixture of organic 

solvents such as ethylene carbonate and dimethyl carbonate.  The reactions during the energy-

storage (charging) stage are: 

   Cathode:  LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe-     (3.1) 

   Anode:  C6 + Li+ + e- ↔ LiC6       (3.2) 

These reactions are reversed during the discharge cycle; commercial lithium-ion batteries are 

rated for approximately 500 charge/discharge cycles.21 

 The high energy density of lithium-ion batteries comes from maximizing the voltage and 

capacities, as indicated by Eqn. 2.4.  Both of these parameters are determined by the choice of 

anode and cathode materials, although the maximum voltage is limited by the potential window 

of the electrolyte.  In the case of electrolytes based on LiPF6 and liquid carbonates, the 

maximum voltage is limited to < 4 V for safety reasons.  The voltage is maximized by utilizing a 

cathode with a high redox potential and an anode with a low redox potential; the difference 

between them gives the cell potential.  The capacity is maximized by storing multiple lithium 

ions per formula unit, ideally with lightweight materials.  The properties of the anode and 
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cathode materials currently utilized in lithium-ion batteries will be described in the next two 

sections.   

 

 

Figure 3.1.  The configuration of a Li-ion battery used today.  Reproduced from Ref. 33. 

     

3.2 Cathode Materials 

 Commercially important cathode materials for Li+ batteries include LiCoO2, LiMn2O4, 

LiNi1/3Mn1/3Co1/3O2 ("NMC"), and LiFePO4; the structure of these materials is shown in Figure 

3.2.(Ref. 1) In all of these cases, a well-crystallized material is necessary for the intercalation 

reaction so the synthesis requires calcination temperatures between 600-800°C.  LiCoO2 and 

NMC both have a layered geometry consisting of transition metal-oxygen octahedra separated 

by a layer of lithium.  In LiCoO2, the redox reaction between Co+3+/+4 occurs at a high voltage of 

3.9 V vs. Li/Li+.  The practical capacity of 150 mAh g-1 is lower than the theoretical (270 mAh g-1) 

due to the structural instability of removing more than 0.5 Li.1   The advantage of the NMC 

material is that it uses less cobalt than LiCoO2 while exhibiting a similar energy density.  In this 

material, Mn is in the +4 state and electrochemically inactive and the charge storage occurs 

from redox reactions between Ni+2/+4 and Co+3/+4 valence states.34 On the other hand, spinel 
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LiMn2O4 and olivine LiFePO4 exhibit 3D framework structures that are more stable at high 

levels of delithiation and also utilize earth-abundant transition metals.  However, their voltage 

(and in the case of LiMn2O4, capacity) are lower than LiCoO2 so the energy densities of batteries 

built with these materials are lower.  Significantly higher capacities of around 250 mAh g-1 are 

possible by utilizing families of materials based on xLi2MnO3·(1-x)LiMn0.5Ni0.5O2 (Ref. 35) as 

well as xLi2MnO3·(1-x)LiNi1.3Mn1/3Co1/3O2 (Ref. 36).  In both of these cases, high levels of lithium 

can be reversibly extracted from the structure due to the stabilizing effect of electrochemically 

inactive Li2MnO3.  Currently, these materials still suffer from low power capability and the 

disproportionation of Mn3+ during discharge.1     

 

 

Figure 3.2.  Structure of commercially used cathode materials for lithium-ion batteries:  a) 

LiCoO2, b) LiMn2O4, and c) LiFePO4.  Reproduced from Ref. 1. 

 

 In general, the issues plaguing cathode materials based on intercalation reactions stem 

from the structural and chemical instabilities that occur when a large amount of lithium is 

removed from the structure.  The amount of lithium storage is limited to x =1 even for the 

highest-capacity materials.  The high redox voltage required of a cathode material limits the 

transition metal elements available for the design of new materials to vanadium, manganese, 

iron, cobalt, and nickel; sustainability and toxicity concerns would limit that number further.1  

While a number of new cathode materials have been suggested such as the tavorite LiFeSO4F, 

these also suffer from low power capability and storage of less than 1 Li per formula unit.37         
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3.3 Anode Materials 

 The energy density limitations plaguing cathode materials are not as severe for 

intercalation-based anode materials due to the ease of reducing a wide variety of materials at 

potentials just above the reduction potential of lithium.  The most common anode material is 

graphite, which stores 1 lithium per C6 at approximately 0.1 V for a theoretical capacity of 372 

mAh g-1.(Ref. 8)  The structure of graphite before and after lithium insertion to LiC6 is shown in 

Figure 3.3.  LiC6 is the final of the four lithiation stages of graphite and as a result of the 

intercalation the stacking order changes from "ABAB" to "AAAA".  This corresponds to a phase 

change and so the lithiation of graphite exhibits plateaus corresponding to the different 

lithiation stages, as shown in Figure 3.4.  Most of the charge storage occurs between 0.1 and 0.2 

V, and at high rates lithium plating may occur which presents a serious safety issue.  The 

capacity of graphite is more than 2X higher than that of LiCoO2 so that in a cell the mass loading 

of the cathode is higher than that of the anode.  Also, extra LiCoO2 has to be added to allow for 

the irreversible solid-electrolyte interphase (SEI) formation on graphite during the first charging 

cycle.         

 

 

Figure 3.3.  Stacking of graphite (top) and fully lithiated graphite, LiC6 (bottom).  Reproduced 

from Ref. 8. 
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Figure 3.4.  Lithiation and delithiation of graphite at a C/50 rate.  Reproduced from Ref. 8.   

 

3.4 Limitations of Intercalation Reactions 

 Intercalation reactions can offer a high degree of reversibility due to the small voltage 

differences during insertion and de-insertion for many materials.  However, outside of their 

stability limits, intercalation materials experience severe structural changes and dissolution that 

lead to severe problems such as capacity fading and thermal runaway.  As was discussed in the 

cathode section, intercalation reactions usually store 1 lithium per formula unit and this value 

has not increased over the years despite extensive research on the topic.  Energy density can also 

be improved by increasing the voltage of the cathode material from the 3.6-3.9 V of LiCoO2; the 

voltage of the graphite is already quite low.  A number of higher voltage cathodes have been 

proposed, among them a family of materials based on the spinel LiyMxMn2-xO4, where M = Cr, 

Fe, Co, Ni and Cu.38  In these materials, the energy storage occurs between 4 and 5 V. The higher 

voltage route has an additional challenge of finding suitable electrolytes for a 5 V potential 

window.    
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3.5 Conversion Reactions for High Energy Density Li-ion Batteries 

 Another method of increasing the energy densities of Li+ batteries was proposed by 

Tarascon, et al. in 2000, based on the low-potential reactivity of certain transition metal oxides 

with lithium.39  In this work, micrometer-sized MO (M=Co, Ni, Cu, Fe) with the rocksalt 

structure was found to react with lithium ions by reduction to nanometer-sized metal 

nanoparticles embedded in a Li2O matrix:   

    MO + 2Li+ + 2e- ↔ M0 + Li2O    (3.3) 

The reversibility of the reaction was due to the in situ nanostructuring that occurred during the 

first lithiation cycle.  The capacity for a conversion reaction is much larger than for an 

intercalation reaction due to the fact that more than 1 lithium is stored per formula unit.  For 

CoO, the capacity is 700 mAh g-1, more than 4X the practical capacity of LiCoO2.  However, for 

thermodynamic reasons, the voltage for conversion reactions of transition metal oxides is at or 

below 1 V.  Conversion reactions have been reported in transition metal oxides, fluorides, 

sulfides, nitrides, hydrides, and phosphates.40  The choice of anion dictates the conversion 

reaction potential as well as the hysteresis upon cycling, as described below.       

 This process is illustrated in Figure 3.5 for a material that has vacancies for lithium to 

intercalate.  First, at relatively high potentials, the material will intercalate lithium based upon 

its allowed occupancy (Li-M-X, where M is the transition metal and X is the anion).  Once the 

intercalation limit is reached, further lithiation occurs through a conversion process 

characterized by a voltage plateau.  During this process, there is significant structural change 

from the initial material, which may be microns in size, into small (< 1 nm) metal nanoparticles 

and Li-X.41  The number of lithium reacted depends on the oxidation state of the transition 

metal after the intercalation step.  After this process, further charge storage occurs in a sloping 

region due to electrolyte decomposition or an interfacial storage mechanism.  When the current 

is reversed, the plateau region is minimized due to the nanostructured nature of the product 
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formed after the first cycle.  All of the lithium is not recovered because of SEI formation, which, 

due to the in situ nanostructuring, usually leads to large first-cycle irreversibility.  On 

subsequent cycles, there is a significant hysteresis between the lithiation and delithiation cycles 

that partially depends on the anion:  its value ranges from 0.4 V for LiMP2 to 1.5 V for LiMF2. 

 

 

Figure 3.5.  Charge-discharge of a layered transition metal compound, M-X, undergoing a 

conversion reaction with lithium.  Reproduced from Ref. 40. 

 

3.6 Voltage and Capacity of a Conversion Reaction 

 The capacity of a transition metal oxide undergoing a conversion reaction can be 

determined from the number of Li+ necessary for a full reduction of the transition metal.  The 

voltage of the reaction can be calculated from knowing the ΔG° values for the products and 

reactants.  For a binary transition metal oxide undergoing a conversion reaction:42 

    MxOy + 2yLi+ + 2ye-  xM0 + yLi2O    (3.4)  

the ΔG° for the reaction is calculated by subtracting the change in free energy of the products 

from the reactants and then converted into a cell potential using Eqn. 2.6.  The calculated 

capacity and potentials for selected transition metal oxides are shown in Table 3.1.  
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Experimentally it has been found that for transition metal oxides, the actual cell potential is 

lower than the calculated cell potential by approximately 1 V.  This difference is attributed to the 

overpotential necessary to overcome the activation barrier associated with the conversion 

reaction.42  The 1 V overpotential means that conversion reactions would not occur for TiO2, 

Cr3O4, and MnO, among others.  

 

Table 3.1.  Calculated average potential and capacity for a conversion reaction of selected 

transition metal oxides with lithium ions.  Adapted from Ref. 43. 

Metal Oxide Potential (V vs. Li/Li+) Capacity (mAh g-1) 

TiO2 0.625 1342 

V2O5 1.41 1474 

Nb2O5 1.082 1008 

Cr2O3 1.085 1058 

MoO3 1.75 1117 

MnO2 1.708 1233 

Fe2O3 1.631 1007 

RuO2 2.12 806 

 

3.7 Conversion Reaction Hysteresis 

 Figure 3.5 shows the galvanostatic profile for a general transition metal compound 

undergoing a conversion reaction.  The hysteresis between the lithiation and delithiation stage is 

typically ~0.9 V for transition metal oxides.30  This difference represents a very large energy 

inefficiency, one that occurs at all rates.  The reason for the hysteresis is not clear, and it may 

vary from material to material; it has already been shown that the choice of anion changes its 

value.   

 Currently there is no consensus on the origin of the hysteresis but there are several 

possible theories.  Results of density functional theory (DFT) calculations for the conversion 
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reaction of FeF3 with lithium indicate that the reason for the voltage hysteresis in this material is 

due to the difference in mobility between iron and lithium cations; the iron cations are much  

slower.44  This results in different reaction pathways for the lithiation and delithiation steps and 

therefore different reaction potentials.  On the other hand, DFT calculations for the conversion 

of CoO with lithium point to asymmetry between various interfaces that form as a result of the 

conversion reaction as the cause of the hysteresis.45  Pinpointing the cause of the hysteresis in 

conversion reactions is paramount if such materials are to be utilized in actual devices.   
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Chapter 4. Conversion Reactions in V2O5 Aerogels         

4.1 Introduction 

 Vanadium oxide aerogels are unique materials that are able to intercalate reversibly a 

variety of ions leading to high gravimetric capacities,46,47 making them useful for batteries and 

electrochemical capacitors.48,49  Their energy storage properties can be attributed to a high 

surface area, three-dimensional mesoporous architecture which enables the electrolyte to 

penetrate the aerogel particles and access the redox-active, fibrous aerogel network. The specific 

capacity for lithium in vanadium oxide aerogels is greater than that of either the corresponding 

xerogel or crystalline V2O5.46,50  The lithium capacity for these materials occurs from a reversible 

intercalation/de-intercalation reaction:  

    V2O5 + xLi++ xe- ↔ LixV2O5          (4.1) 

These intercalation reactions occur at potentials that are usually above ~ 1.5 V (vs. Li/Li+). 

 In V2O5 xerogels, the structure consists of corner and edge shared VO5 square pyramids 

that are separated by an interlayer gap;51 the structure of the aerogel is probably similar to the 

xerogel, except the ribbon orientation is random.  X-ray absorption experiments show that the 

local structure of the aerogel is similar to orthorhombic V2O5.(Ref. 52)  The interlayer gap 

enables the lithium ion transport involved in the intercalation reactions.   

 It is well-accepted that the intercalation limit for inserting lithium-ions into 

orthorhombic V2O5 is the rocksalt ω-Li3V2O5 phase formed below ~ 2 V.53  The properties of 

V2O5 at lower potentials, especially < 1 V (vs. Li/Li+), have received only limited study.  

Amorphous V2O5 films prepared by chemical vapor deposition exhibit high capacity (600 mAh g-

1) when cycled between 4 and 0 V.54  V2O5 xerogels also have high capacity and exhibit the 

formation of Li2O when cycled to potentials as low as 0.1 V.55  Low potential studies with 

crystalline orthorhombic V2O5 show irreversible behavior when cycled to 0.02 V as the initial 

high capacity (675 mAh g-1) fades completely within 40 cycles.56   
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 The purpose of this study was to extend the study of low potential lithium-ion reactions 

to vanadium oxide aerogels at voltages < 1 V.  Due to the multiple redox states of V2O5, the 

maximum capacity (assuming a 10-electron redox reaction) would be 1,472 mAh g-1 (Table 3).  

This is the first investigation of a metal oxide aerogel architecture being cycled down to 0.1 V vs. 

Li/Li+, a potential regime usually restricted for conversion and decomposition reactions in metal 

oxides.  Due to the high surface area and mesoporous architecture, vanadium oxide aerogels 

exhibit large reversible capacities for lithium as the aerogel morphology is very beneficial for 

lithium-ion reactions that involve significant structural changes. 

 

4.2 Experimental Methods 

Materials.  Vanadium (V) triisopropoxide (96%) was purchased from Alfa Aesar.  Acetone was 

purchased from Fisher Scientific.  Vanadium (V) oxide (99.99%), lithium perchlorate (battery 

grade, 99.99%), ethylene carbonate (anhydrous, 99%), propylene carbonate (99%) and dimethyl 

carbonate (anhydrous, 99%) were purchased from Sigma-Aldrich.  The chemicals were used 

with no further purification steps. 

Synthesis and Electrode Preparation.  The synthesis of vanadium oxide aerogels was 

published previously.57  To make the gel, 0.4 mL of vanadium triisopropoxide, 2.4 mL of 

acetone, and 1.2 mL of deionized water were chilled in an ice bath for 1 hour.  Then, the acetone 

and water were added to the vanadium triisopropoxide while agitating to mix the components.  

After about 30 seconds a red gel forms.  The gel is aged for 7 days and then washed with acetone 

for 3 days.  Next, the gel is transformed into an aerogel through supercritical drying with CO2 at 

40°C and 1,300 psi.  Vanadium oxide aerogel electrodes were composed of 80 wt. % vanadium 

oxide aerogel, 15 wt. % carbon black (Ketjen Black, Akzo Nobel), and 5 wt. % polyvinylidene 

fluoride (Kynar Flex, Arkema) with a stainless-steel mesh serving as the current collector.  

Typical electrode loadings were between 0.8-1 mg cm-2.  Orthorhombic V2O5 electrodes were 

prepared in the same manner.       
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Characterization.  Electrochemical measurements were carried out in an argon glovebox with 

moisture and oxygen levels of < 1 ppm.  A BioLogic VMP3 Multichannel Workstation was used 

to make the galvanostatic and electrochemical impedance measurements.  Three electrode 

experiments were performed in cells consisting of lithium foil reference and counter electrodes, 

a vanadium oxide aerogel working electrode, and 1 M LiClO4 in ethylene carbonate/dimethyl 

carbonate (EC/DMC, 1:1 by volume) electrolyte.  For 2-electrode experiments, custom-made 

stainless steel Swagelok cells58 were assembled with a vanadium oxide aerogel cathode, a lithium 

foil anode, 1 M LiClO4 in EC/DMC electrolyte, and a 260 µm-thick Whatman glass fiber filter 

that served as the separator.  Room temperature electrochemical impedance measurements 

were made when the cells were on open circuit over a frequency range of 0.1 Hz to 100 kHz and 

a 10 mV (RMS) potential.  For the samples prepared for the transmission electron microscopy 

(TEM) studies, a copper TEM grid served as the current collector.  A diluted electrode slurry was 

deposited on the copper TEM grid which served as the working electrode in the electrochemical 

cells. After the cells reached the desired potential, the grids were rinsed with DMC and 

transferred under an inert atmosphere into the TEM with minimal ambient atmosphere 

exposure.  TEM images were taken with the JEOL Jem1200-EX.  X-ray photoelectron 

spectroscopy (XPS) measurements were taken with the Kratos AXIS Ultra using a 

monochromated Al X-ray source at 10 mA and 15 kV and a 20 eV pass energy.  XPS of cycled 

aerogel electrodes was performed by rinsing the samples with DMC and loading them into an 

inert atmosphere transfer chamber, which was then connected directly to the XPS chamber.  All 

XPS spectra were calibrated to the C 1s peak at 284.9 eV (Figure 4.1) and peak fitting was 

performed with the CasaXPS program using a 70:30 Gaussian-Lorentzian lineshape.  X-ray 

diffraction (XRD) measurements were performed using the Panalytical X’Pert Pro X-ray Powder 

Diffractometer using Cu Kα radiation (λ=1.5425 Å). 

 



30 
 

 

Figure 4.1.  XPS of the C 1s region at different points in the lithiation cycle.  The tallest peak 

corresponds to the presence of adventitious hydrocarbons on the surface and other species 

containing C-C and C-H bonds.  This peak was used to calibrate the XPS spectra to 284.9 eV.  

The peaks at higher binding energies likely correspond to electrolyte degradation products, and 

their intensities are dependent upon potential. 

 

4.3 Results & Discussion 

 The as-synthesized vanadium oxide aerogel morphology consists of fibrous ribbons that 

are approximately 10 nm wide, 1 nm thick, and 1 micrometer long; these structural features are 

retained after electrode processing (Figure 4.2a).  The ribbons form a three-dimensional 

network structure; however, there is significant porosity between the ribbons.  The XRD pattern 

for the aerogel gives several broad peaks, characteristic of a nanocrystalline material (Figure 

4.3).  These peaks are attributed to the internal ribbon structure of the aerogel material.47,59     
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Figure 4.2.  TEM images of the vanadium oxide aerogel electrode at various points in the 

lithiation process (obtained by cyclic voltammetry at 0.1 mV s-1):  a) pristine, b) at 1.8 V, and c) 

at 0.1 V.  Scale bar = 50 nm. 

 

 

Figure 4.3.  XRD patterns for aerogel and crystalline orthorhombic V2O5.  The aerogel material 

contains short-range order and the major peaks correspond to the most intense peaks in the 

crystalline material.  The XRD pattern for crystalline V2O5 corresponds well to shcherbinaite 

V2O5 (JCPDS #00-009-0387).  
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 Galvanostatic cycling in a 2-electrode Swagelok cell was performed at various rates, from 

C/10 (118 mA g-1 or 0.09 mA cm-2) to C/2 (590 mA g-1 or 0.47 mA cm-2), where C = 1,178 mAh g-1 

(based on an 8 e- redox reaction with V2O5 due to the improbability of a full conversion to V0, 

vide infra).  The first and 50th cycles, both at a C/10 rate, are plotted in Figure 4.4a.  In the first 

lithiation cycle, the shape of the curve is sloping, with a slight plateau around 2 V.  At a potential 

of 1.5 V, the capacity is 330 mAh g-1, or 2.24 Li+/V2O5, comparable to previous results at this 

potential range.46  With continued lithiation to 0.1 V, the capacity increases significantly.  At 

approximately 1 V, a small plateau region emerges followed by a linear voltage decrease to 0.1 V.  

The capacity for the first lithiation is very high, approximately 1,400 mAh g-1.  Subsequent 

delithiation of the material to 4 V results in the removal of most of the lithium (840 mAh g-1). 

The remaining lithium is likely used up in the formation of electrolyte degradation products, as 

has been found in many low-potential lithium-ion reactions.40,60  By the fiftieth lithiation cycle, 

the plateau regions observed in the first cycle are minimized, and the capacity had stabilized to 

approximately 1,000 mAh g-1 or 6.8 Li+/V2O5.  Both lithiation and delithiation curves are less 

structured with only a few shoulders evident. On the fiftieth delithiation, the capacity retention 

is much better than during the first cycle, with a coulombic efficiency of 99.7%.  The good 

capacity retention of the vanadium oxide aerogel electrode indicates that vanadium dissolution, 

which has been noted to occur below 1.5 V vs. Li/Li+,59 is not severe.  The electrolyte degradation 

layer formed at low potentials (vide infra) could be acting as a protective layer, limiting further 

vanadium dissolution. 
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Figure 4.4.  Galvanostatic charge/discharge curves between 0.1 and 4 V at a C/10 rate for the 

first and fiftieth cycles of a) a vanadium oxide aerogel electrode and b) a crystalline V2O5 

electrode under the same experimental conditions.  

 

 Cycling the vanadium oxide aerogel electrode to low potential leads to remarkably high 

lithium capacity and retention.  For comparison, we extended our studies to crystalline 

orthorhombic V2O5, whose crystallite size was estimated to be ~86 nm using the Scherrer 

formula (Figure 4.3).  The first and fiftieth cycles of a crystalline V2O5 electrode are shown in 

Figure 4.4b.  Up to 1.8 V, the lithiation of V2O5 proceeds through the formation of several well-

known LixV2O5 phases.53  By 1.5 V, the capacity is 400 mAh g-1, corresponding to the storage of 

2.7 Li/V2O5 and the formation of ω-Li3V2O5.  Continuing the lithiation to 0.1 V results in a 

discharge curve and capacity (approximately 1,200 mAh g-1) that are similar to that of the 
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aerogel.  During the delithiation cycle, 817 mAh g-1 is found to be reversible, and the featureless 

charging curve implies that the V2O5 is no longer crystalline. Upon continued cycling, the 

capacity decreases monotonically and after 50 cycles, the capacity of the material is ~400 mAh 

g-1.       

 The rate capabilities for the aerogel and the crystalline electrodes are compared in Figure 

4.5a.  Both the aerogel and the crystalline electrodes exhibit a high initial discharge capacity.  It 

is interesting to note that during the first few cycles at C/10 the capacity of the aerogel increases 

somewhat. The reason for the capacity improvement with cycling may be due to the reversible 

formation and dissolution of the polymer degradation layer.61  Such capacity improvement was 

also observed in amorphous thin-film V2O5.(Ref. 54)  The rate capability of the aerogel electrode 

is very good, with a capacity of ~700 mAh g-1 at a C/2 rate and full capacity recovery to ~ 1,000 

mAh g-1 when cycled at C/10. In contrast to the stable behavior shown by the aerogel, the 

crystalline V2O5 electrode exhibits a continuous capacity decline with cycling. The capacity 

fading of orthorhombic V2O5 exhibited in the present study is not as severe as that reported 

previously by Poizot, et al.;56 one reason for this could be that the present study utilizes a LiClO4 

electrolyte, and the lack of HF (a trace contaminant found in LiPF6 electrolytes) may improve 

the stability of V2O5.(Ref. 62)  
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Figure 4.5.  Comparison of a vanadium oxide aerogel electrode and a crystalline V2O5 electrode 

at a) various galvanostatic cycling rates and b) the polarization voltage during cycling. 

 

 The iR polarization voltage (voltage drop upon current application) as a function of cycle 

number is plotted in Figure 4.5b for both electrodes.  The increase in polarization voltage of the 

crystalline electrode with cycling correlates well with the decrease in capacity.  If the crystalline 

electrode is being structurally degraded, portions may become electrically disconnected, leading 

to higher polarization voltages.  In contrast, the polarization voltage decreases after the second 

cycle in the aerogel electrode, and thereafter remains more or less stable.  The decrease in the 

polarization voltage is accompanied by an increase in the capacity.  Moreover, as shown in 

Figure 4.6, the impedance spectrum for the aerogel electrode cell remains fairly constant after 
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the first 10 cycles (C/10 rate). With the crystalline electrode, however, the observed increase in 

polarization voltage with cycling results in a continuous increase in impedance (Figure 4.7).   

 

 

Figure 4.6.  Electrochemical impedance of a vanadium oxide aerogel cell after galvanostatic 

cycling at various discharge rates. The measurements were taken at open circuit after charging 

(V ~ 4.0V).  After the initial cycling at C/10, the impedance remains effectively unchanged. 
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Figure 4.7.  Comparison of electrochemical impedance before and after cycling for a) 

vanadium oxide aerogel and b) V2O5 crystalline cells.  After 10 cycles, the crystalline cell exhibits 

higher impedance than the aerogel and after 20 cycles, the impedance of the crystalline cell 

increases significantly while that of the aerogel cell remains approximately the same. The 

measurements were taken at open circuit after charging (V ~ 4.0V). 

 

 The ability for the vanadium oxide aerogel to sustain high lithiation levels is significantly 

different from the crystalline orthorhombic material, a difference that is rooted primarily in the 

morphology of the redox-active material. After the first cycle to low potential, both the aerogel 

and the orthorhombic material exhibit relatively featureless charge-discharge curves which are 

characteristic of non-crystalline materials.  The improved cycling behavior of the aerogel vs. the 
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crystalline electrode may be due to the fact that the aerogel structure is able to withstand the 

strain of reversibly storing a large amount of lithium.  The storage of more than 6 Li+/V2O5 

should be accompanied by large volume changes. The low density (~0.1 g cm-3 for V2O5 

aerogels)57 of a porous aerogel results in a low Young's modulus,63 which should allow the 

aerogel to flex.  The advantage of a nanocrystalline architecture of the aerogel cannot be 

underestimated, as it has been found that MoO3 nanocrystals cycled to 0.005 V exhibit 

significantly higher capacity retention than their bulk counterpart.64  In that work the improved 

cycling is believed to be due to the stability of the nanocrystals during volume expansion.  As 

indicated above, significant porosity in the aerogel electrode would enable reversible volume 

expansion.   

 In order to understand the structural and chemical changes that accompany the high 

capacity behavior, we performed ex situ TEM and XPS at various points in the discharge curve 

of the vanadium oxide aerogel electrode.  The TEM results on lithiated vanadium oxide are 

shown in Figure 4.2b and c for electrodes discharged to 1.8 and 0.1 V, respectively.  The 

electrochemical signal of the Cu TEM grid used as the current collector did not interfere with the 

electrochemical signal of the V2O5 aerogel (Figure 4.8).  At 1.8 V, the morphology of the aerogel 

is similar to the electrode before lithiation (Figure 4.2a), with retention of the fiber morphology 

and porous network.  Upon further lithium insertion to 0.1 V, there is a much larger change in 

the morphology.  First, a thick layer of 5-10 nm seems to encompass the material, consistent 

with galvanostatic cycling results which indicate the formation of an electrolyte degradation 

layer due to the large irreversible first cycle capacity.  Secondly, the nanoribbons are no longer 

seen clearly, although a rope-like structure appears to have formed.  Finally, the porosity seen in 

the pristine and 1.8 V material is either entirely filled in with the film or has been decreased due 

to the morphology change.  These TEM micrographs show that at low potentials the vanadium 

oxide aerogel undergoes a major morphological change that does not occur at higher potentials. 
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Figure 4.8.  Cyclic voltammetry at 0.1 mV/s in 1 M LiClO4 in EC/DMC of a copper TEM grid 

(Cu TEM grid) and a copper TEM grid onto which a dilute vanadium oxide aerogel electrode 

slurry was drop cast (Cu TEM grid + aerogel).  In the experiment shown, the potential of the 

grid with the aerogel was limited to 0.1 V and this electrode was subsequently imaged by TEM as 

shown in Figure 4.2c.    

 

 In addition, it is interesting to compare the current work with recent results on 

conversion reactions with metal fluorides, where the  presence of an electron transport network 

through metal nanocrystals allows for higher reversibility.65  The rope-like structure observed at 

high lithiation levels in the vanadium oxide aerogel may lead to improved reversibility of the low 

potential reaction in the aerogel material vs. the crystalline structure, owing to a better 

electronic pathway for electrons in an electrode structure that is enveloped by insulating 

matrices such as the electrolyte degradation layer and, perhaps, Li2O.    

 The oxidation state of vanadium at various points in the galvanostatic cycling process 

was investigated with XPS of the V 2p region (Figure 4.9).  In the pristine electrode, the V 2 p3/2 

peak is centered at 517.8 eV, consistent with an oxidation state of +5.  Peak fitting (Figure 4.10) 

further confirms the presence of V+5 along with a significant amount of V+4 (~ 49%), as a result 

of the synthesis conditions.46  Upon lithium insertion to 1.6 V, the V 2 p3/2 peak shifts to lower 
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binding energies, consistent with a change to a lower oxidation state for the vanadium.  The 

peak maximum occurs at 516.3 eV, corresponding to the majority of vanadium existing in the 

V+4 state.  Further discharging to 0.3 V shifts the peak to even lower binding energies, indicating 

that the reduction of vanadium is responsible for the additional capacity observed at the low 

potentials.  At this voltage, the peak maximum occurs at 514.1 eV, corresponding to having the 

majority of vanadium in the V+2 state.  Peak deconvolution at this voltage is difficult due to the 

low signal from the V 2p region, a result of the electrolyte degradation layer that forms on the 

surface.  Upon lithium removal to 4 V, the peak shifts to higher binding energies, with a peak 

maximum at 517.5 eV, very close to the original peak maximum in the un-lithiated material.  

Interestingly, the peak width is considerably narrower, demonstrating that the cycled, 

delithiated material contains a larger percentage of V+5 than the pristine material.  Also, at this 

voltage, the electrolyte degradation layer is diminished significantly and there were no problems 

with acquiring the V 2p signal.   

 

 

Figure 4.9.  XPS of the V 2p peak at different points during lithiation/delithiation:  pristine, 

after lithiating to 1.6 V, after lithiating to 0.3 V, and after delithiating to 4 V. 
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Figure 4.10.  Peak fitting of the V 2p region in the pristine vanadium oxide aerogel electrode.  

The broad peak can be attributed to the presence of V+4, which is due to the aerogel synthesis 

process. 

 

 Given the reversible high capacity of vanadium oxide aerogels when they are cycled to 

low potentials, the question remains as to how the lithium ions are stored.  Reversible lithium-

ion storage in metal oxides can be due to intercalation, decomposition, or conversion reactions, 

with more than one mechanism possible.  The experimental data presented here demonstrates 

that up to 6.8 Li+/V2O5 can be reversibly stored at the slowest rate examined (C/10), giving rise 

to a nominal vanadium oxidation state that is somewhat less than +2.  From the XPS 

experiments, a vanadium oxidation state of +2 is observed and this changes back to the +5 state 

upon delithiation. 

 It is well-known that above ~ 1.5 V vs. Li/Li+ the charge storage occurs through 

intercalation.  Therefore, the reactant at lower potentials is LixV2O5.  Given that the V2O5 is 

already lithiated, the thermodynamic data available for V2O5 and its suboxides are no longer 

useful; nevertheless it should be noted that the full conversion from V2O5 to V0 is calculated to 
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occur at an average voltage of 1.41 V, ending with the reaction of VO to V0 at 0.85 V.66  Previous 

results on binary metal oxides reacting with lithium indicate that, in general, a 1 V overpotential 

is necessary;42 this would render the conversion to vanadium metal unlikely and indeed, the XPS 

results did not indicate that V0 was present.  A previous XPS study of chemical lithiation in 

amorphous V2O5 thin films indicated that for long lithiation times, the vanadium oxidation state 

changed to V+2/+1 and was accompanied by the formation of Li2O.67  The presence of Li2O was 

also reported in X-ray absorption studies of chemically lithiated V2O5 xerogels for compositions 

containing more than 1 Li+/V2O5.(Ref. 55)  The presence of Li2O would indicate that a 

decomposition or conversion reaction has occurred.  In the present study, ex situ XPS of the Li 

1s region at 1.6 and 0.3 V gives a single broad peak at 54.8 eV that can be attributed to LiOH 

(Figure 4.11).  The presence of LiOH is due to the reactivity of surface lithium with water 

molecules which are ubiquitously present in the environment. Previous research has shown that 

this peak cannot be used unambiguously to determine the presence of Li2O.68  

 

 

Figure 4.11.  XPS of the Li 1s region of vanadium oxide aerogel electrodes after lithiation to 1.6 

and 0.3 V.  In both cases, the peak maximum occurs at 54.8 eV, indicating the presence of LiOH. 
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 First-principles calculations of the layered transition metal oxides of composition LiMO2, 

where M is Mn, Co, Ni, or Mn, have found that for an additional storage of 1 mol of Li, 

conversion reactions are always energetically favorable as compared to intercalation or 

decomposition.69  Experimentally both LiCoO2 and LiNiO2 follow a reaction pathway of 

intercalation followed by an irreversible decomposition to a monoxide.70  Once the formation of 

a monoxide occurs, the conversion reaction is favored, as the monoxides of the 3d transition 

metal oxides exist in the rocksalt structure.  

 Given these results, the high capacity of vanadium oxide aerogels is expected to involve a 

two-step process of intercalation followed by decomposition: 

     V2O5 + xLi+ + xe-  LixV2O5                 (4.2) 

     LixV2O5 + 2Li+ + 2e- ↔ V2O3 + Li2O              (4.3) 

     V2O3 + 2Li+ + 2e- ↔ VO + Li2O                      (4.4) 

The formation of VO at the end of the discharge step would explain the +2 oxidation state 

observed in the XPS results. Moreover, the porous architecture of the vanadium oxide aerogel 

can readily accommodate a high volume of intercalated lithium along with the Li2O phase that 

forms.   

 

4.4 Conclusions 

 Vanadium oxide aerogels exhibit a reversible capacity of > 1,000 mAh g-1 when cycled to 

0.1 V in a lithium-ion electrolyte.  The behavior is attributed to the aerogel morphology, as the 

reversibility is significantly better than that of crystalline orthorhombic V2O5.  The vanadium 

oxide aerogel possesses several attributes that have been previously found beneficial for 

reactions that involve the storage of significant amounts of lithium:  high surface area, 

interconnected porosity and a fibrous morphology.  Ex situ TEM data indicates that the fibrous 

morphology of the aerogel is retained even after cycling to low potentials, and the oxidation state 
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of vanadium at 0.3 V is +2, indicating that charge storage occurs due to the reduction of 

vanadium from +5 to +2.  These results demonstrate that aerogels are able to sustain deep 

electrochemical lithiation levels when cycled to low potentials.  The mechanism of charge 

storage is expected to involve a two-step process of lithium intercalation followed by 

decomposition reactions. The ability to access lower oxidation states of vanadium in the 

vanadium oxide aerogel results in an electrode material that can be used over essentially the 

entire lithium-ion voltage range as either a cathode or an anode in charge storage devices. 
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Chapter 5. Pseudocapacitance 

5.1 Thermodynamic Understanding of Pseudocapacitance 

 The origin of pseudocapacitance was described thoroughly by Conway.3 In this 

description, pseudocapacitance occurs whenever the amount of charge storage (ΔQ) depends on 

the change in potential (ΔV), giving the form of a capacitance (ΔQ/ΔV).  This contrasts to the 

constant potential process associated with battery materials.  There are three pseudocapacitive 

processes that can occur when a redox-active material is immersed in electrolyte (Figure 5.1). (a) 

Metal ions form a monolayer at a metal surface well above the redox potential of the metal in a 

mechanism termed underpotential deposition. (b) Ions are electrochemically adsorbed onto the 

surface of the material. In this mechanism, referred to as redox pseudocapacitance, adsorption 

is associated with a change in the valence change in the material.  (c) Ions intercalate into the 

tunnels or layers of a redox-active material accompanied by a valence change of the material.  

This third process is referred to as intercalation pseudocapacitance.   

 

 

Figure 5.1.  Different types of reversible redox mechanisms that give rise to 

pseudocapacitance: a) underpotential deposition, b) redox pseudocapacitance, and c) 

intercalation pseudocapacitance.   
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 For all three pseudocapacitive mechanisms,  the extent of charge storage and potential 

are related.  The mechanisms can be thought of as adsorption processes that follow a Langmuir-

type isotherm: 

       
 

   
       

  

  
     (5.1) 

where X is the extent of fractional coverage of the surface or interior structure, K is the reaction 

equilibrium constant, E is the potential, F is the Faraday's constant, R is the ideal gas constant, 

and T is the temperature.  Taking the natural log of both sides gives the principal relationship 

between potential and extent of charge storage: 

        
  

 
   

 

   
      (5.2) 

 

5.2 Types of Pseudocapacitance 

 Underpotential deposition is illustrated in Figure 5.1a.  In this example, lead ions in the 

electrolyte adsorb/desorb onto the surface of a gold electrode.  The cyclic voltammogram (CV) 

for this reversible process is shown in Figure 5.2.  The main feature of this CV is that it is 

symmetric for the cathodic and anodic sweeps, with no peak offset even at 50 mV s-1.  The 

fractional coverage of the surface, θ, vs. potential is the bottom plot of Figure 5.2.  It is clear that 

θ depends upon the potential although the relationship is not perfectly linear as for an ideal 

capacitor.  If the potential was decreased beyond the redox potential for lead (-0.13 V vs. SHE), 

eventually lead ions would deposit on top of lead ions for the electrodeposition of lead resulting 

in an asymmetric CV with a large offset between the deposition and stripping peak currents.  

While the underpotential deposition process is kinetically facile due to its high reversibility, the 

potential window is too small for applications, ca. 200 mV in the case of lead.71     
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Figure 5.2.  Underpotential deposition of lead ions onto gold.  Top:  Cyclic voltammetry at 50 

mV s-1 in aqueous HClO4 electrolyte.  Bottom:  Integration of the cathodic sweep as a function 

of potential.  Reproduced from Ref. 71. 

 

 Redox pseudocapacitance occurs with transition metal oxides, conductive polymers, and 

surface-functionalized carbons.  This type of capacitance occurs over a wider potential window 

than underpotential deposition and is therefore relevant for device applications.  It is illustrated 

in Figure 5.1b for the case of hydrous RuO2, one of the best and also first identified redox 

pseudocapacitive materials.    RuO2 is a metallic conductor, one of the few metal oxides that 

exhibits this property along with a high oxidation state.  Its single crystal electronic conductivity 
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is on the order of 104 S cm-1.(Ref. 72)  The theoretical capacitance for the storage of 2 H+ per 

RuO2 over a 1.4 V window is ~1000 F g-1.  In Figure 5.3, the CV of RuO2 in sulfuric acid 

demonstrates its almost constant current response as a function of potential, as would be 

expected for a capacitor.         

 

 

Figure 5.3.  Cyclic voltammetry of RuO2 in 0.1 M H2SO4 at 50 mV s-1.  The CV was performed 

by cycling between different potentials from 0.1 to 1.3 V to demonstrate the reversibility of the 

pseudocapacitive process.  Reproduced from Ref. 71. 

 

 The redox mechanism in this material is believed to involve nanodimensional hydrous 

grain boundaries that serve as proton-conducting channels while the electron transport occurs 

through nanocrystalline RuO2 particles.73  The redox reaction and storage take place within the 

first few layers of the surface.74  As a result of this mixed conduction mechanism, the highest 

capacitance values occur for RuO2·xH2O where x = 0.5.(Ref. 75)  Despite its excellent 

electrochemical properties, the high price of RuO2 (~$2742 per kg vs. $774 per kg of silver, as of 

May 2013), makes it practical only for niche applications.  Since its discovery in 1971, RuO2 has 

been the "gold standard" of pseudocapacitive materials and much research has focused on 

identifying materials similar to RuO2, with limited success. 
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 The third pseudocapacitive mechanism is intercalation pseudocapacitance.  In materials 

that undergo intercalation without a concomitant phase change, the Gibbs phase rule (Eqn. 2.3) 

dictates that the extent of charge storage will vary with composition.  This gives rise to a 

capacitance as in the previous two cases.  For practical purposes, however, intercalation 

pseudocapacitance has not been considered because it is usually limited by solid state diffusion 

and does not exhibit the kinetic signatures of capacitance, as described in the next section.      

 

5.3 Kinetic Features of Pseudocapacitance 

 Pseudocapacitance offers the promise of high-rate EES and while the thermodynamic 

(potential-dependent) behavior can identify pseudocapacitive systems, the usefulness of the 

material is identified by the kinetic behavior.  The kinetics of electrochemical processes are 

fundamentally related to their current, and can be evaluated by using various transient 

electrochemical techniques.  Cyclic voltammetry is a powerful technique that allows for the 

systemic variation of time and easy determination of peak potentials and currents.  In the next 

few chapters, analysis techniques based on cyclic voltammetry will be utilized to separate 

surface (capacitive) from diffusion (battery-like) contributions to charge storage.  The 

fundamental relationships between current and cyclic voltammetry sweep rate are described 

below.     

 The current density at the peak potential of a redox reaction (such as the one described 

by Eqn. 2.2) as a function of the sweep rate is given by the Randles-Sevcik equation as: 

                     
   

 
  

  
 
   

       (5.3) 

Here, ip is the peak current, n is the number of electrons transferred in Eqn. 2.2, F is the 

Faraday's constant, A is the electrode area, CO
 is the concentration of species O,   

   
 is the 

diffusion coefficient of species O, R is the ideal gas constant, T is the temperature, and v is the 

sweep rate of the cyclic voltammetry experiment.  This equation is derived by solving for Fick's 
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2nd law of diffusion and utilizing appropriate boundary conditions for semi-infinite diffusion.  

That is, this equation applies in situations where the reaction is limited by diffusion in the 

electrolyte or the electrode.     

 In cases where no diffusion limitations are observed, such as simple surface adsorption, 

the relationship between current and sweep rate is: 

      i = Cv      (5.4) 

This type of response is usually associated with the surface adsorption processes of double-layer 

capacitors, and termed "capacitive current."  By comparing Eqns. 5.3 and 5.4, it is evident that 

the capacitive current will increase faster with v than the diffusion-controlled current.   
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Chapter 6. Pseudocapacitive Behavior in T-Nb2O5 

6.1 Introduction 

 The electrochemical behavior of Nb2O5 was first investigated by Bard et al.,76,77 who 

demonstrated that Nb2O5 exhibits lithium and proton insertion and is also electrochromic. 

These studies led to further research of Nb2O5 as a lithium-ion battery electrode and as an 

electrochromic window. Lithium insertion into Nb2O5 occurs below 2 V (vs. Li/Li+) and the 

material has been incorporated in 2 V lithium-ion secondary batteries that employ a lithium 

alloy as the negative electrode.78 The reversibility of the lithium intercalation process is well 

established; the amount of lithium insertion in LixNb2O5 varies between x = 1.6 to 2, for a 

maximum capacity of 728 C g-1 or ~ 200 mAh g-1. In the electrochromics field, kinetics played a 

larger role since fast coloration times are needed and Nb2O5 films can color in as fast as 10 

seconds.79  This kinetic response, along with a large difference between the colored and bleached 

state, renders Nb2O5 as one of the best inorganic electrochromic materials.79  

 The prior research does not indicate whether one particular phase of Nb2O5 is better than 

another; the application area seems to determine the desired Nb2O5 phase. Thus, the 

pseudohexagonal phase of Nb2O5 is preferred for electrochromic devices79 while the tetragonal 

phase seems to lead to the best battery electrodes.78 In general, the basic question of how crystal 

structure and phase influence capacitive storage is only beginning to be considered. The work 

reported by Favier et al.80 on MnO2 polytypes demonstrated that the crystallographic structure 

has a significant influence on the capacitive storage behavior of the material. In particular, 

three-dimensional MnO2 spinels exhibited greater specific capacitance than MnO2 phases with 

either 2D or 1D structures. 

 In this chapter, the effects of phase and crystallinity on the fundamental charge storage 

properties of Nb2O5 nanoparticles are examined. For the most part, the capacitive storage 

properties of Nb2O5 have not been investigated. What is particularly attractive for this system is 

that the linear dependence of peak current on sweep rate for mesoporous Nb2O5 suggests that 



52 
 

this material possesses much better charge storage kinetics than other transition metal oxides.81 

In the current study, different phases of Nb2O5 nanoparticles were synthesized through sol gel 

routes and the electrochemical properties were determined using electrodes composed only of 

nanoparticle powders, i.e., with no binders or conductive additives to complicate the measured 

response. Electrochemical studies show that orthorhombic Nb2O5 exhibits high specific 

capacitance at high rates, with nearly 400 F g-1 being stored reversibly within 12 seconds. These 

values are comparable to what has been reported for RuO2. In addition, the crystal phase of the 

Nb2O5 nanoparticles and the size of the ion are identified as being significant factors in the 

charge storage process.  

 

6.2 Methods  

Synthesis. Both amorphous and T-Nb2O5 were synthesized using an aqueous sol-gel technique. 

Anhydrous NbCl5 (2.56 mmol) was dissolved in ethanol (2 mL) while a solution of DI water 

(0.23 mL) in ethanol (2 mL) was prepared in a separate vial. Both solutions were cooled in an 

ice bath for 2 hours in order to prevent uncontrolled hydrolysis and condensation which leads to 

precipitate rather than gel formation. The two solutions were then mixed together while 

propylene oxide (~1 mL) was slowly injected until a transparent gel formed. The Nb2O5 wet-gel 

was aged for 1 day to promote network formation, immersed in acetone, which was replaced 

periodically for 5 days before the gel was supercritically dried using CO2.(Ref. 57) The resulting 

amorphous Nb2O5 aerogel was calcined at 400°C in air for 2 hours to remove any remaining 

adsorbed water and organics. This treatment did not crystallize the material (Figure 6.1a). To 

produce the T-Nb2O5 phase the amorphous aerogel was annealed at 600°C for 2 hrs in air. 

Material Characterization. The phase of each Nb2O5 sample was identified using a powder 

X-ray diffractometer (PANalytical X’PertPro) using Cu Kα (λ=1.54 Å) radiation. Brunauer-

Emmett-Teller (BET) surface areas were obtained from nitrogen adsorption isotherms at 77 K 

using a gas adsorption analyzer (Micromeritics ASAP 2010). The particle size and crystalline 
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nature of Nb2O5 were further characterized by transmission electron microscopy (TEM; CM 120, 

FEI) and high resolution transmission electron microscopy (HR-TEM; TITAN S/TEM, FEI). 

Electrochemical characterization. Electrochemical measurements were performed in a 

three-electrode cell with a nanoparticle film of Nb2O5 serving as the working electrode. To 

prepare the working electrode, nanoscale sized powders of Nb2O5 aerogel or the crystallline 

phase (~ 20 µg) were cast from an ethanol solution onto an oxygen-plasma treated stainless 

steel foil (~ 1 cm2 area), which was subsequently heated at 110°C for one hour to evaporate the 

ethanol. The mass of the nanoparticles deposited on the stainless steel foil was determined using 

a microbalance. The electrolytes used were 1 M LiClO4 or NaClO4 in propylene carbonate (PC). 

Lithium or sodium metal foils were used as the counter and reference electrodes. Cyclic 

voltammetry was performed between 1.2 and 3 V vs. Li/Li+ (or Na/Na+) using a PAR EG&G 

273A potentiostat. All tests were performed in an argon glovebox with oxygen and water levels 

of < 1 ppm. For the ex-situ HR-TEM experiment, T-Nb2O5 particles were deposited directly on a 

copper TEM grid which served as the working electrode. After the electrochemical 

measurements, the sample could be placed directly into the TEM. 

 

6.3 Material Characterization 

Nb2O5 has a variety of polymorphs which can be obtained mainly through thermal 

treatment.82 The phases of Nb2O5 examined here are amorphous and orthorhombic (T-Nb2O5). 

These were synthesized by heat treatment of a niobium oxide aerogel precursor prepared by an 

aqueous sol-gel route. 

 The phase and morphology of the Nb2O5 materials were characterized using XRD and 

TEM. XRD patterns for each of the Nb2O5 phases synthesized are shown in Figure 6.1. As-

synthesized Nb2O5 aerogel is amorphous (not shown) and has a BET surface area of 442 m2 g-1. 

After calcination at 400°C to dehydrate the structure, the Nb2O5 is still amorphous (Figure 6.1a) 

but the BET surface area is reduced to 187 m2 g-1. Heating as-synthesized Nb2O5 aerogel to 
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600°C in air leads to T-Nb2O5, as shown in Figure 6.1b.  The T-phase material has a surface area 

of 70 m2 g-1 and an average particle size of 35 nm. TEM images of the Nb2O5 particles 

synthesized in this work show the different sizes and morphologies for the various phases 

(Figure 6.2). The orthorhombic nature of T-Nb2O5 was further confirmed using HR-TEM. The 

lattice parameter (3.157Å) in Figure 6.4a corresponds to the (180) plane of T-Nb2O5. 

 

 

Figure 6.1.  XRD patterns for a) dehydrated amorphous Nb2O5 aerogel and b) orthorhombic 

T-Nb2O5.  The T-phase indexes to JCPDS card #30-873. 

 

 

Figure 6.2.  TEM images for a) dehydrated Nb2O5 aerogel and b) orthorhombic T-Nb2O5. 
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6.4 Electrochemical Behavior 

 The charge storage properties were investigated in 3-electrode cells using lithium (or 

sodium) as the counter and reference electrodes. Cyclic voltammetry with lithium and sodium-

ion electrolytes (1 M LiClO4 or NaClO4 in PC) was used to determine the electrochemical 

properties of the Nb2O5 nanoparticles. For Nb2O5 in a lithium ion electrolyte, charge storage 

occurs through the insertion of lithium ions with concomitant reduction of Nb+5 to Nb+4, for a 

maximum theoretical storage of x = 2 (or 726 C g-1):83 

     Nb2O5 + xLi+ + xe-  LixNb2O5   (6.1) 

In order to investigate the capacitive properties of Nb2O5, sweep rates were varied from 5 to 100 

mV s-1. For a typical range of 1.2 V, these conditions corresponded to a charge/discharge time 

between 12 seconds and 4 minutes.   

 The crystalline phase of Nb2O5 exhibits a much greater level of charge storage compared 

to the amorphous material. The CVs in Figure 6.3a show that for the crystalline material, the 

current response increases dramatically below 2.2 V vs. Li/Li+, giving rise to several broad 

cathodic peaks around 1.75 V and 1.5 V.  During lithiation, the electrode exhibits blue coloration, 

demonstrating the well-known electrochromic property of crystalline Nb2O5.(Ref. 84) On sweep 

reversal, identification of anodic peaks for the Nb2O5 is more difficult, with two very broad peaks 

apparent at about 1.5 V and 1.8 V for T-Nb2O5. Based on the small difference between insertion 

and deinsertion peak voltages, the lithiation process is highly reversible in crystalline Nb2O5. 

The scans shown in Figure 6.3a cover the range between 3.0 and 1.2 V (vs. Li/Li+) and establish 

the absence of any redox peaks above 2.4V. In fact, it is possible to scan between 2.4 V and 1.2 V 

to obtain the redox behavior shown in Figure 6.3a.  
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Figure 6.3.  Voltammetric sweeps for Nb2O5 in lithium ion electrolyte:  a) CVs at 10 mV s-1 for 

different Nb2O5 phases and b) charge storage as a function of charging time for the same 

materials.  The T-phase demonstrates the highest level of charge storage capacity for all sweep 

rates investigated. 

 

 The amorphous aerogel material does not show any peaks in the CV scan and the specific 

current is significantly lower than the crystalline material. Amorphous Nb2O5 has been shown to 

have lower lithium capacity than crystalline Nb2O5 in mesoporous and sol-gel films as well.79,81 

Instead of the blue coloration seen in the crystalline materials, amorphous Nb2O5 exhibits a 

brown color during lithiation because of strong absorption in the blue.85  

 The kinetics of charge storage are influenced significantly by crystallizing Nb2O5. The 

differences between the crystalline and amorphous materials are quantified in Figure 6.3b based 

on a voltage window of 1.2 V. The highest capacity is achieved with the T-Nb2O5: at a charging 

time of only 12 seconds the capacity is approximately 450 C g-1, corresponding to a capacitance 

of 370 F g-1. As charging time increases, the capacity increases until a consistent value of 560 C 

g-1 is attained after about 2 minutes. The fact that over 80% of the capacity is accessed within 12 

seconds indicates that the kinetic response for T-Nb2O5 is one of the fastest reported for 

transition metal oxides (vide infra). The observation that surface area has limited effect on total 
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charge storage was reported for MnO2 polytypes80 and thus seems to be a characteristic of 

systems in which charge storage is faradaic and particle size is sub-micron. In contrast, the 

amorphous Nb2O5 aerogel has a significantly lower specific capacitance than the crystalline 

phase even though its surface area (187 m2 g-1) is much higher than T-Nb2O5. The great 

difference between the amorphous and crystalline phase shown in Figure 6.3b is a good 

indication of how faradaic processes lead to an additional capacitive storage mechanism which 

does not occur with the non-crystalline material. Moreover, as indicated by the kinetic response, 

this faradaic contribution occurs at very short timescales where diffusion-related processes are 

expected to be minimal.         

 Ex situ HR-TEM was used to investigate the ion intercalation and the structural stability 

of T-Nb2O5 during high-rate (100 mV s-1) lithium insertion and extraction. To obtain the 

lithiated and delithiated T-Nb2O5, the cycling was stopped at 1.2 V and 3 V (vs. Li/Li+), 

respectively. Figure 6.4b shows that the lattice parameter (3.25 Å) of T-Nb2O5 after lithiation 

was slightly larger than the lattice parameter (3.15 Å) of the pristine (180) plane. This indicates 

that the lattice parameter of the (180) plane is increased by 3% due to lithium insertion, which is 

in good agreement with prior XRD studies on lithium insertion into T- Nb2O5.(Ref. 86) The 

prior results of Kumagai and the study involving iso-oriented meosporous films suggest that the 

(180) plane of T-Nb2O5 may provide a favorable pathway for Li+ transport81 while the vacant 

interstitial sites between (001) planes are first occupied by lithium ions.86  Upon delithiation, 

there is no evidence of a phase change. The HR-TEM image shown in Figure 6.4c corresponds to 

the (001) plane of T-Nb2O5. The d-spacing studies of HR-TEM images indicate that the structure 

of T-Nb2O5 did not change after 10 cycles of lithium insertion and extraction. In addition, Figure 

6.4b and c demonstrate that a SEI layer was formed on the surface of Nb2O5 as expected from 

the use of low potentials during cycling. 
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Figure 6.4.  HR-TEM images of T-Nb2O5: a) pristine material, b) lithiated to 1.2 V (vs. Li/Li+), 

c) delithiated to 3 V (vs. Li/Li+) after cycling 10 times at 100 mV s-1.  (scale bar = 5 nm) 

 

6.5 Electrolyte Ion Size Effects 

 The crystallographic dependence observed for Li+ charge storage led us to consider the 

effect of ion size. The results shown in Figure 6.5a for the T-Nb2O5 are quite dramatic as 

substantially greater current occurs using the lithium-ion electrolyte as compared to the sodium 

ion electrolyte. Surface area-normalized capacitance (Figure 6.5b) shows that with the sodium-

ion electrolyte, the amount of charge storage does not depend on crystallinity. The measured 

value of 20 µF cm-2 is a level generally associated with double-layer capacitance.3 If capacitive 

energy storage using the sodium electrolyte occurs only from electrical double layer 

contributions, it is expected that the specific capacity increases with surface area. Thus, because 

of its greater surface area, it is not surprising that the amorphous Nb2O5 aerogel exhibits a larger 

gravimetric capacity (~40 C g-1 at 5 mV s-1; Figure 6.6) than that of the crystalline phase. This 

behavior is very different from what is observed when using lithium electrolytes. Because of 

charge storage from faradaic reactions, the surface-area normalized capacitance of the 

crystalline material in lithium-ion electrolyte is at least an order of magnitude larger than in 

sodium for all sweep rates. The inability for the larger Na+ to move within the frameworks of T-
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Nb2O5 was reported by Kumagai et al.87 and is a commonly observed feature for other 

intercalation compounds.  

 

 

Figure 6.5.  Effect of electrolyte ion size on electrochemical behavior of Nb2O5:  a) CV at 5 mV 

s-1 for T-Nb2O5 using electrolytes for Li+ or Na+, b) the surface-area normalized capacitance for 

different Nb2O5 materials in Li+ (closed) and Na+ (open) electrolytes.  Significant charge storage 

occurs only when using Li+ electrolyte for the crystalline phase. 

 

 

Figure 6.6.  Voltammetric sweeps for Nb2O5 materials in sodium ion electrolyte. The results for 

the different materials are normalized by a) surface area and b) weight.  In this electrolyte, the 
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surface area is more important than crystallinity. This indicates that the charge storage of Na+ is 

primarily on the Nb2O5 surface. 

 

6.6 Kinetic Behavior of T-Nb2O5  

 To obtain further insight concerning the kinetics of charge storage in T-Nb2O5, we 

adapted an analysis first used by Trasatti et al. to characterize the charge storage of RuO2, a 

well-known pseudocapacitive material.88 In this analysis, the overall capacity (Q) of a material is 

assumed to contain two contributions, that from capacitive charge storage (Qcapacitive, the “outer 

surface”) and that from bulk charge storage (Qbulk, the “inner surface”):   

     Q = Qcapacitive + Qbulk                       (6.2) 

The bulk charge storage depends upon ion diffusion and, assuming semi-infinite linear 

diffusion, is expected to vary as t1/2. By rewriting the above equation in terms of the sweep rate 

(v), the following relationship arises: 

     Q(v) = Qcapacitive + constant(v-1/2)   (6.3) 

In this analysis, a plot of Q vs. v-1/2 yields a straight line whose y-intercept (v = ∞) is the “outer 

surface” capacity or the infinite-sweep rate capacity. Due to the possibility of polarization at high 

sweep rates, deviation from a straight line usually occurs, and intermediate sweep rates are then 

chosen to extrapolate to the y-intercept.89  

 The extrapolated infinite sweep-rate capacitance for T-Nb2O5 (Figure 6.7a)  is estimated 

to be around 400 F g-1, in good agreement with the charging behavior shown in Figure 6.3b. This 

value represents the amount of charge storage from capacitive processes, namely double-layer 

and/or pseudocapacitance. At slower sweep rates, diffusion-related processes begin to 

contribute and the total amount of charge storage becomes a combination of capacitive and 

diffusion components. In some materials, diffusion-related charge storage increases 

significantly and far outweighs the capacitive contribution. In the case of TiO2 nanoparticles, for 

example, diffusion processes contributed between 85% and 45% of the total amount of charge 
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storage depending upon crystallite size.90   What is particularly interesting with Nb2O5 is that 

even at slow sweep rates and reasonably large crystallite sizes (30-40 nm), diffusion processes 

contribute only a small amount of the total charge, less than 20%  at 5 mV/s (Figure 6.7b).      

 

 

Figure 6.7.  Determination of the infinite sweep-rate capacitance of T-Nb2O5: a) the capacity as 

a function of v-1/2, the y-intercept is 470 C g-1 and represents the infinite sweep rate capacity, b) 

the contribution of the capacity at infinite sweep rate to the total charge storage is significant for 

all sweep rates investigated. 

 

 To provide some context for the extrapolated infinite sweep-rate capacitance, it is useful 

to make comparisons with both birnessite MnO2 and RuO2. Using non-aqueous lithium 

electrolytes similar to the experiments reported here, the results from Ma et. al. indicate a 

specific capacitance for birnessite of ~ 270 F g-1.(Ref. 91) This is well below the 400 F g-1 shown 

in Figure 6.7a for T-Nb2O5. Direct comparisons with RuO2 are not feasible for these electrolytes 

because crystalline anhydrous RuO2 undergoes a phase transition upon lithiation.92 With acid 

electrolytes, however, there is considerable experimental data. Recent results reported for 2 nm-

thick RuO2 nanoskins exhibited an infinite-sweep rate specific capacitance of ~ 480 F g-1.(Ref. 

93)  Thus, even though the pseudocapacitance mechanisms are different for RuO2 and T-Nb2O5, 

their charge storage kinetics at short times are quite comparable. While RuO2 exhibits both high 
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electronic and ionic conductivity, Nb2O5, on the other hand, is an electronic insulator.  Its bulk 

resistivity is ~ 3x104 Ω-cm at 300K with a bandgap of ~3.4 eV.94,95 However, the insertion of 

lithium into the structure apparently dopes the material and increases the electronic 

conductivity.  Modeling the electrochemical impedance of T-Nb2O5 NCs before and after 

lithiation (Figure 6.8) indicates that the faradaic resistance decreases significantly after 

lithiation, from 14,309 Ω to 15.2 Ω.  The mixed electronic and ionic conduction of reduced T-

Nb2O5 was noted previously.83  It should be noted that despite the dramatic improvement in 

electronic properties with lithiation, for practical applications utilizing thick electrodes, 

conductive additives would still be necessary for this material.    
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Figure 6.8.  Nyquist representation of impedance spectra for the T-Nb2O5 electrode at two 

different potentials, a) before any lithiation at open-circuit and b) after lithiating to 1.2 V.  The 

circuit model used for fitting is shown in c), where Rel is the electrolyte resistance, CPEdl is the 

double-layer capacitance present at all electrode/electrolyte interfaces, Rf  is the faradaic charge 

transfer resistance, and CPEpseudo is the pseudocapacitance.  CPE is the constant phase element 

(ZCPE = [B(jω)n]-1), where B and n are constants and ω is the frequency).   
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 The question of how electronic conduction develops in lithiated Nb2O5 has been 

considered by several research groups. Orel et al. proposed that electron transport occurs due to 

a polaron hopping mechanism and showed that the conductivity increases by four orders of 

magnitude when Nb2O5 is chemically-lithiated.79,96 Also relevant to the conductivity question is 

that shear structures of reduced monoclinic Nb2O5 become conductive with as little as four 

atomic % Nb+4 due to the addition of 4d1 electrons to the insulating structure.94 Finally, a first-

principles study of n-type doping in oxides suggested that Nb2O5 will become conductive once 

hydrogen is inserted into the lattice.97 While the results of these studies are not necessarily 

consistent, they do underscore the point that the addition of small cation dopants into the 

crystalline Nb2O5 lattice increases the electronic conductivity, perhaps substantially and at 

relatively low dopant levels. It would seem that the development of enhanced electronic 

conductivity is of central importance in explaining why an insulator such as Nb2O5 exhibits a 

high rate pseudocapacitive response comparable to that of RuO2.  

 

6.7 Conclusions 

 The results presented here establish that the high specific capacitance observed with 

mesoporous iso-oriented films of Nb2O5 is, in fact, a fundamental property of this material. The 

significant difference between the crystalline and amorphous phases arises from the fast 

faradaic reactions which occur in crystalline Nb2O5, leading to an additional pseudocapacitive 

storage contribution. The extrapolated infinite sweep rate capacitance of ~400 F g-1 exceeds that 

of birnessite MnO2 and is comparable to values obtained for RuO2. Faradaic reactions in Nb2O5 

occur over very short timescales and it is likely that Li+ insertion occurs along preferred 

crystallographic pathways that provide an appropriate environment for fast ion transport. These 

pathways are apparently very size sensitive as experiments with a sodium electrolyte exhibit 

only double layer capacitance. The magnitude of electronic conductivity upon Li+ insertion and 

the means by which electronic conduction develops in this wide band gap semiconductor remain 
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to be addressed. The surprising ability of Nb2O5 to store charge at high rates despite its 

insulating character is unusual as compared to most transition metal oxides. This work suggests 

that in searching for advanced electrochemical capacitor materials, compounds that become 

highly conductive during ion intercalation represent an exciting direction for the future. 
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Chapter 7. Intercalation Pseudocapacitance in T-Nb2O5 

7.1 Introduction 

Intercalation pseudocapacitance was introduced in Chapter 5 as a charge storage 

phenomenon characterized by ion insertion into a layered or tunnel structure, as illustrated in 

Figure 5.1c.  Despite the fact that such a mechanism results in a change of potential with the 

amount of ion insertion, it is not considered capacitive due to kinetic limitations of solid-state 

diffusion.  This limitation renders most intercalation-based materials suitable for timescales 

where charge storage occurs in hours, as in batteries.  In the last chapter, the exceptionally rapid 

charge storage of T-Nb2O5 nanocrystals was demonstrated in a non-aqueous Li+ electrolyte and 

it was shown that the charge storage was capacitive in nature.  In this chapter, the kinetics of 

charge storage in T-Nb2O5 are quantified and, in the process, several characteristics necessary 

for intercalation pseudocapacitance are defined:  a crystalline structure that offers 2D transport 

pathways and little structural change upon intercalation, currents that vary inversely with time, 

charge storage capacity that is mostly independent of rate, and redox peaks that exhibit small 

voltage offsets, even at high rates.  The principal benefit realized from intercalation 

pseudocapacitance is that high levels of charge storage are achieved within short periods of time 

because there are no limitations from solid-state diffusion.   

 The phenomenon of intercalation pseudocapacitance and the high-rate behavior of T-

Nb2O5 were investigated by using two different electrode techniques that provide a wide 

variation in sweep rates.  For timescales between ~3 hours and 60 seconds (sweep rates of 0.1-

20 mV s-1 within a voltage window of 1.2 V), a thin-film electrode was utilized.  For shorter 

timescales where ohmic polarization is significant (60-500 mV s-1), a cavity microelectrode was 

used where the active material was mixed with a conductive carbon black to alleviate the loss of 

electrical transport (ohmic losses).98  In addition, thick films (~40 µm) of T-Nb2O5 were 

prepared to determine whether the high-rate capability was limited to thin films. 
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7.2 Methods 

Synthesis.  The synthesis of T-Nb2O5 nanocrystals was described in Chapter 6.2. 

Characterization.  Thin film electrodes were fabricated by drop-casting a well-sonicated 

solution of T-Nb2O5 in ethanol onto an oxygen plasma etched stainless steel foil.  For thin film 

measurements, lithium foils served as the reference and counter electrodes, and the electrolyte 

was 1 M LiClO4 in PC.  For the microelectrode, T-Nb2O5 active material and carbon black 

(Timcal Super C65) powders were mixed in a 1:1 weight ratio to ensure good electrical contact.  

The mixture was packed into the microcavity (30 µm depth, 30 µm width), and subsequently 

immersed in the electrolyte.  A 1 cm2 platinum foil was used as the counter electrode and lithium 

foil served as the reference.  Thick Nb2O5 electrodes were prepared by mixing the active material, 

carbon black (Timcal Super C65) and PVdF (Kynar) binder in a 80:10:10 weight ratio.  The 

slurry was drop cast onto 12 mm diameter aluminum disk current collectors and dried at 80°C 

for 12 hours.  The electrode loading was between 1 and 1.5 mg cm-2 with a thickness of 40±5 µm.  

Measurements of the thick Nb2O5 electrodes were performed in 3-electrode Swagelok cells with 

the Nb2O5 electrode as the working electrode, activated carbon as the counter electrode, a glass 

fiber separator (Whatman, GF/A) saturated with 1 M LiClO4 in PC, and a lithium foil reference.    

All measurements were carried out in argon-filled gloveboxes between 1.2 and 3 V (vs. Li/Li+) 

with oxygen and moisture levels of <1 ppm. Cyclic voltammetry and galvanostatic cycling were 

performed using PAR EG&G 273 and Bio-Logic VMP3 potentiostats.     

 In situ x-ray absorption was performed using thin films of T-Nb2O5 cast a from well-

sonicated ethanol solution onto carbon-coated aluminum.  2032-type coin cells were modified 

to include an x-ray window by drilling ~3 mm diameter holes through the cathode casing and 

epoxying a 125 µm-thick Kapton window on the outside of the casing. Both sides of the window 

were then coated with 100 nm-thick aluminum layers using a vacuum evaporator. Cells were 

assembled with a lithium anode, a 1 M LiClO4 in PC electrolyte, and a Whatman glassy fiber 

separator.  
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7.3 Electrochemical features of Intercalation Pseudocapacitance 

 Figure 7.1a shows CVs from 100-500 mV s-1 in a cavity microelectrode where it is evident 

that both anodic and cathodic peaks are broad, ca. 600 mV. There is also a noticeable peak shift 

(and increase in peak separation ΔEp) as the sweep rate increases, but the capacity remains 

reversible.  Figure 7.1b presents a plot of log(i) vs. log(v) from 0.1-500 mV s-1 for both cathodic 

and anodic peaks.  Assuming that the current obeys a power-law relationship with the sweep 

rate leads to:99 

      i = avb      (7.1) 

where a and b are adjustable values.  While a b-value of 0.5 would indicate that the current is 

controlled by semi-infinite linear diffusion, a value of 1 indicates that the current is surface-

controlled.  For sweep rates ranging from 0.1-20 mV s-1, corresponding to charging times >60 

seconds, the b-value for both the cathodic and anodic peaks is 1, indicating that the kinetics are 

surface-controlled, and thus fast.  Figure 7.1b also exhibits a change in the slope of the anodic 

and cathodic peak currents at ~50 mV s-1.  This change in slope corresponds to a decrease in b-

value to 0.8 and 0.7 for the cathodic and anodic currents, respectively, at sweep rates >50 mV s-1 

(charging times <20 seconds).  This limitation to the rate capability can arise from numerous 

sources including an increase of the ohmic contribution (active material resistance, SEI 

resistance) and/or diffusion constraints/limitations.100 In the limit of slow diffusion, b would 

approach a value of 0.5 as described above. 
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Figure 7.1.  Kinetic analysis of the electrochemical behavior of T-Nb2O5:  a) CVs from 100 to 

500 mV s-1 demonstrate the high-rate capability of the material. b) b-value determination of the 

peak anodic and cathodic currents shows that this value is approximately 1 up to 50 mV·s-1. This 

indicates that even at the peak currents, charge storage is capacitive.  c) Capacity vs. v-1/2 allows 

for the separation of diffusion-controlled capacity from capacitive-controlled capacity; two 

distinct kinetic regions emerge when the sweep rate is varied from 1 to 500 mV s-1.  The dashed 

diagonal line corresponds to the extrapolation of the infinite sweep rate capacitance using the 

capacity between 2 and 20 mV s-1.  d) The variation of the cathodic peak voltage with the sweep 
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rate exhibits a region of small peak separation followed by increased separation at 20 mV s-1, 

and represents another method of identifying systems with facile intercalation kinetics. 

 

 As described by Eqn. 6.3, in a plot of Q vs. v-1/2 regions that are linear represent capacity 

limited by semi-infinite linear diffusion whereas capacitive contributions are independent of the 

sweep rate.  Figure 7.1c shows the plot of normalized capacity vs. v-1/2 for T-Nb2O5 from 1-500 

mV s-1.  Analogous to the behavior of the peak current in Figure 7.1b, there are two distinct 

regions in Figure 7.1c.  In Region 1, at sweep rates <20 mV s-1, the capacity is mostly 

independent of sweep rate.  The magnitude of the capacity is ~130 mAh g-1 or ~65% of the 

theoretical value based on a 2-electron redox reaction with Nb2O5.  In this range, solid-state 

lithium-ion diffusion is not the rate-limiting step for charge storage.  In Region 2, from 50-500 

mV s-1, the capacity decreases linearly with v-1/2.  This indicates that charge storage is mainly 

diffusion-controlled at high sweep rates.  That is, for charging times of <20 seconds, diffusion is 

rate-limiting, similar to most traditional battery electrodes.  However, for charging times of 1 

minute (60C) or longer, there is no indication of diffusion limitations and this intercalation-

based system behaves in a fully capacitive manner.  

 Another feature of T-Nb2O5 at sweep rates <20 mV s-1 is that the peak voltage shifts with 

sweep rate are small (Figure 7.1d).  The cathodic peak shift is <0.1 V at sweep rates below 10 mV 

s-1.  As a result, the anodic and cathodic peaks overlap at 0.1 mV s-1 (Figure 7.2) and it is in this 

behavior that the similarity to surface redox reactions is most apparent.101  In many lithium-ion 

intercalation materials, the peak separation is significant even in thin films and at slow sweep 

rates (e.g. ΔEp = 0.13 V for LiCoO2 at 0.1 mV s-1).102  This type of behavior is often associated 

with crystallographic phase changes during the faradaic process, and contrasts with 

intercalation materials that form a solid solution, like T-Nb2O5.  Besides identifying facile 

intercalation, the peak voltage separation is related to the high-power capability of a material.  

As the charging time decreases, that is at higher current densities, the peak separation in a 
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battery material increases due to polarization (reflecting the higher overpotentials necessary to 

deliver the higher currents), so that at higher rates the energy required to fully charge the 

material is significantly larger than the energy available upon discharge.  

 

 

Figure 7.2.  Cyclic voltammetry of a thin film electrode of T-Nb2O5 at 0.1 mV s-1.  There is no 

anodic and cathodic peak separation at this timescale.  The irreversible peak at 1.2 V is likely due 

to the formation of the SEI layer, which accounts for the low coulombic efficiency at slow sweep 

rates in the thin film and microelectrodes. 

 

 The high-rate behavior of T-Nb2O5 is not limited to thin films or to experiments with 

small amounts of active material.  The constant-current charge/discharge of a 40-µm thick T-

Nb2O5 (1 mg cm-2) electrode at a 10C rate is shown in Figure 7.3a.  At this rate, the capacity is 

130 mAh g-1 and E varies linearly with Q as expected for a pseudocapacitive process from 

Equation 5.2.  This represents capacities typical of battery materials but at rates closer to those 

of supercapacitors.  The rate capability of T-Nb2O5 from 1-1,000C is shown in Figure 7.3b and 

compared with that of Li4Ti5O12 (of comparable electrode dimensions).103  Li4Ti5O12 is chosen as 

an example of a high-rate lithium-ion anode material.  The rate capability for T-Nb2O5 is 

significantly better than Li4Ti5O12 above 30C and even at a 1,000C-rate the capacity of the thick 
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T-Nb2O5 electrode is ~40 mAh g-1.  The thick electrode results verify that the intercalation 

pseudocapacitance mechanism is not due to thin-film or surface effects, such as vacancies or 

contributions of the first few atoms from the surface.   

 

 

Figure 7.3.  Electrochemical cycling of a 40 µm-thick T-Nb2O5 electrode:  a) Galvanostatic 

cycling of a thick Nb2O5 electrode at a 10C rate.  b) Comparison of the rate capability of T-Nb2O5 

with a high-rate lithium-ion anode, Li4Ti5O12, at various C-rates (Li4Ti5O12 data reproduced from 

Ref. 103). 

 

7.4 Structural Features of Intercalation Pseudocapacitance 

 The high-rate capability of T-Nb2O5 implies that the crystal structure permits 

exceptionally rapid ionic transport.  As shown in Figure 7.4a, the unit cell has sheets of edge- or 

corner-sharing distorted polyhedra lying parallel to the (001) plane, with each Nb5+ surrounded 

by either 6 or 7 O2-. The polyhedra are exclusively corner-sharing along the [001] direction with 

5% of the Nb5+ ions randomly located in 9-coordinate sites between the (001) polyhedral 

planes.104 The mostly empty octahedral sites between (001) planes provide natural tunnels for 
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lithium-ion transport throughout the a-b plane.  Calculations indicate that the (001) plane 

allows degenerate pathways with low energy barriers for ion transport.105 

 

 

Figure 7.4.  Structural features of lithium intercalation in T-Nb2O5:  a) The structure of T-

Nb2O5 stacked along the c-axis demonstrates the layered arrangement of oxygen (red) and 

niobium (inside polyhedra) atoms along the a-b plane. b) Derivative of Nb K-edge x-ray 

absorption near-edge spectra at selected cell voltages, showing a systematic shift to lower 

energies as Nb5+ is reduced to Nb4+.  c) k2-weighted Fourier-transformed Nb K-edge extended x-

ray absorption fine structure at selected cell voltages.   
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 A previous in situ x-ray diffraction (XRD) study showed that the insertion of lithium into 

T-Nb2O5 results in a solid solution with no apparent phase changes,78 and negligible changes to 

lattice constants106 and unit cell volume86 up to ~1.25 Li+/Nb2O5, while in situ x-ray absorption 

spectroscopy (XAS) demonstrated that lithiation reduces Nb5+ to Nb4+.(Ref. 78)  The in situ XAS 

studies carried out here confirm that lithiation results in a continuous change in oxidation state 

(Figure 7.4b) while the Fourier-transform of the extended x-ray absorption fine structure 

(EXAFS) indicates that the insertion reaction proceeds through two stages (Figure 7.4c).  From 

2.5 to 1.75 V, the EXAFS signal from the various Nb-O bond lengths in Nb2O5 (1.40-1.85 Å) 

merges to a single peak at an intermediate bond length (1.75 Å) indicating that lithiation 

increases the Nb-centered symmetry. The lithiation is probably faster at low Li+ levels86 due to 

greater availability of sites and less interaction between cations.  At lower potentials, the new 

EXAFS peak shifts to longer bond distances (1.85 Å) as a consequence of increased Li-O 

interactions at higher Li+ content. These structural studies emphasize the value of an open, 

layered structure to enable rapid ion transport within the active material. 

 

7.5 Conclusions 

 The results presented in this study establish that T-Nb2O5 exhibits electrochemical 

features of a pseudocapacitive material despite charge storage occurring in the bulk. Such 

behavior is consistent with intercalation pseudocapacitance.  The electrochemical features 

indicative of this mechanism are currents that are linearly proportional to the sweep rate, 

capacity that does not vary significantly with charging time, and peak potentials that do not shift 

significantly with sweep rate.  A key “design rule” for intercalation pseudocapacitance at the 

atomic scale is a structure that does not undergo phase transformations upon intercalation.  In 

addition, facile 2D lithium-ion diffusion pathways are important.  Charge storage that behaves 

as a quasi-2D process exhibits similar behavior to 2D surface adsorption reactions.101   These 
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features contrast with those of pseudocapacitive RuO2·xH2O where charge storage occurs mainly 

on the surface or near-surface73–75,107 as summarized in Table 7.1.   

 

Table 7.1.  Comparison between charge storage in two different pseudocapacitive materials:  

RuO2·xH2O and T-Nb2O5 both exhibit capacitive behavior.  The mechanism of charge storage, 

however, is different and results in different structural requirements for high capacitance. 

 RuO2∙ xH2O T-Nb2O5 

Electrolyte H+, aqueous75 Li+, non-aqueous 

Structure Amorphous/nanocrystalline73,107 Crystalline 

Structural water Necessary for proton 

conduction107 

Not necessary 

Charge storage mechanism Surface/near-surface73,74 Bulk 

Pseudocapacitance type Adsorption redox Intercalation 

 

 The results here are exciting because they demonstrate that for charging times as fast as 

1 minute (60C rate), there are no diffusion limitations in T-Nb2O5.  As the high-rate capability is 

due to fast ion diffusion in the bulk, this mechanism may be very good for thick electrodes 

because surface exposure to the electrolyte is not critical. To achieve devices with high energy 

density, further engineering at the nanoscale and beyond will be necessary to preserve the 

atomic scale behavior observed in thin films and microelectrodes.  In particular, maintaining 

proper electronic conduction pathways will be critical. 
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Chapter 8. Pseudocapacitance in TiO2 Nanosheets 

8.1 Introduction 

 This section describes the electrochemical characterization of anatase nanosheets (NS) 

with exposed {001} facets.  A detailed kinetic analysis is used to determine their energy storage 

and rate capabilities as compared to anatase nanocrystals (NCs), as well as to demonstrate for 

the first time the storage of sodium-ions in TiO2.  Nanosheets are intriguing for energy storage 

applications due to the fact that nearly the entire surface of the material can be exposed to the 

electrolyte leading to fast kinetics.  In addition, the material can be engineered to grow in 

particular directions108–110 leading to the exposure of a particular surface facet to the electrolyte.  

Theoretical calculations have shown that anatase surface orientation111 and nanosheet 

thickness112 play an important part in determining the material behavior.  Previous research on 

anatase TiO2 nanosheets113–115 has shown improved electrochemical behavior, but in these cases 

the energy storage properties were investigated with composite electrodes that utilized carbons 

and binders.  While such electrodes are essential for device applications, they make the 

determination of fundamental behavior difficult.  Here, thin-film electrodes without any carbon 

or binder are utilized in order to characterize the behavior of only the nanosheets.   

 

8.2 Methods 

Synthesis.  The solvothermal synthesis of anatase TiO2 NS with exposed {001} facets has been 

reported previously.109  Briefly, 5 mL of benzyl alcohol, 2 mL of oleylamine, and 0.25 mL of 

titanium isopropoxide are sealed in a Teflon-lined autoclave and heated at 180°C for 1 day.  The 

resulting solution is centrifuged and the white precipitates washed with alternating cycles of 

chloroform and ethanol.  The addition of a small amount of water (60 µL) leads to the growth of 

anatase NCs with exposed (010) facets.  To yield dispersions in ethanol, the TiO2 went through a 

7 day ion-exchange process in tetrabutylammonium hydroxide in ethanol to replace the 
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oleylamine.  For electrochemical measurements, the concentration of TiO2 in ethanol was 1 mg 

mL-1. 

Characterization.  Electrochemical behavior was investigated using drop-cast films (~20 µg 

cm-2) of NS and NCs on stainless steel.  The three-electrode measurements were performed with 

lithium metal counter and reference electrodes and 1 M LiClO4 in PC as the electrolyte.  For the 

Na-ion experiments, the cell consisted of sodium metal counter and reference electrodes and 1 

M NaClO4 in PC as the electrolyte.  Cyclic voltammetry was performed from 1 to 100 mV s-1 

between 1 and 3 V (vs. Li/Li+ or Na/Na+).  All electrochemical cells were tested in an argon-filled 

glovebox with H2O and O2 levels < 1 ppm.   

 Powder X-ray diffraction (XRD) was performed on the Rigaku Miniflex II.  X-ray 

photoelectron spectroscopy (XPS) measurements were taken with the Kratos AXIS Ultra using a 

monochromated Al X-ray source at 10 mA and 15 kV and a 20 eV pass energy.  XPS of cycled 

electrodes was performed by rinsing the samples with dimethyl carbonate (DMC) and loading 

them into an inert atmosphere transfer chamber, which was then connected directly to the XPS 

chamber.  All XPS spectra were calibrated to the C 1s peak at 284.9 eV and peak fitting was 

performed with the Casa XPS program using a 70:30 Gaussian-Lorentzian lineshape.   

Transmission electron microscopy (TEM) was performed with the JEOL JEM 1200-EX.  TEM of 

cycled NS material was performed by drop-casting a small amount of NS in ethanol onto a Cu 

TEM grid, which was then used as the working electrode in the electrochemical cell.  Cyclic 

voltammetry was performed for 6 cycles at 10 mV s-1 between 1 and 3 V, then the grid was rinsed 

with DMC and transferred under an inert atmosphere into the TEM with minimal ambient 

atmosphere exposure.  High resolution TEM (HR TEM) was performed with the FEI Titan 

80/300 kV S/TEM.   
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8.3 Results & Discussion 

 XRD of TiO2 NS before and after ion-exchange and TiO2 NC are shown in Figure 8.1.  As 

demonstrated previously,109 the major peaks in the diffraction pattern of these TiO2 NS are at 

48.55 and 62.65° 2θ corresponding to the (200) and (204) reflections of anatase.  The weak 

reflections at 25.4 and 39.25° correspond to the (101) and (004) reflections of anatase.  This type 

of diffraction pattern is indicative of two dimensional crystal growth in the a-b directions with 

ordering along the c direction.  It has been shown previously that the oleylamine ligand binds 

tightly to the (001) facet of the NS and results in a lamellar structure.  After ion exchange, the 

NS become randomly ordered and the diffraction pattern is featureless.  The addition of water to 

the synthesis results in NCs as demonstrated by the fact that the anatase reflections are now 

those of bulk TiO2.   

 

 

Figure 8.1.  XRD of TiO2 nanocrystals (NC), nanosheets (NS), and NS after ion-exchange (NS-

IE).  The reference pattern corresponds to anatase TiO2, JCPDS card #21-1272. 

 

 TEM of the NS and NC after ion-exchange, and the electron diffraction pattern for the 

NS, are shown in Figure 8.2.  The NS exhibit sheet-like morphology, and the thickness of each 
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sheet was previously measured to be approximately 7.5 Å corresponding to molecular layer 

thickness.  The electron diffraction pattern corresponds to anatase TiO2.  The intensity of the 

diffraction rings correlates well with the high intensity peaks in the XRD pattern of the NS 

before ion exchange.  The NCs grow in a rhombohedral morphology of approximately 70 nm in 

length and 40 nm in width.  The HR TEM micrograph for the NS after ion exchange is shown in 

Figure 8.3.  The thin sheet like morphology of the NS is clearly evidenced at the edges of the 

material.  

 

 

Figure 8.2.  a) TEM of NS after ion-exchange and b) corresponding electron diffraction 

pattern indexed to anatase; c) TEM of NC after ion-exchange. 
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Figure 8.3.  HR-TEM of the NS after ion-exchange. 

    

 The cyclic voltammogram (CV) for the first 10 cycles at 10 mV s-1 of NS and NCs are 

shown in Figure 8.4a and b.  In the case of the NS, cycling between 1 and 3 V vs. Li/Li+ initially 

results in a low capacity with cathodic peaks at 2.1, 1.57, and 1.1 V and anodic peaks at 1.44 and 2 

V.  After 10 cycles the CV becomes stable and there is one set of broad peaks at 1.3 and 1.48 V for 

the cathodic and anodic currents, respectively.  During the first 10 cycles, the capacity of the NS 

electrode increases from 99 to 135 mAh g-1.  In addition, there was obvious blue 

electrochromism of the electrode, indicative of reduction of TiO2.  A TEM micrograph of the NS 

after cycling is shown in the inset of Figure 8.4a.  While the material appears to remain in a 

sheet-like morphology, the surface is covered entirely by the SEI layer.  In the case of the NCs, 

the first cycle in the CV results in a set of sharp peaks (at 1.65 and 2.3 V for the cathodic and 

anodic currents, respectively) corresponding to Li+ insertion/de-insertion in bulk anatase.  

There is an additional cathodic peak at 1 V due to either the irreversible insertion of Li+ into the 

NCs or the growth of the SEI on the surface.  Further cycling down to 1 V at 10 mV s-1 reduced 

the capacity from 136 to 67 mAh g-1. 
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Figure 8.4.  CVs at 10 mV s-1 in Li+ for TiO2 a) NS and b) NC.  The inset of a) shows a TEM 

micrograph of the NS after cycling.  After 10 cycles at this rate, the capacity of the NS increases 

while in the case of the NC, it fades. 

 

 The significant peak shift to lower potentials indicates that the lithium storage sites in 

the NS are different from those in the NC.  The shape of the NS CV in Li+ electrolyte has more in 

common with that of TiO2(B)116,117 and particularly hydrogen titanate (H2Ti3O7)118,119 than 

anatase.  While there is a possibility of the NS undergoing a phase transformation during the 

ion-exchange in TBAOH,120 there are no reports of such processes occurring at room 

temperature.  In addition, the electron diffraction pattern taken after ion-exchange does not 

index to H2Ti3O7 or TiO2(B) and furthermore, the ion-exchange process does not transform the 

NC.  During the first 10 cyclic voltammetry cycles, the NS undergo some kind of transformation 

in situ as the capacity increases.  According to theoretical work, the transition from anatase to 

lepidocrocite TiO2 can occur with no energy barrier for a bilayer of anatase oriented along the 

(001) direction.121  Lepidocrocite TiO2 is a building block of the titanates122 which, when 

dehydrated, transform into TiO2(B).117  This close structural relationship between anatase NS of 
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only a few molecular layers and lepidocrocite TiO2 may explain the reason why the NS store Li+ 

at potentials commonly associated with hydrogen titanate and TiO2(B).   

 The XPS scans of the O 1s, Ti 2p and N 1s regions in TiO2 NS before and after cycling at 

10 mV s-1 are shown in Figure 8.5.     For the O 1s region (Figure 8.5a), initially there is a large 

peak corresponding to Ti-O bonds in TiO2 and a smaller broad peak corresponding to hydroxide 

bonds, presumably due to the presence of tetrabutylammonium hydroxide.  After cycling, the O 

1s region contains additional contributions from O-C, O-N, and O-Cl bonds which have to do 

with the composition of the SEI layer.  In the Ti 2p region (Figure 8.5b), before and after cycling 

the oxidation state of Ti corresponds to Ti4+ in TiO2.  The slight shift in the binding energy after 

cycling indicates that some Li+ may remain in the NS.  In the N 1s region (Figure 8.5c) initially 

there is one peak corresponding to the presence of tetrabutylammonium.  After cycling, that 

peak disappears and instead there is a peak corresponding to nitrate, presumably due to the 

presence of lithium nitrate in the SEI products. 

 

 

Figure 8.5.  Core XPS spectra of the a) O 1s, b) Ti 2p, and c) N 1s regions of TiO2 NS before 

and after cycling in a Li+ electrolyte at 10 mV s-1. 

 

 We investigated the kinetics of the NS (Figure 8.6) using several different analytical 

techniques that take advantage of the differences between diffusion and capacitive charge 

storage processes, as described in the previous two chapters.   In Figure 8.6a, the capacity of the 
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NS (Q) is plotted vs. v-1/2 from 1 to 100 mV s-1.  For the NS, up to 20 mV s-1 the Q vs. v-1/2 plot is 

relatively constant.  At this sweep rate the charging time is only 60 sec.  In this region, the 

kinetics are not controlled by semi-infinite diffusion, corresponding well with the fact that the 

material is mostly surface.  After 20 mV s-1 the capacity begins to change rapidly in a linear 

fashion corresponding to diffusion-controlled behavior.      

 In Figure 8.6b, the b-value for the cathodic and anodic peak currents in TiO2 NS is 0.9 

from 1 to 100 mV s-1.  There is a small amount of current that is diffusion-controlled since the b-

value is not 1.  While a small deviation in the linear fit is observed at 20 mV s-1 (log(v) = 1.3), the 

shift to diffusion-control is not as obvious as in the Q vs. v-1/2 plot of Figure 8.6a.   

 Lastly, one hallmark of surface-controlled reactions are small peak voltage offsets, with 

perfect surface-controlled behavior exhibiting 0 V offset at slow rates.101  The ΔEp vs. log(v) plot 

is shown in Figure 8.6c.  In the case of the NS, at 1 mV s-1 the peak voltage offset is 0.14 V 

(Figure 8.7) and remains relatively constant up to 5 mV s-1 followed by significant increase above 

20 mV s-1 which correlates well with the switch to fully diffusion-controlled behavior at faster 

sweep rates.     

 

 

Figure 8.6.  Kinetic analysis of the TiO2 NS cycled in Li+ at various sweep rates, from 1-100 mV 

s-1.  a) Capacity vs. sweep rate-1/2, b) determination of the b-value using the peak current 

relationship to sweep rate, and c) peak voltage separation, ΔEp as a function of sweep rate. 
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Figure 8.7. CV at 1 mV s-1 for TiO2 NS in a Li+ electrolyte for 3 cycles.  The peak voltage offset at 

this rate is 0.14 V. 

 

 To determine where the diffusion contributions occur in the CV plots, we performed a 

more detailed analysis of the current, this time at all potential values for sweep rates from 1 to 10 

mV s-1 (Figure 8.8).  In this analysis, the current at a particular voltage again contains 

contributions from diffusion and capacitive processes:123 

      i(V) = k1v+k2v1/2    (8.1) 

here, k1 and k2 are constants for a particular potential.  Plotting i(V)/v1/2 vs. v1/2 allows for the 

determination of k1 and k2 and thus the capacitive and diffusion contributions for each potential.  

At 1 mV s-1, the result of this analysis is shown in Figure 8.8a.  At this rate 83% of the total 

current (therefore, the capacity) are capacitive in nature.  In the cathodic sweep, the diffusion-

controlled currents appear during the initial Li+ insertion at approximately 1.8 V, at the peak 

voltage, and at 1 V.  In the anodic sweep, there are some diffusion-controlled contributions at 

the peak voltage but mostly around the end of the Li+ de-insertion around 2 V.  At 10 mV s-1 

(Figure 8.8b) the charge storage is 94% capacitive.  The change in kinetic behavior when the 

morphology of TiO2 is varied from NC to NS can be observed by comparing the NS behavior to 7 
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nm NCs.90  In this study, the capacitive contribution at 0.5 mV s-1 was 55%, with the diffusion 

contributions arising at the peak potentials.  The b-value at the cathodic peak potential was 0.55 

in contrast with 0.9 for the NS described here.    

 

 

Figure 8.8.  Separation of the capacitive and diffusion currents in TiO2 NS cycled in Li+, using 

sweep rates from 1-10 mV s-1. a) The capacitive contribution (shaded) at 1 mV s-1 and b) at 10 

mV s-1. 

 

 There appear to be two different diffusion limitations in TiO2 NS: one that appears at 

slow rates and another that appears at fast rates.  The slow-rate diffusion is apparent in Figure 

8.8a and constitutes a small percentage of the overall charge storage.  The other can be 

visualized in Figure 8.6a or c and constitutes the total charge storage at high rates.  The 

rationalization of two different diffusion limitations in electrochromic materials has been 

proposed by Bisquert.124  In this model, there are two types of intercalation sites in a material:  

fast ones, that rapidly transport ions, and slow ones that act as ion-trapping sites.  While the NS 

are considered to be essentially all-surface, the organization of the NS may play a large role in 
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determining the kinetics of the charge storage process and therefore intercalation-like behavior 

is likely taking place.   

 We also performed the electrochemical analysis of NS in a Na+ non-aqueous electrolyte.  

The CVs for TiO2 NS and NCs cycled in this manner are shown in Figure 8.9a.  At 1 mV s-1, the 

NS exhibit a CV that has broad peaks and a reversible capacity of 50 mAh g-1.  The NCs, on the 

other hand, exhibit a mostly rectangular CV except for a cathodic peak at 1 V.  The capacity for 

the NC is 30 mAh g-1.  While in the case of the NC the capacity is probably only due to double-

layer processes (for a TiO2 surface area of 150 m2 g-1, the surface capacitance is 36 µF cm-2), the 

peaks in the CV of the NS indicates that some redox reactions are taking place.  The capacity of 

the NS as a function of sweep rate is shown in Figure 8.9b. The charge storage is highly 

reversible, and while the capacity is not as high as in the Li+ electrolyte there is evidence that the 

open morphology of the NS allows for the storage of the bulkier Na+.  

 

 

Figure 8.9.  TiO2 NS cycled in a Na+ non-aqueous electrolyte. a) CV at 1 mV s-1 for NS and NC 

and b) capacity vs. sweep rate for NS. 

           



87 
 

8.4 Conclusions 

 TiO2 NS exhibit highly reversible and high-rate charge storage in Li+ and Na+ non-

aqueous electrolytes and their CVs are significantly different from those of nanocrystals.  These 

results show that the 2D nanosheet morphology has a profound influence on the potentials and 

the reaction kinetics associated with energy storage in anatase.  Due to the large exposed surface 

of the nanosheets, the rate limiting step for ion storage is a surface-limited process and solid-

state ion diffusion is no longer rate-limiting, even at the peak voltage.  As compared to 

nanoparticles, the peak voltage for lithium insertion in the nanosheets occurs 0.4 V lower.  The 

peak voltage separation is also affected by the change in morphology.  At a cyclic voltammetry 

sweep rate of 1 mV s-1, the peak voltage separation is decreased from 0.36 in the nanoparticles to 

0.13 V for the nanosheets indicating the highly reversible nature of the redox reaction. In 

addition, at a sweep rate of 100 mV s-1 the nanosheets retain approximately 70% of the capacity 

at 1 mV s-1 vs. 20% for the nanoparticles.  Nanosheets possess several features that are 

advantageous for energy storage.  The fact that the thickness is limited to a few atomic layers 

leads to high rate energy storage as all storage sites are located very close to or on the surface.  

Moreover, the openness of the structure enables charge storage to occur with larger ions such as 

sodium. The results of this fundamental study demonstrate that the nanosheet architecture 

allows for the tuning of energy storage properties beyond what is observed with other 

nanostructured morphologies.      
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Chapter 9. Conclusions 

 This dissertation describes the characterization and benefits of nanostructured materials 

for batteries and electrochemical capacitors.  Previous research on nanomaterials for EES has 

focused on the improved kinetics with decreasing particle size.  The research presented here 

reaffirms this idea as well as presents other advantages of these materials for high energy and 

high power EES devices.  The nanostructured materials described— V2O5 aerogels, Nb2O5 

nanocrystals, and TiO2 nanosheets— enable energy storage mechanisms that are not possible in 

the bulk, either due to poor reversibility or poor rate capability.  The characterization methods 

developed in the study of these materials, both in situ electrochemistry and ex situ physical 

characterization, are versatile and can be applied to the characterization of other materials for 

EES.    

 By utilizing V2O5 aerogels, a mesoporous, nanostructured morphology led to improved 

reversibility of a high-capacity Li+ reaction.  For both the crystalline bulk material and the 

aerogel, the first cycle capacity was over 1,000 mAh g-1 when cycled to 0.1 V.  However, on 

subsequent cycles the capacity of the crystalline material decreased while that of the aerogel 

increased then stayed the same.  The reversibility of the aerogel appears nestled in its ability to 

accommodate a large volume expansion from the storage of more than 5 Li+/V2O5 along with any 

structural changes that occur.  In this research, an energy storage reaction that is irreversible in 

the bulk is rendered reversible by using a highly porous material.   

 In Nb2O5, nanoscale dimensionality combined with appropriate atomic-scale structure 

led to intercalation pseudocapacitance, a mechanism whereby intercalation occurs in a 

capacitive manner.  Intercalation pseudocapacitance results in high capacity and high power 

densities because the mechanism is not limited by solid-state lithium-ion diffusion.  This results 

in kinetic behavior that is capacitive, similar to what is observed for EDLCs and surface redox 

pseudocapacitance mechanisms.  However, in these latter mechanisms, surface area is the 

predominant material property that leads to high capacitance values.  For intercalation 
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pseudocapacitance, crystallinity is also necessary, and may be more important than surface area 

in realizing the best high rate performance.  The benefit of this mechanism for EES is that ultra-

high surface area materials are not necessary, and that exposure of the surface to the electrolyte 

is not as critical as it is for EDLCs and surface redox pseudocapacitance. This should result in 

simple electrode architectures for advanced EES devices.               

 Finally, in the case of TiO2 nanosheets the 2D morphology led to an entirely different 

behavior from TiO2 nanocrystals.  These results demonstrated that when materials are ultrathin, 

on the order of a few nm, their properties become even more unlike those of the bulk material.  

While TiO2 nanocrystals exhibit redox peaks and peak voltage offsets at similar potentials to 

bulk anatase, the nanosheets store lithium ions at a lower voltage but with smaller peak offsets.  

This is likely due to the structural organization of several molecular layers of TiO2 which results 

in different lithium-ion site energies from bulk TiO2.  It is now well-known that the 2D material 

graphene exhibits properties that are quite unlike the 3D structure, graphite.  The 

electrochemical behavior of TiO2 nanosheets suggests that 2D analogues of transition metal 

oxides will also differ significantly in their properties from the 3D structures.  

 The performance of EES technologies is limited by the materials that make up the 

electrodes and electrolyte.  The nanostructured materials presented here exhibit properties that 

are significantly better than the currently-available technology in both capacity and power 

capability. One challenge for nanostructured materials in EES devices is that their integration in 

practical electrode architectures remains a challenge.  Their enhanced reactivities extend to 

undesirable side reactions, and these must be mitigated while retaining the benefits of a nano-

architecture.  The challenge is greatest for ultrathin materials such as TiO2 nanosheets and 

highly porous materials such as V2O5 aerogels, which will require advanced electrode 

architectures.  Once these engineering challenges are met, nanostructured materials will lead to 

tremendous improvements in the current EES technologies and extend their use, particularly 

into grid-level energy storage.   
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Chapter 10. Future Work on Metal Organic Frameworks for Electrochemical 

Energy Storage 

10.1 Introduction 

 Transition metal oxides represent the most well-studied class of energy storage 

materials.  In the previous sections, V2O5, Nb2O5, and TiO2 were investigated.  In this section, a 

new class of materials is presented for EES:  metal-organic framework (MOF) materials.  There 

are several reasons why MOFs could be interesting for EES.  As in other applications, the ability 

to design energy storage materials from the bottom-up is a tantalizing opportunity.  A wide 

array of organic linkers can be joined with numerous transition metal oxides to yield new 

materials.125  The linkers can be chosen so that they are electronically conductive for high power, 

and the incorporation of redox active sites or small nanoparticles would increase the energy 

density.  Lastly, these materials offer a cheap alternative for EES materials since their 

composition consists primarily of carbon, oxygen, and hydrogen atoms.  Minimizing the cost of 

EES is an important goal for the development of grid-scale energy storage.27   

 Recently, the synthesis of a class of MOFs utilizing the catecholate linker has been 

reported, termed CAT.126  The catecholate in this case was 2, 3, 6, 7, 10, 11-

hexahydroxytriphenylene (H12C18O6, HHTP), which is a highly conjugated molecule.  This type 

of moiety is interesting for EES because as a result of the conjugation, the CATs exhibit single 

crystal conductivity values between 1.8-2.1x10-1 S  cm-1.(Ref. 126)  In this section, the 

electrochemical behavior of a CAT MOF with a copper transition metal (Cu-CAT) will be 

examined for EES (Figure 10.1).      
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Figure 10.1.  Molecular structure of the Cu-CAT. 

 

10.2 Methods 

Synthesis.  The synthesis of various CATs was reported previously.126  For the Cu-CAT, 1 

equivalent of HHTP was combined with 2 equivalents of copper (II) acetate in water then heated 

at 85°C for 24 hours.  The resulting crystals are ~40 nm in width and 100 nm in length (Figure 

10.2).  The color of the Cu-CAT powder is brown.   

 

 

Figure 10.2.  HR-TEM of the Cu-CAT demonstrates large, layered single crystals.  The actual 

crystal structure of the Cu-CAT is currently unknown.  
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Electrochemical characterization.  The electrochemical behavior of the Cu-CAT was 

investigated by using composite electrodes that consisted of 75 wt.% Cu-CAT, 15 wt.% carbon 

black (Ketjen black), and 15 wt.% PVDF.  The powders were stirred with propylene carbonate to 

form a slurry that was then pasted onto a stainless steel mesh.  The electrode was heated at 

110°C for 12 hours to dry.  Active material loading was between 0.4-1.4 mg cm-2.  The three-

electrode electrochemical cell consisted of 1 M LiClO4 in PC as the electrolyte and lithium foil as 

the reference and counter electrodes.  Cyclic voltammetry was performed between 1.5 and 4 V 

and galvanostatic cycling was performed between 1.8 and 4 V.      

 

10.3 Results and Discussion 

 The CVs at 10 mV s-1 for the Cu-CAT, the HHTP molecule, and Ketjen black in a Li+ non-

aqueous electrolyte are shown in Figure 10.3.  The Ketjen black provides minimal capacity (14 

mAh g-1) and its charge storage is due to the double-layer adsorption process since there are no 

redox peaks in the CV.  The HHTP molecule also exhibits a low capacity (33 mAh g-1) but in this 

case, several cathodic and anodic peaks are present so the capacity is partially due to redox 

reactions.  The Cu-CAT exhibits a broad cathodic current consisting of multiple overlapping 

peaks and there are four identifiable peaks in the anodic sweep.  At this sweep rate, the capacity 

is 70 mAh g-1.  From the figure, it is evident that the electrochemical behavior of the Cu-CAT is 

not due to the conductive additive or the linker molecule by itself.  The Cu-CAT is behaving like 

an entirely new material.  
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Figure 10.3.  a) CVs at 10 mV s-1 for the Cu-CAT, Ketjen black, and HHTP in 1 M LiClO4 in PC 

electrolyte. b) Capacity vs. charging time for the Cu-CAT at sweep rates of 1-100 mV s-1. 

 

 The capacity of the Cu-CAT as a function of charging time (based on a 2.5 V potential 

window) is shown in Figure 10.3b.  The plot exhibits a plateau region after 20 minutes 

corresponding to a stable capacity of 80 mAh g-1.  Diffusion limitations appear after 10 minutes 

and the capacity decreases quickly at faster timescales.  The maximum capacity of 140 mAh g-1 

was determined by performing a galvanostatic experiment at a C/83 rate (Figure 10.4) between 

1.8 and 4 V.  Even at this slow rate, the hysteresis between lithiation and delithiation is ca. 500 

mV, implying the kinetics are fundamentally slow in this material.  The maximum capacity is 

140 mAh g-1.     
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Figure 10.4.  Galvanostatic cycling of the Cu-CAT composite electrode at a C/83 rate between 

1.8 and 4 V. 

 

 The cycling stability of the Cu-CAT is shown in Figure 10.5 at a 1C rate.  The capacity 

after 50 cycles is 78 mAh g-1.  It is interesting to note the increasing hysteresis in the 

galvanostatic plot in Figure 10.5a, which correlates to poorer reversibility as the amount of 

lithium in the material increases.  The material exhibits essentially 100% coulombic efficiency 

over the 50 cycles, and minimal capacity fading is observed (Figure 10.5b).  The first cycle 

capacity is higher than the second, but by the 50th cycle the first cycle lithiation capacity is fully 

recovered.  
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Figure 10.5. a) Galvanostatic cycling profile of the Cu-CAT at a 1C rate between 1.8 and 4 V, 

50th cycle shown. b) Cycling stability for 50 cycles at a 1C rate. 

 

10.4 Conclusions 

 The charge storage mechanism of the Cu-CAT is unknown because the crystal structure 

has not been identified.  While its capacity and rate capability do not outperform the best 

lithium-ion battery materials, they are significantly better than the only other lithium insertion 

MOF reported in the literature, MIL-53.  This MOF, which is based on the oxidation/reduction 

of Fe+3/Fe+2, can achieve a capacity of 70 mAh g-1 at a C/40 rate between 1.5 and 3.5 V.  

Approximately 56 mAh g-1 is achieved for a 1C rate.127   The cycling stability of the Cu-CAT at the 

same rate is 76 mAh g-1.  Other MOFs reported for lithium-ion storage do so by undergoing a 

conversion reaction mechanism at low potentials that results in a decomposition of the MOF 

architecture.128  The Cu-CAT is a promising material for EES due to the low cost and toxicity of 

the Cu transition metal.  It shows good energy storage properties, with a capacity of ~80 mAh g-1 

at a 1C rate that is stable over 50 cycles.   
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