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ABSTRACT 

 

 

 

UNDERSTANDING STRUCTURE PROPERTY RELATIONSHIPS IN NIOBIUM–BASED 

 

OXIDES FOR HIGH-RATE ANODES 

 

 

 

 With the growing usage of portable electronic devices, electric vehicles, and grid level 

storage, a diverse set of energy storage devices is required for each application. Current 

commercial level lithium-ion batteries commonly utilize graphite as the anode material. While 

graphite possesses impressive energy storage, graphite struggles with high (dis)charge 

applications. One class of materials of interest to replace graphite are niobium-based oxides, some 

of which fall into a group of materials called Wadsley-Roth crystallographic shear compounds. 

Wadsley-Roth (W-R) compounds possess unit cells with nxm blocks of edge-shared octahedra, 

which boast high-rate capabilities, having higher volumetric capacities than graphite at various 

(dis)charge rates. While various (W-R) compositions of have been synthesized and their 

electrochemical properties explored, the origin of the excellent rate capabilities and capacities is 

unclear. Herein, niobium-based anodes for high-rate lithium-ion batteries are investigated to 

understand the structure-property relationships in W-R materials with different block sizes, levels 

of disorder, and composition. Additionally, a niobium oxide polymorph falls into a unique class of 

energy storage materials called pseudocapacitors, which possess high energy density while the 

charge storage mechanism mimics that of a capacitor. Sections of this work describe current and 

future investigations of pseudocapacitive niobium oxide to better understand the origin of this 

interesting material. 
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Chapter 1 begins with a brief introduction, background, and motivation on the need for 

high-rate, high-capacity anode materials as an alternative for graphite, to address the growing need 

for high-power, high-energy density materials. Chapter II describes the synthesis of three 

structurally similar W-R compounds with different block sizes and investigates the electrochemical 

performance of each material. Chapters III and IV investigate methods to improve the 

electrochemical performances of W-R compositions through defects and dopants. Chapter V 

investigates the pseudocapacitive niobium oxide that also exhibits high-rate capabilities through a 

process called pseudocapacitance, in which the material possesses electrochemical characteristic 

similar to both batteries and capacitors. In the final chapter, Chapter VI, concludes the dissertation 

by describing further directions necessary to better understand the structure property relationships 

resulting in high-rate, high-capacity niobium-based oxide anodes. 
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CHAPTER I: INTRODUCTION, BACKGROUND, AND MOTIVATION FOR NIOBIUM  

 

BASED ANODE MATERIALS1  

 

 

 

1.1 Niobium Oxide Based Anodes for High-Rate Energy Storage  

 

The growing adoption of renewable energy generation technology demands efficient 

energy storage and rapid delivery systems. To facilitate the transition to a renewable energy-based 

economy, it is essential to develop new materials capable of storing large quantities of charge with 

high energy density and delivering it rapidly with high power. Commercial batteries often use 

graphite as the anode material, but graphite has a significant drawback: lithium tends to deposit on 

its surface at high (dis)charge rates. This can lead to the growth of lithium dendrites during repeated 

cycling, which poses a risk of short-circuiting the cell and causing explosions.3,4 Fundamental 

research on design principles for safe, high-rate anode materials is crucial. One alternative to 

graphite anodes is metal oxides, which possess high working potentials (>1 V vs. Li/Li+) that 

avoid dendrite formation at high rates.5,6 Among transition metal oxides, niobium oxide-based 

anodes are particularly promising for replacing graphite. Specifically, niobium-based Wadsley-

Roth (W-R) crystallographic shear compounds and the pseudocapacitive T-Nb2O5 are materials of 

interest. W-R shear compounds are of interest because they possess fast Li-ion diffusion 

coefficients (DLi+), some of which are two orders of magnitude larger than commercialized 

Li4Ti5O12 (LCO), allowing for fast (dis)charge rates.7,8 Lastly, the power density of un-optimized 

W-R compounds is greater than that of optimized graphite and can exhibit multi-electron reduction 

(greater than 1 Li+/transition metal), resulting in capacities greater than theoretically predicted.  

1This chapter is intended to motivate the work in this dissertation. Portions of this chapter are 

adapted from a National Science Foundation grant (DMR-2046948), cowritten with Luke D. 

Salzer, Dakota B. Lorenz, R. Colby Evans, Brian Diamond, and Justin B. Sambur.  
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T-Nb2O5 is a material of interest because it falls into a unique class of materials called 

pseudocapacitors, which are materials that behave like capacitors, while the charge storage 

mechanism is Faradaic in nature, such as a battery.9–17 These materials store charge in the bulk of 

the material, resulting in improved energy density, with a charge storage mechanism not limited 

by solid-state diffusion, allowing for faster (dis)charge rates. While these materials possess an 

interesting charge storage mechanism, the exact definition of what makes a material 

pseudocapacitive is still unclear. Fundamental questions relating to this class of materials include 

how much charge, and on what time scale is charge inserted into the bulk of material in a rate that 

is not diffusion limited? 

 The following sections will further describe the structures of W-R compounds and T-

Nb2O5, as well as further literature hypotheses on the origins of the impressive electrochemical 

properties present in both. Additionally, a section will provide a dissertation overview of the 

research presented in this work. 

1.2 Structure-Property Relationships in Wadsley-Roth Crystallographic Shear Anodes 

 

Wadsley-Roth materials were investigated extensively in 1965 when the structural motif of 

several compounds was uncovered.18–24  W-R shear structures form n×m blocks of octahedra with 

the block edges being linked through edge shared octahedra, and the block center connected 

through corner shared octahedra. These blocks extend indefinitely in the direction perpendicular 

to the block plane, with some structures possessing tetrahedral sites on the block corners to fill 

void spaces, as shown in Figure 1.1. Additionally, work done by Cava et al. investigated several 

W-R materials and found that lithium can be chemically inserted into the unit cell, setting the stage 

for electrochemical investigations of these materials.25 
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While W-R shear structures have been known since the 1960’s and that it was possible for 

lithium to be inserted in these materials since the 1980’s, it was not until 2018 that they were shown 

to be impressive energy storage materials.7 The material investigated was Nb16W5O55, which 

possesses approximately 225 mAh/g at a C-rate of C/5, or current rate corresponding to a 5-hour 

(dis)charge, and exhibited high-rate capabilities storing 171 mAh/g 5C (12 minute (dis)charge) 

and 148 mAh/g at 20C (3 minute (dis)charge). This fast (dis)charge in Nb16W5O55, is due to high 

Li-ion diffusion coefficients of approximately 2.1×10−12 m2s-1, and low activation energies of 

approximately 0.23 eV between lithium storage sites.7 Figure 1.2 shows a Ragone plot presenting 

the energy density and power density for Nb16W5O55 and graphite, illustrating the high-energy and 

high-rate capabilities of W-R materials. 

  This research sparked a dramatic increase in publications assessing the high-rate 

capabilities of W-R. Recent work has shown that W-R materials possess compositional freedom, 

with publications on Ti-Nb-O, Nb-O, Nb-W-O,  V-Nb-O, and other systems.26–33 Many of these 

possess different block sizes, with TiNb2O7, Nb12WO33, and H-Nb2O5 possessing 3×3, 3×4, and 

Figure 1.1. Unit cell of Nb12WO33, green and grey 

polyhedra represent niobium octahedra and tungsten 

tetrahedral coordination environments respectfully. 

The blue box highlights the 3×4 block size. 
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3x4 and 3×5 blocks respectively. Since each of these materials have similar structural features, all 

belonging to W-R compounds, they each possess impressive electrochemical properties, each  

storing approximately 225 mAh/g at a C-rate of 1C.26,29,34  Furthermore, W-R phases exhibit many 

low energy Li-ion storage sites within the unit cells.  Li-ions can easily travel between Li-ion 

storage sites due to low activation energies between storage sites, resulting in fast Li-ion diffusion 

and diffusion coefficients on the order of 1x10-12 to 1x10-11 m2/s, comparable with current solid-

state electrolytes26,29,34–36 

 

 

While each of these materials has been shown to store large amounts of lithium and 

electrons, some materials have been shown to store more than the predicted theoretical capacity, 

which is 1 Li/electron per transition metal. This property is of significant interest because if a 

transition metal can be reduced multiple times, it would result in higher energy densities. While 

this electrochemical property has been known in W-R compounds for years, the exact structural 

motif allowing for multi-electron redox is unknown. Recent work has shown that isostructural 

PNb9O25 and VNb9O25 possess significantly different electrochemical signatures with just one 

Figure 1.2. Ragone plot comparing the electrochemical 

performances of graphite and the W-R crystallographic 

shear material, Nb16W5O55. (Figure adapted with 

permission from Nature 2018, 559 (7715), 556–563. 

Copyright 2018, Macmillan Publishers Ltd., part of 
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elemental change, with the structures being shown in Figure 1.3.37 Specifically, PNb9O25 was 

found to possess a larger capacity than VNb9O25, exhibiting multi-electron redox even with the 

non-redox active phosphorous being present in the unit cell, with PNb9O25 storing 230 mAh/g 

compared to 175 mAh/g found with VNb9O25 at a C-rate of C/10.  Interestingly, when cycled at a 

slower C-rate of C/20, VNb9O25 can insert more lithium than PNb9O25, storing approximately 13.5 

and 10.3 lithium ions per unit cell on the first discharge respectively. However, upon cycle two, 

the number of lithium ions inserted in VNb9O25 drops by more than 3, indicating irreversible 

reduction of vanadium and niobium. This indicates that atomic substitutions in the unit cell may 

be a method to optimize electrochemical properties.  

Moving from atomic substitutions altering the electrochemistry of W-R compounds, the 

edge-sharing octahedra along the shear plane plays a significant role in the electrochemical 

properties of certain W-R compounds. Often, the octahedra occupying sites along the shear plane 

are more distorted than the corner-sharing octahedra in the block center. Once lithiated, the edge-

sites undergo structural changes which results in a decrease in the degree of distortions.38,39 This 

structural rearrangement can lead to the unit cell parameter perpendicular to the block plane 

expanding with inserted Li-ions, while the block plane initially expands, then contracts, and then 

expands again. These lattice parameter contractions result in a near-negligible volume expansion, 

resulting in low mechanical stress when lithiated, aiding in cycle stability and reversibility. 

Additionally, recent work has shown that upon lithiation, the metal centers in the edge-sharing 

sites structural changes results in d orbital overlap.39 This orbital overlap may cause metal-metal 

bond formation, lowering the energy states of the traditionally non-bonding t2g orbitals forming 

new, more stable molecular orbitals. The formation and role metal-metal bonding plays on the 
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electrochemical performance in transition metal oxides is an interesting question to explore and 

may help explain the excellent electrochemical performance of W-R shear compounds. 

 

While W-R crystallographic shear compounds all possess similar structure motifs, there 

are some structural differences present in the Nb-W-O class of W-R materials. In this group, there 

have been significant investigations on the 3×4 Nb12WO33, 4×4 Nb14W3O44, and 4×5 Nb16W5O55 

structures shown in Figure 1.4. As the block size increases, the probability of W occupancy 

changes, with each composition exhibiting a preference for tungsten occupying the tetrahedral 

position on the block edges. However, both the 4×4 and 4×5 block sizes show a probability of W 

occupancy in the block center. Griffith et al. conducted ex-situ X-ray absorption spectroscopy at 

different levels of lithiation for the 4x5 and found a slight initial preference for tungsten reduction 

at low levels of lithiation, followed by a monotonic change in the oxidation state of both niobium 

and tungsten upon further lithiation. Due to W occupying both the block center and tetrahedral 

Figure 1.3. Super cells of PNb9O25 and VNb9O25 with phosphorous and vanadium occupying the tetrahedral sites, 

blue blocks highlight the 3×3 block size. 
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sites in the 4x5, the order of reduction as well as lithium site occupancy in these larger block sizes 

is still unclear, as is the role the tetrahedral site plays.  

 

 With the understanding that W-R crystallographic shear compounds possess impressive 

energy densities and power densities, the motivation to conduct fundamental research to 

understand the origin behind these properties is clear. In the work presented here, we conduct 

research to better understand the structure property relationships owing to the fast lithium-ion 

diffusion, high capacity, and cyclability these materials possess.  

1.3 Defining and Understanding Pseudocapacitance 

 

Current electrochemical energy storage materials generally fall within two categories, 

electric double layer capacitors (EDLCs) or batteries. Figure 1.5 shows a Ragone plot for various 

electrochemical energy storage technologies, plotting the rate of energy output (as power density, 

y axis) vs the total energy available (energy density, x axis). EDLC’s and other capacitors possess 

high-power densities, showing they can deliver high (dis)charge rates. This is because capacitive 

charge storage occurs at surface sites, not limited by solid-state diffusion. Batteries have high 

energy density because their charge storage mechanism utilizes Faradaic or redox reactions 

Figure 1.4. Unit cells of (a) Nb12WO33, (b) Nb14W3O44, and (c) Nb16W5O55, the blue blocks highlight the 3×4, 4×4, 

and the 4×5 block sizes respectfully. Figure reused with permission ACS Appl. Energy Mater. 2023, 6, 3, 1685–

1691, Copyright 2023 American Chemical Society 
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throughout the bulk of the material. However, storing charge in the active materials results in lower 

(dis)charge rates due to slow solid-state diffusion of inserted ions. Ideally, next generation energy 

storage materials would possess properties of both capacitors and batteries, possessing high power 

and energy.  

 
 

Pseudocapacitive materials are of interest for these next generation electrochemical energy 

storage systems because they possess both high-energy through the reduction of the system 

through faradaic charge transfer, as well high-rate charging due to the charge storage mechanism 

being non-diffusion limited, mimicking the electrochemical kinetics of a capacitors. There has 

been significant research in identifying materials that display pseudocapacitance, which can be an 

intrinsic feature to a material, such as RuO2*nH2O, MnO2, and Nb2O5.11,40–42 Furthermore, 

pseudocapacitance can be induced, known as an extrinsic pseudocapacitor through 

nanostructuring, where the increased surface area and smaller particle sizes results in decreased 

diffusion distances, allowing for faster charge storage through the following equation.43–45 

Figure 1.5. Ragone plot comparing the EDLC and 

battery performance. Figure adapted with permission 

from ACS Energy Lett. 2017, 2, 2581-2590, Copyright 

2017 American Chemical Society 
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t = 𝐿!/𝐷"#$                     

Where t is the time required to charge or discharge a particle, L is diffusion length, and DLi is the 

lithium-ion diffusion coefficient. By nanoscaling the material, the diffusion length and time to 

(dis)charge decrease, resulting in higher power density.46 

The work conducted by Conway et al. focused on investigating the electrochemistry of 

materials for energy storage and has helped provide the basis for the main method of stating if a 

material is pseudocapacitive or not.14,47 This is through the examination of the scan-rate 

dependence of the current when running cyclic voltammetry experiments by deconvoluting the 

current response and surface limited (𝑑𝑖/𝑑𝑠 = constant = capacitance) or diffusion limited 

(𝑑𝑖/𝑑𝑖%/! = constant = battery). Additionally, a combination of these processes can occur, in which 

the current response is provided by 𝑖(𝑉) = 𝑘%𝜈 + 𝑘!𝜈
%/!, where 𝑘% and 𝑘! are constants, 

independent of scan rate and v is scan rate. This equation allows for identification of the charge 

storage mechanism, where a linear plot for 𝑖(𝑉)	𝑣𝑠	𝜈 would indicate surface limited processes, a 

linear plot for 𝑖(𝑉)	𝑣𝑠	𝜈%/! indicates a diffusion limited process.47 

The work done by Dunn et al. attempted to examine the total charge from cyclic voltammetry 

through the extension of Conway et al, seminal work. 11,47,48 This breaks down the current 

contributions into the faradaic contribution as well as the non-faradaic or capacitive contribution, 

including the pseudocapacitive contribution through variable scan rate cyclic voltammetry, 

according to the following equation.14,49 

𝑖 = 𝑎𝑣'              

Where i is peak current (anodic or cathodic peak), v is scan rate, and a and b are adjustable 

parameters, with the b value being calculated by taking the log of current (i) peak vs. the log of 

the scan rate (mV/s) shown in the following equation, and finding the slope of the line.  

log(𝑖) = 𝑏 ·log(𝑣)+log(𝑎) 
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In this analysis, surface limited (capacitor-like) kinetics results in a peak current that changes 

linearly with scan rate corresponding to a b-value of 1. For a b-value of 0.5, the peak currents are 

proportional to the square root of the scan rate (𝑣), indicating that the current response is diffusion-

limited (battery-like). Simply put, if the current peaks in a CV scale linearly with the scan rate, the 

material is described as a pseudocapacitor. This analysis is a relatively easy method of 

investigating if electrochemical energy storage materials exhibit pseudocapacitive properties, 

where 𝑖V curves possessing peaks indicative of charge transfer (redox) can have their charge 

storage mechanism evaluated. If the power law analysis shows that the b value is 1, the material 

of interest is storing charge in a non-diffusion limited (or capacitive) mechanism. This approach 

has been used in investigating a wide variety of materials and has greatly added to the field of 

pseudocapacitors.  

 However, while the power-law analysis can be a powerful tool in an electrochemist’s 

toolbox, there are some issues with the widespread use of this technique to assess if a material is 

pseudocapacitive or not. One issue is an over assignment of materials into the pseudocapacitor 

class of materials. Commonly, the power-law analysis is conducted, and a b value between 1 

(capacitive-like) and 0.5 (battery-like) is obtained, indicating a mix of both non-diffusion and 

diffusion-limited charge storage mechanisms are occurring. Often, if a material exhibits a b value 

greater than 0.5, it is assigned to be pseudocapacitive, diluting the class of materials and the 

definition of pseudocapacitance. Another issue is related to the time in which charge is stored, 

capacitors possess high-power and can be fully charged and discharged in a matter of seconds.50 

Often, the power-law analysis occurs in slow scan-rates taking minutes to hours to fully 

(dis)charge. This discrepancy between the time constraints has physical implications, where slow 

scan-rates may result in materials showing pseudocapacitance. An example of this is with LiCoO2, 
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which is a common cathode material originally researched by Nobel Laureate, John B. 

Goodenough.  Aurbach et al. conducted slow scan rate CV and found that the prototypical battery 

material displayed current peaks that scaled linearly with scan rate, indicative of 

pseudocapacitance.51 There lies the problem, simply because a material displays non-diffusion 

limited charge storage behavior, is it a pseudocapacitor if the scan rates it shows this phenomena 

are significantly slower than what it would take to (dis)charge a capacitor?  

 In addition to this question, there is discontent with the descriptions of the physical 

processes that occur for pseudocapacitive charge storage. With some proponents insisting that the 

classical definition of pseudocapacitance. Which is a linear dependence of the charge stored with 

changing potential in a potential window of interest, in which the charge storage is due to electron 

transfer mechanisms, and not the adsorption of ions in the electrochemical double layer.9 

Unfortunately, this definition as enlarged to cover other characteristics, some of which are 

provided below. 

• Cyclic voltammetry (CV) experiment non-Faradaic or capacitive like current (i) scales 

linearly with the potential scan rate (v), while Faradaic, or diffusion-limited current scales 

linearly with v1/2.42,48 

• Galvanostatic or current controlled experiments, the potential vs capacity profile is linear 

in capacitive like systems, while diffusion-limited systems possess non-linear profiles 

with plateaus.52 

•  Impedance experiments a capacitor possess a vertically line in a Nyquist plot, where has 

more diffusion-limited processes possess deviations from this, with purely diffusion-

limited charge storage kinetics exhibiting a 45-degree angle in a Nyquist plot.13 
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Through the utilization of the power-law analysis, the total current varies with scan-rate 

and implies that increase v drives the response toward the capacitive charge storage mechanism, 

which can be the case, shown in Figure 1.6.53 However, what is assigned to be pseudocapacitive 

charge storage could also be associated with a cyclic voltammetry response due to ohmic drop, 

present in many semiconducting or insulating metal oxides, or slow charge transfer kinetics.54–56 

This indicates that the common power-law analysis can often be improperly utilized if other 

conditions previously mentioned occur, and that researchers should use caution when utilizing this 

common method to identify pseudocapacitive materials. 

 

 Additionally, Costentin and Savéant have conducted significant research in better 

understanding the physical processes relating to surface limited, diffusion limited, and 

pseudocapacitive charge storage mechanisms.55–57 One important addition was addressing the 

popular notion that pseudocapacitance arises from multiple faradaic redox processes with a 

distribution of potentials, resulting in the square, capacitive like cyclic voltammetry. Through their 

theoretical analysis, the CV responses never mimic a square CV as observed in experimental 

results and must be due in part to previously mentioned origins. 

Figure 1.6. Kinetics analysis of the electrochemical behavior 

toward Li ions for the NH3−Ti3C2Tx electrode. electrode at 

various scan rates from 0.1 to 2 mV s−1. (a) Determination 

of capacitive contribution from the CV data. (b) 

Contribution percentage of capacitive (orange) and 

diffusion-controlled (green) capacities at different rates for 
NH3−Ti3C2Tx. Figure reused with permission from J. Phys. 

Chem. C 2019, 123, 2, 1099–1109, Copyright 2018 

American Chemical Society 
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 Overall, pseudocapacitors are a unique class of electrochemical energy storage materials 

because they can store a significant amount of charge in a short time. However, there are still 

unanswered questions on what a pseudocapacitor is, the timescales pseudocapacitance is present, 

and the physical and electrochemical processes occurring. In the work presented here, we attempt 

to help answer these questions.  

1.4 Overview of the Following Dissertation Chapters 

 

Herein, investigation on niobium oxide-based anodes for lithium-ion batteries reveals 

structure-property relationships and provides information on possible design principles for next 

generation, energy storage materials as well as contributes to fundamental understanding and 

descriptions of the electrochemical performances of these materials. The research presented here 

consists of understanding the role the block-size, crystallinity, and elemental composition plays in 

lithium diffusion, capacity stored, and cycle stability in W-R crystallographic shear compounds. 

Additionally, the work here helps clarify the definition of pseudocapacitors by providing 

descriptions for the electrochemical signatures through cyclic voltammetry. 

In Chapter II, our work is aimed at identifying structure property relationships relating to 

block size in a series of structurally similar W-R crystallographic shear compounds. This work was 

published in American Chemical Society, Applied Energy Materials (Salzer, L. D.; Diamond, B.; 

Nieto, K.; Evans, R. C.; Prieto, A. L.; Sambur, J. B. Structure–Property Relationships in High-Rate 

Anode Materials Based on Niobium Tungsten Oxide Shear Structures. ACS Appl. Energy Mater. 

2023, 6 (3), 1685–1691. https://doi.org/10.1021/acsaem.2c03573.) In this work, we synthesized 

Nb12WO33 (3×4), Nb14W3O44 (4×4), and Nb16W5O55 (4×5) via high temperature, solid-state 

reactions and fabricated coin cells for electrochemical testing. Through galvanostatic cycling and 

potentiostatic intermittent titration technique (PITT), the capacity stored, cyclability, and lithium-
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ion diffusivity were investigated.  The results indicate that the symmetric, 4×4 compound stores 

the largest capacity despite having the second highest theoretical capacity and is more reversible. 

Additionally, PITT reveals that as you increase the block size, the number of low energy tunnels 

for lithium transport increases, resulting in an increase in lithium-ion diffusion coefficients, 

resulting in Nb16W5O55 (4×5) possessing the best high-rate capabilities. Furthermore, Nb12WO33 

(3×4), possessed both the lowest capacities and lithium-ion diffusivity, warranting further work to 

improve these electrochemical metrics. 

Chapter III builds off the work in Chapter II, which attempted to improve the 

electrochemical performance of Nb12WO33. Two methods were attempted to improve the capacity 

of Nb12WO33, first we systematically substituted molybdenum for tungsten in Nb12WO33, 

resulting in MoxNb12W1-xO33. Second, we synthesized each substituted composition slowly to 

improve the crystallinity of the samples and quickly to introduce disorder. In this work we 

synthesized each sample with high temperature solid-state reactions and fabricated coin cells to 

test the electrochemistry of each sample. From the galvanostatic cycling we found that the 

introduction of molybdenum improved the capacity stored for both fast and slow samples. 

Additionally, each quickly synthesized sample possessed a statistically significantly improvement 

in capacity stored when compared their slowly synthesized counterparts. The work presented here 

is being prepared for publication. 

Chapter IV is an extension of both Chapter II and III, where we similarly substituted 

molybdenum for tungsten in Nb14W3O44 (4×4). These samples were made again through high 

temperature solid state reaction and coin cells were fabricated to assess the electrochemistry. The 

Nb14W3O44 (4×4) sample is different than Nb12WO33 (3×4) through both the increased block size, 

as well as the interior of the block possessing cation disorder, with a probability of niobium or 
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tungsten occupying different sites. The addition of molybdenum into the unit cell further adds to 

the structural complexity in which there is now a probability of molybdenum occupying the same 

sites. Through powder x-ray diffraction (PXRD) and Raman spectroscopy, we believe that both 

tungsten and molybdenum prefer the tetrahedral site in Nb14W3O44 and Mo3Nb14O44 respectfully. 

In addition, the Raman spectroscopy of mixed compositions, MoNb14W2O44 and Mo2Nb14WO44, 

reveals the molybdenum prefers the tetrahedral site over tungsten, hinting at preferential 

occupancies. Similarly to MoxNb12W1-xO33, the introduction of molybdenum into MoxNb14W3-

xO44 results in an increase in capacity stored. The work presented here is being prepared for 

publication. 

Chapter V focuses on adding to the current definition of pseudocapacitance. This was done 

by investigating the pseudocapacitive material, T-Nb2O5. T-Nb2O5 was synthesized through solid-

state syntheses and coin cells were fabricated to test the electrochemistry. These cells were then 

cycled with slow scan rate cyclic voltammetry (SSCV) to probe the domains in which the charge-

storage mechanism is surface-limited or diffusion-limited. SSCV reveals two important features, 

the first is that the peak separation between anodic and cathodic peaks was lower than predicted 

for an electrochemically reversible, Nernstian system, underlying the charge storage mechanism 

mimics that of a self-assembled monolayer. In these systems, the redox active material is 

chemically bound to the electronically conductive substrate, resulting in no diffusion processes. 

The second feature revealed through SSCV are peak features that have yet to be observed in 

previously reported literature, indicating that the electrochemical reduction and oxidation 

processes are more complex than believed.  

The final chapter, Chapter VI, concludes the dissertation by describing further directions 

to continue understanding the structure property relationships in W-R crystallographic shear 
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compounds and pseudocapacitive materials. Some examples of future research projects are 

provided here. For W-R materials, it was hypothesized the strength of Jahn-Teller distortions may 

play a role in the electrochemical performances in ternary metal oxides.38 Previous work in 

Chapters III and IV have shown that molybdenum substitution ( a stronger second order Jahn-

Teller distorted than both niobium and tungsten) has improved the performance of both 3×4 

Nb12WO33 and 4×4 Nb14W3O44.58 It would be interesting to systematically investigate the role 

distortions play on the electrochemistry of W-R materials. Moreover, it is hypothesized that metal-

metal bonding can occur in W-R materials when lithiated.39 A systematic investigation of the role 

the edge sites play would greatly improve the understanding of W-R compounds. To better 

understand pseudocapacitive materials, modeling each of the fundamental charge storage 

processes that could be occurring would greatly add to field. Understanding these fundamental 

processes and relationships, as well as developing tools, characterization techniques, and models 

to study niobium-based anode materials, will lay the foundation for next generation energy storage 

systems with high energy densities, and long cycle life. 
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CHAPTER II: STRUCTURE-PROPERTY RELATIONSHIPS IN HIGH-RATE ANODE  

 

MATERIALS BASED ON NIOBIUM TUNGSTEN OXIDE SHEAR STRUCTURES2 

 

 

 

2.1 Overview 

Nb16W5O55 emerged as a high-rate anode material for Li-ion batteries in 2018 (Griffith et 

al., Nature 2018, 559 (7715), 556–563). This exciting discovery ignited research in Wadsley-Roth 

(W-R) compounds, but systematic experimental studies have not focused on how to tune material 

chemistry and structure to achieve desirable properties for energy storage applications. In this 

work, we systematically investigate how structure and composition influences capacity, Li-ion 

diffusivity, charge-discharge profiles, and capacity loss in a series of niobium tungsten oxide W-

R compounds: (3×4)-Nb12WO33, (4×4)-Nb14W3O44, and (4×5)-Nb16W5O55. Potentiostatic 

intermittent titration (PITT) data confirmed that Li-ion diffusivity increases with block size, which 

can be attributed to an increasing number of tunnels for Li-ion diffusion. The small (3×4)-

Nb12WO33 block size compound with preferential W ordering on tetrahedral sites exhibits single 

electron redox and, therefore, the smallest measured capacity despite having the largest theoretical 

capacity. This observation signals that introducing cation disorder (W occupancy at the octahedral 

sites in the block center) is a viable strategy to access multi-electron redox behavior in (3×4) 

Nb12WO33. The asymmetric block size compounds (i.e., (3×4) and (4×5) blocks) exhibit the 

greatest capacity loss after the first cycle, possibly due to Li-ion trapping at a unique low energy 

 
2This work was published in the American Chemical Society, Applied Energy Materials (Luke D. 

Salzer; Brian Diamond.; Kelly Nieto; R. Colby Evans; Amy Prieto.; Justin Sambur. ACS Appl. 

Energy Mater. 2023, 6 (3), 1685–1691). Luke D. Salzer performed experiments, analyzed data, 

and wrote the manuscript. Brian Diamond performed experiments and analyzed data. Kelly Nieto 

and assisted with coin cell measurements and discussions. R. Colby Evans assisted with materials 

synthesis and characterization. Justin Sambur assisted in data analysis and manuscript preparation. 
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pocket site along the shear plane. Finally, the slope of the charge-discharge profile increases with 

increasing block size, likely because the total number of energy-equivalent Li-ion binding sites 

also increases. This unfavorable characteristic prohibits the large block sizes from delivering 

constant power at a fixed C-rate more so than the smaller block sizes. Based on these findings, we 

discuss design principles for Li-ion insertion hosts made from W-R materials. 

2.2 Introduction 

One limitation of graphite anodes in Li-ion batteries is Li metal grows from the electrode 

surface when the cell is cycled at high rates, resulting in catastrophic failure when metallic 

dendrites pierce the separator and contact the cathode.2–5 Transition metal oxides are being 

explored as safe alternatives to graphite because lithium dendrite formation does not occur under 

fast charge/discharge conditions.6,7 Of  the potential candidates (e.g., TiO2, Nb2O5, and Li4Ti5O12 

(LTO)), Wadsley-Roth (W-R) crystallographic shear structures are attractive anode materials 

because they exhibit multi-electron redox (beyond 1.0 Li+/transition metal) and extraordinarily fast 

Li-ion diffusion coefficients (DLi+) that are two orders of magnitude greater than commercialized 

LTO.1,8 Griffith et al. showed that the power density of an un-optimized W-R compound, 

Nb16W5O55, exceeded that of optimized graphite.1 This discovery inspired substantial research 

effort to understand how the unique structural features of niobium tungsten oxide (NbWO) W-R 

materials contributes to their high-rate capability in a Li-ion battery. 

W-R shear structures consist of n×m blocks of corner-sharing octahedra connected to 

neighboring blocks via edge-sharing octahedra (see Scheme 2.1).9–12 The blocks extend 

indefinitely in the direction perpendicular to the n×m block plane. In some structures, tetrahedral 

sites are present at the block corners to fill voids. These W-R phases exhibit many low energy Li-
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ion binding sites within the large tunnels of the block structure (Scheme 2.1).13,14 The large number 

of energy equivalent sites results in low, 0.2-0.3 eV, activation barriers for Li-ion diffusion and 

room temperature DLi+ values on the order of 1×10–12 to 1×10–11 m2/s, highly competitive with 

state-of-the-art solid state electrolytes.13,15  

 

 

Scheme 2.1. Crystal structures of a) (3×4)-Nb12WO33, b) (4×4)-Nb14W3O44, and c) (4×5)-Nb16W5O55. The grey and 

green polyhedra represent the tetrahedral and octahedral coordination environments, respectively. The blue lines 

indicate the shear planes and define the block size. The green, yellow, and blue numbered circles represent the pocket, 

horizontal window, and vertical window Li-ion binding sites according to Koçer et al.14 (Arrows indicate 2-fold 

rotation in a) (3×4)-Nb12WO33 and c) (4×5)-Nb16W5O55 and a 4-fold rotation in b) (4×4)-Nb14W3O44)  

 

In principle, vast parameter space exists to optimize functional properties via their 

chemistry, stoichiometry, block size, and characteristic block joining,12 but few systematic studies 

focusing on structure-property relationships exist for this exciting class of high-rate energy storage 

materials. For example, the literature hypothesis states that Li-ion diffusivity increases with 

increasing W-R block size due to the number of energy equivalent tunnels for long range lithium 

diffusion.14 Evaluating this hypothesis is significant because it would establish a key 

structure/property relationship for researchers developing fast-charging W-R materials. 

Furthermore, theoretical capacity decreases with increasing block size (Figure A1), but this trend 

has not been experimentally validated. Confirming this theoretical capacity trend could aid 

materials discovery efforts by pin-pointing a block size from which to tune chemistry and 

stoichiometry. 
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Several research groups have investigated NbWO W-R compounds (e.g., Nb12WO33,12,16,17 

Nb26W4O77,18,19 Nb14W3O44,12,19,20 Nb16W5O55,
1

 and Nb18W8O69
15), but the performance metrics 

obtained from those studies reflect a mixture of bulk and nanoscale/structured materials in different 

electrode formulations and configurations. Capacity loss has been reported in Nb12WO33, 

Nb14W3O44, and Nb16W5O55,1,20,21 but systematic studies have not focused on the possible Li-ion 

trapping sites in the different block compounds. In summary, no systematic studies exist that 

compare functional properties (e.g., capacity, charge/discharge profiles, ionic diffusivity, and 

capacity loss) versus block size for a nominally equivalent particle morphology and 

electrochemical cell design.  

In this work, we systematically investigated the capacity, capacity loss, charge-discharge 

curves, and DLi+ as a function of block size in the Nb2O5-WO3 system using (3×4)-Nb12WO33, 

(4×4)-Nb14W3O44, and (4×5)-Nb16W5O55. We focused on these compounds because they share the 

same block connectivity (i.e., joined by tetragonal site at the block corners, Scheme 2.1). Keeping 

this structural motif consistent is important because the blocks connected by tetragonal sites have 

different Li-ion binding sites than those that do not.12 We confirmed the literature hypothesis that 

DLi+ increases with block size. However, the charge/discharge profile becomes steeper and steeper 

with increasing block size, which hinders those compounds from delivering constant power. We 

discuss trends in capacity and capacity loss that can be attributed to structural features among the 

Nb2O5-WO3 series.  

2.3 Results and Discussion 

 W-R compounds were synthesized via high temperature solid state reactions.1,9,12 Different 

compositions were accessed by adjusting the mole ratio and heating rate (see Methods for 

details).9,12,15 In a typical reaction, stoichiometric ratios of NbO2 and WO2.9 precursors were 
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ground by hand using a mortar and pestle, pressed into a pellet, loaded into a platinum crucible, 

and heated to 1,200 ºC in air. The powder products were ground in a mortar and pestle for powder 

X-ray diffraction (XRD) and scanning electron microscopy (SEM) analyses. Figure 2.1 shows 

XRD data and SEM images of the reaction products that targeted (3×4)-Nb12WO33 (space group 

C2), (4×4)-Nb14W3O44 (space group I4/m), and (4×5)-Nb16W5O55 (space group C2). Rietveld 

refinement indicated each sample’s phase purity exceeded 90%, consistent with Griffith et al,22 as 

well as the following trends that have important consequences for multi-electron redox behavior 

discussed below: (1) preference for W6+ at the tetrahedral site for Nb12WO33, (2) W6+ occupancy 

at the octahedral sites in the block center for (4×4)-Nb14W3O44 and (4×5)-Nb16W5O55, and (3) and 

significant cation disorder for (4×4)-Nb14W3O44 and (4×5)-Nb16W5O55.14,15,23  

The reactions produced samples with nearly equivalent particle morphologies (Figure 2.1a-

c), specifically  micron-size particles with subhedral to euhedral columnar crystal habit, in 

agreement with literature.1,15 The major axis dimensions of (3×4)-Nb12WO33 and (4×4)-Nb14W3O44 

samples were nearly identical (1.1 ± 0.2 µm and 1.2 ± 0.3 µm, respectively, for N = 100 particles 

and the error represents the standard deviation). The average particle size of the (4×5)-Nb16W5O55 

sample was slightly larger (1.7 ± 0.4 µm, N=100). In summary, we synthesized a series of W-R 

samples with similar particle size and morphology so we could compare how the electrochemical 

properties and ionic diffusivity trends change with increasing block size. 
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Figure 2.1. Morphology and structural characterization of niobium tungsten oxide W-R compounds. (a-c) SEM images 
and (e-f) XRD data of (3×4)-Nb12WO33, (4×4)-Nb14W3O44, and (4×5)-Nb16W5O55. The solid red lines represent 

Rietveld refinement results. All scale bars in (a-c) are 10 μm. 

 

 Next, we evaluated the electrochemical properties of the W-R compounds as Li-ion 

insertion hosts under nearly identical conditions. We designed electrodes and chose experimental 

procedures that maximized the possibility of observing how electrochemical properties change 

with block size, rather than optimize battery performance. To do so, we constructed coin cells 

using an 8:1:1 ratio of active material, conductive carbon, and binder because this ratio has been 

shown to minimize ohmic losses of the intrinsically poorly conducting oxide particles.24,25  

Additionally, we employed slow galvanostatic cycling conditions (<C/3) that further minimize 

ohmic losses and enhance hidden features in differential capacity plots.  

 Figure 2.2a-c shows the (dis)charge curves for (3×4)-Nb12WO33, (4×4)-Nb14W3O44, and 

(4×5)-Nb16W5O55, respectively. For all compounds, the discharge curve can be divided into three 

potential regions (denoted by horizontal lines in Figure 2.2a-c and vertical lines in Figure 2.2d-f). 
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We discuss the (dis)charge curve of (3×4)-Nb12WO33 only because all compounds exhibit the 

following characteristics. In Region I (Figure 2.2a), the potential rapidly decreases from 3.0 V to 

2.0 V vs Li/Li+ with increasing x in LixNb12WO33 until an inflection point occurs at x = 1. Then, in 

Region II, the potential gradually drops from 1.90 to 1.75 V with increasing lithiation content until 

x = 10. Finally, in Region III, the potential decreases to 1.0 V. The first discharge capacity is 203 

mAh/g, in agreement with literature values for samples synthesized via a high temperature solid 

state reaction.16 Upon de-lithiation of (3×4)-Nb12WO33, the potential quickly increases from 1.00 

to 1.19 V. In Region II, the potential monotonically increases until an inflection point occurs at 

approximately 1.80 V. Lastly, the potential increases rapidly in Region III from 2.0 to 3.0 V vs 

Li/Li+. The first charge capacity is 179 mAh/g, corresponding to 88% coulombic efficiency (CE) 

after the first cycle (Figure A1.2). The low CE after the first cycle suggests irreversible Li-ion 

trapping in the host, which has been suggested in the literature and will be discussed below.13 
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Figure 2.2. Charge/discharge curves (20 cycles at C/3) of a) Nb12WO33, b) Nb14W3O44, and c) Nb16W5O55 and 

differential capacity plots of d) Nb12WO33, e) Nb14W3O44, and f) Nb16W5O55. Insets in (d-f) represent the potential 

range from 1.95 to 2.30 V. 

One noticeable trend in the charge-discharge profiles is the increasing sloping profile from 

left to right in Figure 2.2a-c, which manifests in peak broadening for the Region II peak in the 

dQ/dV plots (Figure 2.2d-f). We observe a strong positive correlation between the full width at 

half maximum (FWHM) of the Region II peak and the total number of Li-ion binding sites in the 

unit cell (Figure A1.3). Hence, introducing a larger number of energy equivalent Li-ion binding 

sites likely causes the redox reactions to occur over a broader range of potentials, inducing a 

steeper voltage profile with increasing block size. The observation indicates a structural limitation 

of the large block size compounds because flat voltage profiles are highly desirable for delivering 
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constant power in energy storage applications. One strategy to address this sloping voltage profile 

issue is to tune the redox potentials of the Li-ion binding sites via transition metal doping in the 

block center or along the shear plane. 

Another critical observation from the cycling data Figure 2.1 is the measured capacity does 

not decrease with block size. We expected to observe a monotonic decrease in capacity with 

increasing block size (Figure A1.1). However, (4×4)-Nb14W3O44 exhibited the highest specific 

discharge capacity upon lithiation (260 mAh/g after first discharge), while (3×4)-Nb12WO33 and 

(4×5)-Nb16W5O55 exhibited 203 and 232 mAh/g, respectively (Figure 2.2a-c). To understand the 

origin of our observations, we examined the ratio of measured capacity to theoretical capacity 

assuming 1 Li+/transition metal (Figure A1.4), including literature data for (5×5)-Nb18W8O69 

synthesized via a high temperature solid state reaction.15 Interestingly, (3×4)-Nb12WO33 is the only 

compound that does not exhibit multielectron redox; all other compounds exhibit approximately 

1.4 Li+/transition metal. The structurally unique feature of (3×4)-Nb12WO33 is W ordering on the 

tetrahedral sites, in agreement with literature and observed in our Rietveld analyses.14 As the block 

size increases, the probability of W occupancy in the block center increases.14 Since X-ray 

absorption spectroscopy measurements of (4×5)-Nb16W5O55 clearly show W is responsible for 

multielectron redox behavior, we conclude that (3×4)-Nb12WO33 exhibits lower capacity than the 

larger block compounds because tetrahedral W sites do not contribute to multi-electron redox 

behavior.1 Indirect evidence for this hypothesis exists in the literature. For example, Saritha et al. 

compared the capacity of (3×4)-Nb12WO33 electrodes synthesized via a high temperature solid 

state reaction and a low temperature sol-gel route, which reached approximately 19 Li+/transition 

metal.16 The authors observed discharge capacities greater than 1 Li+/transition metal for the sol 

gel material, which we believe stems from cation disorder in the material synthesized at low 
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temperature (W occupancy in the block center). Yan et al. also observed multi-electron redox (1.2 

Li+/transition metal) in nanostructured (3×4)-Nb12WO33 synthesized via electrospinning followed 

by sintering at 1000 °C, where significant cation disorder may also be present in the material.17 In 

summary, we hypothesize that W occupancy in the block center is responsible for multi-electron 

redox behavior in the larger block sizes and, therefore, introducing W disorder in (3×4)-Nb12WO33 

materials is a viable strategy to access >1 Li+/transition metal. 

Next, we analyzed the capacity loss trends as a function of block size (Figure 2.3). The 

asymmetric block compounds (e.g., m≠n in (3×4)-Nb12WO33 and (4×5)-Nb16W5O55) exhibit 

greater capacity loss than the symmetric (4×4)-Nb14W3O44 material. Specifically, (3×4)-Nb12WO33 

and (4×5)-Nb16W5O55) show >12% capacity loss whereas (4×4)-Nb14W3O44 exhibits 8% capacity 

loss. Distinct features appear in the dQ/dV plots of the “asymmetric” block structure compounds 

(i.e., (3×4) and (4×5)) that could explain the structural origin of the greater capacity loss. The 

asymmetric block compounds exhibit a single, sharp irreversible peak in Region I of the initial 

discharge cycle of the dQ/dV plots (inset Figure 2.1d,f-insets). On the other hand, (4×4)-

Nb14W3O44 and (5×5)-Nb18W8O69 exhibit two broad and relatively more reversible peaks in 

Region I (Figure 2.2e-inset and reference 15). We hypothesize that (3×4)-Nb12WO33 and (4×5)-

Nb16W5O55 exhibit one peak in Region I because 1 Li+ inserts into a low energy 5-fold coordinated 

“pocket” site at the shear plane (site 12 in Scheme 2.1a and site 17 in Scheme 2.1c). Koçer et al.’s 

first principles calculations suggested that this pocket site is a low energy, highly stable Li-ion 

binding site that is likely responsible for ion trapping in NWO compounds.13 An alternative 

possibility is that the first Li-ion inserts in the symmetry unique site in the block center of the 

asymmetric compounds (site 1 in Scheme 2.1a,c). These results provide insight into how unit cell 
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symmetry may affect capacity retention and highlight the need for future work to elucidate the 

lithiation mechanism and site ordering in W-R phases. 

 

Figure 2.3. Capacity loss, defined as the discharge capacity for each cycle divided by the first discharge capacity, for 

(3×4)-Nb12WO33, (4×4)-Nb14W3O44, and (4×5)-Nb16W5O55.  

 Finally, we tested the literature hypothesis that Li-ion diffusivity increases with increasing 

block size.15 To do so, we performed PITT measurements on cycled coin cells (see Methods) to 

minimize the influence of cycle-dependent performance that occurs for freshly made coin cells. 

Adapting the approach of Aurbach et al.,26 we applied 25 mV potential steps from 1.0 to 2.0 V and 

fit the current-time data for t > 30 min. This condition yields a slope equal to 
(!"#)

$

*"$
	,27 where L is 

the particle length. In this work, we define L as half the major axis dimension as determined by 

particle size analysis (N = 100 particles) from SEM images. We focus on PITT measurements 

starting from the unlithiated state because the compounds are more electronically conducting in 

the lithiated condition, and we suspect the insulating nature of the intrinsic oxides could influence 

the DLi+ values when the potential is swept from 2.0 to 1.0 V. Figure 2.4a shows the resulting DLi+ 

values versus potential for (3×4)-Nb12WO33, (4×4)-Nb14W3O44, and (4×5)-Nb16W5O55. DLi+ values 

show a peak-like feature between 1.2-1.3 V, in agreement with literature, and then remain 

approximately potential independent over the range of 1.5-2.0 V.1,13,17 The DLi+ peak feature could 
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be due to the unique lattice expansion mechanism with increasing x. The average Li-ion diffusion 

coefficient over the potential range of 1.4-1.6 V increases with increasing block size (Figure 2.4b), 

confirming the literature hypothesis that increasing the number of energy equivalent tunnels in the 

block structure increases Li-ion diffusivity. This important structure-property relationship holds 

whether performing PITT experiments or analyses starting from the lithiated state (Figure A1.5).  

 

 

Figure 2.4. (a) Li-ion diffusion coefficient versus applied potential, as determined via PITT 

measurements for the cathodic sweep from 1.0 to 2.0 V. (b) Average DLi+ values for the potential 

range of 1.4-1.6 V (error bars indicate standard deviation). 

 

2.3 Conclusion 

We synthesized a series of NbWO W-R compounds to investigate how block size 

influences electrochemical properties and performance metrics of interest for high-rate 

electrochemical energy storage applications. The DLi+ values increase with increasing block size, 

suggesting the larger block size compounds may be superior anode materials for high-rate 

applications. However, increasing block size does not lead to a monotonic increase in capacity: 

(4×4)-Nb14W3O44 possesses the largest discharge capacity, followed by (4×5)-Nb16W5O55 and 

(3×4)-Nb12WO33. The low capacity for the (3×4)-Nb12WO33 compound stems from its inability to 
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access multi-electron redox behavior, further signaling that octahedral W sites are responsible for 

multi-electron redox behavior in the larger block sizes. Furthermore, the block symmetry affects 

capacity retention: the asymmetric (3×4)-Nb12WO33 and (4×5)-Nb16W5O55 compounds exhibit 

greater capacity loss, likely due to a low energy Li-ion trapping site along the shear plane. Lastly, 

W-R compounds with larger block sizes exhibit steeper and steeper charge/discharge profiles, 

which limits their ability to deliver constant power in energy storage applications. This sloping 

voltage profile trend may be due to the larger block sizes possessing more lithium storage sites 

with a broader range of Li-ion binding energies and environments. The structure-property 

relationships reported herein should extend to other W-R compounds and, therefore, guide the 

development of novel W-R compositions for electrochemical energy storage applications.  

2.4 Methods 

2.4.1 Synthesis and structure characterization  

The samples were produced using high tempersature solid-state synthesis following 

literature protocols.1,9,12 All three compostions were synthesised from stoichimetric ratios of NbO2 

(Alfa Aesar) and WO2.9 (Alfa Aesar); for example, 1.64 g of NbO2 and 0.25 g of WO2.9 were 

required to synthesize (3×4)-Nb12WO33. The solid powders were ground in an agate mortar and 

pestle and pressed into a pellet using a hydrolic press (Caver Model: 4350.L) at 2 tons of pressure.  

The pellets were placed in a platinum crucible and heated in air in a Thermo Scientific Lindberg 

Blue M tube furnace. To access the (3×4)-Nb12WO33 and (4×4)-Nb14W3O44 compounds, the pellets 

were heated from 25°C to 1200°C over a 10 hr period (2 °C/min) and then cooled to 25°C in 10 

hours. The (4×5)-Nb16W5O55 compound was prepared by heating the pellet from 25°C to 1,200 ºC 

at 10 ºC/min and cooling to 25°C. The pellets were ground using a mortar and pestle before 

materials characterization. The samples were characterized by powder XRD using a Bruker D8 
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Discover DaVinci – Powder Diffractometer (Cu Kα radiation). Scanning electron microscopy 

analyses were performed on a JEOL 6500 field emission SEM.  

2.4.2 Battery assembly and electrochemical measurements  

Half-cell batteries were constructed in an argon glove box using stainless steel coin cells 

(MTI, CR2032 cases, with a polypropylene sealing gasket), a stainless-steel conical spring, a 

stainless-steel spacer, a polypropylene (MTI Corp) and glass microfiber (Whatman) separator. 

These electrodes had an active material:carbon:binder mass ratio of 8:1:1. The metal oxide, 

conductive carbon (Super P), and polyvinylidene fluoride binder were hand ground in an agate 

mortar and pestle. The mixture was dispersed in N-methyl pyrrolidone (NMP, Sigma-Aldrich) 

before doctor-blading a 100 µm-thick film on a copper substrate and dried in a vacuum oven 

overnight at 150°C. The dried half cells were punched into ½ inch electrodes. These electrodes 

served as the cathode and lithium metal served as the anode. The electrolyte containing 1M LiPF6 

dissolved in a 1:1 volume ratio of ethylene carbonate/dimethyl carbonate (EC/DMC, Sigma 

Aldrich) was dropped (approximately 80µl) onto the separators. The cells were then pressed with 

0.9 tons of pressure using a compact digital pressure controlled electric crimper (MTI MSK-160E). 

 The coin cells were cycled on an Arbin battery tester (LBT-20084) using the following 

procedure. The cells rested for 12 h prior to cycling so that the added electrolyte had adequate time 

to saturate the separators. Following the resting period, the cells were cycled at low C-rates (<C/3), 

which was calculated for each compound using its theoretical capacity for one-electron transfer 

per transition metal. The potential window for galvanostatic cycling was 1.0 V to 3.0 V vs Li+/Li. 

PITT measurements were conducted using a CHI potentiostat (Model 1200 series) over the 

potential range of 1.0 to 2.0 V vs. Li/Li+ in potential steps of 25mV. The current for each potential 

step was measured for 45 minutes. We fit the i-t response for t > 30 min, according to literature.26,27 
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A 15-minute wait time was applied after each potential step to allow the cell to reach steady state 

conditions. 
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CHAPTER III: STRUCTURAL DISORDER AND MOLYBDENUM SUBSTITUTION 

 

 ENABLE MULTI-ELECTRON REDOX IN THE CRYSTALLOGRAPHIC SHEAR  

 

COMPOUND MoxNb12W1-xO33
3

 

 

 

 

3.1 Overview 

 

 Transition metal oxide Wadsley-Roth crystallographic shear compounds are promising 

alternatives to graphite for high-rate Li-ion battery applications, but open questions remain 

regarding how to tune their structure and composition for desired electrochemical properties such 

as lower working potential, enhanced capacity, and increased cycle stability. Our work addresses 

two key questions in a class of niobium oxide-based W-R compounds that outperform graphite in 

laboratory cells: (1) How does transition metal substitution influence redox mechanisms and the 

electrochemically active density of states (DOS) that determine the working potential?; (2) How 

does the degree of second order Jahn-Teller (SOJT) distortion of the transition metal octahedra 

along the crystallographic shear plane influence the structural stability of the compound under 

repeated cycling?1,2 To answer these questions, we systematically investigated a series of nearly 

phase pure MoxNb12W1-xO33 and defect-rich D-MoxNb12W1-xO33 samples, as evidenced by 

experimental and computational Raman spectroscopy as well as X-ray diffraction and Rietveld 

refinement analyses. We focused on Mo doping because it exhibits larger SOJT distortion than Nb 

and W d0 cations. Galvanostatic cycling revealed that Mo substitution for W alters the 

electrochemically active DOS and activates multi-electron redox (either Nb5+ to Nb3+ or Mo6+ to 

3Luke D. Salzer performed experiments, analyzed data, and wrote the manuscript. Cami 

Christensen and Claire Y. Gervais both performed experiments and analyzed data. Dani Lustig 

assisted with scanning electron microscopy measurements. Gil M. Repa, Zachary J. Knepp, and 

Prof. Lisa A. Fredin from Lehigh University for the computational Raman work. 
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Mo4+), likely via a metal-metal bonding redox mechanism involving edge shared Mo-Nb octahedra 

along the shear plane. The defective samples generally exhibited higher capacities, likely due to 

the presence of Wadsley defects (e.g., intergrowth of W4Nb26O77 in a matrix of Nb12WO33) that 

further lower Li-ion binding energetics and alter Li-ion transport paths. Mo-rich samples exhibit 

greater capacity loss with additional cycling, possibly due to the inability of severely distorted Mo 

octahedra from “rocking” back and forth during lithiation/de-lithiation cycles or particle fracturing 

incurred at high lithiation levels. These findings are crucial as they inform Wadsley-Roth material 

design strategies aimed at systematically increasing capacity by optimizing metal-metal bonding 

energetics along the shear plane and reducing capacity loss through the second order Jahn-Teller 

effect. 

3.2 Introduction 

 

Transition metal oxide Wadsley-Roth (W-R) crystallographic shear compounds are 

promising anode materials that could replace graphite in high-rate Li-ion battery applications. 

Wadsley, Roth, Allpress, and Anderson established the structural principles of W-R 

crystallographic shear structures in the 1960s.3–10 In 1983, Cava et al. chemically lithiated niobium 

oxide W-R phases with oxides of titanium, vanadium, tungsten, germanium, and tungsten 

vanadium oxides.11 Later, in 2018, Grey and co-workers demonstrated niobium tungsten oxide W-

R materials (W-R Nb16W5O55 and a tungsten bronze Nb18W16O93) exhibit higher volumetric 

capacity and superior rate capabilities compared to traditional graphite anodes.1 A major advantage 

of niobium oxide-based W-R anode materials is that they operate outside the potential window 

where lithium dendrites form, positioning them as safe electrodes for high-rate energy storage 

applications.12,13 While these W-R phases demonstrate considerable structural and chemical 

tunability, a significant unresolved question for this class of materials is how to precisely adjust 
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their composition and structure to optimize desired properties such as capacity, operating voltage, 

and cyclability. Developing robust structure-property relationships is challenging in W-R phases 

because transition metal cations can occupy various sites within the crystal structure, and even 

minor changes in site occupancy can greatly impact electrochemical properties. Moreover, defect 

phases frequently form in these compounds, complicating the attribution of new functional 

properties to intentional compositional changes or unintended structural modifications. 

One interesting feature of W-R compounds is that small compositional changes can greatly 

alter electrochemical properties. For example, Preefer et al. synthesized isostructural PNb9O25 and 

VNb9O25 and discovered that these compounds store approximately 11 and 14 electrons and Li-

ions per formula unit, respectively, at slow charge rates.14 However, when the charge/discharge 

rate increases by an order of magnitude, PNb9O25 still stores approximately 11 electrons per 

formula unit, while VNb9O25’s storage capacity decreases to approximately 9 electrons. Other 

literature examples of this phenomena include Nb-O, W-Nb-O, Ti-Nb-O, P-Nb-O, and V-Nb-

O.1,14–19 This dramatic change in charge stored with one elemental substitution highlights the 

importance of understanding how structure-property relationships can guide design principles for 

next-generation energy storage materials. 

The structural motif shared by all W-R crystallographic shear compounds is the n×m blocks 

of edge-sharing octahedra, where corner-sharing octahedra occupy the block center, with blocks 

extending perpendicular to the block plane.3 Additionally, tetrahedral sites can be present in the 

block corners to fill void spaces. We recently investigated how the block structure influences Li-

ion diffusivity, capacity, and cycle stability in 3×4 Nb12WO33, 4×4 Nb14W3O44, and 4×5 

Nb16W5O55.20 Li-ion diffusivity increased with block size, in agreement with theoretical 

predictions,16,21,22 and the symmetric 4×4 Nb14W3O44 compound exhibited higher capacity and 
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reversibility than the asymmetric 3×4 Nb12WO33 and 4×5 Nb16W5O55. Koçer et al. conducted first-

principles density functional theory calculations to understand how the crystallographic shear 

structure promotes cycle stability.21 Their computational work revealed that the shear plane plays 

a key role in an anisotropic lattice expansion/contraction mechanism during lithiation/de-lithiation 

cycles, which buffers the volume expansion of the material. However, it is unclear how transition 

metal substitution along the shear plane influences structural stability during cycling. A specific 

question that our work addresses is “How does the degree of second order Jahn-Teller distortion, 

or the off-centering of the d0 transition-metal cations that are octahedrally coordinated by oxygen, 

influence the structural stability of the compound under repeated ion insertion/de-insertion 

cycles.” 

Another important but underexplored open question in W-R niobium oxide anode materials 

is how does elemental substitution influence the reduction-oxidation (redox) mechanisms and Li-

ion battery performance? Koçer et al. hypothesized that the impressive capacity of W-R materials 

originates from the variety of low energy lithium storage sites with different local environments.21 

However, the community lacks rational design principles to alter the Li-ion binding energetics via 

substitutional doping. One interesting approach is to explore elemental substitution along the shear 

plane. Recent first-principles electronic structure calculations by Saber et al. revealed an 

unconventional redox mechanism upon Li-ion insertion in the LixTiNb2O7 W-R phase that results 

in the formation of metal−metal bonds between Nb octahedra along the shear plane.14 This metal 

dimer redox mechanism significantly impacts the structure by shortening cation-pair distances, 

which subsequently affects the lattice parameters of the host and can impact Li-ion site preferences 

as the Li concentration changes.14,21 An interesting open question that our work addresses is “How 

does elemental substitution along the shear change the energetics of the t2g orbitals involved in 
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metal-metal bonding and, therefore, influence the electrochemically active density of states (DOS) 

and working potential of the electrode?”.  In this work, we chose to study Mo substitution for W 

because metal-metal bonding has been reported in molybdenum oxides, such as LiScMo3O8, and 

because Mo exhibits the larger SOJT distortion than Nb and W d0 cations.23–25 

Finally, an overlooked nuance in W-R material synthesis is “How does the synthetic 

procedure (e.g., high-temperature solid-state synthesis, sol-gel growth, or microwave 

synthesis20,26,27) influence material crystallinity and purity that ultimately determine the functional 

properties?” Subtle differences in experimental conditions can lead to the formation of defect 

phases, like Wadsley defects, which are not easily identifiable by powder X-ray diffraction 

(PXRD). These defects, which can involve the intergrowth of another W-R phase within the matrix 

of another (e.g., W4Nb26O77 in a matrix of Nb12WO33), can enhance specific capacity, rate 

capability, and stability, as seen in the crystallographic shear compound H-Nb2O5.28–30 This raises 

the question: how does the community determine if a performance increase in W-R materials is 

due to intended structure or doping changes, or an unintended minor impurity phase? To address 

this question, we systematically investigated how Mo substitution for W influences Li-ion 

insertion electrochemistry of MoxNb12W1-xO33. Recognizing that the synthetic procedure likely 

dictates the crystallinity and phase purity of the final products, we also explored how different 

synthetic conditions impact the phase purity of the compound, including the addition of Mo. 

In this work, we aim to better understand how elemental substitutions and synthetic 

methods affect the electrochemical performance of W-R crystallographic shear compounds. To 

tackle these critical questions, we systematically investigated MoxNb12W1-xO33 compounds 

synthesized via high temperature solid-state reactions with different reaction conditions to 

deconvolute elemental substitution versus phase purity effects on electrochemical performance. 
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We discovered that substituting Mo for W activates multi-electron redox behavior, likely because 

Mo cations can occupy edge-shared octahedral sites along the shear plane and participate in metal-

metal bonding with neighboring Nb octahedra. However, the enhanced capacity in Mo-rich 

compounds is accompanied by poor cycle stability. We attribute the electrochemical irreversibility 

to the inability of severely distorted octahedra on the shear plane from “rocking” back and forth 

during lithiation/de-lithiation cycles. Structural disorder also increases the discharge capacity in a 

series of defect-rich samples, likely due to the presence of Wadsley defects that lower Li-ion 

binding energetics. 

3.3 Experimental      

 

3.3.1 Synthesis of nearly phase pure W-R compounds 

Five MoxNb12W1-xO33 (x = 0.00, 0.25, 0.50, 0.75, 1.00) samples were synthesized by first 

grinding stoichiometric ratios (12:1:0, 48:3:1, 24:1:1, 48:1:3, 12:0:1) of NbO2 (Alfa Aesar, 99%), 

WO2.9 (Alfa Aesar, 99%), and MoO3 (Thermo Scientific, 99%), respectively, using an agate 

mortar and pestle. In this work, x is defined by the molar ratio of starting precursors. The ground 

mixtures were pressed into pellets with a hydraulic press (Caver Model: 4350.L) using 2 tons of 

pressure. The x = 0.00, 0.25, and 0.50 pellets were heated in a Thermo Scientific Lindberg Blue 

M tube furnace from room temperature to 1200°C at a rate of 1°C min–1, held at 1200°C for 12 

hours, and then cooled to room temperature at a rate of 1°C min–1. The setpoint temperature and 

ramp rates were adapted from literature.1,20 The x = 0.75 and 1.0 pellets were heated from room 

temperature to 900°C, held at 900°C for 12 hours, and then cooled to room temperature at a rate 

of 10°C min–1, following literature.31  
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3.3.2 Synthesis of defect-rich W-R compounds 

Four defect-rich samples, denoted as D-MoxNb12W1-xO33 compounds (x = 0.00, 0.25, 0.75, 

1.00), were synthesized by grinding stoichiometric ratios (12:1:0, 48:3:1, 48:1:3, 12:0:1) of NbO2, 

WO2.9, and MoO3, respectively, using an agate mortar and pestle. The ground mixtures were 

pressed into pellets with a hydraulic press at 2 tons of pressure. The x = 0.0 and 0.25 pellets were 

heated in the same tube furnace from room temperature (~20°C) to 1200°C at a rate of 10°C min–

1, held at 1200°C for one minute, and then cooled to room temperature at a rate of 10°C min–1. The 

x = 0.75 and 1.0 samples were heated from room temperature to 900°C, held at 900°C for one 

minute, and then cooled to room temperature at a rate of 10°C min–1. We were unable to prepare x 

= 0.5 defect-rich samples due to growing concerns that the fast 10°C min–1 ramp rate would induce 

furnace damage.   

3.3.3 Sample Characterization  

The crystal structures of the compounds were characterized by powder x-ray diffraction 

(PXRD) using a Bruker D8 Discover DaVinci – Powder Diffractometer (Cu Kα radiation). 

Scanning electron microscopy (SEM) analyses were performed on a JEOL 6500 field emission 

SEM. Raman spectroscopy was performed on an Olympus IX-73 optical microscope with a 785 

nm Oxxius SA LBX-785HPE laser source and a 20× NA0.95 air objective (Olympus PlanFL 

N20X). The Raman system was calibrated using the Stokes and anti-Stokes peaks of a Si standard 

sample at –521 and 521 cm–1, respectively.  

 Simulated diffraction patterns were generated with VESTA using the Nb12WO33 

crystallographic information file (CIF) obtained from the Inorganic Crystal Structure Database 

(ICSD coll. Code 23799). The CIF from the ICSD was changed from the C2 space group to C2/m 

when conducting the Rietveld refinement for each composition, with the overall occupancy of the 
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tetrahedral changed from 1 to 0.5 due to this unit cell change, allowing for the possibility for 

tetrahedral occupancy at [0.00 0.25 1.00] and [0.00 0.75 1.00].  

3.3.4 Computational details  

Nb12WO33 and Nb12MoO33 structures from the Materials Project database were fully 

optimized (atoms and lattice vectors) at the PBEsol/pob-TZVP-rev2 level of theory with the 

CRYSTAL17 code. 32  92 atom supercells were optimized without symmetry on a dense 6x6x6 

k-point grid. Frequency calculations were conducted on the optimized structures to determine the 

phonon frequencies and the normal modes on a computationally feasible 1x6x1 k-point grid. 

Analytical Raman intensities were calculated in CRYSTAL17 with the INTRAMAN keyword.32–

34 Experimental conditions such as the temperature 300 K and the Raman laser wavelength (532 

nm) were taken into account using the RAMANEXP keyword. 

3.3.5 Half-cell construction 

Coin cell batteries were constructed in an argon glove box using the following components: 

stainless steel cases (MTI Corp, CR2032), a stainless-steel wave spring (MTI Corp, CR20WS), a 

stainless-steel spacer (MTI Corp, CR20-Spacer-05), and a glass microfiber (VWR, 691) separator. 

The metal oxide composite electrode was prepared by grinding an 8:1:1 ratio of W-R particles, 

conductive carbon (Super P, Alfa Aesar), and polyvinylidene fluoride binder (PVDF, Sigma 

Aldrich) in an agate mortar and pestle. The metal oxide composite electrode is the cathode and 

lithium metal is the anode in this coin cell geometry. This mixture was dispersed in N-methyl 

pyrrolidone (NMP, Sigma-Aldrich) until the solution was slightly viscous. A doctor blade was used 

to cast a 100 µm-thick film onto a copper substrate. The film was dried overnight in vacuum at 

150°C. The dried film was punched into several ½ inch electrodes and transferred into an argon 

glove box. Coin cells were constructed with the MTI coin cell case using a ½ inch diameter lithium 
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metal electrode and a 5/8th inch diameter separator with 80.0 µL of electrolyte containing 1M LiPF6 

dissolved in a 1:1 volume ratio of ethylene carbonate/dimethyl carbonate (EC/DMC, Sigma 

Aldrich) was pipetted onto the separator. The cathode was placed on the separator after it had 

become saturated with electrolyte, followed by the stainless-steel spacer, spring, and finally the 

end cap. The cells were pressed with 0.9 tons of pressure using a compact digital pressure 

controlled electric crimper (MTI MSK-160E). The cells rested for 12 hours before electrochemical 

measurements were performed to allow the electrolyte to fully saturate the separator. Data in this 

study stems from 3 coin cells for Nb12WO33, Mo.25Nb12W.75O33, Mo.5Nb12W.5O33, 

Mo.75Nb12W.25O33, and MoNb12O33 and N = 4-, 2-, 3-, and 4-coin cells for D-Nb12WO33, D-

Mo.25Nb12W.75O33, D-Mo.75Nb12W.25O33, and D-MoNb12O33, respectively. 

3.3.5 Electrochemical Testing 

The coin cells were cycled on an Arbin battery tester (LBT-20084) at a C-rate of C/3, in 

which C-rate is the current which a battery is discharged relative to its theoretical capacity. The 

theoretical capacity is calculated by, 𝑄+,-./-+#012 = 𝑛𝐹/3.6𝑀, where 𝑛 is the number of electrons 

transferred per formula unit, 𝐹 is Faraday’s constant, 3.6 is a conversion factor between coulombs 

and mAh/g, and 𝑀 is the molecular weight. The C-rate was calculated according to following 

equation:	𝐼 = (𝑄+,-./-+#012 ×𝑚)/𝑡, where 𝐼 is the current applied, 𝑚 is the mass of active material, 

and 𝑡 is time in hours.  

3.4 Results 

 

We synthesized two series of MoxNb12W1-xO33 W-R samples using different reaction  

conditions in an attempt to deconvolute how intentional chemical substitution effects (i.e., Mo for 

W) influences electrochemical properties as opposed to unintentional morphology, crystallinity, 
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and/or phase impurity contributions to the electrochemical properties. Researchers typically 

synthesize niobium tungsten oxide W-R compounds at high temperatures (>900°C) for long times 

(>12 h), but it remains unclear how specific reaction temperature and time conditions influence 

the product phase purity and electrochemical cycling behavior in Li-ion containing 

electrolytes.1,20,26,35,36 We hypothesize that maintaining high reaction temperatures for long times 

promotes the formation of phase pure products and minimizes defect formation, such as Wadsley 

defects or inter-growth of impurity phases that will be discussed in more detail below.9,16,30 To test 

this hypothesis, we synthesized two different Mo-substituted W-R samples using the same 

precursors but different reaction conditions. To do so, we hand-ground stoichiometric ratios of 

NbO2, WO2.9, and MoO3 in a mortar and pestle, pressed the powder into a pellet, and heated both 

samples to the same set point temperature, but with different ramp rates and setpoint temperature 

hold times. One reaction condition involved slowly heating (1°C min−1) the sample to the setpoint 

temperature and maintaining that temperature for 12 h. The other reaction condition involved rapid 

heating (10°C min−1) and maintaining the set point temperature for only 1 min.  

Stoichiometric ratios of NbO2, WO2.9, and MoO3 were ground by hand in a mortar and 

pestle, pressed into a pellet, and heated to a setpoint temperature using different ramp rates and 

setpoint temperature hold times. One reaction condition involved slowly heating (1°C min−1) the 

sample to the setpoint temperature and maintaining that temperature for 12 h. The other reaction 

condition involved rapid heating (10°C min−1) and maintaining the set point temperature for only 

1 min.  

Figure 3.1a compares background subtracted experimental PXRD patterns for the 

MoxNb12W1-xO33 compounds that were slowly heated and maintained at the setpoint temperature 

for 12 h to model diffraction patterns for Nb12WO33 (CIF collection code 23799, C2 space group) 
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and MoNb12WO33 (C2 space group). All peaks in the experimental diffraction patterns match those 

in the model patterns, indicating that the reaction condition produces the desired W-R product and 

no residual NbO2, WO2.9, and MoO3 starting materials remain after the heating procedure. The 

peak positions do not shift dramatically with increasing x because W and Mo are isovalent (i.e., 

VI) in the non-lithiated state and both elements have similar ionic and crystal radii. However, the 

prominent experimental XRD peak positions located between 23 º and 26º 2𝜃 differ from the model 

pattern (see Figure 3.1b). We performed a Rietveld refinement analysis utilizing a C2/m space 

group to understand the origin of the peak shift (see Experimental section for details). An example 

of the Rietveld refinement is shown in Figure A2.1, in which the lattice parameters (a, b, c, and β) 

where refined. We can see the discrepancy between the experimental and model peak positions is 

explained through the refinement, with the fit peak positions now closely matching the experiment, 

indicating that our synthesized samples possess unit cells slightly smaller than the CIF acquired 

from the ICSD. Furthermore, this analysis revealed each sample contained >95 wt % of the desired 

MoxNb12W1-xO33 composition. Therefore, we refer to these samples as nearly phase pure.  

The samples heated rapidly and for less total time exhibit diffraction peaks that can also be 

attributed to the C2/m space group (Figure A2.2), indicating that the short reaction condition also 

yields products with the desired crystallographic shear structure and composition. However, close 

examination of the PXRD data revealed peak broadening compared to the nearly phase pure 

samples (Figure 3.1b). To understand the origin of the XRD peak broadening, we performed 

Rietveld refinement analysis and included several possible phase impurities, several of which are 

also W-R crystallographic shear compounds that are known to form under these reaction 

conditions: Nb14W3O44, H-Nb2O5, Nb12O29, and Nb22O54.15,19,20,30,37 Introducing one possible 

phase into the Rietveld analysis procedure effectively reduces the error between the data and the 



52 

 

fit. However, we could not conclude from Rietveld error analysis alone which impurity phase is 

most likely present in these samples. We note that characterizing these materials is challenging 

through PXRD and Rietveld refinement analysis alone is challenging due to the possibility of 

transition metals occupying different sites, and the similarity of atomic scattering factor between 

niobium and molybdenum.38,39 However, literature evidence strongly suggests that the peak 

broadening effect is likely due to the presence of other W-R phases or structural defects; Li et al. 

showed similar PXRD peak broadening effects in H-Nb2O5 samples that could be attributed to 

structural defects that could only be confirmed by high resolution electron microscopy.40 Other 

possible explanations for the peak broadening include enhanced strain, crystallite size, twinning, 

and/or stacking faults.41–46 Particle size effects cannot entirely explain the peak broadening effect 

because SEM imaging (Figure A2.3-Figure A2.4) and subsequent particle size analysis (Table 

A2.1-Table A2.2) revealed similar particle morphologies and dimensions, especially for the 

MoNb12O33 samples. Regardless of the exact origin of the peak broadening, we conclude that 

quickly ramping the temperature to a setpoint and holding the reaction mixture for a short time 

promotes defect formation. For these reasons, we refer to the samples synthesized rapidly and for 

a short react time as defect-rich (D-MoxNb12W1-xO33). We discuss how impurity phases or 

structural defects could possibly influence the electrochemical properties in the Discussion section. 
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Next, we utilized Raman spectroscopy to attempt to identify the crystallographic sites that 

Mo or W atoms occupy in the structure. Density functional theory (DFT) computations predict  

that Mo6+ and W6+ + preferentially occupy the tetrahedral sites due to their higher oxidation state 

than Nb5+.21  To test this hypothesis, we performed Raman spectroscopy experiments and compared 

those results to preliminary first principles calculations. We note that assigning and conducting 

computational Raman spectroscopy is due to the structural complexity of the unit cells.43  Figure 

3.2a-c compares experimental Raman spectra of the nearly phase pure Nb12WO33, 

Mo.5Nb12W.5O33, and MoNb12O33 samples. Figure A2.5 compares the Raman spectra of 

MoxNb12W1-xO33 and D-MoxNb12W1-xO33 samples. The peak intensity ratios change but the peak 

positions do not, indicating the local bonding environments are similar between the two synthetic 

conditions, consistent with the XRD results, showing each samples are similar crystallographic 

phases. We focus our discussion on the MoxNb12W1-xO33 spectra because the results and 

interpretations apply to the D-MoxNb12W1-xO33 samples too.  

Figure 3.1.1 (a) PXRD patterns of MoxNb12W1-xO33 compounds synthesized for 12 h. The model Nb12WO33 and 

MoNb12O33 patterns were calculated in VESTA software using a crystallographic information file (CIF collection code 
23799 with a C2 space group) from the Inorganic Crystal Structure Database (ICSD) (b) Comparison of PXRD 

patterns in a limited 2q region for MoxNb12W1-xO33 compounds synthesized for 12 hours (solid line) and 1 min (solid 

line connected by triangles). We refer to the samples synthesized for 1 min as defect-rich (D-MoxNb12W1-xO33) due to 

the enhanced peak broadening (see main text for details). We normalized the peak intensities in (a-b) with respect to 

the maximum peak. 
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Distinct modes appear for the x = 0 and x = 1 compositions, which highlights one powerful 

aspect of experimental and computational Raman spectroscopy. The simulated mode at 979 cm–1 

corresponds to a W-O stretch in a tetrahedral coordination environment. This mode appears in x = 

0 and x = 0.5 spectra (Figure 3.2a-b) but is absent in the W-free compound (Figure 3.2c). On the 

other hand, the simulated mode at 937 cm–1 corresponds to a Mo-O stretch in a tetrahedral 

coordination environment. This mode appears in x = 0.5 and x = 1.0 (Figure 3.2b-c) but is absent 

in the Mo-free compound (Figure 3.2a). Hence, we conclude that Mo and W occupy the tetrahedral 

sites in MoxNb12W1-xO33, in agreement with computational predictions and neutron diffraction 

studies.21,38 Quantifying the tetrahedral site occupancies using Raman spectroscopy alone is 

challenging and goes beyond the scope of this study. We note that some experimental Raman 

modes remain unassigned or appear significantly shifted from the theoretically predicted values. 

These differences are likely because the computational Raman results assumed W and Mo occupy 

tetrahedral sites, but there is a non-zero probability that these transition metals occupy other sites 

in the structure.38 While there is general agreement between simulated and experimental spectra 

for Nb12WO33, there is general disagreement between simulation and experiment in the high 

frequency range for MoNb12O33. The simulated modes appear systematically higher in energy than 

the experimentally observed peaks. This disagreement could also be due to the fact that simulations 

Figure 3.2. Experimental Raman spectra for (a) Nb12WO33, (b) Mo.5Nb12W.5O33, and (c) MoNb12O33. 
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use lattice parameters from a database file rather than the values obtained from Rietveld 

refinement, which could affect the predicted vibrational mode energies. Regardless of the origin 

of the disagreement between theory and experiment, Raman spectroscopy confirmed that W and 

Mo atoms can occupy the tetrahedral sites in the unit cell. 

Having characterized the structure and transition metal site occupancy of the MoxNb12W1-

xO33 compounds, we investigated their electrochemical behavior and performance as Li-ion 

insertion hosts. We constructed coin cells by mixing metal oxide host material, conductive carbon, 

and PVDF polymer binder in an 8:1:1 ratio. This ratio was utilized to help minimize the iR loss 

due to the intrinsically poorly conductive oxide particles and aid in the mechanical stability and 

electrical contact upon cycling, the ratio was not optimized for battery performance.48,49  

Additionally, we cycled all cells at a slow C/3 rate to minimize iR loss effects in the insulating 

metal oxide electrodes. 

Figure 3.3a-e shows the charge/discharge behavior for nearly phase pure MoxNb12W1-xO33 

compounds. The compounds exhibit qualitatively similar voltage profiles upon lithiation/de-

lithiation (i.e., discharge/charge cycles). Upon lithiation, the potential quickly decreases from 3 V 

to approximately 2 V vs Li/Li+ until a plateau region appears at approximately y = 1, where y is 

the number of Li-ions inserted per formula unit. The plateau region persists to approximately y = 

5. Then, the potential monotonically decreases until the 1 V voltage cutoff limit defined in our 

experiment. We observed similar charge-discharge profiles for the D-MoxNb12W1-xO33 compounds 

(Figure A2.8). 
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Although the profiles in Figure 3.3a-e appear qualitatively similar, analyzing the charge-

discharge data reveals several x-dependent trends. First, the plateau region exhibits a slight 

negative slope, and the slope value increases with x, as evidenced by broader peaks in dQ/dV plots 

(Figure 3.3-j). This enhanced sloping profile feature observed for the Mo-rich compounds is 

problematic for Li-ion battery applications because a continuously decreasing voltage results in 

continuous power loss during discharge. Second, all samples exhibit a significant capacity loss 

between cycles 1 and 2 (Figure A2.10a), followed by a continuous capacity fade with additional 

cycling. The capacity loss rate generally increases with x (Figure A2.10), possibly due to 

irreversible structural distortions related to distorted Mo octahedra along the shear plane (see 

Discussion section for further details). However, Figure A2.11 and Figure A2.12 shows after 

approximately 4 cycles, the average coulombic efficiency and relative capacity loss for each 

composition for both MoxNb12W1-xO33 and D-MoxNb12W1-xO33 begins for plateau, highlighting the 

reversibility intrinsic to these unoptimized materials. Finally, the most significant observation from 

Figure 3.3 is that the discharge capacity systematically increases with x (Figure 3.4, filled circles). 

In fact, the discharge capacity for Mo.75Nb12W.25O33 and MoNb12O33 exceed the theoretical 

Figure 3.3. (a-e) Charge-discharge behavior for nearly phase pure MoxNb12W1-xO33 compounds measured at a C/3 rate 

for 20 cycles. (f-j) Differential capacity plots obtained from the charge-discharge data. The upper blue trace shows the 

first charge-discharge cycle, and the lower plots represent cycles 2-20. 
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capacity values for single-electron redox behavior. This trend suggests that substituting Mo for W 

activates a multi-electron redox behavior whereby transition metal cations undergo multiple 

reduction events (either Nb5+ to Nb3+ or Mo6+ to Mo4+). Furthermore, we observed that defect-rich 

samples display similar constant current plots (Figure A2.8) and generally exhibit greater discharge 

capacity than the nearly phase pure compounds (see open square symbols in Figure 3.4), possibly 

due to Wadsley defects (see Discussion section). 

 

 Next, we examined the differential capacity (dQ/dV) plots to better understand how Mo-

substitution affects the ion insertion electrochemistry and electrochemically accessible density of 

states (DOS) shown in Figure 3.3f-j. We discuss the positive potential region (potentials greater 

than 2 V) of the dQ/dV plots first. Upon inserting a single Li-ion per formula unit in the pristine x 

= 0 and x = 0.25 samples for the first time (top traces in Figure 3.3f-g), a single peak appears near 

2 V (specifically 1.991 and 1.999 V for x = 0 and x = 0.25 samples, respectively). These negative 

dQ/dV peaks do not exhibit a corresponding positive dQ/dV feature upon de-lithiation and do not 

appear in additional cycles (bottom traces in Figure 3.3f-j). Both observations suggest the first Li-

ion insertion event is irreversible. The peak broadens in the x = 0.5 compound and eventually splits 

Figure 3.4. Discharge capacity versus cycle number (displaying odd cycles only for clarity) for nearly phase 

pure MoxNb12W1-xO33. The data points represent average values (see Experimental Methods), and the error 
bars represent the standard error of the mean. The filled and hollow markers represent MoxNb12W1-xO33 and D-

MoxNb12W1-xO33 samples, respectively. The horizontal dashed line indicates the theoretical capacity for each 

composition, assuming single electron redox per transition metal cation in the unit cell. 
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into two discernable peaks for the x = 0.75 and x = 1.0 compounds. Again, we observed no 

corresponding positive dQ/dV feature, suggesting the initial lithiation events are irreversible. In 

summary, Mo substitution introduces new electrochemically active states at more positive 

potentials than the W-based compounds.  

Next, we discuss the prominent dQ/dV features between 1.5 and 2.0 V. Upon lithiation, the 

x = 0 compound exhibits a sharp negative dQ/dV peak at 1.641 V that accounts for approximately 

6 Li-ions per formula unit. The corresponding positive dQ/dV feature appears at significantly more 

positive potentials (1.8 V). After the significant capacity loss event between cycles 1-2, which we 

believe is associated with the first Li-ion insertion event, the negative dQ/dV peak shifts to more 

positive potentials and occurs at nearly the same potential as the positive 1.7 V dQ/dV feature 

during cycle 1. The peak shift for the negative dQ/dV peak could be explained by an electrical 

conductivity improvement upon irreversibly introducing 1 Li-ion per formula unit in the initially 

insulting oxide phase.20 In this scenario, the dramatic conductivity increase upon lithiation could 

lower the overpotential associated with filling the electrochemically active DOS. Interestingly, this 

peak shift effect is most pronounced in the x = 0 compound. Substituting Mo for W results in 

relatively reversible and symmetric dQ/dV features between 1.5 and 2.0 V, which suggests that the 

Mo-derived electrochemically active DOS is distinct from W-derived states. 

Finally, the region between 1.5 and 1.0 V accounts for approximately, 6-10 Li-ions per 

formula unit, depending on x. For x < 0.5, a broad peak appears at 1.2 V in the dQ/dV plots (Figure 

3.3h). Unlike other peaks at more positive potentials, the negative dQ/dV peak exhibits a 

corresponding positive peak and neither feature shifts with additional cycle numbers. As Mo 

content increases, the negative dQ/dV peak sharpens. Additionally, we observe similar trends in 

the dQ/dV plots for D-MoxNb12W1-xO33, shown in Figure A2.9. These observations suggest a 
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transition from delocalized to localized electrochemically active DOS as Mo substitutes for W 

(i.e., as x increases). In summary, the dQ/dV plots show that Mo substitution introduces new 

electrochemically active DOS. The Discussion section considers how the Mo-derived DOS 

contributes to enhanced capacity. 

3.5 Discussion 

 

Here we discuss possible explanations for our 3 key results: (1) defective W-rich W-R 

samples exhibit greater capacities than nearly phase pure compounds; (2) Mo substitution for W 

increases capacity and enables multi-electron redox behavior; and (3) Mo substitution enhances 

capacity fade.  

First, we discuss the possible defect phases in the D-MoxNb12W1-xO33 samples and how 

those phases could contribute to capacity enhancement. Recall the PXRD patterns for the slowly 

heated MoxNb12W1-xO33 samples exhibit narrow, well-defined peaks compared to the rapidly 

heated D-MoxNb12W1-xO33 samples (Figure 3.1c-f). The presence of Wadsley defects, or coherent 

intergrowths of a W-R family member in another matrix, could possibly explain the peak 

broadening.8,9,30,50 For example, Nb26W4O77 is an ordered intergrowth of Nb12WO33 and 

Nb14W3O44.28,29,50 Nb15W6O55 and H-Nb2O5 represent other potential defect phases that can form 

under the reaction conditions employed herein.1,15,20 These defects may only extend half a unit cell 

and, therefore, may not appear in PXRD data.  

Wadsley defects can enhance Li-ion insertion capacity of W-R electrodes. Li et al. revealed 

local rearrangements of [NbO6] octahedra in micrometer-sized H-Nb2O5 using high resolution 

transmission electron microcopy and showed that those planar Wadsley defects resulted in higher 

specific capacity, rate capability, and stability compared to more crystalline H-Nb2O5 and T-Nb2O5 

electrodes.30 The authors attributed the higher capacity to strong Li adsorption (i.e., lower binding 
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energy) on planar defects. Specifically, DFT calculations provide lower Li-ion adsorption energies 

for defective H-Nb2O5, when compared to crystalline H-Nb2O5, providing support that planar 

defects can improve the capacity of W-R materials. The authors also claimed that the planar defects 

relieve strain and minimize volume change, enhancing stability. Similar trends appear in our data 

(Figure 3.3). Hence, one interesting future direction toward developing structure-property 

relationships in W-R anode materials is to systematically introduce Wadsley defects and study how 

their structure, composition, and concentration influence capacity, rate capability, and cycling 

stability. 

Another significant result from this work is that Mo substitution for W increases capacity 

of W-R electrodes beyond 1 electron per transition metal site. One hypothesis for this capacity 

increase is that Mo atoms create local Li-ion binding environments that lower Li-ion binding 

energies.21 A literature survey conducted by Ok et al. discovered that Mo is prone to a higher degree 

of distortion compared to Nb and W.24 Hence, severely distorted Mo octahedra along the shear 

plane could create local environments with lower Li-ion binding energetics, resulting in higher 

capacity.30 However, the same octahedral tilting responsible for enhanced capacity is also likely 

responsible for cycling instability. During lithiation, the distorted Mo octahedra along the shear 

plane become less off-centered as the Mo oxidation state decreases from Mo6+ to Mo5+.2,21 We 

hypothesize that structural stability depends on the ability of Mo octahedra along the shear plane 

to “rock” back and forth during lithiation/de-lithiation cycles. An interesting future research 

direction is to test the hypothesis that reversible Mo octahedral tilting is essential for long-term 

cycling stability. 

An alternative explanation for enhanced capacity in MoNb12O33 is metal-metal bonding 

between edge shared transition metal octahedra along the shear plane. Saber et al. recently 
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performed electronic structure calculations as a function of lithiation in TiNb2O7, another W-R 

crystallographic shear compound, and discovered metal-metal bonding can occur at low levels of 

lithiation.2 Metal-metal bonding occurs between dxy orbitals of the edge shared octahedra along 

the shear plane, forming bonding and anti-bonding orbitals (see reference 2. The same 

phenomenon occurs in PNb9O26 and VNb9O26; lithiation induces Nb-Nb orbital overlap.14 

According to electronic structure calculations, a signature of metal-metal bonding is electronic 

states below the Fermi level. Experimentally, we observed sharp dQ/dV peaks at positive potentials 

(>2.0 V in Figure 3.3f-j) upon inserting about 1 Li-ion per formula unit in each W-R compound. 

Interestingly, a 200-300 mV gap exists between the sharp dQ/dV peaks and the next major dQ/dV 

feature. This gap could represent the energy gap between the localized states below the Fermi level 

predicted by Saber et al. Therefore, we assign the high potential dQ/dV peaks to the 

electrochemically accessible metal-metal bonding states predicted by Saber et al.2 Filling these 

localized states with electrons is favorable, but removing electrons from these states is not because 

we do not observe a corresponding sharp positive dQ/dV peak feature at positive potentials. This 

electrochemical irreversibility suggests that metal-metal bonding induces permanent structural 

rearrangements that do not permit full electrochemical oxidation, which could limit optoelectronic 

device applications such as electrochromic smart windows, as well as effects the initial and 

subsequent discharge capacities in this study. 
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Figure 3.5 schematically shows how the metal-metal bonding mechanism explains why the 

initial dQ/dV peak shifts to more positive potentials as x increases in MoxNb12W1-xO33. Figure 3.5a 

illustrates the homodimer case for two neighboring edge-shared Nb octahedra. Bonding and anti-

bonding orbitals form due to metal-metal bonding between two dxy orbitals. The situation changes 

for the heterodimer Mo-Nb and W-Nb cases. Mo has a lower principal quantum number than W, 

which shifts the metal-metal bonding orbital to lower energy for Mo-Nb edge shared octahedra 

versus the W-Nb case (see Figure 3.5b-c). Hence, Mo substitution for W introduces 

electrochemically active states that accept electrons at more positive potentials than in the W-based 

niobium oxide compounds. We also hypothesize that fractional occupancy of Mo octahedra along 

the shear plane is larger than W octahedra because Mo generally forms octahedral structures more 

readily in environments where steric effects are significant due to its smaller size compared to W. 

In this scenario, the number density of low-energy bonding states increases with x, and these states 

are likely responsible for the enhanced capacity in MoxNb12W1-xO33.  

3.6 Conclusion 

 

We synthesized a series of molybdenum substituted Nb-W-O compounds with different 

levels of disorder to investigate how elemental composition and defects influence the 

electrochemical performance for high-rate energy storage applications. The discharge capacity 

increases with increased molybdenum concentrations for both MoxNb12W1-xO33 and defective D- 

Figure 3.5. Cartoon illustration showing relative energetics upon forming metal-metal bonds between the following 

edge shared octahedra: (a) NbO6-NbO6, (b) NbO6-MoO6, and (c) NbO6-WO6. 
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MoxNb12W1-xO33, suggesting that molybdenum substitution is a promising method to improve 

discharge capacities in Nb-W-O shear compounds. However, increasing molybdenum 

concentration results in irreversible cycling, with the more molybdenum rich compounds 

possessing larger capacity decays for both MoxNb12W1-xO33 and D-MoxNb12W1-xO33. This 

irreversibly may be due to a variety of factors, such as Mo substitution lowering the Li-ion binding 

energies and structural changes during lithiation/delithiation that result in lithium trapping. This is 

evident in the charge/discharge plots for each composition, which become steeper and more sloped 

with increasing molybdenum, limiting their ability to deliver constant power in energy storage 

systems. Another possible explanation for the capacity loss could be due to metal-metal bonding 

forming low energy orbitals that populate with electrons early when cycling. Molybdenum has a 

lower principal quantum number than W, which results in lower energy orbitals. These lower 

energy orbitals result in increasing the potential in which charge is stored and the active material 

is reduced. By increasing the potential of the reduction event, the potential in which oxidation 

occurs is also increased. Lastly, each D-MoxNb12W1-xO33 sample possesses higher discharge 

capacities when compared to their more crystalline counterparts, indicating that increasing the 

disorder of the system is a method to alter the electrochemical performance of W-R compounds. 

The structure-property relationships reported here should extend to other W-R materials and guide 

the development of future W-R compounds for energy storage applications. 
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CHAPTER IV: INVESTIGATING THE ROLE MOLYBDENUM SUBSTITUTION PLAYS IN  

 

THE ELECTROCHEMICAL PERFORMANCE OF WADSLEY-ROTH NIOBIUM  

 

TUNGSTEN OXIDE ANODE MATERIALS4   

 

 

 

4.1 Overview 

 

Wadsley-Roth (W-R) crystallographic shear compounds are a promising class of materials 

to replace graphite for high-rate Li-ion battery applications. These materials have complex crystal 

structures and can include a wide range of elements from the periodic table. This complexity offers 

exciting opportunities but also poses significant challenges in understanding structure-property 

relationships. Simply changes such as transition metal substitution can significantly alter 

electrochemical properties. The difficulty in understanding the origin of these effects due to the 

many possible transition metal sites in the crystal structure is an important question to address. 

Systematic studies of these materials are challenging because transition metal cations can occupy 

different sites within the unit cell, and even small changes in site occupancy can greatly change 

electrochemical properties. In this work, we systematically investigate how transition metal doping 

influences capacity and cycle stability in a series of molybdenum substituted W-R compounds. 

MoxNb14W3-xO44 compositions were synthesized via high temperature solid-state reactions before 

physically characterized and assembled into cells. Galvanostatic cycling revealed that discharge 

capacities increased with molybdenum concentration in MoxNb14W3-xO44. One potential 

explanation of this capacity increase could be due to molybdenum being more prone to octahedral 

distortions, lowering the Li-ion binding energies in the material and allowing more lithium to 

4Luke D. Salzer performed experiments, analyzed data, and wrote the manuscript. Claire Y. Gervais 

and Cami Christensen both performed experiments and analyzed data. Dani Lustig assisted with 

scanning electron microscopy measurements.  
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intercalate and further reduce the transition metals. While molybdenum substitution is shown to 

be a method to improve the capacities of W-R materials, the more molybdenum rich samples 

display larger capacity decays and higher irreversibility with additional cycling. This could be due 

to larger unit cell changes when the transition metal centers along the shear plane reorganize upon 

lithiation and delithiation, resulting in lithium trapping or particle fracture. Lastly, the slope of the 

charge-discharge curves increases with increasing molybdenum concentration, likely due to 

changes in the Li-ion binding sites and energies. This limits molybdenum rich compositions from 

delivering constant power at a fixed C-rate more than tungsten rich compounds. With these results 

in mind, we address design principles for next generation energy storage materials. 

4.2 Introduction 

 

 Renewable energy generation in the United States is predicted to increase from 500,000 

GWh in 2015 to 600,000 GWh in 2030, and with this energy generation, electric energy storage is 

also going to increase.1 One class of materials of interest for next generation energy storage are 

Wadsley-Roth crystallographic shear compounds, which are a promising anode material to replace 

graphite for high-power battery applications. While Wadsley, Roth, and others established the 

structural principles of W-R crystallographic shear structures in the 1960s, researchers did not use 

a niobium tungsten oxide W-R structures in lab scale Li-ion batteries until 2018.2–9  In this work, 

W-R materials possessed higher volumetric capacity and better rate capabilities when compared 

to commercial level graphite anodes.10 Additionally, W-R materials operate outside the potential 

window where lithium dendrites form, making them safer alternative anodes for energy storage 

applications.11,12  

The structural motif shared by all W-R crystallographic shear compounds is the n×m blocks 

of edge-sharing octahedra. Corner-sharing octahedra occupy the block center, with blocks 
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extending indefinitely perpendicular to the block plane.2 Additionally, tetrahedral sites can be 

present in the block corners to fill void spaces. These blocks can be a variety of sizes ranging from 

3×3 to 5×5 as well as possessing mixed block sizes, such as H-Nb2O5 having alternating layers of 

3×4 and 3×5.11–17 Another feature of interest for niobium oxide based W-R compounds is they 

possess a large degree of compositional freedom, with doping being a common strategy to alter 

their electrochemical performance.17–26 With this compositional freedom, there has been research 

to understand the structure of these materials, which often possess some degree of cation disorder 

that can affect the electrochemical performance. Nb14W3O44, which has a 4×4 block structure with 

a tetrahedral site, possess Nb and W cation disorder in the block center, where computational and 

experimental work has been conducted to elucidate cation site preferences in the unit cell.27,28 The 

role cation disorder has in the local environments and Li-ion binding energies in relation to the 

electrochemical performance of the material is still an open question that is challenging to address. 

Furthermore, elemental substitutions and doping has been shown to drastically change the 

electrochemical performance of W-R materials, as shown in work conducted by Cheng et al. In 

this work, they synthesized V0.28Nb13.72W3O44 and Nb14W3O44 and found that they stored 

approximately 300 and 250 mAh/g when charged and discharge at 1C respectively, and that the V 

substituted samples continues to outperform Nb14W3O44 at a variety of (dis)charging rates. These 

significant changes in electrochemical performance with a slight elemental substitution highlights 

how important understanding structure property relationships is for next-generation energy storage 

materials. 

An important question in W-R niobium oxide anode materials is how elemental substitution 

influences the battery performance. Recent computations reveal a unique redox mechanism upon 

Li-ion intercalation in LixTiNb2O7, another W-R phase, that results in the formation of metal−metal 
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bonds between Nb octahedra along the shear plane.29 These metal-metal bonds impact the structure 

by shortening cation distances, subsequently changing the lattice parameters of the unit cell and 

impacts Li-ion site preferences.22,30 One question is how do the orbitals involved in metal-metal 

bonding affect the potential charge is stored in the electrode? Additionally, changing transition 

metals in the unit cell will affect the mechanical stability of the compounds, especially with 

additional cycling. Lastly, the role octahedral distortions play on the electrochemical performance 

and structural stability of the substituted compounds on repeated cycling is still an open question. 

In this work, we chose to study Mo substitution for W because metal-metal bonding has been 

reported in molybdenum oxides, such as LiScMo3O8, and because Mo exhibits the larger degree 

of distortions when compared to W.31–33 

Koçer et al. conducted density functional theory calculations to understand the structural 

principles that contribute to the high-power applications W-R materials possess.30 Their work 

showed lattice expansion/contraction during cycling, which lowers the volume expansion of the 

material. Koçer et al. also hypothesized that the impressive capacity originates from the variety of 

low energy lithium storage sites with different local environments.34 Researchers have attributed 

the high-rate capabilities of these materials to their open tunnel-like structure, which facilitates 

fast lithium-ion transport with low activation energy.13,34 Recent work examined how the number 

of tunnels in the unit cell influence the performance of three structurally similar Nb-W-O Wadsley-

Roth materials: 3×4 Nb12WO33, 4×4 Nb14W3O44, and 4×5 Nb16W5O55.13 The findings revealed that 

increasing the block size results in higher diffusion coefficients, supporting the literature 

hypothesis that Li-ion diffusivity increases with block size.17,30,34 This research demonstrated that 

the symmetric 4×4 Nb14W3O44 possesses higher capacity and reversibility than the asymmetric 
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3×4 Nb12WO33 and 4×5 Nb16W5O55, indicating that block structure significantly influences the 

electrochemical performance of W-R compounds. 

In this work, we aim to better understand how elemental substitutions affect the 

electrochemical performance of W-R crystallographic shear compounds. To answer this question, 

here we systematically synthesized MoxNb14W3-xO44 via high temperature solid-state reactions. 

Following materials synthesis and characterization, electrochemical cells were fabricated and 

tested to assess for differences in performance for each MoxNb14W3-xO44 compound. 

4.3 Experimental 

4.3.1 Synthesis of W-R Compounds 

The samples were synthesized via high temperature solid state synthesis reactions 

following previous literature.13,35 Stoichiometric ratios of black NbO2 (Alfa Aesar, 99%), dark blue 

WO2.9 (Alfa Aesar, 99%), and teal MoO3 (Alfa Aesar, 99%) powders were ground in an agate 

mortar and pestle to create the precursors for Nb14W3O44, MoNb14W2O44, Mo2Nb14WO44, and 

Mo3Nb14O44. For example, 0.283g of NbO2, 0.0757g of WO2.9 and 0.0236g of MoO3 were required 

to synthesize MoNb14W2O44. The combined powders were pressed into pellets using a hydraulic 

press (Caver Model: 4350.L) at 2 tons of pressure. The pellets were placed in an alumina crucible 

and platinum boat and heated, open to air, in a Thermo Scientific Lindberg Blue M tube furnace. 

Nb14W3O44 was heated from 25°C for 10 hours to 1200°C, held for 4 hours and cooled to 25°C in 

10 hours. MoNb14W2O44 was heated at a rate of rate of 10°C min-1 to 900°C, with a hold time of 

4 hours, and cooled naturally to 25°C. Mo2Nb14WO44 was heated at a rate of 10°C min-1, to 800°C, 

with a hold time of 6 hours, and cooled naturally to 25°C. Mo3Nb14O44 was heated to 700°C at a 

rate of 10°C min-1, with a hold time of 4 hours, and cooled naturally to 25°C. 
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4.3.2 Sample Characterization 

The metal oxide powders were suspended in ethanol and drop-casted onto a Si B-doped 

zero diffraction slide. The samples were characterized by powder X-ray diffraction (XRD) using 

a Bruker D8 Discover DaVinci-Powder Diffractometer (Cu Kα radiation). Rietveld refinement was 

performed using Bruker’s Diffrac.Topas software using CIF files from Inorganic Crystal Structure 

Database (ICSD), generated by JP-Minerals VESTA software. Scanning electron microscopy 

(SEM) analyses were performed on a JEOL 6500 field emission SEM. Raman spectroscopy was 

performed on an Olympus IX-73 optical microscope with a 532 nm Ondax THz- laser source. A 

20X Na0.95 air objective (Olympus PlanFL N20X) was used to focus incident light on the sample, 

which was simply prepared by placing sample powder on a glass microscope slide. Scattered light 

passed through a Horiba iHR550 imaging spectrometer (1800 gr/mm) and was detected on a 

Synapse back-illuminated deep depletion charge-coupled device (CCD). The system was 

calibrated using the Stokes and anti-Stokes shift of a Si wafer, occurring at 521 and -521 cm-1, 

respectively. A general spectrum was obtained between 200 and 1100 cm-1 in accordance with 

literature parameters. Additional spectra were taken in ranges from 575 to 725 cm-1, and 850 to 

1050 cm-1 to better investigate peaks of interest.  

Simulated diffraction patterns we visualized through VESTA, utilizing a crystallographic 

information file (CIF) of Nb14W3O44, with a I-4 space group, downloaded from the Inorganic 

Crystal Structure Database (ICSD coll. Code 23801).  The CIF from the ICSD was changed from 

the I-4 space group to I4/m when conducting the Rietveld refinement for each composition, with 

the overall occupancy of the tetrahedral changed from 1 to 0.5 due to this unit cell change, allowing 

for the possibility for a tetrahedral site at [1.00 0.5 0.75] and [1.00 0.5 0.25].  
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4.3.3 Half-cell construction 

 

Half-cell batteries were constructed in an argon glove box using the following components: 

stainless steel cases (MTI Corp, CR2032), a stainless-steel wave spring (MTI Corp, CR20WS), a 

stainless-steel spacer (MTI Corp, CR20-Spacer-05), and a glass microfiber (VWR, 691) separator 

were used. The metal oxide composite electrode was prepared by grinding an 8:1:1 ratio of W-R 

particles, conductive carbon (Super P, Alfa Aesar), and polyvinylidene fluoride binder (PVDF, 

Sigma Aldrich) in an agate mortar and pestle. The metal oxide composite electrode is the cathode 

and lithium metal is the anode in this half-cell geometry. This mixture was dispersed in N-methyl 

pyrrolidone (NMP, Sigma-Aldrich) until the solution was slightly viscous. The slurry was doctor-

bladed onto a copper substrate to cast a 100 µm-thick film. The film was dried overnight in vacuum 

at approximately 150°C. The dried film was punched into several ½ inch electrodes and transferred 

into an argon glove box. Coin cells were constructed with the MTI coin cell case using a ½ inch 

diameter lithium metal electrode, and a 5/8th inch diameter separator was laid on top. 80.0 µL of 

electrolyte containing 1M LiPF6 dissolved in a 1:1 volume ratio of ethylene carbonate/dimethyl 

carbonate (EC/DMC, Sigma Aldrich) was pipetted onto the separator. The cathode was placed on 

the separator after it had become saturated with electrolyte, followed by the stainless-steel spacer, 

spring, and finally the end cap. The cells were pressed with 0.9 tons of pressure using a compact 

digital pressure controlled electric crimper (MTI MSK-160E). The cells rested for 12 hours before 

electrochemical measurements were performed to allow the electrolyte to fully saturate the 

separator.  
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4.3.4 Electrochemical Testing 

The coin cells were cycled on an Arbin battery tester (LBT-20084) at a C-rate of C/3, in 

which C-rate is the current which a battery is discharged relative to its theoretical capacity. The 

theoretical capacity is calculated by, 𝑄+,-./-+#012 = 𝑛𝐹/3.6𝑀, where 𝑛 is the number of electrons 

transferred per formula unit, 𝐹 is Faraday’s constant, 3.6 is a conversion factor between coulombs 

and mAh/g, and 𝑀 is the molecular weight. The C-rate was calculated according to following 

equation:	𝐼 = (𝑄+,-./-+#012 ×𝑚)/𝑡, where 𝐼 is the current applied, 𝑚 is the mass of active material, 

and 𝑡 is time in hours. In this study, some of the data from the galvanostatic cycling is from multiple 

cells, with n= 5-, 6-, 5-, and 7-coin cells for Nb14W3O44, MoNb14W2O44, Mo2Nb14WO44, and 

Mo3Nb14O44 respectively. 

4.4 Results  

 In this work, we investigated how substituted molybdenum for tungsten influences the 

electrochemical performance of MoxNb14W3-xO44 synthesized via high-temperature solid-state 

reactions. Prior work conducted by Koçer et al. suggests that the strength of the second order Jahn-

Teller (SOJT) distortion may play a role in the charge storage capabilities of mixed transitional 

metal W-R crystallographic shear compounds.27,32   

In a typical reaction, stoichiometric ratios of NbO2, WO2.9, and MoO3 were mixed in an 

agate mortar and pestle, pressed into a pellet, and heated to a setpoint temperature (see 

Experimental Methods for details). Each composition was synthesized at different temperatures to 

minimize phase impurities such as Nb12WO33.13,36  Figure 4.1 shows the background subtracted 

PXRD data for each composition, and a simulated pattern generated through VESTA, with the 

crystallographic information file (CIF) from the Inorganic Crystal Structure Database (ICSD), 

collection code 23801 and the I4/m space group. All peaks from the simulated diffraction patterns 
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are present in the experimental patterns, indicating each synthesized sample is the correct 

crystallographic phase. Additionally, Rietveld refinement was conducted on each composition, 

using the same CIF, to elucidate possible phase impurities. Each composition was greater than 

90% phase pure, with MoNb14W2O44 and Mo2Nb14WO44 possessing slight impurities shown by 

the shoulder present on the peak 25.32° and the small peak at 17.56° 2θ.  This phase impurity was 

indexed to be Nb12WO33 or H-Nb2O5, which can also be synthesized in the same temperature 

regime.13,14,16,36,37 We note that characterizing these materials is challenging through PXRD and 

Rietveld refinement due to the possibility of transition metals occupying different sites and the 

similarity of atomic scattering factor between niobium and molybdenum.28,38 Additionally, H-

Nb2O5, Nb12WO33, or Nb16W5O55 can form under these reaction conditions, further adding to the 

challenge of characterizing these materials.13,14,19  

 

Following PXRD, Raman spectroscopy was conducted to illicit more structural 

information based on differences in the binding environments between compositions. Figure 4.2a. 

shows a survey Raman spectra from 200 to 1050 cm-1. When comparing the Raman spectra for 

Figure 4.1. PXRD patterns of MoxNb14W3-xO44 compounds. The simulated Nb14W3O44 pattern was calculated in 

VESTA using a crystallographic information file (CIF collection code 23801 and the I-4 space group) from the 

Inorganic Crystal Structure Database (ICSD) 
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MoxNb14W3-xO44 shown in the low wavenumber region (200-450 cm–1) Nb14W3O44 and 

MoNb14W2O44 both possess a shoulder and intense peak at approximately 240 and 260 cm–1 

respectively. The more molybdenum rich compositions possess broader peaks, with Mo2Nb14WO44 

displaying a similar shoulder at 240 cm–1, a main peak at 260 cm–1, and a shoulder at 305 cm–1. 

Mo3Nb14O44 is very similar to Mo2Nb14WO44, however the shoulder at 305 cm–1 continues to 

increase in intensity and becomes a clear peak. This systematic increase in intensity with 

molybdenum concentration may be due to vibrational modes of molybdenum occupying block 

center or tetrahedral sites and will be discussed in the Discussion section.  Comparing the spectra 

from 450-875 cm–1, each composition displays peak at approximately 480 cm–1. Additionally, each 

composition shows a clear peak at approximately 635 cm–1, and a shoulder at approximately 750 

cm–1 which is more intense and broadens as the molybdenum ratio increases. Lastly, Figure 4.2b. 

displays systematic changes with molybdenum introduction. Each composition possesses a peak 

at 900 cm-1 and approximately 970 cm-1 though higher molybdenum concentrations result in a 

slight red shift. Furthermore, Nb14W3O44 displays a shoulder at 970 cm-1, whereas the molybdenum 

substituted compositions possess a shoulder at 930 cm-1. Previous work on a related W-R 

crystallographic shear compound, Nb12WO33, assigns this vibrational mode to tungsten occupying 

the tetrahedral site and molybdenum occupying the tetrahedral site respectively. Due to the 

shoulder being present at 930 cm-1 for MoNb14W2O44, Mo2Nb14WO44, and Mo3Nb14O44 indicates 

a preference for Mo over W occupying the tetrahedral site.  
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The last physical characterization technique conducted was scanning electron microscopy 

(SEM) to evaluate the particle structure and size. SEM analysis, shown Figure 4.3, shows particles 

with no clear morphology for each composition and that the particles tend to agglomerate 

following the precursors being pressed into pellets and heated. Furthermore, particle sizes were 

analyzed and shown in Figure A3.1, with the largest average being Nb14W3O44 (2.92 μm), then 

Mo3Nb14O44 (2.02 μm), MoNb14W2O44 (0.883 μm), and Mo2Nb14WO44 (0.624 μm) is the smallest. 

 

Having characterized the structure of the MoxNb14W3-xO44 compounds, we investigated 

their electrochemical behavior and performance as Li-ion insertion hosts. The electrochemical 

performance was investigated by fabricating coin cells based off of established methods in an 8:1:1 

ratio of active material, conductive carbon, and PVDF binder.17 These additives where utilized to 

Figure 4.2. (a) Survey Raman spectra comparison of MoxNb14W3-xO44 and (b) comparison of a focused region for 

MoxNb14W3-xO44 

Figure 4.3. SEM images of (a) Nb14W3O44, (b) MoNb14W2O44, (c) Mo2Nb14WO44, and (d) Mo3Nb14O44 
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help minimize the iR loss due to the poorly conductive metal oxide particles and aid in the 

mechanical stability and electrical contact upon cycling, the ratio was not optimized for battery 

performance.35,39,40 Each electrochemical cell underwent galvanostatic cycling at a C-rate of C/3 

to allow time for the (dis)charge storage processes to occur and to further minimize the iR loss 

effects. 

Figure 4.4a-d. shows the (dis)charge curves for Nb14W3O44, MoNb14W2O44, Mo2Nb14WO44, 

and Mo3Nb14O44 respectively. Each of these compositions display similarly sloped voltage profiles 

upon lithiation/delithiation. On the initial lithiation, the voltage quickly decreases from 3V to 

approximately 2.2 V vs Li/Li+ before charge is stored. Nb14W3O44 displays a plateau from 1.75 V 

to 1.5 V before the profile decays again down to 1 V, storing the lowest specific capacity of 

221mAh/g. With the addition of molybdenum, the profiles become significantly more sloped, with 

slight inflection points throughout the lithiation process before the voltage decreases to 1 V. 

Mo2Nb14WO44 and MoNb14W2O44 store approximately 263mAh/g, and Mo3Nb14O44 stores 

approximately 306mAh/g. This enhanced sloping profile feature observed as a function of 

molybdenum concentration is problematic for Li-ion battery applications because a continuously 

decreasing voltage results in continuous battery power loss during discharge. 

 Each material fails to reach the initial discharge capacity with Nb14W3O44, MoNb14W2O44, 

Mo2Nb14WO44, and Mo3Nb14O44 with the subsequent charging step. On cycle 2, each material 

exhibits some capacity loss, with Nb14W3O44, MoNb14W2O44, Mo2Nb14WO44, and Mo3Nb14O44 

storing 199, 232, 227, and 285 mAh/g respectively. Upon continued cycling, each material displays 

a monotonic capacity loss, with Mo3Nb14O44 displaying the largest change in charge stored, losing 

116 mAh/g (38%) between cycle 1 and 20, shown in Figure 4.4. The capacity loss rate generally 

increases with x (Figure A3.2), potentially due to structural changes related to distorted Mo 
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octahedra. Figure 4.5 illustrates the effect molybdenum substitution has on the discharge capacity, 

with an increase in capacity observed on average with increasing molybdenum. Additionally, the 

capacity loss is clearly seen to be greater for the molybdenum rich compositions, explanations for 

both the increase in capacity and capacity loss will be addressed in the Discussion section. Figure 

A3.3a,b shows after approximately 4 cycles the average coulombic efficiency and relative capacity 

loss for each MoxNb14W3-xO44 composition begins for plateau, with the tungsten rich compositions 

possessing slightly higher coulombic efficiencies, highlighting the intrinsic reversibility of these 

unoptimized materials. 

 
 

Next, we analyzed the differential capacity (dQ/dV) plots to assess how molybdenum 

concentration affects the ion insertion processes. Figure 4.4e-h displays the dQ/dV plots for 

Nb14W3O44, MoNb14W2O44, Mo2Nb14WO44, and Mo3Nb14O44 respectively. We discuss the positive 

potential region (2V-3V vs. Li/Li+) for cycle one first.  Nb14W3O44 has two peaks in this Region, 

with the peak at 2.24V being slightly more intense than the peak at 2.01V. MoNb14W2O44 is similar, 

with a peak at 2.27V and a more intense feature at 2.10V. Both Mo2Nb14WO44 and Mo3Nb14O44 

Figure 4.4. Charge/discharge curves at a C-rate of C/3 for (a) Nb14W3O44, (b) MoNb14W2O44, (c) Mo2Nb14WO44, 

and (d) Mo3Nb14O44. dQ/dV plots for (e) Nb14W3O44, (f) MoNb14W2O44, (g) Mo2Nb14WO44, and (h) Mo3Nb14O44.   
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display similar features, with Mo2Nb14WO44 displaying an inflection point at approximately 2.65V, 

while Mo3Nb14O44 shows a clear peak feature. Additionally, both these compounds show a peak at 

approximately 2.20 V that becomes sharper with increased molybdenum concentration. Upon 

continued lithiation, Nb14W3O44 and MoNb14W2O44 possesses a single, intense peak in the mid 

potential region (1.4V-2.0V vs. Li/Li+).  As the molybdenum concentration increases, the intensity 

of this peak decreases dramatically, and slight inflection points appear and become more 

pronounced for both Mo2Nb14WO44 and Mo3Nb14O44. Lastly, in the low potential region (1.0. V-

1.4V vs. Li/Li+), each material displays a single, broad peak. 

On the charge step Nb14W3O44 possesses 2 prominent peaks, one in both the low potential 

region at 1.17 V and mid potential region at 1.79 V, and some slight inflection points in the high 

potential region. With increasing molybdenum ratio, the peaks in the low potential region look 

similar, and the peak in the mid potential region becomes less intense and broader. Additionally, 

Mo3Nb14O44 possesses a small peak at approximately 1.789V and a shoulder from approximately 

1.8V-2.0V in the mid potential region. Lastly, the small inflection points shown in Nb14W3O44 in 

the high potential region increase in intensity as molybdenum concentration increases, with both 

Mo2Nb14WO44 and Mo3Nb14O44 displaying clear peaks at approximately 2.35V.   

 

With repeated cycling, there are clear changes in the dQ/dV plots for each composition. The 

intense peak in the mid potential region for Nb14W3O44 shifts from approximately 1.62V to 1.77V 

Figure 4.5. Discharge capacity versus cycle number (displaying odd cycles only for clarity) for MoxNb14W3-xO44. The 

data points represent average values, and the error bars represent the standard error of the mean. 
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and becomes less intense from cycle one to two, but subsequent cycling appears to be the most 

reversible out of all compositions, with some loss in intensity from cycles 2-20 for Nb14W3O44. 

For both MoNb14W2O44 and Mo2Nb14WO44, the dQ/dV plots lose intensity upon repeated cycling, 

specifically in the high potential region, and shows some irreversibility with additional cycling. 

Lastly, Mo3Nb14O44 displays the greatest differences between cycle 1 and subsequent cycling, 

losing the peak 2.65V, and a peak at approximately 2.20V shifts to more positive potentials while 

becoming less intense. Furthermore, both the high and mid potential features completely disappear 

after several cycles, with the only feature remaining on cycle 20’s discharge being the broad peak 

in the low potential region. This dramatic change in the dQ/dV, as well as the changes in the 

constant current plots, highlight the cycle irreversibility that is correlated molybdenum 

concentration. Possible explanations for the changes in dQ/dV plots will be addressed in the 

Discussion section. 

4.5 Discussion 

 

 Here we discuss possible explanations for our key results: (1) Mo substitution for W in 

MoxNb14W3-xO44 compounds enables multi-electron redox; (2) Mo substitution increases capacity 

fade. 

 First, we discuss potential explanations for why molybdenum substitution for W increases 

the discharge capacity beyond the theoretical maximum capacity for 1 electron per transition metal. 

One hypothesis is that Mo atoms present in the unit cell alter the local Li-ion binding environments 

and therefore lowers the Li-ion binding energies. A literature survey conducted by Ok et al. 

discovered that Mo is much more prone to octahedral distortions when compared to both Nb and 

W.32 This higher degree of distortions present in the block center and block edge could create local 

storage sites with lower Li-Ion binding energies, leading to higher capacities.27,41,42 The distortions 
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responsible for improved capacity may also lead to cycle irreversibility. During lithiation, the 

distorted Mo octahedra will become less off-centered as the molybdenum is reduced from Mo6+ to 

Mo5+.29,30 We hypothesize that the structural stability depends on the ability of Mo octahedral to 

shift from distorted and non-distorted arrangements during lithiation and delithiation. Previous 

experimental and computational work conducted on the structurally similar W-R compound, 

Nb12WO33 hypothesizes that the shoulder features present in the Raman spectroscopy data shown 

in Figure 4.2b is due in part to W occupying the tetrahedral site for Nb14W3O44 or Mo for the 

molybdenum substituted samples, indicating that the higher oxidation state transition metals are 

occupying the tetrahedral site. This indicates that the tetrahedral sites play an important role in the 

charge and lithium storage mechanisms in W-R shear structures and warrants future investigations. 

Other interesting research directions arise to test that the role distortions play in the long term 

cycling stability of W-R crystallographic shear compounds, such as synthesizing W-R materials 

with weak distorters, such as Zr, and to conduct in-situ measurements to analyze the degree of 

distortions during lithiation.30,32 

 Another explanation for the enhanced capacity as molybdenum concentration increases in 

MoxNb14W3-xO44 could be due to differences in electronegativity between Mo and W that improve 

the electronic conductivity earlier in the cycling.43 Experimentally, we observe features present in 

the dQ/dV plots in the high potential regions (>2.0 V vs. Li/Li+ in Figure 4.4e-h) for each W-R 

compound. In this region, we see that the first peak present shifts to more positive potentials with 

increasing Mo concentration. This could be due to Mo being more electronegative than Nb and W, 

resulting in lower energy electronic states.44 These lower energy states would alter the density of 

states (DOS), resulting in differences in the band gap or isolated states present in the band gap that 

will be filled at more positive potentials for reduction.22,29,30  
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Another possible explanation for the enhanced capacity in molybdenum substituted W-R 

compounds is metal-metal bonding. Saber et al. conducted computations as a function of lithiation 

in another W-R compound, TiNb2O7.29 In this work, they discovered that metal-metal bonding can 

occur at low levels of lithiation between dxy orbitals of the edge shared octahedra along the shear 

plane, forming bonding and anti-bonding orbitals. This phenomena can occur in other W-R 

compounds, such as PNb9O26 and VNb9O26, where lithiation induces Nb-Nb orbital overlap.22  

From the electronic structure calculations, metal-metal bonding results in electronic states below 

the Fermi level. Moreover, neutron diffraction reveals that the experimental tungsten site 

occupancy of Nb14W3O44 differs from computationally predicted, allowing for tungsten occupying 

edge sites.28 This trend most likely extends to molybdenum as well, given the similar ionic and 

crystal radii, as well as the same oxidation state. Experimentally, we observe features present in 

the dQ/dV plots in the high potential regions (>2.0 V vs. Li/Li+ in Figure 4.4e-h) for each W-R 

compound. Furthermore, these is a large gap between the features present in the high and mid 

potential regions that could represent the localized state in the band gap and the conduction band 

predicted by Saber et al. Occupying these states with electrons may be favorable, but removing 

electrons from these states is not because we do not observe a corresponding positive dQ/dV peak 

feature at positive potentials when oxidizing the samples. The irreversible cycling suggests that 

metal-metal bonds induce permanent structural rearrangements that prevent fully oxidizing the 

material, limiting discharge capacities. 

4.6 Conclusion 

In this work, we synthesized a series of molybdenum substituted Nb-W-O compounds to 

better understand how elemental composition influences the electrochemical performance for 

high-rate energy storage applications. The discharge capacity increases with increased 
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molybdenum concentrations in MoxNb14W3-xO44, suggesting that molybdenum substitution is a 

promising method to improve discharge capacities in Nb-W-O shear compounds. While increasing 

molybdenum concentration improves charge stored, it also results in irreversible cycling, with the 

more molybdenum rich compounds possessing larger capacity decays. This irreversibly may be 

due to a several factors, such as Mo substitution lowering Li-ion binding energies throughout the 

unit cell and structural rearrangements during lithiation/delithiation that result in lithium trapping. 

This is shown in the charge/discharge plots for each composition, which become significantly more 

sloped with increasing molybdenum, limiting the ability to deliver constant power in energy 

storage systems. Another possible explanation for the capacity loss could be due to metal-metal 

bonds forming, resulting in lower energy orbitals that populate with electrons when cycling. 

Molybdenum has a lower principal quantum number than W and is more electronegative, which 

results in lower energy orbitals when metal-metal bonding occurs. Lower energy orbitals result in 

increasing the potential in which charge is stored and the active material is reduced and by 

increasing the potential of the reduction event, the potential in which oxidation occurs is also 

increased. The structure-property relationships reported here should extend to other W-R materials 

and guide the development of future W-R compounds for energy storage applications. 
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CHAPTER V: INVESTIGATING PSEUDOCAPACITIVE T-Nb2O5 THROUGH SLOW SCAN  

 

RATE CYCLIC VOLTAMMETRY 

 

 

 

5.1 Overlook 

Current electrochemical energy storage technology is based on materials possessing either 

high energy, such as batteries, or high power, such as capacitors. There is an increased need for 

next generation energy storage materials that display both high energy and high power. One class 

of energy storage materials of interest are pseudocapacitors, which store charge via faradaic 

processes in a non-diffusion limited charge storage mechanism, resulting in high energy density at 

fast (dis)charge rates. One promising pseudocapacitive material is T-Nb2O5, which operates in 

potential windows where lithium dendrites are unlikely to form, making it a safer alternative to 

graphite. In this work, we conducted slow scan rate cyclic voltammetry (SSCV) on T-Nb2O5 to 

better understand the pseudocapacitive charge storage mechanism. SSCV reveals peak separation 

below the electrochemical reversible peak separation predicted by the Nernst equation. One 

potential explanation of this is Li-ion intercalation into the bulk throughout the CV, resulting in no 

diffusion limitations and a square iV curve. Additionally, SSCV shows additional reduction peaks 

that have yet to be observed, highlighting the complex charge storage process in T-Nb2O5. 

However, cycling T-Nb2O5 to more negative potentials result in either irreversible reduction the 

carbonate-based electrolyte or irreversible phase changes, altering the iV curves of subsequent 

cyclic voltammetries. 

5.2 Introduction 

Due to the push for a renewable energy-based society, there is an increasing need for high-

power and high-energy storage materials that can outperform current capacitors or commercial 
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batteries. Electric double layer capacitors (EDLCs) possess high power density because they can 

be (dis)charged quickly compared to traditional batteries. However, they have lower energy density 

due to their reliance on maximizing surface area. A capacitor’s charge storage mechanism relies 

on non-faradaic surface adsorption of the electrolyte, which provides fast energy storage and long 

lifetimes.1 However, batteries possess higher volumetric energy density compared to EDLCs by 

utilizing Faradaic, reduction-oxidation (redox), reactions to store energy in the bulk of the 

material.1,2 While batteries have high energy, they fail to provide high-power because they cannot 

be (dis)charged quickly. This is due to kinetic limitations from slow diffusion into the bulk of the 

material.3–5 Additionally, cycling a traditional battery with a graphite anode at high-rates can result 

in the formation of dangerous lithium dendrites, potentially resulting in the battery short 

circuiting.6,7   

Due to the need for materials with high energy and power density, understanding design 

principles that can improve lithium diffusion kinetics safely to replace graphite is of extreme 

importance. An interesting class of materials that possess high energy and power density are 

pseudocapacitors. Pseudocapacitive materials possess both high-energy through the reduction of 

the system through faradaic charge transfer, similar to a battery, as well high-rate charging due to 

the charge storage mechanism being non-diffusion limited, mimicking the electrochemical kinetics 

of a capacitors.8–11 A family of materials of interest are transition metal oxides, which operate 

outside the voltage range at which dendrite formation occurs, resulting in improved safety, but 

lowers the potential window these cells can operate in.12 One pseudocapacitive material of interest 

is the niobium oxide, T-Nb2O5. Schafer et al.  investigated the structure of T-Nb2O5 in 1966 by 

describing the unit cell parameters and other structural aspects of various Nb2O5 polymorphs.13 

Additionally, Kato et al. conducted structural  characterizations in 1975, where the space group of 
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T-Nb2O5 was determined (Pbam, International Crystal Systems database (ICSD), Collection Code 

1840) and a more detailed description of the unit cell was provided.14  

Augustyn et al. has shown that T-Nb2O5 possesses excellent high-rate capabilities, 

outperforming lithium titanate (Li4Ti5O12) which is a commercial scale high-rate battery.15 In their 

work, they conducted variable scan rate cyclic voltammetry (CV) to identify the scan rate at which 

T-Nb2O5 no longer operates like a pseudocapacitor. This was  done by assuming that the current 

obeys a power-law relationship with the scan rate, in which a and b are adjustable parameters:16  

𝑖 = 𝑎𝑣' (1) 

where I is the peak current (either anodic or cathodic), 𝑣 is the scan rate, and b is the power law 

exponent. From this equation, the b parameter for both the cathodic and anodic peaks can be 

calculated by taking the log of peak current (i) for either anodic or cathodic peaks vs. the log of 

the scan rate (Equation 2) and finding the slope of the line.  

log(𝑖) = 𝑏 ·log(𝑣)+log(𝑎) (2) 

In this analysis, surface limited (capacitor-like) kinetics result in a peak current that scales linearly 

with scan rate, corresponding to a b-value of 1. For a b-value of 0.5,  the peak currents are 

proportional to the square root of the scan rate, indicating that the current response is diffusion-

limited (battery-like).17,18  

 Simply put, if the current peaks in a CV scale linearly with the scan rate, the material is 

described as a pseudocapacitor. This analysis is a relatively easy method of investigating if 

electrochemical energy storage materials exhibit pseudocapacitive properties, where 𝑖V curves 

with peaks indicative of redox can have their charge storage mechanism assessed. If the power law 

analysis shows that the b value is 1, the material of interest is storing charge in a surface-limited 
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(capacitive) mechanism. This approach has been used in investigating a wide variety of materials 

and as greatly added to the field of pseudocapacitors.  

 In this work, we conducted slow scan rate cyclic voltammetry (SSCV) to further investigate 

the electrochemical performance of T-Nb2O5 to better understand the pseudocapacitive response 

the material possesses. Through SSCV, new reduction peaks were observed at more negative 

potentials that are normally hidden due to iR drop and diffusion limitations that expand upon the 

lithiation and charge transfer processes in T-Nb2O5. Additionally, SSCV reveals that the peak 

separation is below what is predicted for an electrochemical reversible process predicted through 

the Nernst equation, highlighting the unique charge storage mechanisms in pseudocapacitive 

materials.  

5.3 Experimental 

5.3.1 Synthesis of T-Nb2O5  

The samples were synthesized via high temperature solid state synthesis reactions 

following previous literature.19 NbO2 (Alfa Aesar, 99%) powder was ground in an agate mortar 

and pestle and then pressed into pellets using a hydraulic press (Caver Model: 4350.L) at 2 tons 

of pressure. The pellets were placed in an aluminum crucible and platinum boat and heated, open 

to air, in a Thermo Scientific Lindberg Blue M tube furnace. Samples were heated from 25°C at 

a rate of 10°C/min to 525°C, held for 100 hours and allowed to cool naturally in the oven, before 

the pellet was ground again for characterization.  

5.3.2 Sample Characterization 

The metal oxide powders were suspended in ethanol and drop-casted onto a Si B-doped 

zero diffraction slide. The samples were characterized by powder X-ray diffraction (XRD) using 
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a Bruker D8 Discover DaVinci-Powder Diffractometer (Cu Kα radiation). Rietveld refinement was 

performed using Bruker’s Diffrac.Topas software using CIF files from Inorganic Crystal Structure 

Database (ICSD).  

5.3.3 Half-cell construction 

Half-cell batteries were constructed in an argon glove box using the following components: 

stainless steel cases (MTI Corp, CR2032), a stainless-steel wave spring (MTI Corp, CR20WS), a 

stainless-steel spacer (MTI Corp, CR20-Spacer-05), and a glass microfiber (VWR, 691) separator 

were used. The metal oxide composite electrode was prepared by grinding a 5:4:1 ratio of niobium 

oxide particles, conductive carbon (Super P, Alfa Aesar), and polyvinylidene fluoride binder 

(PVDF, Sigma Aldrich) in an agate mortar and pestle. The metal oxide composite electrode is the 

cathode and lithium metal is the anode in this half-cell geometry. This mixture was dispersed in 

N-methyl pyrrolidone (NMP, Sigma-Aldrich) until the solution was slightly viscous. The slurry 

was doctor-bladed onto a copper substrate to cast a 100 µm-thick film. The film was dried 

overnight in a vacuum at approximately 120°C. The dried film was punched into several ¼ inch 

diameter electrodes and transferred into an argon glove box. Coin cells were constructed with the 

MTI coin cell case using a ½ inch diameter lithium metal electrode, and a 5/8 inch diameter 

separator was laid on top. Approximately, 80.0 µL of electrolyte containing 1M LiClO4 dissolved 

in propylene carbonate (PC, Sigma Aldrich) or 1M LiPF6 dissolved in a 1:1 volume ratio of 

ethylene carbonate/dimethyl carbonate (EC/DMC, Sigma Aldrich) was pipetted onto the separator. 

The cathode was placed on the separator after it had become saturated with electrolyte, followed 

by the stainless-steel spacer, spring, and finally the end cap. The cells were pressed with 0.9 tons 

of pressure using a compact digital pressure controlled electric crimper (MTI MSK-160E). The 
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cells rested for 12 hours before electrochemical measurements were performed to allow the 

electrolyte to fully saturate the separator.  

5.3.4 Electrochemical Testing 

The coin cells were cycled on an Arbin battery tester (LBT-20084) at a C-rate of 1C or C/3, 

in which C-rate is the current which a battery is discharged relative to its theoretical capacity. The 

theoretical capacity is calculated by, 𝑄+,-./-+#012 = 𝑛𝐹/3.6𝑀, where 𝑛 is the number of electrons 

transferred per formula unit, 𝐹 is Faraday’s constant, 3.6 is a conversion factor between coulombs 

and mAh/g, and 𝑀 is the molecular weight. The C-rate was calculated according to following 

equation:	𝐼 = (𝑄+,-./-+#012 ×𝑚)/𝑡, where 𝐼 is the current applied, 𝑚 is the mass of active material, 

and 𝑡 is time in hours. Following constant current cycling, slow scan-rate cyclic voltammetry was 

conducted on a CH instrument (CHI 1240 and CHI 1010A) and Autolab potentiostat 

(PGSTAT128N). 

5.4 Results 

In this work, we investigated the pseudocapacitive material, T-Nb2O5 via slow scan-rate 

cyclic voltammetry. Prior work conducted by Augustyn et al. shows that T-Nb2O5 possesses a 

charge storage mechanism that is not limited my diffusion, and mimics a surface-limited 

mechanism similar to electrochemical double layer capacitors (EDLCs).15 

In a typical reaction, NbO2 was mixed in an agate mortar and pestle, pressed into a pellet, 

and heated to a setpoint temperature (see Experimental Methods for details). Figure 5.1 shows the 

powder x-ray diffraction pattern for T-Nb2O5, while the Rietveld refinement utilized a 

crystallographic information file (CIF) from the Inorganic Crystal Structure Database (ICSD) 

(collection code 1840, and Pbam space group). Through comparing the model diffraction and 
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Rietveld refinement with the experimental data, the correct phase of T-Nb2O5 was indeed 

synthesized. 

 

Having characterized the structure of the T-Nb2O5, we investigated the electrochemical 

behavior, and performance has Li-ion insertion hosts. The electrochemical performance was 

investigated by fabricating coin cells in a 5:4:1 ratio of active material, conductive carbon, and 

PVDF binder. These additives where utilized to help minimize the iR loss due to the poorly 

conductive metal oxide particles and aid in the mechanical stability and electrical contact upon 

cycling, the ratio was not optimized for battery performance.20–22 Each electrochemical cell 

underwent galvanostatic cycling at a C-rate of C/3 or 1C to allow time for the (dis)charge storage 

processes to occur and to further minimize the iR loss effects. 

Figure 5.2a-d. shows the (dis)charge curves for T-Nb2O5 in different potential windows and 

with two different electrolytes. When the lower potential window is limited to 1.2V vs. Li/Li+ for 

both Figure 5.2a,c the (dis)charge curves look very similar, possessing a sloped curve on lithiation 

and delithiation, with a significant decrease in charge stored from cycle 1 to 2, and a monotonic 

capacity loss from cycle 2-20. Comparing the two cells that were cycled to a lower potential limit 

of 1.0V vs. Li/Li+ (Figure 5.2b,d), the (dis)charge curves look different than the cells cycled in the 

Figure 5.1. PXRD pattern of T-Nb2O5. 
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more narrow potential window. Each cell displays a large discharge capacity loss after cycle 1, and 

a monotonic capacity loss with additional cycling. However, these cells each display a unique 

feature, where after the potential drop from 1.2V vs. Li/Li+ there is an additional plateau at 

approximately 1.1V vs. Li/Li+, resulting in a larger discharge capacity. This feature is only 

observed once for each cell and potential origins will be addressed in the Discussion section. We 

note that the specific capacities differ with each cell and attribute that to challenges getting accurate 

masses due to the fabrication of smaller electrodes. 

 

 

Following galvanostatic cycling, slow scan rate cyclic voltammetry (SSCV) was conducted 

on these cells to further investigate the charge storage mechanism of T-Nb2O5. Figure 5.3 shows 

the CVs and normalized CVs for a variety of scan rates ranging from 1.5 to 400 μV/s for a cell 

using 1M LiClO4 in PC. The iV curves look like the traditional description of a pseudocapacitive 

material, possessing a capacitive-like, square CV with clear redox peaks. When the scan-rate 

increases, the redox peaks become less clear, and the curves become more sloped and less square-

like.  Also, when looking at the iV curves as a function of scan rate, the cathodic peaks and anodic 

peaks shift to more negative and positive potentials with increased scan rate respectively, 

potentially due to iR drop or diffusion limitations. Lastly, both the cathodic and anodic peaks 

display a clear peak and shoulder feature that is lost with faster scan rates. Figure A4.1shows SSCV 

Figure 5.2. (a and b) Constant current measurement using 1M LiClO4 in PC and (c and d) 1M LiPF6 in a 1:1 ratio of 

EC:DMC. 
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iV curves on an additional cell and shows similar trends, while Figure A4.2 shows a comparison 

of two different cells, showing reproducibility.  

 

 Figure 5.4 shows the power-law analysis from the previous CVs and shows that the b-

values for the cathodic and anodic peaks is 0.9695 and 0.9665 respectively. These values near one 

indicate that the charge storage processes are not limited by diffusion and that the material is 

behaving as a pseudocapacitor.  

 

Figure 5.3. (a) Variable scan rate cyclic voltammetry on a T-Nb2O5 half-cell. (b) Cyclic voltammetry 

normalized with respect to the maximum cathodic current. 

Figure 5.4. (a) Power-law analysis for the cathodic peak, the slope is 9695. (b) Power-law analysis for the anodic peak, 

slope is 0.9665. 
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 Further analysis of the CVs beyond the power-law analysis reveals another interesting 

feature, which is the potential at which the peaks are observed. Figure 5.5 plots the peak separation 

vs scan rate and reveals that at scan rates below 100 μV/s, the peak separation is below 57 mV, 

which is predicted for a one-electron, electrochemically reversible reaction predicted by the Nernst 

equation. This unique feature will be addressed in detail in the Discussion section. 

 

 When the potential window is extended to more negative potentials, unique features are 

observed. Figure 5.6 shows the previous CV and two linear sweep voltammetries (LSVs) showing 

good agreement between the CV and lithiation LSV, indicating reversible processes are occurring. 

However, below 1.5V vs. Li/Li+ there is an increase in current, resulting in two new peak features 

at approximately 1.4V and 1.35V. Continuing more negative, there is a dramatic increase in current 

from approximately 1.1-1.0V vs. Li/Li+. Following the lithiation LSV, the scan direction was 

reversed and a delithiation LSV was conducted. The shape of this LSV does not agree well with 

the narrower CV conducted prior, indicating that there is an irreversible process occurring below 

1.5 V. In order to assess how this irreversibility affects the iV shape, and additional CV was 

conducted at 2.5 μV/s. Figure 5.6 shows a comparison of the first, narrow CV, both LSV steps, and 

Figure 5.5. Anodic and cathodic peak separation vs scan rate, the black horizontal line is at 57 mV, indicated the 

peak separation for an electrochemically reversible process predicted by the Nernst equation. 
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the second CV. In this comparison, we can see a drastic change in CV shape, with a new cathodic 

feature at approximately, 2V, 1.85V, and 1.8V vs. Li/Li+. Additionally, the low potential peaks 

present in the lithiation LSV are no longer present, indicating a loss of a redox process. Potential 

explanations of what is occurring here will be addressed in the Discussion section. 

 

.  

5.5 Discussion 

In this work, we conducted SSCV on the pseudocapacitive material, T-Nb2O5 to better 

understand the charge-storage mechanism. Through this technique we uncovered three unique 

features: 1. The peak separation of the anodic and cathodic peaks is lower than predicted through 

the Nernst equation. 2. SSCV reveals new peak features that haven’t been observed and expands 

upon the accepted charge storage process. 3. The potential window T-Nb2O5 is cycled in plays a 

significant role in the reversibility of the charge storage mechanics. 

 First, we discuss possible processes occurring in T-Nb2O5 that result in the unique CV shape 

and why the peak separation is lower than the 57 mV predicted through the Nernst equation. One 

explanation of these features could be due to interlayer confinement effects. Boyd et al. conducted 

an in-situ investigation on birnessite, a layered mangenue oxide known for its pseudocapacitive 

Figure 5.6 Comparison of LSVs and CVs 

cycled at 1.5 μV/s and 2.5 μV/s respectively. 
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properties, through CV and an electrochemical quartz crystal microbalance.23 Through these two 

techniques, they uncovered that there is a continuous mass change in the active material when 

scanning through the potential window. This indicates a constant intercalation of cations into the 

unit cell prior to the redox peaks, resulting in the interlayer of the unit cells acting as an extension 

of the surface. This physical process could help describe the square iV curves commonly observed 

in pseudocapacitive materials through surface-limited charge transfer processes happening with 

intercalation, resulting in the current scaling linearly with scan rate. Additionally, this interlayer 

effect helps describe the lower than predicted peak separation we observe. If there is continuous 

intercalation of Li-ions into the bulk of T-Nb2O5, another layered material, throughout the CV, then 

Li-ions in the bulk of the material act as if absorbed to the surface of the electrode. If there are no 

diffusion considerations due to Li-ions being present in the material, the only limiting factor 

affecting the electrochemistry is the electron transfer, which would result in redox peaks being 

lower than the Nernst equation predicts. Self-assembled monolayers (SAMs) are an example of 

this, where redox active species are adsorbed onto the surface of the electrode, so the system is not 

diffusion limited. These systems display extremely symmetric CVs with very low peak 

separation.18,24–26 Future work investigating the lithium ion insertion processes in T-Nb2O5 is 

necessary to identify the origin of these CV features. 

SSCV also uncovers new peak features indicative of reduction and oxidation processes. 

The stored charge from the insertion of lithium ions into T-Nb2O5 is commonly represented as: 

𝑁𝑏!𝑂3 + 𝑥𝐿𝑖
$ + 𝑥𝑒4 ↔ 𝐿𝑖5𝑁𝑏!𝑂3	 

with a theoretical capacity of 201.7 mAh/g.19 However, this explanation of the lithium insertion 

and electron transfer only describes the CV response at faster scan rates, where there is only one 

clear reduction and oxidation peak present. By applying such a small potential change through 
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SSCV, additional peaks are shown that have yet to be addressed in literature, complicating the 

lithium insertion process. Figure 5.7 shows the LSV and corresponding moles of lithium inserted 

per formula unit of T-Nb2O5 with lines denoting x=0.5, 1, 1.5, 2, 2.5, and 3. We can see that these 

levels of lithiation correspond to potentials immediately following a reduction peak or are at the 

peak itself. It is because of this trend and presence of new peak features that we describe the lithium 

insertion into T-Nb2O5 as a series of the following discrete steps: 

𝑁𝑏!𝑂3 + 0.5𝐿𝑖
$ + 0.5𝑒4 ↔ 𝐿𝑖6.3𝑁𝑏!𝑂3 

𝑁𝑏!𝑂3 + 𝐿𝑖
$ + 𝑒4 ↔ 𝐿𝑖𝑁𝑏!𝑂3 

𝑁𝑏!𝑂3 + 1.5𝐿𝑖
$ + 1.5𝑒4 ↔ 𝐿𝑖%.3𝑁𝑏!𝑂3 

𝑁𝑏!𝑂3 + 2𝐿𝑖
$ + 2𝑒4 ↔ 𝐿𝑖!𝑁𝑏!𝑂3 

𝑁𝑏!𝑂3 + 2.5𝐿𝑖
$ + 2.5𝑒4 ↔ 𝐿𝑖!.3𝑁𝑏!𝑂3 

𝑁𝑏!𝑂3 + 3𝐿𝑖
$ + 3𝑒4 ↔ 𝐿𝑖8𝑁𝑏!𝑂3 

 

 

 
 

 Continuing off the additional peak features observed when cycling to more negative 

potentials, there is also the issue of cycling irreversibility. As noted above, when cycled below 

1.5V vs Li/Li+, there are two peak features and a sharp current increase at approximately 1.1V. The 

two peak features are indicative of further reduction of T-Nb2O5 while the current spike resembles 

Figure 5.7. iV curve and corresponding moles of lithium inserted per formula unit for T-Nb2O5. 
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that of an irreversible reduction of electrolyte. Research has shown that commonly used carbonate 

solvents are reduced at approximately 1V vs. Li/Li+.27 Additionally, we can see similar features in 

the galvanostatic cycling of T-Nb2O5, shown in Figure 5.2, when cells were cycled below 1.2V, 

further supporting the hypothesis that there is an irreversible reaction due to electrolyte 

decomposition. Additionally, Figure A4.3 shows CV data for a T-Nb2O5 cell previously cycled 

with a constant current between 1V and 3V vs. Li/Li+. We note significant differences in the CV 

shape for this cell when compared to the LSV data shown above, indicating that the reduction of 

electrolyte plays a significant role in the iV curves for T-Nb2O5. Lastly, we note previous research 

observed that there is an increase in irreversibility in T-Nb2O5 when cycled below x is greater than 

2 in LixNb2O5.28 We believe that future work is necessary to deconvolute the origin of 

irreversibility between crystallographic phase changes and electrolyte reduction to potentially 

allow multi-electron reduction in T-Nb2O5. 

5.6 Conclusion 

 In this work, we synthesized T-Nb2O5 via solid-solid state reactions and conducted slow 

scan rate cyclic voltammetry (SSCV) to investigate the pseudocapacitive response to better 

understand electrochemical performance this material possesses.  Through SSCV, we observed 

new reduction peaks at negative potentials that have yet to be observed due to iR drop and diffusion 

limitations that expand upon the lithiation and charge transfer processes in T-Nb2O5. These new 

peaks indicate that there are several charge transfer processes that can be seen due to the multi-

electron reduction of niobium in the material. Additionally, SSCV reveals that the peak separation 

is below what is predicted for an electrochemical reversible process predicted through the Nernst 

equation. This feature could be due to continuous intercalation of Li-ions into the interlayer of T-

Nb2O5 throughout the CV, where the interlayer is acting as an extension of the surface of the 
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material.  Li-ion insertion into the bulk of the material prior to the observed reduction peaks may 

help describe the capacitive, square iV curves commonly observed in pseudocapacitive materials.  

Lastly, we note an irreversible change in the CV if cycled to 1V vs. Li/Li+, potentially due to 

reduction of the carbonate-based solvents or changes in the unit cell of T-Nb2O5. The work 

presented here helps shed light on the interesting charge storage mechanisms in pseudocapacitive 

materials and the development of high-energy, high-power materials for future energy storage 

materials. 
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CHAPTER VI: OUTLOOK AND FUTURE DIRECTIONS: UNDERSTANDING  

 

STRUCTURAL FEATURES FOR HIGH POWER NIOBIUM-BASED ANODES 

 

 

 

6.1 Introduction 

Niobium-based anode materials are of interest for lithium-ion batteries (LIBs) because of 

their ability to store large amounts of lithium ions in the bulk of the material, providing larger 

capacities than electrochemical double layer capacitors.1 Additionally, niobium-based anodes have 

been shown to possess significantly higher power densities than traditional graphite based anodes, 

allowing for fast (dis)charge capabilities.2 For example, Nb16W5O55 can store approximately 542 

and 356 AhL-1 when charged at a C-rate of 1C and 20C (60-min and 3-min discharges respectfully) 

whereas graphite can store approximately 104 AhL-1 at a rate of 1C. Current commercial batteries 

often use graphite as the anode material, but graphite has a significant drawback: lithium tends to 

deposit on its surface at high (dis)charge rates.3,4 This can lead to the growth of lithium dendrites 

during repeated cycling, which poses a risk of short-circuiting the cell and causing explosions.5,6 

Therefore, fundamental research on design principles for next-generation, safe, and high-rate 

anode materials is crucial.  Furthermore, because these niobium electrodes store charge through 

lithium-ion intercalation and not conversion/alloy processes, the volume change when lithiated is 

significantly lower.  Silicon is an example of a conversion electrode that undergoes a volume 

change of 310%, whereas niobium-based intercalation electrodes experience approximately 10% 

when lithiated. 2,7–9 The large volume changes when lithiated is important because large volume 

changes can result in strain and cracking in the electrode.10,11 These processes lead to mechanical 

instability causing electrode fracturing and loss of active material, decreasing capacity and 

cyclability.12,13 While these materials have the exciting electrochemical capabilities, there are still 
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fundamental studies necessary to better understand the origins of these impressive charge storage 

processes to gain design principles for next-generation energy storage systems. 

Several questions relating to the structure property relationships in niobium-based 

electrodes are presented here, with methods to investigate these processes being discussed in 

greater detail below. As discussed in Chapter II, the block size plays a crucial role in the 

electrochemical performance of W-R materials. However, the role block orientation plays on Li-

ion diffusion and energy of potential storage sites is still unclear, with future research projects 

being addressed in section 6.2. 

Chapter III and IV discuss two important methods to alter the electrochemical performance 

of two W-R crystallographic shear compounds, the 3×4 Nb12WO33 and 4×4 Nb14W3O44, through 

elemental substitution, i.e., W substituted for Mo, and through the introduction of some form of 

disorder. These two methods raise questions as to what the relationship between these structural 

changes and improvements to electrochemical performance. Possible future research projects are 

addressed in section 6.2. 

Chapter V discusses the pseudocapacitive material T-Nb2O5 examined through slow scan 

rate cyclic voltammetry. In this chapter, the slow scan rate revealed new peak features that have 

yet to be observed in literature. Additionally, the cathodic and anodic peak separation is below the 

57 mV that the Nernst equation predicts for an electrochemically reversible system, indicating that 

the charge storage mechanism here is more complicated that traditionally assumed for 

pseudocapacitive materials. Section 6.3 addresses possible research methods to further 

understanding pseudocapacitive materials. 
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6.2 Future directions to understand structure-property relationships in Wadsley-Roth 

materials 

While there have been computational and experimental investigations relating the structure 

property relationships in W-R crystallographic shear structures, the role the block structure plays 

in the electrochemical performances is still unclear. Work conducted by Cava et al. and expanded 

upon by Van der Ven et al. classified the structural arrangements of W-R structures. 14,15 Through 

this work, the wide variety of structural freedom is organized based on block size, relative shift 

between neighboring blocks as vector (direction and magnitude of shift), presence of a tetrahedra, 

and if there is a mixture of block sizes. With these classifications in mind, we can propose 

computational and experimental studies to investigate the role block orientation plays.     

One study that could be conducted is a systematic investigation of two 3x4 compounds, 

Nb12WO33 and TiNb24O62, which both possess a tetrahedral site at the edge of the block though 

with different block arrangements, as shown in Figure 6. 1.  

 

 

Samples will be synthesized via high temperature solid-state methods and characterized 

via powder x-ray diffraction (XRD), Raman spectroscopy, and scanning electron microscopy 

Figure 6. 1. Unit cell illustration of (a) TiNb24O62 and (b) Nb12WO33. 
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(SEM) before constructing electrochemical cells. Galvanostatic cycling and electrochemical 

impedance spectroscopy (EIS) will be conducted to investigate differences in capacity, cyclability, 

and charge transfer resistances and diffusion coefficients. Computations should be conducted to 

assess for differences in activation barriers for lithium transport in the unit cell or changes in 

lithium binding energies, specifically focusing on the differences in block arrangements that may 

help explain experimental trends. An example computation would be nudged elastic band, such as 

those already conducted on Nb12WO33, highlighting the large activation energies lithium ions need 

to overcome to access sites along the block edge.16  

6.3 How stacking faults can alter the electrochemical performance in W-R materials 

Another question that arises from the work presented in Chapter III is how do structural 

defects, specifically stacking faults or Wadsley-defects, relate to the electrochemical performance. 

Early work conducted by Allpress, Sanders, and Wadsley have shown that W-R crystallographic 

shear compounds can possess intergrown phases and blocks that change the structures 

significantly. 17,18 One example present in these works is H-Nb2O5 (3×4 and 3×5 blocks) 

intergrown into Nb12WO33 (3×4 blocks), operating as stacking faults. Nb12WO33 can be 

represented as repeating rows A-A-A-A, and H-Nb2O5 can be represented as A-B-A-B-A, where 

A is 3×4 and B is 3×5 blocks. How these stacking orientations effect the electrochemical 

performances is an interesting question, especially considering recent work by Liu et al. where 

they synthesized both ordered and defective H-Nb2O5, assessed the electrochemical performances, 

and performed computations to ascertain the origins of the differences between samples.19 Their 

results show that the defective samples possess stacking faults where the 3×4 and 3×5 blocks are 

rotated into different orientations when compared to the ordered samples and possess higher 

capacities, smaller volume changes upon lithiation, and are more reversible with additional 
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cycling. Computations predict that the defective samples have more stable lithium ion binding 

sites, facilitating higher levels of intercalation while the perpendicular arrangements of blocks 

lower strain and minimize volume expansions. Lastly, Allpress and Roth investigated the effect of 

annealing on the concentration of Wadsley defects in the Nb-W-O system and found that by 

increasing annealing time at high-temperatures, the concentration of defects is reduced, setting the 

ground work for this proposed investigations.20 

To investigate the role stacking faults play in the electrochemistry of W-R compounds, a 

series of intergrown Nb12WO33 (3×4 blocks) and H-Nb2O5 (3×4 and 3×5 blocks) samples with 

different degrees of faults will be synthesized following the solid-state methods provided by 

Allpress, Sanders, and Wadsley as referenced above. Advanced diffraction and spectroscopy 

techniques, such as x-ray absorption spectroscopy (XAS) and atomic pair distribution function 

(PDF) collected at synchrotron sources would assist in the characterization of defects. 

Additionally, high quality transmission electron microscopy (TEM) will be conducted to further 

evaluate the defects.18,19,21,22 Following defect characterization, electrochemical cells will be 

assembled to conduct galvanostatic cycling and EIS experiments to compare capacity stored at 

different rates, cyclability, charge transfer resistances and diffusion coefficients as a function of 

stacking fault density. Computations should be conducted to analyze differences in activation 

energy barriers for lithium transport in the unit cells or changes in lithium binding energies that 

may help explain experimental trends.  

6.4 Investigating the role the tetrahedral position plays in W-R materials 

In a similar approach to 6.2, the role the tetrahedra site plays on the electrochemical 

performance is still unclear. In Chapters III and IV, Raman spectroscopy indicates that both 

molybdenum and tungsten prefer to occupy the tetrahedral sites and a subsequent improvement in 
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discharge capacity is observed with molybdenum introduction. Additionally, work conducted by 

Seshadri et al. has shown that isostructural PNb9O25 and VNb9O25 possess significantly different 

electrochemical signatures with just one elemental change.23 Experimental and computational 

investigations have shown that metals possessing higher oxidation state prefer to occupy the 

tetrahedral and block center environments.7,24 Given the compositional flexibility of W-R 

materials, a series of syntheses of isovalent substitutions should be conducted to compare changes 

in electrochemical performance along with structural characterization and computational studies 

to identify the reasons for performance differences. Isovalent substitutions are preferred for this 

study because non-isovalent substitutions would introduce different transition metals with 

differing oxidations states; thus, changing the electronic structure of the intrinsic material. One 

potential series of substitutions involves expanding upon the work presented in the previous 

chapters, with a systematic investigation of W, Mo, and Cr substitutions into Nb12WO33. There is 

already literature on Cr introduction into W-R materials, with a Cr3+ and Nb5+ doped Ti2Nb10O29 

and fully substituted CrNb11O29 .25,26 Furthermore, Nb12WO33 is a good model system because 

there is a strong preference for transition metals with high oxidations state occupying the 

tetrahedral sites, while the larger block sizes of Nb14W3O44 and Nb16W5O55 each of a probability 

of cation disorder being present in the block center. 2,7,24 

In this study, Nb12WO33, Nb12MoO33, and Nb12CrO33 will be synthesized via high 

temperature solid-state methods and characterized via XRD, Raman spectroscopy, and SEM before 

being assembled into electrochemical cells. After cell fabrication, galvanostatic cycling and 

electrochemical impedance spectroscopy will be conducted to elucidate capacity stored at different 

rates, cyclability, charge transfer resistances and diffusion coefficients. Additionally, computations 
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should be conducted to analyze differences in activation barriers for lithium transport in the unit 

cell or changes in lithium binding energies that may help explain experimental trends. 

Another possible study to investigate the role the tetrahedra plays is to synthesize two 

structurally similar W-R shear structures, where one possesses a tetrahedral site while the other 

does not. For example, a systematic study could be conducted on TiNb24O62 and Ti2Nb10O29, which 

are both 3×4 block sizes, and TiNb24O62 has a tetrahedral site in the unit cell while Ti2Nb10O29 does 

not (Figure 6.2). It is worth noting that for both compounds, the oxidation states of Nb and Ti and 

5+ and 4+ respectively, indicating that there should be no changes in electronegativity due to 

additional or fewer electrons.  

 

6.5 Further elemental substitution of W-R materials 

An additional question in W-R literature is what role do octahedral distortions play in the 

energy storage processes? It was hypothesized in work done by Morris et al. that the degree of 

distortions may play a role in changing lithium binding energies and therefore the electrochemistry 

in Nb-W-O materials.7 Both niobium and tungsten have been classified as moderate Jahn-Teller 

distorters, while molybdenum has been classified as a strong distorter, where the strength of 

distorter is the degree off-center the metal center is.27 We have seen an increase in capacity in both 

Figure 6.2. Unit cell illustrations of (a) Ti2Nb10O29 and (b) TiNb24O62 



117 

 

3×4 Nb12WO33 and 4×4 Nb14W3O44, when substituting the moderate distorter W for the strong 

distorter Mo, but it would be interesting to see if the trend continues. As discussed in Chapters III 

and IV, the transition metals along edge sites may experience metal-metal bonding, resulting in 

lower energy orbitals for electrons to occupy and more positive potential features appearing in the 

constant current and dQ/dV plots.23,28 We can continue to test the relationship between degree of 

distortion and electrochemical performance by synthesizing zirconium substituted 4×4 

Nb14W3O44, where zirconium has been classified as a weak distorter, shown in Figure 6.3.  

In this study, Nb14W3O44, Nb14Mo3O44, and Nb14Zr3O44 will be synthesized via high 

temperature solid-state methods and characterized via XRD and neutron diffraction to probe for 

the degree of octahedral distortions, along with Raman spectroscopy and SEM before being 

assembled into electrochemical cells. After cells are fabricated, the electrochemical performance 

will be assessed through different electrochemical techniques and the electrochemical 

performances will be compared.  Additionally, the diffraction studies will guide computations to 

analyze differences in activation barriers for lithium transport in the unit cell or changes in lithium 

binding energies as a function of degree of distortions present, which will help explain 

experimental trends. 
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6.6 Alternative methods to investigate Nb-based anode materials 

Throughout the work presented here, ensemble level measurements were conducted 

through the fabrication of electrochemical coin cells. While these cells provide useful information 

on performance metrics necessary for next generation energy storage materials, the addition of 

conductive carbon and polymer additives adds to the complexity of the system. Optical microscopy 

has been shown to be a useful tool in deconvoluting the system to better understand the 

electrochemistry intrinsic to these storage systems by allowing for direct observation of the active 

material particles.29–33 Some examples of optical microscopy being used to investigate energy 

storage materials are probing for particle volume changes during (de)lithiation, electrode 

delamination off the substrate, as well as dendrite formation.32–35  Furthermore, many transition 

metals commonly used in metal oxide anodes are electrochromic, such as niobium and tungsten, 

Figure 6.3. Average magnitude of the off-center distortions for individual d0 transition metal cations. Reprinted with 

permission from Chem. Mater. 2006, 18, 14, 3176–3183. Copyright 2006 American Chemical Society 
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undergoing color changes when reduced or oxidated. Traditional microscopy can be used to further 

investigate the electrochemical performance of these electrochromic materials by correlating the 

level of reduction (lithiation) to color change, gaining valuable information about the materials, 

with an illustration of the experimental set up shown in Figure 6.4.36–40 

  

An additional microscopy technique of interest is scanning electrochemical cell 

microscopy (SECCM), in which a micropipette is filled with electrolyte and quasi-counter 

reference electrode. This probe can move in the xyz directions, allowing for spatially resolved 

electrochemistry on individual electrode particles once the tip is moved down into contact with the 

working electrode and particles. In addition to localized electrochemistry, a transparent conductive 

substrate can be used to allow for microscopy to be coupled with electrochemical experiments, 

with an illustration of the setup shown in Figure 6.5. With the combination of localized 

electrochemistry and microscopy, single particle experiments can be conducted to gain a better 

Figure 6.4.  Experimental setup for electro-optical imaging and electron microscopy. (a) An optically transparent three-

electrode electrochemical cell is mounted on a microscope and is illuminated from above. The light transmitted 

through the sample is collected by a microscope objective and imaged on an EM-CCD camera. The CCD camera and 

potentiostat are connected to a data acquisition card (DAQ). (b) Optically transparent electrochemical cell design, 

including Pt counter and Ag/AgCl reference electrodes. (c) Optical and (d) SEM image of a macroscopic scratch mark 

that is used for correlated optical and SEM imaging. Reprinted with permission from Anal. Chem. 2019, 91, 23, 

14983–14991. Copyright 2019 American Chemical Society 
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understanding of structure property relationships, such has how particle size, orientation, and 

microstructure relates to capacity and charge storage.41–43 

 

SECCM can also be utilized to investigate pseudocapacitive materials, with the 

micropipette tip allowing for high throughput investigations of these particles. Methods of 

fabricating traditional electrochemical cells or microelectrodes involves time intensive steps for 

each cell fabricated.44,45 With the spatial freedom allowed by SECCM, multiple particles could be 

analyzed in the time it takes to build a single cell. Additionally, there have been calls in the field 

to adapt microelectrolytic techniques, stating “While such a systematic search can be quite 

cumbersome and time-consuming in real working conditions, recourse to time-resolved 

microelectrolytic techniques may alleviate and speed up the observation and understanding of the 

system functioning”.46,47 Recently, Roehrich and Sepunaru conducted EIS on individual Prussian 

blue pseudocapacitive nanoparticles.48 These measurements showed electronic conductivity and 

ion transport differing up to an order of magnitude, even among particles from the same synthesis. 

The authors note particle size or morphology cannot describe the electrochemical observations, 

Figure 6.5. Illustration of SECCM in operation. 
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warranting future work. Furthermore, SECCM and EIS can be conducted on the pseudocapacitive 

materials, T-Nb2O5, noting the electrochromic nature of niobium would further add to the 

information gained through this technique. A combination study of optical microscopy, electron 

microscopy, electron diffraction, and electrochemistry can be conducted to identify macro and 

microstructural features that relate to pseudocapacitive charge storage mechanisms. 

6.7 Additional methods to investigate pseudocapacitive materials 

As shown in Chapter V, when cyclic voltammetry (CV) was conducted with slow scan-

rates the anodic and cathodic peak separation is below 57 mV that the Nernst equation predicts for 

an electrochemically reversible system. This implies that electrochemical charge storage processes 

can behave different than those commonly used to attempt fit pseudocapacitive materials, and that 

different modelling techniques are needed to better understand the mechanisms present.49–55 

One potential field of electrochemistry to utilize in order to better understand 

pseudocapacitive materials is self-assembled monolayers (SAMs) which are ordered molecular 

assemblies that form on the electrode surface through adsorption. Due to the chemisorption of the 

active species directly on the electrode, electrolyte interface, there are no diffusion limitations, 

with only charge-transfer limitations present in the system.56–58 Furthermore, work conducted by 

Lenhard and Murray on understanding SAMs decay kinetics and solvent interactions of ferrocenes 

linked to platinum electrodes illustrates similar behavior when conducting CVs, shown Figure 

6.6.59 In this study, the ferrocenes adsorbed on the platinum surface displayed a peak separation of 

22 mV when cycled at 200mV/s highlighting the non-Nernstian behavior of chemisorbed species 

on the electrode surface. Furthermore, the peak currents scale linearly with scan rate, like 

pseudocapacitive materials. With these behaviors in mind, adapting equations used to describe the 
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physical processes of SAMs, in an attempt to understand the charge storage processes relating to 

pseudocapacitive materials should be pursued.57   

 

 

6.8 Outlook 

The future directions presented here are just a few possible methods to better understand 

the high-rate capabilities of niobium-based anode materials. Through investigating in detail, the 

role stacking faults play in increasing the capacity of the cells and potentially altering lithium-ion 

diffusion through the unit cells, synthetic methods can be tailored for optimization. Additionally, 

gaining a better understanding of how the block orientation plays on the electrochemical 

performance would build off previous work presented in Chapter II. Continuing to build off work 

presented in Chapters III and IV, investigating how to improve the electrochemical performance 

in W-R materials through chemical substitution and doping is a significant goal. This can be done 

through adding in substitutions that are more prone to distortions or lowering the potential in which 

the transition metals are reduced.  

Figure 6.6. Cyclic voltammograms of electrodes with a SAM with a ferrocene attachment on a Pt electrode, with a 

standard calomel electrode (SCE) reference electrode. Reprinted with permission from J. Am. Chem. Soc, 100, 7870 

(1978). Copyright 1978, American Chemical Society. 
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An additional method to investigate niobium-based materials is through optical 

microscopy. As noted above, many transition metals commonly used in battery materials are 

electrochromic, providing another method of probing the charge storage processes. Specifically, 

SECCM would be a high throughput method to investigate single particle lithium insertion 

mechanisms to identify particle morphology and size trends resulting in improved performances. 

Lastly, developing methods to investigate and model pseudocapacitive materials will greatly assist 

the field by providing more specific definitions of what pseudocapacitance is and what is 

occurring. Overall, these research projects can help answer important questions to further 

understand the structure-property relationships in high-rate niobium oxide materials, guiding 

design principles for next generation electrochemical energy storage materials. 
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APPENDEX 1: SUPPORTING INFORMATION FOR CHAPTER II 

 

 

 

 

Figure A1.1. Theoretical capacity versus block size assuming 1 Li+/TM for (3×4)-Nb12WO33, (4×4)-Nb14W3O44, and 

(4×5)-Nb16W5O55. 

 

 

 

Figure A1.2. Comparison of coulombic efficiencies versus cycle number for (3×4)-Nb12WO33, (4×4)-Nb14W3O44, and 

(4×5)-Nb16W5O55. 
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Figure A1.3. Full width at half maximum (FWHM) of the Region II peaks in Figure 2.2d-f of the main text versus the 

total number of Li-ion binding sites in the unit cell. The total number of sites was obtained from reference S1. 

 

 

Figure A1.4. Ratio of experimental to theoretical capacity upon first discharge for (3×4)-Nb12WO33, (4×4)-Nb14W3O44, 

(4×5)-Nb16W5O55, and (5×5)-Nb18W8O69. The data for (5×5)-Nb18W8O69 was obtained from reference S2 at a rate of 

C/2. 
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Figure A1.5. (a) DLi+ versus applied potential, as determined via PITT measurements for the anodic sweep. (b) Average 

DLi+ over the potential range of 1.4-1.6 V. 
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APPENDEX 2: SUPPORTING INFORMATION FOR CHAPTER III 

 

 

 

 

 

 
Figure A2.2. Comparison of simulated and experimental diffraction patterns for (a) MoxNb12W1-xO33 and (b) D-

MoxNb12W1-xO33 

 

Figure A2.1. (a) Rietveld refinement of the slowly synthesized Nb12WO33 using the C2/m space group and 

refining the lattice parameters, with a Rwp of 20.452. (b) Zoomed in range highlighting the refinement more 

closely matches the peak positions than the models from the ICSD. 



134 

 

 
Table A2.1. Major and minor particle lengths for MoxNb12W1-xO33 

 Nb12WO33 Mo.25Nb12W75O33 Mo.5Nb12W.5O33 Mo.75Nb12W.25O33 MoNb12WO33 

Major Axis (μm)  3.99 ±1.4 

(n=106) 

3.61±1.2 

(n=93) 

3.23±1.1 

(n=92) 

1.03±0.29 

(n=101) 

1.02±0.35 

(n=100) 

Minor Axis (μm) 2.61±0.68 

(n=106) 

2.68±0.77 

(n=93) 

2.35±0.72 

(n=92) 

0.77±0.22 

(n=101) 

0.78±0.29 

(n=100) 

 
Table A2.2. Major and minor particle lengths for D-MoxNb12W1-xO33 

 D-Nb12WO33 D-Mo.25Nb12W75O33 D-Mo.75Nb12W.25O33 D-MoNb12WO33 

Major Axis (μm)  1.54 ± 0.52 

(𝑛 = 71) 

1.35 ± 0.44 

(𝑛 = 76) 

1.20 ± 0.38 

(𝑛 = 42) 

1.13 ± 0.30 

(𝑛 = 24) 

Minor Axis (μm) 0.993 ± 0.30 

(𝑛 = 71) 

0.940 ± 0.83 

(𝑛 = 76) 

0.855 ± 0.27 

(𝑛 = 71) 

0.711 ± 0.21 

(𝑛 = 24) 

 

 

10μm

a. c. d. e.b.

10μm 10μm 10μm 10μm

Figure A2.3. SEM images of (a) Nb12WO33, (b) Mo.25Nb12W75O33, (c) Mo.5Nb12W.5O33, (d) Mo.75Nb12W.25O33, and (e) 

MoNb12WO33 

10μm

a. c. d.b.

10μm 10μm 10μm

Figure A2.4. SEM images of (a) D-Nb12WO33, (b) D-Mo.25Nb12W75O33, (c) Mo.75Nb12W.25O33, and (d) MoNb12WO33 

Figure A2.5. Comparison of Raman spectra for (a) MoxNb12W1-xO33 and (b) D-MoxNb12W1-xO33. (c-f) shows a focused 

Raman spectra comparing MoxNb12W1-xO33 and D-MoxNb12W1-xO33 (denoted by the dotted line) 
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Figure A2.6. Experimental Raman spectra and simulated vibrational modes (black vertical sticks) for (a) Nb12WO33, 

(b) Mo.5Nb12W.5O33, and (c) MoNb12O33. 

The low energy spectral region from 200 to 800 cm-1 contains a high density of simulated 

vibrational modes that could account for the prominent Raman peaks at approximately 270 cm–1, 

480 cm–1 and 630-650 cm–1. Unfortunately, assigning these low frequency modes to specific lattice 

vibrations is challenging due to the structural complexity of the unit cells. The high frequency 

modes (800-1000 cm–1) exhibit clearer atomic displacements (as shown in Figure A2.6), 

facilitating their assignment. Here we assign seven simulated vibrational modes to experimental 

Raman peaks in MoxNb12W1-xO33 compounds for the first time (see Table A2.3). The simulated 

mode at 906 cm–1 corresponds to Nb-O-Nb vibrations along the block edge, specifically O3, O4, 

O5, and O6 (Figure A2.7). All compounds exhibit peaks in this region due to the common 12 Nb 

atoms in the unit cell. Similarly, the simulated mode at 998 cm–1 can be assigned to block center 

Nb-O-Nb vibrations involving O8, O9, and O11. 

Some experimental Raman modes remain unassigned or appear significantly shifted from 

the theoretically predicted values, especially for MoNb12O33. Nearly all experimentally observed 

Raman peaks in Figure A2.6 can be linked to lattice vibrations except for the prominent peak at 

650 cm–1. This peak appears in all compounds, indicating the feature is not specific to Mo or W 

atoms. Hence, we suspect that this feature is likely associated with Nb-O vibrations in the block 

center. 
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Table A2.3. Assigned computational Raman vibrational modes for Mo.5Nb12W.5O33 

Mode # Raman Shift (cm-1) Primary Atoms Involves Description 

256 869 O4, O17 Primarily vibrations around tetrahedra 

258 906 O3, O5, O6 Block center vibrations 

    

262 936 O4, O17 Oxygen vibration around Mo 

263 972 O4, O17 Oxygen vibration around W 

266 990 O5, O6, O9, O11 Mixed block edge and center vibrations 

271 998 O3, O9, O10, O13 Mixed block edge and center vibrations 

273 1004 O8, O9, O11 Block center vibrations 

 

Figure A2.7. Assigned vibrational modes for the simulated Raman spectra (a) 256, (b) 258, (c) 262, (d) 263, (e) 266, 

(f) 271, and (g) 273. 



137 

 

 

 
Figure A2.9. dQ/dV plots for (a) D-Nb12WO33, (b) D-Mo.25Nb12W.75O33, (c) D-Mo.75Nb12W.25O33, and (d) D-

MoNb12O33. 

 

 

 
Figure A2.10. Shows the average discharge capacity for each cycle for (a) MoxNb12W1-xO33, the slope of capacity 

decay fits cycles 4-20 and is -1.60, -1.38, -1.57, -1.82, and -2.24 mAhg-1/cycle for x=0, 0.25, 0.5, 0.75 and 1 

respectively. (b) Shows the average discharge capacity for each cycle for D-MoxNb12W1-xO33, the slope of capacity 

decay fits cycles 4-20 and is -1.40, -1.49, -1.70, and -1.98 mAhg-1/cycle for x=0, 0.25, 0.75 and 1 respectively.  

 

Figure A2.8. Constant Current plots at a rate of C/3 for (a) D-Nb12WO33, (b) D-Mo.25Nb12W.75O33, (c) D-

Mo.75Nb12W.25O33, and (d) D-MoNb12O33. 
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Figure A2.11. Average (a) coulombic efficiency of MoxNb12W1-xO33 and (b) percent capacity loss relative to cycle 1. 

 

 
Figure A2.12. (a) Average coulombic efficiency for D-MoxNb12W1-xO33. (b) Average capacity loss relative to the first 

cycle for D-MoxNb12W1-xO33 
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APPENDEX 3: SUPPORTING INFORMATION FOR CHAPTER IV 

 

 

 

 
 

 

 

 

 
 

 

 

 

Figure A3.1. Particle size analysis of Nb14W3O44 
(n=42), MoNb14W2O44 (n=105), Mo2Nb14WO44 

(n=104), and Mo3Nb14O44 (n=110). 

Figure A3.2.The average discharge capacity for each cycle 

for MoxNb14W3-xO44, the capacity decay is denoted by the 

black line and is -1.58, -2.27, -2.98, and -3.74 mAhg-

1/cycle for x= 0, 1, 2, and 3 respectively. 
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Figure A3.3. (a) Average coulombic efficiency for MoxNb14W3-xO44. (b) Average capacity loss relative to the first 

cycle for MoxNb14W3-xO44.  
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APPENDEX 4: SUPPORTING INFORMATION FOR CHAPTER V 

 

 
 

 

 

 

 
 

 

 

Figure A4.1. (a) Variable scan rate cyclic voltammetry on a T-Nb2O5 half-cell. (b) Cyclic voltammetry normalized 

with respect to the maximum cathodic current. 

Figure A4.2. Comparison of two electrochemical 

cells cycled at 1.5 μV/s vs. Li/Li+. 
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Figure A4.3. Cyclic voltammetry of a T-Nb2O5 cell 

with 1M LiPF6 in EC:DMC electrolyte. 


