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ABSTRACT OF THE DISSERTATION 

 

Synthesis and characterization of nanostructured transition metal oxides 

for energy storage devices 

 

by 

 

Jong Woung Kim 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2012 

Professor Bruce Dunn, Chair 

 

 

Finding a promising material and constructing a new method to have both high energy 

and power are key issues for future energy storage systems. This dissertation addresses three 

different materials systems to resolve those issues. Pseudocapacitive materials such as RuO2 and 

MnO2 display high capacitance but Nb2O5, displays a different charge storage mechanism, one 

highly dependent on its crystal phase rather than its surface area. Various sol-gel techniques were 

used to synthesize the different phases of Nb2O5 and electrochemical testing was used to study 

their charge storage with some phases displaying comparable charge storage to MnO2. To 

overcome the electrical limitations of using an insulating material, the core-shell structure 

(Nb2O5/C) was also examined and the method could be generalized to improve other 

pseudocapacitors. Besides electronic conductivity, the diffusion of the electrolyte ions through 

the shell material is a critical factor for fast charging/discharging in the core-shell structure.  
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This dissertation also involves another topic, a reconfigurable electrode, that displays 

both high energy and power density. By constructing a reconfigurable electrode which has 

different electrical properties (metallic or insulating state) depending on the amount of 

intercalated ‘guest’ ions into ‘host’ material, it can be used as a battery or electrochemical 

capacitor material in the insulating or metallic state respectively. Metal oxide bronzes having 

metal-insulator transition were investigated in this study.    
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Chapter 1. Introduction and objectives 

Advancement comes from improvements in technology and energy storage has become 

the limiting factor to new technology. The ever increasing use of portable electronics, electric 

vehicles and large industrial equipment have increased both the power and energy demands to 

the limit of commercial energy storage technology comprised of batteries, fuel cells and 

electrochemical capacitors (also called supercapacitors). The limitations of commercial energy 

storage come from the tradeoff between energy and power. For example, batteries and fuel cells 

suffer from their low power density while supercapacitors have low energy density (Figure 1.1). 

Various efforts such as using nanotechnology and conductive additives have been made to 

achieve higher power density while minimizing the loss in energy density. Finding new materials 

is a crucial task that has so far been the only method for improving on the energy density of state 

of the art materials. A deeper understanding on charge storage mechanism is essential to resolve 

these energy storage challenges. This dissertation addresses three materials systems to 

demonstrate the following: (1) finding a promising supercapacitor material, (2) developing a 

method that can improve the power density of electrode materials limited by their electrical 

conductivity, and (3) proposal of a new concept for both high energy and power density 

electrode.  
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Figure 1.1. Ragone plot of various energy storage systems[1] 

 

The first system that is presented in this dissertation is niobia (Nb2O5). This is the first 

study of nanocrystalline niobia particles as a pseudocapacitor material. Its outstanding 

electrochemical performance makes it promising. In this study, the effects of crystallinity of 

materials on pseudocapacitive behavior were also investigated. For this study, nano-sized niobia 

with different crystalline structures was synthesized by annealing of an aerogel or by a 

solvothermal non-aqueous sol-gel process.  

The second system discussed in this dissertation is transition metal oxides/carbon 

(Nb2O5/C) composite with core-shell structure (0-D). Carbon has long been a conductive 
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additive but the improvement of the core-shell structure has not previously been applied to 

supercapacitor materials, even though it has been used to improve battery materials. In this study, 

The challenges of synthesizing and modifying the core-shell structure were investigated to 

improve the power density of the metal oxide composites. The core-shell structures were 

fabricated via microwave-assisted hydrothermal process followed by thermal annealing for 

carbonization and oxidation.  

 The third system presented in this dissertation involves the design and preparation of 

reconfigurable electrodes by using the variable electrical properties exhibited by certain 

intercalation materials. Sodium tungsten bronzes (NaxWO3) and purple molybdenum bronze 

(Na0.9Mo6O17) are of particular interest for this study, and were synthesized by the insertion of 

sodium ion into tungsten oxide (WO3) and molybdenum oxide (α-MoO3) frameworks, 

respectively. By tailoring the composition of the material and controlling its electrical 

conductivity, we engineered the bronzes to produce high energy and power within the same basic 

material.  
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Chapter 2. Niobium oxide (Nb2O5) for Pseudocapacitors 

Chapter 2.1. Introduction 

The intense interest in electrochemical energy storage can be traced to a wide range of 

applications which impact daily life, from portable electronics to electric vehicles to the power 

grid. Although capacitive energy storage has not been as thoroughly investigated as batteries, it is 

evident that electrochemical capacitors possess a number of desirable properties which can 

complement or replace batteries: fast charging (within seconds), long-term cycling and up to ten 

times more power than batteries.[2]  

Energy storage mechanisms for electrochemical capacitors are fundamentally different 

from those of batteries. Electrochemical double layer capacitors (EDLCs) store charge at the 

interface between the electrode, typically carbon, and a liquid electrolyte. This type of 

capacitance exists at every electrified surface and is directly proportional to the material’s 

surface area. High surface area carbons are the material of choice for EDLCs, and the highest 

specific capacitance values are around 150 F/g.[3] A second capacitive storage mechanism is 

pseudocapacitance, which involves reversible faradaic reactions. These reactions can occur from 

ions adsorbing onto the surface of the material or, if the material has a layered or tunnel 

structure, being inserted within specific ion-conducting planes or channels.[4] The specific 

capacitance values can be significantly larger for pseudocapacitive materials (> 1,000 F/g) 

compared to EDLCs because of the greater level of charge storage associated with redox 

reactions. Thus, there is considerable interest in investigating pseudocapacitive materials since 

the energy density associated with faradaic reactions is much higher, by approximately an order 
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of magnitude, than EDLCs such as carbon. Transition metal oxides are the most well-studied 

class of inorganic pseudocapacitive materials because of the ease of synthesis and the facile 

electrochemical reduction of materials with high-oxidation states.[5]     

Among the different pseudocapacitor materials, RuO2 and MnO2 have received the most 

study. RuO2, the first pseudocapacitor investigated in any detail, provides insight into some of 

the properties required for a successful pseudocapacitive material – appropriate redox reactions 

at the surface (or near surface) and high electronic conductivity. As a wide band gap 

semiconductor, MnO2 has a much lower electrical conductivity and this tends to keep the specific 

capacitance well below theoretical values, although there are some instances where specific 

capacitance values close to theoretical, above 1,200 F/g, were reached.[6] Other transition metal 

oxides that have received some study include V2O5 and NiO, both of which have demonstrated 

specific capacitance values > 1,000 F/g under specific experimental conditions.[5, 7] However, 

similar to MnO2, these materials also suffer from low electronic conductivity. 

Currently, there is little fundamental understanding of what leads to good 

pseudocapacitive properties. While high surface area has always been an important consideration 

for EDLCs, recent work with MnO2 showed that, in fact, surface area had limited impact when 

charge storage was mainly faradaic.[8] Results with mesoporous transition metal oxides have 

shown the benefit of developing a well-controlled, interconnected porous architecture; the 

porosity enables electrolyte access to the redox-active pore walls. Moreover, for ‘iso-oriented’ 

systems, MoO3 and Nb2O5, alignment along certain crystallographic directions leads to higher 

specific capacitance compared to amorphous materials of the same composition due to an 

additional pseudocapacitive contribution.[9] The results obtained with mesoporous Nb2O5 films 
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were particularly intriguing because of fast kinetics in addition to high specific capacitance. 

However, it was not clear from this initial work whether the observed behavior was unique to 

mesoporous iso-oriented films or whether it was the result of the fundamental charge storage 

properties of Nb2O5.   

 The electrochemical behavior of Nb2O5 was first investigated by Bard et al.[10, 11], who 

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

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

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

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

as the negative electrode.[12] The reversibility of the lithium intercalation process is well 

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

maximum capacity of 728 C/g or ~ 200 mAh/g. In the electrochromics field, kinetics plays a 

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

seconds.[13] This kinetic response, along with a large difference between the colored and 

bleached state, renders Nb2O5 as one of the best inorganic electrochromic materials.[13]  

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

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

pseudohexagonal phase of Nb2O5 is preferred for electrochromic devices[11] while the tetragonal 

phase seems to lead to the best battery electrodes[12]. In general, the basic question of how crystal 

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

reported by Favier et al.[8] on MnO2 polytypes demonstrated that the crystallographic structure 

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



7 

 

dimensional MnO2 spinels exhibited greater specific capacitance than MnO2 phases with either 

2D or 1D structures. 

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

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

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

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

material possesses much better charge storage kinetics than other transition metal oxides.[9] In the 

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

and the electrochemical properties were determined using electrodes composed only of 

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

response. Electrochemical studies show that orthorhombic Nb2O5 exhibits high specific 

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

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

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

charge storage process.  

 

Chapter 2.2. Technical Background 

 Niobium oxide (Nb2O5) Chapter 2.2.1.

 Niobium is one of the group V metals and forms niobium pentoxide, Nb2O5, with oxygen 

when it has oxidation state of +5. Nb2O5 is an electronic insulator; its bulk resistivity is ~ 3x104 

Ω-cm at 300K with a bandgap of ~3.4 eV[14, 15] and comprised of polyhedra (Nb adjacent to 6,7 
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or 6 oxygens)  sharing their edges and corners. There are many polymorphs of Nb2O5 depending 

on the temperature at which amorphous Nb2O5 is crystallized through thermal treatment.[16, 17] 

The amorphous Nb2O5 begins to crystallize in a “low-temperature” form called the TT form 

(from the German “tief-tief” for low-low) at about 773K. At higher temperature, T-, M- 

(“Medium-temperature”) and H-(“High-temperature”) Nb2O5 forms. P (“Prism”) and B 

(“Blatter,” German for “leaflets”) Nb2O5 can be also formed through other synthetic routes. As 

shown in Figure 2.1, the crystallization behavior of niobium pentoxide is influenced by the 

starting materials used, impurities that may be present, and any interactions with other 

components.  

 

 

Figure 2.1.  Polymorphism of niobium oxide (Nb2O5)
[17] 
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Figure 2.2.  Projection of the structure of orthorhombic T-Nb2O5 parallel to the [001] plane; (⃝) 
oxygen, (○,●) niobium[18]  

   

Among the various phases of Nb2O5, pseudohexagonal TT-Nb2O5, orthorhombic T-Nb2O5 

and monoclinic H-Nb2O5 are the most common phases due to the ease of synthesis. 

Pseudohexagonal TT-Nb2O5 and orthorhombic T-Nb2O5 have long been thought to be the same, 

because they have similar X-ray diffraction patterns and the TT-Nb2O5 phase does not always 

form from pure components as starting material. These observations suggest that TT-Nb2O5 may 

simply be a less crystalline form of T-Nb2O5, stabilized by impurities. The main differences are 

that some of the oxygen atoms in T-Nb2O5 are replaced by monovalent species (such as Cl-) or 

vacancies.[16] The unit cell of orthorhombic T-Nb2O5 contains 42 oxygen atom positions (large 

open circles in Figure 2.2). Eight of the Nb ions are present in distorted octahedra, while another 

eight Nb ions occupy pentagonal bipyramids. The remaining 0.8 Nb ion per unit cell is located in 

interstitial 9-coordinated sites in the unit cell (small open circles).[18]
 Monoclinc H-Nb2O5, on the 

other hand, has an entirely different structure. H-Nb2O5 has a shear structure consisting of blocks 

of NbO6 octahedra (3 x 4 and 3 x 5) that share corners with octahedra in their own block and 

edges with octahedra in other blocks. One of the 28 Nb atoms in each unit cell is present in a 
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tetrahedral site, which occurs at some block junctions, as depicted by the black circles in Figure 

2.3.[19]  

 

 

Figure 2.3. Crystal structure of H-Nb2O5; (bold diamond) NbO6 octahedra, (●) Nb in tetrahedral 
site.[19]  

 

 Electrochemical capacitors (EDLCs and Pseudocapacitors) Chapter 2.2.2.

There are two different types of electrochemical capacitors, electrochemical double layer 

capacitors (EDLCs) and pseudocapacitors. For EDLCs, electrical charge is stored directly at an 

electrified interface (Figure 2.4-(a)). The charge storage process for EDLCs is non-faradaic 

where no electron transfer takes place across the electrode interface. Electrical energy is stored 

through electrostatic charge accumulation at the interface in the absence of any redox chemical 

changes. On the other hand, pseudocapacitance occurs through a redox charge transfer process at 
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the electrode surface (Figure 2.4-(b)). Such a process is faradaic in origin because it involves 

electron transfer across the double layer at the electrode/electrolyte interfaces. The electrical 

energy is stored through electrosorption, redox reactions and intercalation processes.[20] 

Pseudocapacitor materials can achieve very high capacitance from these faradaic processes. In 

addition to pseudocapacitance, materials will also possess an additional double-layer capacitance 

which arises non-faradaically at the electrode interfaces. Normally, the pseudocapacitive 

contribution (area normalized), can be 10 - 100 times higher than the double-layer capacitance.  

 

 
(a)                                    (b) 

 

Figure 2.4. Mechanism for electrochemical capacitors: (a) Electrochemical double layer 
capacitors (EDLCs) and (b) Pseudocapacitors.     

 



12 

 

 Nanostructured materials for pseudocapacitors Chapter 2.2.3.

Nanostructured materials have attracted great interest in recent years because they offer 

short path lengths for both electron and ion transport. Moreover, nanoscale materials have a high 

surface-to-volume ratio which enables higher utilization of the electrochemically active  

materialby the electrolyte.[21] These nano-size effects have been investigated with various 

pseudocapacitive materials including RuO2 and MnO2, which are among the best materials in 

this field. RuO2 (dia.~38 nm) was first reported to have a specific capacitance of 720 F/g[22]. The 

capacity of RuO2 increases dramatically when the size of particle decreases to 3 nm, up to 1340 

F/g, which is close to its theoretical capacity (1358 F/g)[23]. In addition to RuO2, studies on the 

pseudocapacitive behavior of MnO2 indicate that thin films (tens to hundreds of nanometers 

thick) give rise to high specific capacitances, of up to 1380 F g-1[6]. This value is much larger 

than that of micrometer-thick films, 150-250 F/g[24, 25].  

Another interesting feature of nano-dimensional materials is that the capacitive 

contribution at the surface becomes larger as the particle size decreases. Dunn et al.[26] 

demonstrated that the total stored charge in TiO2 increases as the particle size decreases due to 

the increase of the capacitive contribution (e.g. 55% for 7nm and 15% for 30nm of particles) 

despite the fact that the capacity contributed by Li ion insertion for smaller particles is less than 

that of large particles. This higher capacitive contribution enables us to have faster 

charge/discharge rates, which leads higher power as well.   

 



13 

 

Chapter 2.3. Experimental 

 Nanoscale Nb2O5 particles having different crystalline structures and surface areas were 

synthesized via either aqueous or non-aqueous sol-gel processes. Niobium chloride (NbCl5), 

benzyl alcohol (anhydrous), ethanol (≥99.5%) and propylene oxide (≥99%) were purchased from 

Sigma-Aldrich. All the chemicals were used without further purification.   

 

 Synthesis of Nb2O5  Chapter 2.3.1.

Amorphous aerogel and orthorhombic T-Nb2O5 

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

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

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

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

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

propylene oxide (~1 mL) was slowly injected with magnetic stirring until a transparent gel 

formed. The Nb2O5 wet-gel was aged for 1 day to promote network formation before being 

immersed in acetone, which was replaced periodically for 5 days before the gel was 

supercritically dried using CO2.
[27] The resulting amorphous Nb2O5 aerogel was calcined at 

400°C in air for 2 hours to remove any remaining adsorbed water and organics. This treatment 

did not crystallize the material. To produce the T-Nb2O5 phase the amorphous aerogel was 

annealed at 600°C for 2 hrs in air. 
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Pseudohexagonal TT-Nb2O5 

A non-aqueous sol-gel technique was utilized for the synthesis of TT-Nb2O5.
[28] First, 

NbCl5 (200 mg) was added to benzyl alcohol (20 mL). The mixture was then transferred into a 

Teflon cup containing a 45 mL inner volume, slid into a steel autoclave and carefully sealed. All 

these steps were performed in an Ar-filled glovebox. The sealed autoclave was removed from the 

glovebox and placed in an oven at 220°C for 4 days. The resulting cloudy suspensions were 

centrifuged (5000 rpm for 10 minutes) to separate the  precipitates which were then washed 

thoroughly with ethanol and dichloromethane and dried at 60°C. The structure and 

electrochemical properties of the as-synthesized TT-Nb2O5 samples were used without any 

further heat treatment.  

 

 Material Characterization  Chapter 2.3.2.

The phase of each Nb2O5 sample was identified using a powder X-ray diffractometer 

(PANalytical, X’PertPro) using Cu–Kα (λ=1.54 Å) radiation. Brunauer-Emmett-Teller (BET) 

surface areas were obtained from nitrogen adsorption isotherms at 77 K using a gas adsorption 

analyzer (Micromeritics ASAP 2010). The particle size and crystalline nature of Nb2O5 were 

further characterized by transmission electron microscopy (TEM; CM 120, FEI) and high 

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

(Nb)-oxygen (O) bondings for various phases were charaterized using Raman Spectroscopy 

(Renishaw inVia with 514 laser).  
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 Electrochemical characterization  Chapter 2.3.3.

Electrochemical measurements were performed in a three-electrode cell with a 

nanoparticle film of Nb2O5 serving as the working electrode. To prepare the working electrode, 

nanoscale sized powders of Nb2O5 aerogel or the crystalline phases (~ 20 µg) were cast from an 

ethanol solution onto an oxygen-plasma treated stainless steel foil (~ 1 cm2 area), which was 

subsequently heated at 110 °C for one hour to evaporate the ethanol. The mass of the 

nanoparticles deposited on the stainless steel foil was determined using a microbalance. The 

electrolytes used were LiClO4 (1 M) or NaClO4 (1 M) in propylene carbonate. Lithium or sodium 

metal foils were used as the counter and reference electrodes. Cyclic voltammetry was performed 

between 1.2 and 3 V vs. Li/Li+ (or Na/Na+) using a PAR EG&G 273A Potentiostat. All tests were 

performed in an argon glovebox, with oxygen and water levels of < 1 ppm. For the ex-situ HR-

TEM experiment, T-Nb2O5 particles were deposited directly on a copper TEM grid which served 

as the working electrode. After the electrochemical measurements, the sample could be placed 

directly into the HR-TEM. 

 

Chapter 2.4. Results and Discussion 

 Nb2O5 synthesis and characterization Chapter 2.4.1.

 The phases of Nb2O5 examined in this study are amorphous, pseudohexagonal (TT-

Nb2O5) and orthorhombic (T-Nb2O5). The amorphous and T-phase Nb2O5 were synthesized by 

heat treatment of Nb2O5 aerogel precursor prepared by an aqueous sol–gel route. The sol-gel 
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process typically includes hydrolysis of the precursor, usually metal alkoxide or metal salt, and 

poly-condensation between the pre-hydrolyzed precursors (Figure 2.5).  

 

                M-OR + H2O  M-OH + ROH              --------------      Hydrolysis 
                M-OR + HO-M  M-O-M + ROH         --------------      Alcohol condensation 
                M-OH + HO-M  M-O-M + H2O          --------------      Water condensation 
 

Figure 2.5. Sol-gel process of metal alkoxide 

 

However, in this study, propylene oxide is also involved in the reaction. This reaction, called the 

epoxide-mediated sol-gel process, was first reported by Gash et al.[29, 30] Using a stable metal 

salt, NbCl5 as the starting material, homogeneous gelation can be triggered by the addition of 

epoxides. Epoxides act as proton scavengers through protonation of the epoxide oxygen and 

subsequent ring-opening reactions are brought about by the nucleophilic anionic conjugate base, 

such as Cl- (Figure 2.6).[29] This ring-opening reaction results in a moderate and uniform increase 

in solution pH and eventually promotes the homogeneous hydrolysis and condensation reactions 

that produce a monolithic gel. Aging a gel before drying helps to strengthen the network and 

thereby reduce the risk of fracture. Finally, supercritical drying was performed using CO2 to 

convert the aged wet-gel to an aerogel. During supercritical drying, the pore liquid phase is 

converted to gas without passing through its equilibrium phase and thus one can keep the pore 

structure and high surface area of the wet gel. Using this epoxide-mediated sol-gel process 

followed by supercritical drying, Nb2O5 aerogel was successfully fabricated and used as a 

precursor material for amorphous and orthorhombic T-Nb2O5. 
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Figure 2.6. Ring-opening reaction of propylene oxide with acid[31] 

 

 Pseudohexagonal TT-Nb2O5, on the other hand, was synthesized using a nonaqueous 

solvothermal sol-gel process. The use of the nonaqueous (or nonhydrolytic) sol–gel process in 

organic solvents overcomes some limitations of aqueous systems (e.g. the difficulty in preparing 

nanocrystalline materials). The different products that result from the nonaqueous sol-gel process 

are caused by the slow reaction rates, which are mainly a consequence of the moderate reactivity 

of the C–O bond. The stabilizing effect of the organic species in non-aqueous sol-gel processes 

leads to the formation of nanosized, uniform and highly crystalline materials.[32] Due to the 

absence of water and the use of NbCl5 as a precursor in this study, the only oxygen available for 

oxide formation is provided by the solvent, benzyl alcohol. Metal-oxygen-metal bonds can be 

formed through one of the condensation steps, as shown in Figure 2.7.  

 

                ≡M-X  +  R-O-M≡   ≡M-O-M≡  + R-X              alkyl halide elimination 
                ≡M-O-R  +   R-O-M≡   ≡M-O-M≡  +  R-O-R    ether elimination  
 

Figure 2.7. Condensation steps for non-aqueous sol-gel process based on reacting metal halides 
in benzyl alcohol[32] 

 

 The phase and morphology of the Nb2O5 materials were characterized using X-ray 

diffraction (XRD) and transmission electron microscopy (TEM). XRD patterns for each of the 

Nb2O5 phases synthesized are shown in Figure 2.8. As-synthesized Nb2O5 aerogel is amorphous  
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and has a BET surface area of 442 m2/g (Table 1). After calcination at 400 °C to dehydrate the 

structure, the Nb2O5 is still amorphous (Figure 2.8-(a)) but the BET surface area is reduced to 

187 m2/g (Table 1). Heating as-synthesized Nb2O5 aerogel to 600°C in air leads to T-Nb2O5 

(JCPDS 30-873), as shown in Figure 2.8-(c). Figure 2.8-(b) shows that TT-Nb2O5 (JCPDS 28-

317) is synthesized through a non-aqueous solvothermal sol-gel process without heat treatment. 

The formation of TT-Nb2O5 is due to its low synthetic temperature (220 °C) compared to 600 °C 

for T-Nb2O5.
[16] XRD patterns of T- and TT- phases of Nb2O5 are similar except for a peak shift 

around 28° (2 theta) and two small additional peaks around 42° and 45° (2 theta). This is because 

TT-Nb2O5 is believed to be a defect structure of T-Nb2O5. The main difference between the two 

phases is that in the TT phase, some oxygen atoms of the T-Nb2O5 are replaced by impurities 

such as Cl- (from residual precursor) or vacancies.[16] The BET surface areas of T- and TT-Nb2O5 

phases are 70 and 149 m2/g, respectively (Table 1).  

 
Figure 2.8. X-ray diffraction patterns for different phases of Nb2O5: a) dehydrated amorphous 
Nb2O5 aerogel, b) pseudohexagonal (TT-Nb2O5), c) orthorhombic (T-Nb2O5). 
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Table 2.1. Brunauer-Emmett-Teller (BET) surface areas for different phases of Nb2O5 
nanoparticles. 

 

 

As-synthesized 
Nb2O5 aerogel 
(Amorphous) 

Dehydrated 
Nb2O5 aerogel 
(Amorphous) 

T-Nb2O5 TT-Nb2O5 

BET surface area [m2/g] 442 187 70 149 

 

 

TEM images of the Nb2O5 particles synthesized in this work show the different sizes and 

morphologies for the various phases (Figure 2.9). For as-synthesized aerogel, all the small 

particles are connected to each other leading to a three-dimensional network structure (Figure 

2.9-(a)). After annealing at 400°C, the particles size increased to ~10 nm and the particles formed 

aggregates (Figure 2.9-(b)). The particle size was further increased for T-Nb2O5 (35 nm-Figure 

2.9-(d)) due to higher annealing temperature (600°C). Figure 2.9-(c) shows that TT-Nb2O5 

synthesized via non-aqueous sol-gel process are slightly agglomerated and the average particle 

size is 7 nm.  
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    (a)                                                                   (b) 

 

 
        (c)                                                                    (d) 
 

Figure 2.9. Transmission electron microscopy (TEM) images for the different Nb2O5 phases: a) 
as-synthesized Nb2O5 aerogel, b) dehydrated Nb2O5 aerogel, c) pseudohexagonal (TT-Nb2O5), d) 
orthorhombic (T-Nb2O5).  
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 The bonds between niobium and oxygen in each Nb2O5 phase were characterized using 

Raman spectroscopy. As shown in Figure 2.10, as-synthesized Nb2O5 has two broad peaks 

around 837 and 647 cm-1 where are attributed to stretching mode of Nb=O on the surface and the 

stretching mode of slightly distorted Nb-O in polyhedra (NbO6, NbO7 and NbO8), respectively. 

Those two peaks are characteristic for non-crystalline Nb2O5.
[33] For crystalline Nb2O5, there is a 

peak in a range of 580 – 740 cm-1 which is caused by Nb-O-Nb bridging bond of distorted 

NbO6.
[34] However, the peak position changes slightly as different temperatures are applied for 

different phase of Nb2O5.  Peaks at a range of 180-350 cm-1 correspond to Nb-O-Nb angle 

deformation.[34] As shown in Figure 2.10, the peaks for Nb-O-Nb becomes split for T-Nb2O5 

(600 °C and 800 °C) and H-Nb2O5, which is not shown in as-synthesized or pseudohexagonal 

Nb2O5. For monoclinic H-Nb2O5 which is formed by heating as-synthesized Nb2O5 at 1000 °C, a 

strong peak at 997 cm-1 starts to be shown. This characteristic peak is attributed to stretching 

mode of Nb=O due to strong distortion of NbO6 by heat treatment at high temperature.[16] 

However, when Nb2O5 is heat treated above 800 °C, the particle size was dramatically increased. 

Figure 2.11 shows that particle size is over 200 nm (in dia.) when Nb2O5 was heat treated at 

800 °C. Because the samples heat treated at above 800 °C are no longer nanoscale, they were 

excluded from the characterization study.        
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Figure 2.10. Raman spectra of Nb2O5 with different crystalline structure; A peak at 520 cm-1 is 
caused by Si substrate which was used for measurement 

 

Figure 2.11. TEM image of Nb2O5 heat treated at 800 °C for 2 hrs in air; Nb2O5 aerogel 
synthesized in this study was used as a precursor material 
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 The effect of crystallinity on pseudocapacitive behavior of Nb2O5  Chapter 2.4.2.

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

sodium) as the counter and reference electrodes. The stainless steel substrate used for the thin 

film electrodes contributed little to the overall current (Figure 2.12). Cyclic voltammetry (CV) 

with lithium and sodium-ion electrolytes (1 M LiClO4 or NaClO4 in propylene carbonate) was 

used to determine the electrochemical properties of the Nb2O5 nanoparticles. For Nb2O5 in a 

lithium ion electrolyte, charge storage occurs through the insertion of lithium ions with 

concomitant reduction of Nb+5 to Nb+4, for a maximum theoretical storage of x = 2 (or 726 

C/g)[35]: 

    Nb2O5 + xLi+ + xe-  LixNb2O5 

 

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

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

between 12 seconds and 4 minutes.   

 

Figure 2.12. Voltammetric sweeps (10 mV/s in 1 m LiClO4 in propylene carbonate) demonstrate 
that the stainless steel substrate (SS) contributes very little to the total current. 

1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0

-0.00020

-0.00015

-0.00010

-0.00005

0.00000

0.00005

0.00010

0.00015

C
ur

re
nt

 [
A

]

Potential [V vs. Li/Li+]

 T-Nb
2
O

5
 on SS

 SS



24 

 

 
 

Figure 2.13. Voltammetric sweeps for Nb2O5 in lithium ion electrolyte: CVs at 10 mV/s for 
different Nb2O5 phases. 

 

The crystalline phases of Nb2O5 exhibit much greater levels of charge storage compared 

to the amorphous material. The CVs in Figure 2.13 show that for the crystalline materials, the 

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

cathodic peaks around 1.75 V and 1.5 V (for the orthorhombic phase). During lithiation, the 

electrodes exhibit blue coloration, demonstrating the well-known electrochromic property of 

crystalline Nb2O5.
[36] On sweep reversal, identification of anodic peaks for the Nb2O5 is more 

difficult, with two very broad peaks apparent at about 1.5 V and 1.8 V for T-Nb2O5. Based on the 

small difference between insertion and deinsertion peak voltages, the lithiation process is highly 

reversible in nanocrystalline Nb2O5. The scans shown in Figure 2.13 cover the range between 3.0 

and 1.2 V (vs. Li/Li+) and establish the absence of any redox peaks above 2.4 V. In fact, it is 

possible to scan between 2.4 V and 1.2 V to obtain the redox behavior shown in Figure 2.13. The 
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amorphous aerogel material does not show any peaks in the CV scan and the specific current is 

significantly lower than either of the crystalline materials. Amorphous Nb2O5 has been shown to 

have lower lithium capacity than crystalline Nb2O5 in mesoporous and sol-gel films as well.[9, 13] 

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

brown color during lithiation because of strong absorption in the blue.[37] 

 

 

Figure 2.14. Charge storage as a function of charging time for different Nb2O5 phases 
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Figure 2.15. The surface-area normalized capacitance for different Nb2O5 phases in Li+ electrolyte 

 

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

differences between the crystalline and amorphous materials are quantified in Figure 2.14 and 

Figure 2.15 based on a voltage window of 1.2 V. The highest capacity is achieved with the T-

Nb2O5: at a charging time of only 12 seconds the capacity is approximately 450 C/g, 

corresponding to a capacitance of 370 F/g. As charging time increases, the capacity increases 

until a consistent value of 560 C/g is attained after about 2 minutes. The fact that over 80% of the 

capacity is accessed within 12 seconds indicates that the kinetic response for T-Nb2O5 is one of 

the fastest reported for transition metal oxides. The TT-phase also shows significant charge 

storage, but this value is lower than the T-phase material, despite the fact that the surface area of 

the TT-Nb2O5 (149 m2/g) is significantly larger than that of the T-Nb2O5 (70 m2/g). The 

observation that surface area has limited effect on total charge storage was reported for MnO2 
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polytypes[8] and thus seems to be a characteristic of systems in which charge storage is faradaic 

and particle size is sub-micron. In contrast, the amorphous Nb2O5 aerogel has a significantly 

lower specific capacitance than either crystalline phase even though its surface area (187 m2/g) is 

actually higher than TT-Nb2O5. The great difference between the amorphous and crystalline 

phases shown in Figure 2.14 and Figure 2.15 is a good indication of how faradaic processes lead 

to an additional capacitive storage mechanism which does not occur with the non-crystalline 

material. Moreover, as indicated by the kinetic response, this faradaic contribution occurs at very 

short timescales where diffusion-related processes are expected to be minimal.         

 

 Intercalation pseudocapacitance and structural stability of Nb2O5 Chapter 2.4.3.

Ex situ HR-TEM was used to investigate the ion intercalation and the structural stability 

of T-Nb2O5 during high-rate (100 mV/s) lithium insertion and extraction. To obtain the lithiated 

and delithiated T-Nb2O5, the cycling was stopped at 1.2 V and 3 V (vs. Li/Li+), respectively. 

Figure 2.16-(a) displays the lattices of T-Nb2O5 prior to the CV cycles. The lattice parameter 

(3.157Å) in Figure 2.16-(a) corresponds to the (180) plane of T-Nb2O5, which is not present in 

TT-Nb2O5. This lattice parameter analysis is in good agreement with XRD pattern (Figure 2.8-

(c)). Figure 2.16-(b) shows that the lattice parameter (3.25 Å) of T-Nb2O5 after lithiation was 

slightly larger than the lattice parameter (3.157 Å) of the pristine (180) plane. This indicates that 

the lattice parameter of the (180) plane is increased by 3% due to lithium insertion, which is in 

good agreement with prior XRD studies on lithium insertion into T-Nb2O5.
[38] The prior results 

of Kumagai and the study involving iso-oriented meosporous films suggest that the (180) plane 
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of T-Nb2O5 may provide a favorable pathway for Li+ transport.[9] Upon delithiation, there is no 

evidence of a phase change. The HR-TEM image shown in Figure 2.16-(c) corresponds to the 

(001) plane of T-Nb2O5. Electron diffraction was also performed on each sample to investigate 

structure change during CV cycles. Figure 2-17 shows that all three samples have (180) and 

(181) plane, which are characteristic for othorhombic T-Nb2O5. Electron diffraction analysis as 

well as d-spacing studies of HR-TEM images indicate that the structure of T-Nb2O5 did not 

change after 10 cycles of lithium insertion and extraction. In addition, Figure 2.16-(b) and 2.16-

(c) demonstrate that a solid electrolyte interphase (SEI) layer was formed on the surface of 

Nb2O5 as expected from the use of low potentials during cycling. 
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                                      (a)                                                                      (b) 
 

      
                                      (c) 
 

Figure 2.16. HR-TEM images of T-Nb2O5: a) pristine material, b) lithiated to 1.2 V (vs. Li/Li+), 
c) delithiated to 3 V (vs Li/Li+) after cycling 10 times at 100 mV/s.  (scale bar: 5nm)  
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(a) 

 

  
                                         (b)                                                                  (c) 
 

Figure 2.17. Electron diffraction (ED) studies of T-Nb2O5: a) pristine material, b) after lithiation,  
c) after delithiation. The orthorhombic phase of T-Nb2O5 is maintained after lithium insertion 
and deinsertion. (scale bar: 2 1/nm)  
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 Electrolyte ion size effect Chapter 2.4.4.

 

Figure 2.18. Effect of electrolyte ion size on electrochemical behavior of Nb2O5 : CV at 5 mV/s  
for T-Nb2O5 using Li+ (—) or Na+ (- - -) electrolytes. 

  

The crystallographic dependence observed for Li+ charge storage led us to consider the 

effect of ion size. To investigate the electrolyte ion size effect on charge storage of Nb2O5, two 

different ions (Li+: 0.74 Å and Na+: 1.02 Å in rad.)[39] were tested in this study. The results 

shown in Figure 2.18 for the T-Nb2O5 are quite dramatic as substantially greater current occurs 

using the lithium-ion electrolyte as compared to the sodium ion electrolyte. Surface area-

normalized capacitance (Figure 2.19) shows that with the sodium-ion electrolyte, the amount of 

charge storage does not depend on crystallinity or phase. The measured value of 20 F/cm2 is a 

level generally associated with double-layer capacitance.[4] If capacitive energy storage using the 

sodium electrolyte occurs only from electrical double layer contributions, it is expected that the 
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specific capacity increases with surface area. Thus, because of its greater surface area, it is not 

surprising that the amorphous Nb2O5 aerogel exhibits a larger gravimetric capacity (~40 C/g at 5 

mV/s; Figure 2.20) than that of crystalline phases. And it is also reasonable that capacity values 

normalized by surface area for each phase of Nb2O5 are similar each other (Figure 2.21). This 

behavior is very different from what is observed when using lithium electrolytes. Because of 

charge storage from faradaic reactions, the surface-area normalized capacitance of the crystalline 

materials in lithium-ion electrolyte is at least an order of magnitude larger than in sodium for all 

sweep rates (Figure 2.15). The inability for the larger Na+ to move within the frameworks of the 

TT- and T-Nb2O5 phases was reported by Kumagai et al.[40] and is a commonly observed feature 

for other intercalation compounds.[41] 

 

 

Figure 2.19. The surface-area normalized capacitance for different Nb2O5 phases in Na+ 
electrolytes  
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Figure 2.20. Voltammetric sweeps for Nb2O5 materials in sodium ion electrolyte (1 M NaClO4 in 
propylene carbonate). Current is normalized by weight.   

 

 
 

Figure 2.21. Voltammetric sweeps for Nb2O5 materials in sodium ion electrolyte (1 M NaClO4 in 
propylene carbonate). Current is normalized by surface area.   
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 Kinetic behavior of T-Nb2O5 Chapter 2.4.5.

To obtain further insight concerning the kinetics of charge storage in T-Nb2O5, we 

adapted an analysis first used by Trasatti et al. to characterize the charge storage of RuO2, a well-

known pseudocapacitive material.[42] In this analysis, the overall capacity (Q) of a material is 

assumed to contain two contributions, that from capacitive charge storage (Qcapacitive, the “outer 

surface”) and that from bulk charge storage (Qbulk, the “inner surface”):   

 

          Q = Qcapacitive + Qbulk                      

 

The bulk charge storage depends upon ion diffusion and, assuming semi-infinite linear diffusion, 

is expected to vary as t1/2. By rewriting the above equation in terms of the sweep rate (v), the 

following relationship arises: 

 

              Q(v) = Qcapacitive + constant(v-1/2)    

 

In this analysis, a plot of capacity vs. v-1/2 yields a straight line whose y-intercept (v = ∞) is the 

“outer surface” capacity or the infinite-sweep rate capacity. Due to the possibility of polarization 

at high sweep rates, deviation from a straight line usually occurs, and intermediate sweep rates 

are then chosen to extrapolate to the y-intercept.[43] The extrapolated infinite sweep-rate 

capacitance for T-Nb2O5 (Figure 2.22)  is estimated to be around 400 F/g, in good agreement 

with the charging behavior shown in Figure 2.14. This value represents the amount of charge 
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storage from capacitive processes, namely double-layer and/or pseudocapacitance. At slower 

sweep rates, diffusion-related processes begin to contribute and the total amount of charge 

storage becomes a combination of capacitive and diffusion components. In some materials, 

diffusion-related charge storage increases significantly and far outweighs the capacitive 

contribution. In the case of TiO2 nanoparticles, for example, diffusion processes contributed 

between 85% and 45% of the total amount of charge storage depending upon crystallite size.[26] 

What is particularly interesting with Nb2O5 is that even at slow sweep rates and reasonably large 

crystallite sizes (30-40 nm), diffusion processes contribute only a small amount of the total 

charge, less than 20%  at 5 mV/s (Figure 2.23).    

 

 
 

Figure 2.22. Determination of the infinite sweep-rate capacitance of T-Nb2O5: the capacity as a 
function of sweep rate-1/2, the y-intercept is 470 C/g and represents the infinite sweep rate 
capacity 
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Figure 2.23. The contribution of the capacity at infinite sweep rate to the total charge storage   

 

To provide some context for the extrapolated infinite sweep-rate capacitance, it is useful 

to make comparisons with both birnessite MnO2 and RuO2. Using non-aqueous lithium 

electrolytes similar to the experiments reported here, the results from Ma et. al. indicate a 

specific capacitance for birnessite of ~ 270 F/g.[44] This is well below the 400 F/g shown in 

Figure 2.22 for T-Nb2O5. Direct comparisons with RuO2 are not feasible for these electrolytes 

because crystalline anhydrous RuO2 undergoes a phase transition upon lithiation.[45] With acid 

electrolytes, however, there is considerable experimental data. Recent results reported for 2 nm-

thick RuO2 nanoskins exhibited an infinite-sweep rate specific capacitance of ~ 480 F/g.[46] Thus, 

even though the pseudocapacitance mechanisms are different for RuO2 and T-Nb2O5, their 

charge storage kinetics at short times are quite comparable. In some respects, RuO2, which has 

been investigated since the 1970’s, represents a model pseudocapacitor system. Its high 
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electronic and ionic conductivity have been proposed as the key factors in achieving high 

specific capacity.[47] Nb2O5, on the other hand, is an electronic insulator; its bulk resistivity is ~ 

3x104 Ω-cm at 300K with a bandgap of ~3.4 eV.[14, 15] However, the insertion of lithium into the 

structure apparently dopes the material and increases the electronic conductivity. 

Electrochemical impedance measurements of T-Nb2O5 samples before and after lithiation (Figure 

2.24) indicate that the charge transfer resistance decreases by a factor of about 1000 after 

lithiation. The mixed electronic and ionic conduction of reduced T-Nb2O5 was noted 

previously.[35] Despite the dramatic improvement in electrical properties with lithiation, for 

device applications that use thicker electrodes, it is likely that conductive additives would still be 

necessary.    

The question of how electronic conduction develops in lithiated Nb2O5 has been 

considered by several research groups. Orel et al. proposed that electron transport occurs due to a 

polaron hopping mechanism and showed that the conductivity increases by four orders of 

magnitude when Nb2O5 is chemically-lithiated.[13] Also relevant to the conductivity question is 

the fact that shear structures of reduced monoclinic Nb2O5 become conductive with as little as 

four atomic % Nb+4 due to the addition of 4d1 electrons to the insulating structure.[14] Finally, a 

first-principles study of n-type doping in oxides suggested that Nb2O5 will become conductive 

once hydrogen is inserted into the lattice.[48] While the results of these studies are not necessarily 

consistent, they do underscore the point that the addition of small cation dopants into the 

crystalline Nb2O5 lattice increases the electronic conductivity, perhaps substantially and at 

relatively low dopant levels. It would seem that the development of enhanced electronic 
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conductivity is of central importance in explaining why an insulator such as Nb2O5 exhibits a 

high rate pseudocapacitive response comparable to that of RuO2.  

 

 

Figure 2.24. Nyquist representation of impedance spectra for the T-Nb2O5 nanocrystal electrode 
at two different potentials, before any lithiation at open-circuit (a), and (b) after lithiating to 1.2 
V.  The circuit model used for fitting is shown in (c), where Rel is the electrolyte resistance, 
CPEdl is the double-layer capacitance present at all electrode/electrolyte interfaces, Rf is the 
faradaic charge transfer resistance, and CPEpseudo is the pseudocapacitance.  CPE is the constant 
phase element (ZCPE = [B(jω)n]-1, where B and n are constants and ω is the frequency).  
Simulations indicate that Rf decreases on lithiation from 14.3 kohms to 15 ohms.   
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Chapter 2.5. Conclusion  

The results in this chapter establish that the high specific capacitance observed with 

mesoporous iso-oriented films of Nb2O5 is, in fact, a fundamental property of this material. The 

significant difference between the crystalline and amorphous phases arises from the fast faradaic 

reactions that occur in crystalline Nb2O5, leading to an additional pseudocapacitive storage 

contribution. The extrapolated infinite sweep rate capacitance of ~ 400 F/g exceeds that of 

birnessite MnO2 and is comparable to values obtained for RuO2. Faradaic reactions in Nb2O5 

occur over very short timescales and it is likely that Li+ insertion occurs along preferred 

crystallographic pathways that provide an appropriate environment for fast ion transport. These 

pathways are apparently very size sensitive, as experiments with sodium electrolytes exhibit only 

double layer capacitance. The magnitude of electronic conductivity upon Li+ insertion and the 

means by which electronic conduction develops in this wide band gap semiconductor remain to 

be addressed. The surprising ability of Nb2O5 to store charge at high rates despite its insulating 

character is unusual as compared to most transition metal oxides. This work suggests that in 

searching for advanced electrochemical capacitor materials, compounds that become highly 

conductive during ion intercalation represent an exciting direction for the future. 
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Chapter 3.  Nb2O5/C core-shells for pseudocapacitors 

Chapter 3.1. Introduction 

Carbon is commonly used in nanostructures with pseudocapacitors to raise the 

conductivity of the composite material. Among the various types of nanocomposites reported on, 

oxides/CNT and oxides/graphene are the most well studied class of pseudocapacitive systems. 

Several papers indicate that those nanostructured pseudocapacitors deliver higher rate capability 

and/or capacity retention than bare oxides without a good electronic conductor, CNT or 

graphene[49-52]. It should be noted that the remarkable pseudocapacitve performance of the 

composites is not only because of the increased conductivity of the electrode, but also because 

the contact area between electrochemically active materials (oxides) and the electrolyte are 

increased by dispersion of oxides on CNT or graphene. This enhancement is consistent with the 

mechanism for pseudocapacitance which occurs near and on the surface of the active material. 

Aside from blending in conductive material, the oxides/carbon core-shell structure may offer 

even better device performance. An important advantage of this morphology compared to the 

composites with CNT or graphene is that electrons can reach all the position where faradaic 

reaction occurs. Thus, with the core-shell structure, one can alleviate polarization phenomenon.  

 The core-shell structure has been widely used for lithium ion batteries (LIBs) to improve 

the conductivity of cathode and anode materials.[53-60] Addtional advantages of the core-shell 

structure are protecting the core material from HF generated by the electrolyte and restricting 

volume expansion.[56] The mophologies of the core-shell structure are varied from 0D to 3D in 

the nano- to mircro-meter scale.[61] Both porous[55] and dense[54] carbon shells have been used for 
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LIBs as well as graphene[58]. Recent studies on both anode and cathode materials for LIBs 

showed that higher rate capability and improved cycling stability can be obtained by having a 

carbon shell. For example, Zhang et al. showed that the anode material, Fe3O4 core with 

amorphous carbon shell,  has higher reversible capacities (745 mAh/g at 0.2 C and 600 mAh/g at 

0.5C) in the first cycle and significantly enhanced cycling performances and higher rate 

capabilities compared with bare magnetite (Fe3O4) particles.[59] The discharge capacity of 

LiCoPO4/C core-shell as a cathode material was maintained 72.6 mAh/g after 30 cycles at 0.1 C, 

compared to the (19.4 mAh/g) of bare LiCoPO4. The enhancement of the carbon core shell 

continues even at higher charge/discharge rate (> 10C). For example, LiFePO4/C core-shell has 

higher discharge capacity, 90 mAh/g, than that of bare LiFePO4, 80 mAh/g at 60C[57]. Rate 

capability of LiMn2O4 is also improved by having the carbon shell on the active material and 

LiMn2O4/C retained 47% of the initial capacity at 1C  at the high rate of 300C[53]. In general, 

most studies on core-shell structures for LIBs are based on low galvanostatic charge/discharge 

rate (< 1C) or slow sweep rate for cyclic voltammetry (< 0.1 mV/s) compared to those for 

supercapacitors.  

In this chapter, the effect of core-shell structure on the pseudocapacitive behavior of 

niobium oxide (Nb2O5) was examined. As mentioned in chapter 2, orthorhombic Nb2O5 exhibits 

high specific capacitance at high rates, with nearly 400 F/g being stored reversibly within 12 

seconds[62]. In addition, the specific capacitance of Nb2O5 depends on the crystalline structure, 

not the surface area, indicating that charge is stored mainly through intercalation in Nb2O5. 

However, this result relied on small mass loading (~ 20 μg), thus its bulk resistivity (~ 3x104 Ω-

cm at 300K) with a bandgap of ~3.4 eV[14, 15] would be challenge for its practical use.  Nb2O5/C 
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core-shell was synthesized via ex-situ carbon coating on orthorhombic Nb2O5 using a 

microwave-assisted hydrothermal method. Electrochemical studies showed that as Nb2O5/C 

core-shell materials were heat-treated and oxidized, their capacity increased dramatically. 

Oxidation of Nb2O5/C core-shell, in particular, promotes transport of an electrolyte ion through 

the carbon shell while oxidized carbon still serves as a good electron path. In addition, most of 

the current from the oxidized Nb2O5/C core-shell is capacitive and has similar rate capability to 

bare Nb2O5 electrodes.   

 

Chapter 3.2. Experimental 

 Synthesis an oxidation of core-shells Chapter 3.2.1.

Nb2O5/C core-shells  

Nb2O5/C core-shell structure was fabricated via ex-situ carbon coating on T-Nb2O5 

nanoparticles using a microwave-assisted hydrothermal (MW-HT) method. Synthesis of T-

Nb2O5 was described in previous chapter (chapter 2.3). For the core-shell synthesis, the 

following were combined in DI water (20 mL) and sonicated for 1 hour; T-Nb2O5 (0.159 g), 

glucose (2 g) as a carbon source and polyethylene glycol (0.5 g) as a binder between Nb2O5 and 

carbon. After sonicating, the solution was transferred to the microwave heating system (Discover 

SP system, CEM) and hydrothermally reacted at 180 °C for 1 hr under magnetic stirring using 

the maximum microwave power of 200 W. As-synthesized Nb2O5/C particles were collected 

using centrifuge and washed with DI-water and ethanol several times until supernatant solution 

is clear. The sample was then dried at 60 °C in air. For further carbonization of the carbon shell, 



43 

 

the samples were heat treated at 700 °C under forming gas (5% hydrogen and 95% nitrogen) for 

2hrs. This sample is referred to as Nb2O5/C-F700 in this chapter.    

 

Oxidation of Nb2O5/C core-shell  

Post oxidation process was performed on Nb2O5/C-F700 as follows. Nb2O5/C-F700 (0.1 

g) was dispersed in 2 M nitric acid (HNO3) (20 mL). This solution was then refluxed at 110 °C 

for 24 hrs. The resulting samples were washed with water and ethanol and collected by 

centifuging. Finally, the samples were dried at 100 °C in vacuum.  

 

 Material chatacterization Chapter 3.2.2.

The phase of Nb2O5 in each core-shell sample was identified using a powder X-ray 

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

Teller (BET) surface areas were obtained from nitrogen adsorption isotherms at 77 K using a gas 

adsorption analyzer (Micromeritics ASAP 2010). The particle size of Nb2O5 and the thickness of 

the carbon shell were characterized by transmission electron microscopy (TEM; CM 120, FEI). 

The carbon content in each Nb2O5/C core-shell sample was determined using thermogravimetric 

analysis (TGA, SDT Q-600, TA instruments). Raman spectroscopy (Renishaw inVia with 514 

laser) and Fourier transform infrared spectroscopy (FT-IR, FT-IR 670, JASCO) were utilized to 

characterize the carbon in Nb2O5/C core-shells. The oxidation state of niobium before and after 

the core-shell formation was verified using X-ray photoelectron spectroscopy (XPS, Kratos XPS 

Axis Ultra DLD).  
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 Electrochemical characterization Chapter 3.2.3.

Electrochemical measurements were performed in a three-electrode cell with a 

nanoparticle film of T-Nb2O5 or Nb2O5/C core-shells serving as the working electrode. To 

prepare the working electrode, the samples (~ 20 µg or ~ 0.5 mg) were cast from an ethanol 

solution onto an oxygen-plasma treated stainless steel foil (~ 1 cm2 area), which was 

subsequently dried at 60 °C in air. Another type of working electrode was also fabricated by 

coating slurries containing either T-Nb2O5 or Nb2O5/C core-shells (80 wt%), carbon black (10 

wt%) and polyvinylidenedifluoride (PVDF, 10 wt%) dispersed in N-methylpyrrolidinone (NMP) 

onto stainless steel current collector (~ 1 cm2 area). These electrodes were dried at room 

temperature for 12 hrs followed by heating in a vacuum oven at 110 °C for 3 hrs. The mass of the 

nanoparticles deposited on the stainless steel foil was determined using a microbalance. The 

electrolyte used in the experiment was LiClO4 (1 M) in propylene carbonate. Lithium metal foils 

were used as the counter and reference electrodes. Cyclic voltammetry was performed between 

1.2 and 3 V vs. Li/Li+ using a PAR EG&G 273A Potentiostat in an argon glovebox, with oxygen 

and water levels of < 1 ppm. Impedance was also measured during the CV cycles using a 

frequency range of 1 to 105 Hz at 10 mVrms. To measure the double layer contribution in 

Nb2O5/C core-shells, another CV was performed using tetraethylammonium tetrafluoroborate (1 

M TEABF4) in acetonitrile as electrolyte with Ag reference and platinum counter electrodes.  
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Chapter 3.3. Results and Discussion 

 Synthesis and characterization of Nb2O5/C core-shell  Chapter 3.3.1.

Three different kinds of Nb2O5/C core-shells were synthesized and their electrochemical 

behaviors were studied. First, microwave heating was used in conjunction with hydrothermal 

synthesis to prepare an ex-situ carbon coating on the T-Nb2O5 nanoparticles. The process for 

synthesizing these Nb2O5/C core-shell materials is as shown in Figure 3.1. Hydrothermal 

carbonization occurs through dehydration of glucose followed by polymerization and 

aromatization.[63, 64] Microwave-assisted hydrothermal reaction promotes the carbonization of 

glucose within a reaction time of ~1 hr. As-synthesized Nb2O5/C core-shells were then annealed 

at 700 °C for 2 hrs under 5% H2/95% N2 gas flow for further carbonization of the shell. Finally, 

an oxidation process was performed on Nb2O5/C_F700 using nitric acid (2 M HNO3) at reflux 

condition.  

 

 

Figure 3.1. Synthesis of Nb2O5/C core-shell 
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The particle size, thickness of carbon shell and morphology of bare T-Nb2O5 

nanoparticles and Nb2O5/C core-shells were characterized by transmission electron microscopy 

(TEM). The average size of the bare Nb2O5 nanoparticles is 35 nm (in dia.) (Figure 3.2-(a)). 

Microwave-assisted hydrothermal reaction of glucose in the presence of T-Nb2O5 results in 

uniform coating of carbon on the surface of T-Nb2O5 as shown in Figure 3.2-(b). During the 

hydrothermal reaction, the particle size of the core material, T-Nb2O5 nanoparticles, were 

maintained (Figure 3.2-(b)). The shell thickness is associated with Nb2O5 to glucose molar ratio 

(Figure 3.3). ~5 nm of the carbon shell was obtained when a Nb2O5 to glucose molar ratio of 

1:110 was used. For Nb2O5/C_F700, the core-shell structure was maintained during the 

annealing process, but the thickness of the shell was slightly decreased to ~4nm, as shown in 

Figure 3.2-(c). There was no change in particle size even after the annealing at 700 °C, which is 

a higher temperature than the temperature (600 °C) used for T-Nb2O5 synthesis. On the other 

hand, a significant particle growth was observed when the bare Nb2O5 was annealed at 700 °C 

(Figure 3.4). This indicates that the carbon shell prevents particle growth of T-Nb2O5 and is clear 

evidence for the core-shell formation by the hydrothermal reaction of glucose. Even after 

Nb2O5/C_F700 was oxidized, the core-shell structure, particle size as well as thickness of carbon 

shell remained constant (Figure 3.2-(d)). It is known that reaction of carbon with concentrated 

HNO3 at reflux condition is very effective for surface modification, resulting in oxidation of the 

surface[65]. XPS (Figure 3.5-(a)) and FT-IR (Figure 3.6) spectra of the oxidized Nb2O5/C 

revealed that oxygen related functional groups such as C=O, C-O and -OH were indeed created 

upon oxidation.  
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(a)                                                        (b) 

   

(c)                                                          (d) 

Figure 3.2. TEM images of bare T-Nb2O5 and Nb2O5/C core-shells; (a) Bare T-Nb2O5 
nanoparticles, (b) As-synthesized Nb2O5/C core-shells (average shell thickness: 5 nm), (c) 
Nb2O5/C _F700 and (d) Oxidized Nb2O5/C_F700 
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(a)                                                                          (b) 

    

                                 (c)  

Figure 3.3. Nb2O5/C core-shell with different shell thickness; (a) 10-15 nm 
(Mglucose/MNb2O5~220), (b) 5 nm (Mglucose/MNb2O5~110) and (c) 2 nm (Mglucose/MNb2O5~55) 
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Figure 3.4. TEM image of Nb2O5 annealed at 700 °C (ave. particle size ~ 100 nm in dia.) 

 
                                            (a)                                                           (b) 

Figure 3.5. XPS spectra of bare T-Nb2O5 and Nb2O5/C core-shells; (a) C 1s and (b) Nb 3d 
The binding energy scale was calibrated from the carbon contamination using the C 1s peak at 
285.0 eV. Peak indentification for different carbon (C1s) and niobium (Nb3d) are based on 
references[66, 67].  
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Figure 3.6. FT-IR spectra of Nb2O5/C core-shells; Upon oxidation, peaks for carboxylic groups 
increases dramatically 
 

The Nb2O5 crystal phase for each core-shell material was determined using X-ray 

diffraction. As shown in Figure 3.7, the orthorhombic nature of Nb2O5 (T-Nb2O5, JCPDS 30-

873) does not change during hydrothermal reaction followed by heat treatment and oxidation. 

Note that there was no evidence for formation of reduced niobium oxides (i.e. NbO2) via 

carbothermal reaction that usually occurs between oxides and carbon at high temperature. XPS 

spectra (Figure 3.5-(b)) of Nb 3d also indicates that there is no formation of reduced niobium 

oxides during heat treatment on Nb2O5/C core-shells at 700°C, whereas some reduced niobium 

oxides were formed at 1000°C. Peak splitting at around 28° (2 theta) in both Nb2O5/C_F700 and 

oxidized Nb2O5/C_F700 indicates higher crystallinity of orthorhombic T-Nb2O5 due to higher 
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temperature (700 °C) heat treatment for carbonization than the temperature (600 °C) for 

formation of T-Nb2O5 (Figure 3.7).  

 

Figure 3.7. XRD patterns of the bare Nb2O5 and Nb2O5/C core-shells; (a) Bare Nb2O5, (b) As-
synthesized Nb2O5/C core-shell, (c) Nb2O5/C_F700 and (d) Oxidized Nb2O5/C_F700 

 

The surface area calculated by nitrogen gas isotherms using the BET analysis is listed for 

each sample in Table 3.1. The BET surface area of as-synthesized Nb2O5/C core-shell (53 m2/g) 

is slightly smaller than that of bare T-Nb2O5 (70 m2/g). This is because thin and dense (non-

porous) layer of carbon was coated on the surface of bare T-Nb2O5. When as-synthesized 
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Nb2O5/C core-shell was annealed at 700 °C under forming gas, the BET surface area increased to 

95 m2/g. Upon oxidation of Nb2O5/C_F700 using nitric acid, BET surface area decreased to 65 

m2/g because there is more degradation of the porous structure at boiling temperature than fine 

micropores created during the oxidation[65].  

 

Table 3.1. Brunauer-Emmett-Teller (BET) surface areas and average pore sizes for Nb2O5/C 
core-shells with different shell thickness. 

 
Bare 

T-Nb2O5 
Nb2O5/C core-shell 

As-synthesized Nb2O5/C F700 Nb2O5/C oxidized 
BET surface 
area (m2/g) 

70 53 95 65 

 

 

Raman spectroscopy was utilized to characterize the carbon shell in Nb2O5/C core-shell 

materials. The ID/IG value, a ratio between the peak intensity of the D-band (disordered, ~ 1355 

cm-1) and that of the G-band (graphitic, 1500 ~ 1630 cm-1), is generally used as an indicator for 

the degree of crystallinity of graphitic carbon.[68, 69] As the ID/IG value approaches 0, the number 

of defects in graphitic carbon is minimized. However, it should be noted that a low ID/IG value 

also can be caused by amorphous carbon which can have up to 20 % sp3 carbons, whereas 

graphitic carbon has no sp3 carbons.[68] Figure 3.8-(a) shows that as-synthesized Nb2O5/C has a 

low ID/IG value (0.37). TGA data on as-synthesized Nb2O5/C (Figure 3.9) shows that there is a 

significant weight loss (~ 10 %) starting at 250 °C, indicating that some organics related to the 

precursor, glucose, still remain in the carbon shell after microwave-assisted hydrothermal 

reaction. Considering the TGA data, it is likely that the low ID/IG value for as-synthesized 
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Nb2O5/C is due to the amorphous nature of the carbon shell and not due to ordering of graphitic 

carbon. Upon thermal annealing at 700 °C, the intensity of D-band (1332 cm-1) compared to G-

band (1590 cm-1) increases because nanocrystalline carbons (disordered) are generated during 

the annealing. Thus, ID/IG value for Nb2O5/C_F700 increases to 0.86 (Figure 3.7-(b)). After 

Nb2O5/C_F700 is oxidized, ID/IG value (0.83) does not change much due to the low temperature 

(110 °C) treatment during oxidation (Figure 3.7-(c)). This raman study, along with the TEM 

images, indicate that the shell on the T-Nb2O5 is indeed carbon and its crystallinity is improved 

by thermal annealing.    

 

Figure 3.8. Raman spectra of Nb2O5/C core-shells; (a) As-synthesized Nb2O5/C, (b) 
Nb2O5/C_F700, and (c) Oxidized Nb2O5/C_F700   
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Figure 3.9. Thermal gravimetric analysis (TGA) on Nb2O5/C core-shells (in air) 

 

 Voltammetry studies on Nb2O5/C core-shell Chapter 3.3.2.

 Cyclic voltammetry (CV) with lithium ion electrolyte (1 M LiClO4) was used to 

determine the electrochemical properties of the different Nb2O5/C core-shell materials. In these 

experiments, the total weight of each Nb2O5/C core-shell was used to calculate the 

gravimetrically normalized current and capacity. Figure 3.10 demonstrates that oxidized 

Nb2O5/C_F700 has much higher current response than the other materials, as-synthesized 

Nb2O5/C and Nb2O5/C_F700. Unique to oxidized Nb2O5/C_F700 are two cathodic peaks near 1.7 

V and 1.5 V (vs. Li/Li+) and a broad anodic peak at 1.85 V.  
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Figure 3.10. Cyclic voltammetry (CVs) for Nb2O5/C core-shells (thin film~20 μg) at 10 mV/s  

 

 

Figure 3.11. Specific charge of bare Nb2O5 and Nb2O5/C core-shells at different sweep rates (2-
100 mV/s). Mass loading is ~ 20 μg (film thickness is less than 200 nm).  
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 Figure 3.11 shows that specific charges for as-synthesized Nb2O5/C are very low (< 50 

C/g). This is because the carbon shell in as-synthesized Nb2O5/C includes hydrocarbons left 

during hydrothermal reaction of glucose and water (Figure 3.9), which impedes lithium ion 

access to the Nb2O5 core. Considering the dense carbon shells, the capacity of as-synthesized 

Nb2O5/C mainly relies on the low surface area of the Nb2O5 (Table 3.1) which is much lower 

than that of activated carbon for electrochemical double layer capacitance (EDLCs)[2]. 

Nb2O5/C_F700 has higher capacity than as-synthesized Nb2O5/C at all sweep rates because of its 

higher conductivity due to heat treatment at 700°C for further carbonization of the shell, but it is 

still much lower than the capacity of bare T-Nb2O5. For Nb2O5/C_F700, there is a significant 

discrepancy in capacity between slow (2 mV/s) and fast (100 mV/s) sweep rate even though 

conductivity is improved by the carbon shell. This electrochemical behavior of Nb2O5/C_F700 

contrasts with studies for CNT/oxides[49] or graphene/oxides[50] nanocomposites where high 

conductivity improves rate capability. It may be caused by a characteristic of the core-shell 

structure where the lithium ions are unable to access the electrochemically active core material 

because of the carbon shell. Thus, ionic conductivity (or lithium ion transport) through the 

carbon shell becomes more important factor than electronic conductivity at high sweep rate. In 

CNT/oxide or graphene/oxide systems, however, there is no limitation for electrolytes to access 

the oxide phase, even at fast sweep rates. Following the trend that the capacity of Nb2O5/C_F700 

increases drastically when sweep rate is slower than 20 mV/s (Figure 3.11), it is readily predicted 

that capacity of Nb2O5/C-F700 would be comparable or even higher than that of the bare T-

Nb2O5 at very slow sweep rate (equivalent to 0.1~1C). Achieving the high capacity at slow 

sweep rate with core-shell structures has been utilized mainly for batteries that have longer 
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charge/discharge time (hours) than supercapacitors (minutes or seconds). After an oxidation 

process was performed on Nb2O5/C_F700, the capacity is increased significantly at all sweep 

rates. When the capacity of oxidized Nb2O5/C_F700 is normalized by the weight of active 

material, Nb2O5, the specific capacitance is higher than that of bare T-Nb2O5. Moreover, the 

capacity of 636 C/g at 2 mV/s of oxidized Nb2O5/C_F700 is close to the theoretical value (725 

C/g) for Nb2O5. This amount of charge is based on  x = 2 according to the following equation for 

lithium intercalation into Nb2O5
[35]. 

     

 Nb2O5 + xLi + xe- ↔ LixNb2O5 

 

In addition, the rate capability of Nb2O5/C is improved by the oxidation process as shown by the 

capacity (465 C/g) of the oxidized Nb2O5/C_F700 at 100 mV/s. This amount of charge is more 

than 70% of the capacity at 2 mV/s (Figure 3.11).  

 To further investigate the effect of oxidation on the electrochemical behavior of Nb2O5/C 

core-shells, impedance measurements were performed on Nb2O5/C_F700 and oxidized 

Nb2O5/C_F700. Figure 3.12 shows the electrochemical impedance spectra (EIS) of 

Nb2O5/C_F700 and oxidized Nb2O5/C_F700. The circuits used for curve fitting are shown in 

Figure 3.13. The EIS data were collected at 1.2 V (vs. Li/Li+) after three CV cycles at 10 mV/s. 

From the Nyquist plot (Figure 3.12-(a)), it can be seen that before oxidation the impedance has 

nearly a -45 degree phase angle (Figure 3.12-(b)) which is associated with a diffusion controlled 

system. After oxidation the charge transport is improved and the capacitance contributions from 

the double layer and the pseuodcapacitance can be distinguished according to the equivalent 
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circuit following the work by Conway et al.[4] For the pseudocapacitive model, two constant 

phase elements are used with one representing the double layer contribution and the other the 

pseudocapacitive contribution. An additional resistor RElect was added to the Conway model to 

account for the bulk electrolyte contribution. The bulk electrolyte contribution is of the same 

magnitude in both systems (Table 3.2 and Table 3.3). Based on the circuit modeling the 

Nb2O5/carbon core shell before oxidation shows diffusion limited capacitance, which makes it 

difficult to distinguish the double layer and pseudocapacitive contribution. From the impedance 

it is evident that electrolyte ion diffusion through the carbon shell is the rate limiting factor in 

Nb2O5/C_F700. However upon oxidation, the ion transport becomes faster and thus the oxidized 

Nb2O5/C_F700 begins to have capacitive behavior similar to the bare Nb2O5. 

 

 

Figure 3.12. Electrochemical impedance spectra (EIS) for Nb2O5/C_F700 and oxidized 
Nb2O5/C_F700 (at 1.2 V (vs. Li/Li+)); (a) Nyquist plot and (b) phase angle as a function of 
frequency 
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Figure 3.13. The circuits for Nb2O5/C_F700 (a) and oxidized Nb2O5/C_F700 (b). 

 

Table 3.2. The values of circuit elements for Nb2O5/C_F700  

Circuit Element Nb2O5/C_F700
CDiffusion 599.9*10‐6 

CDiffusion Phase 0.44 
RElect 16.74 

 

Table 3.3. The values of circuit elements for oxidized Nb2O5/C_F700 

Circuit Element Oxidized Nb2O5/C_F700
CDL 333.5*10-6 

CDL Phase 0.65 
CPseudo 3579.6*10-6 

CPseudo Phase 0.83 
RFaradaic 163.2 
RElect 20.63 

 

  

 The effect of oxidation on the kinetics of Nb2O5/C core-shell Chapter 3.3.3.

 To determine rate limiting factor for a charge storage mechanism on each Nb2O5/C 

sample, charge versus υ-1/2, where υ is sweep rate, is plotted in Figure 3.14. According to 

previous studies by Trassati et al.[42, 43], a linear slope in the plot is associated with semi-infinite 

diffusion, while frequency independent capacity represents capacitive behavior. For a system 
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having the frequency independent response, the extrapolated y-intercept will yield the infinite 

sweep rate capacitance. As-synthesized Nb2O5/C has a linear slope over different sweep rates 

(Figure 3.14) indicating that current response for as-synthesized Nb2O5/C depends on diffusion 

of electrolyte.  The capacity of Nb2O5/C_F700 also changes linearly as a function of υ-1/2 (Figure 

3.14), showing that it is still a diffusion controlled system even though the slope for 

Nb2O5/C_F700 was much higher than that for as-synthesized Nb2O5/C. However, upon 

oxidation, the capacity becomes independent of υ-1/2 which is similar to that of bare Nb2O5 

(Figure 3.14). This implies that the oxidation step helps lithium ion transport through the carbon 

shell and the kinetics of oxidized Nb2O5/C_F700 begins to be governed by the active material, 

Nb2O5, not the carbon shell.  

 

Figure 3.14. Charge storage as a function of sweep rate-1/2 (Specific charge is based on the active 
material) 
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Figure 3.15. b-value characterization for oxidized Nb2O5/C_F700 using the current at peak 
potentials at sweep rates of 0.1 – 10 mV/s. 
 

 The capacitive behaviorof oxidized Nb2O5/C_F700 was characterized by analyzing the 

cyclic voltammetry data at various sweep rates according to[70]  

 

i = avb 

 

where the measured current i obeys a power law relationship with the sweep rate v. Both a and b 

are adjustable parameters. The b-value can be determined from the slope in the plot of log i vs. 

log v. When the b-value is close to 0.5, the current response is diffusion controlled. When the 
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current is proportional to the sweep rate (b = 1.0), on the other hand, it represents that the current 

is purely capacitive. For b-value analysis on oxidized Nb2O5/C_F700, the measured currents at 

peak potential, where cathodic or anodic peak was formed, were collected at various sweep rates. 

The b-values for cathodic and anodic peak are 0.98 and 0.95, respectively (Figure 3.15). These 

values are closed to 1.0, indicating that most of current response of oxidized Nb2O5/C_F700 is 

capacitive. This capacitive behavior from b-value characterization is in good agreement with the 

sweep rate independent capacity as discussed above. 

  

 

Figure 3.16. Capacitive contribution in oxidized Nb2O5/C_F700 at 10 mV/s 
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 To quantify the capacitive contribution to the total measured current, a closer 

examination of voltammetic sweep rate dependence was performed. Using the concept presented 

above, one can express the current response at a fixed potential (V) as being the combination of 

two separate mechanisms, capacitive and diffusion-controlled[71]: 

 

i(V) = k1v + k2v
1/2 

 

where k1v and k2v
1/2 corresponds to capacitive and diffusion contribution, respectively. This 

equation can be arranged for analytical purpose as follows, 

 

i(V)/v1/2 = k1v
1/2 + k2 

 

By plotting i/v1/2 vs. v1/2 at various potentials, k1 and k2 value can be determined by 

characterizing the slope and y-axis intercept, respectively. To analyze k1 and k2 value, the sweep 

rates of 0.1 to 10 mV/s were used and a slight peak shift as a function of the sweep rate was 

neglected. Figure 3.16 shows that capacitive contribution (shaded region) is dominant at both 

peak potentials and the rest of them. This demonstrates that over 90 % of current response from 

the oxidized Nb2O5/C_F700 is associated with the capacitive contribution. However, it is 

noteworthy that this capacitive contribution may arise not only from pseudocapacitive behavior 

of Nb2O5 core, but also from double layer capacitance by the carbon shell. Thus, it is important 

to investigate the double layer contribution in oxidized Nb2O5/C_F700. To check the double 

layer contribution, another CV was performed using tetraethylammonium tetrafluoroborate (1 M 
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TEABF4) in acetonitrile as electrolyte with Ag reference and Pt counter electrodes. It is apparent 

that the double layer contribution is very small compared to the total charge storage (Figure 

3.17). These results are in good agreement with the low BET surface area of oxidized 

Nb2O5/C_F700 (65 m2/g) compared to carbons for EDLCs (>1000 m2/g). Therefore, it is evident 

that the charge storage in oxidized Nb2O5/C_F700 is mainly due to pseudocapacitive behavior of 

Nb2O5 core. In addition, this study on core-shell structure where the surface of active material is 

covered by carbon confirms that pseudocapacitance of Nb2O5 occurs via intercalation 

pseudocapacitance (in the bulk of material) instead of redox reaction on the surface. Thus, it 

would be interesting to apply the oxidized core-shell concept for other materials having 

intercalation pseudocapacitance in order to obtain high energy density as well as power density.  

 

Figure 3.17. Cyclic voltammetry on oxidized Nb2O5/C_F700 using different electrolytes: LiClO4 
in PC and TEABF4 in acetonitrile. 
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 Electrochemcal behavior of thick film (Bare Nb2O5 vs. Nb2O5/C core-shell) Chapter 3.3.4.

To further investigate the effect of carbon coating on the electrochemical properties of 

Nb2O5, electrodes with higher mass loading (~ 0.5 mg) and thickness (~ 5 μm) were prepared 

and tested using cyclic voltammetry. As shown in Figure 3.18, the capacity of bare Nb2O5 

without any carbon additives is much smaller than that for thin film (< 200 nm) of the same 

material at all sweep rates (Figure 3.11). This indeed shows that the capacity of bare Nb2O5 

decreases with higher mass loading due to its low conductivity. The capacity of bare Nb2O5 can 

be improved by mixing the electrode material with carbon additive (10 wt %) (Figure 3.18). 

However, a significant capacity decrease is observed even in the electrode with carbon additive 

as higher sweep rate is applied (526 C/g at 2 mV/s and 52 C/g at 100 mV/s). Even though carbon 

additive improves the conductivity of the electrode, charge transfer resistance between 

aggregated Nb2O5 nanoparticles still limits the charge storage especially at high sweep rates. 

Moreover, for bare Nb2O5 with carbon additive, the aggregated Nb2O5 nanoparticles are likely to 

have limited contact with the carbon additive and thus a significant polarization is generated 

during voltammetry sweeps. 

Figure 3.18 also shows that the oxidized Nb2O5/C_F700 without carbon additive 

possesses higher capacity at all sweep rates (587 C/g at 2 mV/s and 140 C/g at 100 mV/s) than 

bare Nb2O5 without carbon additive. Note that the capacity values for the oxidized 

Nb2O5/C_F700 without carbon additive is higher than even those for bare Nb2O5 with carbon 

additive. The capacity difference between the oxidized Nb2O5/C_F700 and bare Nb2O5 with 

carbon additive becomes more significant at higher sweep rate (> 10 mV s-1). This improvement 
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in both capacity and rate capability for the oxidized Nb2O5/C_F700 is because the complete 

carbon coating provides the electron conducting pathway between Nb2O5 nanoparticles. In 

addition of a carbon additive to Nb2O5/C core-shell is not as effective as the addition to bare 

Nb2O5 because the Nb2O5/C core-shell already contains ~10 wt% of carbon (Figure 3.9). Thus, 

the oxidized Nb2O5/C_F700 with carbon additive has the same electrochemical behavior as the 

bare Nb2O5 without carbon additive, as shown in Figure 3.18. The capacities of the oxidized 

Nb2O5/C_F700 at different sweep rates are comparable to those reported for CNT/Nb2O5 

nanocomposite (267 C/g at 50 mV/s which is 60 % of the capacity at 1 mV/s)[72]. In addition, the 

rate capability of CNT/Nb2O5 nanocomposite is similar to another CNT-based composite, 

CNT/V2O5
[49]. Therefore, the electrochemical performance of the oxidized Nb2O5/C_F700 

without carbon additive indicates that core-shell structure is promising for pseudocapacitors as 

well as batteries.           

 

Figure 3.18. Capacity of bare Nb2O5 and oxidized Nb2O5/C_F700. Mass loading on stainless 
current collector is ~0.5 mg. Film thickness is ~ 5 μm.   
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Chapter 3.4. Conclusion 

The results presented in this chapter, establish that the core-shell structure is beneficial 

for pseudocapacitors whose charge storage occurs through the intercalation pseudocapacitance 

mechanism. The microwave-assisted hydrothermal reaction, was very effective producing the 

Nb2O5/C core-shell structure. Electrolyte ion transport through the carbon shell is  the rate 

limiting step for the Nb2O5/C core-shells. Additional thermal annealing of Nb2O5/C core-shells at 

700 °C improved the capacity, but it takes an oxidation process with nitric acid to dramatically 

improve the kinetics of the Nb2O5/C core-shells (> 90% capacitive current). The oxidized 

Nb2O5/C core-shells exhibited comparable capacity and rate capability with bare Nb2O5 in thin 

electrodes (< 200 nm, ~ 20 μg). In thicker electrodes (~ 5 μm, ~ 0.5 mg) the bare Nb2O5 requires 

a carbon additive but even with adding the same mass of carbon, the core-shell structure’s 

superior distribution of carbon delivers higher capacity electrodes with better rate capability.   
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Chapter 4. Transition metal oxide bronzes for reconfigurable electrodes 

Chapter 4.1. Introduction 

Energy storage systems having both high energy and high power densities are essential to 

satisfy the demands for future energy storage devices. In particular, current technologies for 

batteries and supercapacitors are far from satisfying the requirements for electric vehicles.  

Improvements in energy storage are necessary in order for electric vehicles to successfully enter 

the market and there are currently many efforts addressing this issue. For example, nanoscale 

electrode materials or conducting nanoparticle additives[73] have been utilized in batteries to 

enhance electronic conductivity which leads to an increase in power. To improve the energy 

density of supercapacitors, approaches such as assembling asymmetric cells and using non-

aqueous electrolytes[74], have also been studied. Fundamentally, the methods to improve the 

energy storage properties rely heavily on the materials’ architectures, conductive additives and 

stable electrolytes.   

In this study, we propose a ‘reconfigurable electrode’ as a new candidate for 

electrochemical energy storage devices which can render both high power and energy. The idea 

here is to tailor the composition of the electrode material to provide either high energy or high 

power by using the variable electrical properties exhibited by certain intercalation materials. For 

instance, at high levels of intercalation of certain cations, the reconfigurable electrode may 

generate high power due to its high conductivity, while it can also render high energy at low 

levels of intercalation because of the remaining vacant sites for cation intercalation. Transition 

metal oxide bronzes are chosen for this study due to their unique electrical properties.  
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Chapter 4.2. Technical backgrounds: Transition metal oxide bronzes 

Reduced transition metal oxide bronzes have been investigated since sodium tungsten 

oxide, NaxWO3, was discovered by Wohler in 1824[75]. It is called ‘bronze’, even though it is not 

a metal alloy, because of its metallic luster. Accordingly, the term bronze includes a large variety 

of ternary transition metal oxides with the general formula AxMyOz, where A is usually an alkali 

cation (e.g. Li+, Na+, K+) and M is a transition metal (e.g. Ti, V, Nb, Mo, Ta, W, Re). Binary, 

reduced transition metal oxides (e.g. Mo4O11, ReO3), and quaternary transition metal oxides are 

often classified as bronzes as well. The structures of these materials are closely related to that of 

ReO3 with MO6 corner and/or edge-sharing arranged in either a three-dimensional (3-D) network 

or two-dimensional (2-D) layer structures. The A cations fill the interstitial sites created by the 

corner and/or edge-sharing polyhedra. Typically, the bronzes are colored with a metallic sheen, 

chemically inert to even strong acids and exhibit metallic or semiconducting behavior.[76] The 

reason why the bronzes become metallic as A cations are inserted into the host oxide frame is 

because the empty conduction band of the insulating metal oxide is partially filled with electrons 

provided by the alkali metal A.  

  

 Sodium tungsten bronze (NaxWO3)  Chapter 4.2.1.

Depending on the number of sodium ions (Na+) inserted in bulk WO3, a series of sodium 

tungsten bronzes (NaxWO3) can be formed. NaxWO3 shows very interesting optical properties 

and its color changes from yellowish green to gray, blue, deep violet, red, and finally to gold as x 

increases, as shown in Figure 4.1. The metal-insulator transition of NaxWO3 occurs for x > 0.25. 
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Figure 4.1. Optical properties of NaxWO3 with Na concentration[77] 

 

 The material also goes through phase changes for x < 0.4. However, for x > 0.5, the 

structure stabilizes; NaxWO3 retains the perovskite crystal structure and has cubic symmetry 

(Figure 4.2). The band structure for NaxWO3 is well understood.[77] With WO3, the Fermi level 

lies at the top of the oxygen 2p bands. The addition of the 3s electrons from sodium are 

transferred into the empty π* band for the tungsten 5d so that the material takes on metallic 

behavior. 

 

 

Figure 4.2. Phase diagram of NaxWO3 with Na concentration[77] 
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For cubic phase, the sodium content x in NaxWO3 can be determined using following 

equation.[78]  

 

ao=(3.7845+0.0820x) Å, where ao is a lattice parameter 

 

 Sodium molybdenum bronzes (NaxMoO3 or Na0.9Mo6O17) Chapter 4.2.2.

Among the various bronzes, molybdenum bronzes have been investigated intensively  

because of their unusual properties such as quasi-low-dimensional behavior, metal-insulator 

transition and insulator-to-superconductor transition.[76] There are three different kinds of 

molybdenum bronzes depending on stoichiometric compositions and structure types. First, the 

blue bronze (A0.3MoO3, where A is K, Rb, Tl) is quasi-one-dimensional metal (σ(RT) ~ 104 (Ω-

cm)-1) and monoclinic. The conductivity along the b axis is larger than the other directions 

because the conduction electrons are located only on certain MoO6 octahedra in the Mo layers, 

which accounts for anisotropic metallic behavior in the blue bronzes. Second, the red bronzes 

(A0.33MoO3, where A is Li, Na, K, Rb, Cs, Tl) have significantly different crystal structure 

(triclinic) and semiconducting (σ(RT) ~ 10-4 (Ω-cm)-1) behavior even though they have a similar 

composition to the blue bronzes. The lower conductivity of the red bronzes is presumably due to 

the diminished d-π overlap along the critical Mo-O chain direction (along b) compared to the 

blue bronzes.  

 The purple bronzes (A0.9Mo6O17, where A is Li, Na, K, and AMo6O17, where A is Tl) are 

differentiated from the other molybdenum bronzes due to their structures and electronic 
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properties. The potassium purple bronze K0.9Mo6O17 has separated metal-oxygen layers of 

composition Mo6O17, which are made up of both MoO6 octahedra and MoO4 tetrahedra (Figure 

4.3)[79]. The sodium purple bronze (Na0.9Mo6O17) and the thallium purple bronze Tl-Mo6O17 are 

similar in structure to the potassium purple bronze. The effective Mo valences are +6 on the Mo 

(Mo1 of Figure 4.3) in tetrahedral sites and +5.1 and +5.8 on the two crystallographically 

nonequivalent Mo in octahedral sites (Mo2 and Mo3, respectively, in Figure 4.3). Thus the 4d 

electrons of molybdenum atoms are located in the two-dimensional slabs of octahedra, which 

accounts for quasi-two-dimensional metal behavior (σ(RT) ~ 104 (Ω-cm)-1).[80] However, the 

lithium purple bronze (Li0.9Mo6O17) differs from the other purple bronzes in that it has no 

separated metal-oxygen layers (Figure 4.4). Therefore, Li0.9Mo6O17 has quasi-one-dimensional 

metal behavior along the b axis.[80] 

 

 

Figure 4.3. Crystal structure of purple molybdenum bronze (K0.9Mo6O17)
[79]  
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Figure 4.4. Crystal structure of purple molybdenum bronze (Li0.9Mo6O17) projected in ac 
plane[81]  

 

Chapter 4.3. Experimental 

 Synthesis of Cubic Na0.85WO3  Chapter 4.3.1.

Fine powders of Na0.85WO3 were synthesized by reducing aqueous Na2WO4 using 

aqueous NaBH4.
[78] 40 ml of 0.25 M Na2WO4 was reduced by adding 10 ml of 2.5 M NaBH4 in 

NaOH. The pH of the initial NaOH solution was 12.00. After 1 hr reaction under stirring, the 

particles were collected using centrifugal force, and then washed with methanol several times. To 

obtain crystalline (cubic) structure of NaxWO3, the particles were heat treated at 600°C under 

under N2/H2 gas for 2hrs. 
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 Synthesis of Na0.9Mo6O17 Chapter 4.3.2.

The purple molybdenum bronze can be synthesized by reducing α-MoO3 using sodium 

hydrosulfite, Na2S2O4, followed by heat treatment under Ar.[82, 83] α-MoO3 (0.4 g) was first 

suspended in distilled water (20 ml) and stirred for 30 mins. Then, solid mixture of Na2S2O4 

(0.16 g) and Na2MoO4·2H2O (4.8 g) was introduced and reacted for 3 hrs. All these reaction were 

done under oxygen-free nitrogen flowing system using a Schlenk line. The precipitate was 

collected by centrifugation, washed with distilled water, and dried at 60°C in air. The dried bluish 

precipitates were further heat treated to 400°C under Ar with a ramp rate of 10 °C/min to obtain 

purple Na0.9Mo6O17.   

Three different α-MoO3 were synthesized in this study. First, α-MoO3 was synthesized by 

thermal annealing MoO3 aerogel. In the synthesis of MoO3 aerogel[84], the precursor, MoCl5, in 

ethanol (solution 1) and 30% of polyacrylic acid (PAA, MW~5000) and water in ethanol 

(solution 2) were kept in ice for 2hrs and then mixed together. Propylene oxide which was used 

as a gelation agent was then added to the mixed solution. A translucent reddish-brown gel formed 

after 2 hrs under moderate stirring. The wet gel was aged for 1 day and then stored in acetone for 

5 days. The gel was finally supercritically dried using liquid CO2. As-prepared MoO3 aerogels 

were then annealed at 400°C for 2hrs to obtain α-MoO3. 

In a second approach, α-MoO3 was synthesized via microwave-assisted solvothermal 

method followed by thermal annealing. MoCl5 (0.13 g) was first dissolved in a mixture of DI 

water (16 ml) and ethanol (4 ml).[85] The solution was then directly transferred to a microwave 

heating system (Discover SP system, CEM) and reacted at 180 °C for 15 min under magnetic 
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stirring using a maximum microwave power of 150 W. The resultant powders were then 

annealed at 400 °C in air for 1 hour to obtain α-MoO3. This sample is referred to as ST-MoO3 in 

the following sections.  

 A third α-MoO3 was synthesized using nitric acid as an oxidizing agent. The precursor, 

MoCl5 (0.27 g), was first dissolved in a mixture of DI water (15 ml) and ethanol (5ml) as a 

solvent. Nitric acid (0.25 ml), an oxidizing agent, and citric acid (100 mg), a particle size control 

agent, were both added to the precursor solution. Next, the solution was directly transferred to a 

microwave heating system (Discover SP system, CEM) and reacted at 180 °C for 15 min under 

magnetic stirring using a maximum microwave power of 150 W. The resultant product was 

finally collected using centrifugation and washed with DI-water. The precipitates were dried at 

60 °C in air. This sample is referred to as N-MoO3 in this study.     

 

 Material characterization Chapter 4.3.3.

The crystalline structure of the bronzes and precursor oxides were identified using a 

powder X-ray diffractometer (Rigaku MiniFlex II) with Cu–Kα (λ=1.54 Å) radiation. The 

particle size and morphology were characterized by transmission electron microscopy (TEM; 

CM 120, FEI) and scanning electron microscopy (SEM; Nova 230 Nano SEM). 

Thermogravimetric analysis (TGA, SDT Q-600, TA instruments) was used for thermal annealing 

during the Na0.9Mo6O17 synthesis. Raman spectroscopy (Renishaw inVia with 514 laser) and 

Fourier transform infrared spectroscopy (FT-IR, FT-IR 670, JASCO) were utilized to identify 

metal-oxygen bonds in α-MoO3.  
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 Electrochemical characterization Chapter 4.3.4.

For NaxWO3, cyclic voltammetry (CV) was first conducted using a three electrode cell 

with 1M Na2SO4 electrolyte. To prepare the working electrode, the synthesized particles were 

mixed with a conductive carbon (Ketjen Black) and polyvinylidene fluoride binder (PVDF) in 

the ratio of 75: 20: 5 weight percent, respectively.  The mixture was added to propylene 

carbonate (PC) and electrodes were formed by dip coating stainless steel mesh (working 

electrode) into the PC suspension.  A heat gun was used to dry the electrodes, and residual water 

was removed by vacuum drying at 10-3 torr and 70°C for 1 day. Platinum foil and Ag/AgCl were 

used as counter and reference electrode, respectively. To obtain power and energy density of 

NaxWO3, galvanostatic measurements were performed with activated carbon having surface area 

of ~ 1000 m2/g as a cathode material. The cathode is prepared by drop casting a slurry with 95 % 

activated carbon and 5 % PVDF on stainless steel mesh. Both electrodes were finally assembled 

and galvanostatically cycled in a three neck flask containing 1M Na2SO4 electrolyte. Energy and 

power density was calculated in this study using following equations, 

 

Energy density (E) = 1/2·C·V2 

Power density (P) = I·V 

 

where C is the capacitance value, V is potential range applied, and I is current density.         

For Na0.9Mo6O17, electrochemical measurements were performed in a three-electrode cell 

with a thin film of Na0.9Mo6O17 serving as the working electrode. To prepare the working 
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electrode, Na0.9Mo6O17 (~ 20 µg) was cast from an ethanol solution onto an oxygen-plasma 

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

to evaporate the ethanol. The mass of the particles deposited on the stainless steel foil was 

determined using a microbalance. The electrolytes used were 1M LiClO4 or 1M NaClO4 in 

propylene carbonate. Lithium or sodium metal foils were used as the counter and reference 

electrodes. Cyclic voltammetry was performed between 1.2 and 3.2 V vs. Li/Li+ (or Na/Na+) 

using a PAR EG&G 273A Potentiostat. All tests were performed in an argon-filled glovebox, 

with oxygen and water levels of < 1 ppm. 

  

Chapter 4.4. Results and Discussion 

 Synthesis and characterization of Sodium tungsten bronze (NaxWO3) Chapter 4.4.1.

Crystalline structure of the synthesized NaxWO3 was identified using X-ray diffraction. 

The XRD pattern of NaxWO3 synthesized in this study (Figure 4.5) is well matched with cubic 

Na0.85WO3 (JCPDS 75-0295). In addition, the color of the particles was orange, which is in good 

agreement with the relationship between color and sodium content x in NaxWO3 (Figure 4.1). 

Figure 4.6 shows that the shape of the Na0.85WO3 particles is cubic and the length of each side is 

200~300 nm.  
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Figure 4.5. XRD pattern of Na0.85WO3 

 

 
 

Figure 4.6. Scanning Electron Microscopy (SEM) image of NaxWO3 (x=0.85) 
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 Electrochemical behavior of Sodium tungsten bronze (Na0.85WO3) Chapter 4.4.2.

To investigate the nature of electrochemical behavior of Na0.85WO3, cyclic voltammetry 

with various sweep rates was conducted. Aqueous Na2SO4 (1M) was used as an electrolyte to 

investigate if sodium ions can be inserted and/or de-inserted in NaxWO3. The shape of the CV 

curves, and the fact that the specific capacitances at different scan rates are similar, indicate that 

the current responses are capacitive (Figure 4.7). This capacitive behavior results from the 

metallic state of Na0.85WO3. Since there are no redox peaks, most of the current is from 

electrochemical double layer contributions which are highly affected by the surface area of the 

materials. Thus, the capacitance of Na0.85WO3 is low (< 50 F/g) due to its large particle size (200 

~ 300 nm) (Figure 4.6).     

 

Figure 4.7. CV curves of Na0.85WO3 at different sweep rates 
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With the sodium tungsten bronze (Na0.85WO3) in the metallic state, we also carried out 

galvanostatic experiments using activated carbon as the counter electrode. In this way, we 

constructed an asymmetric electrochemical capacitor and were able to characterize the energy 

and power densities of the device. Figure 4.8 shows the galvanostatic charge/discharge curves at 

different current density. The energy and power density calculated based on the galvanostatic 

charge/discharge curves (Figure 4.9) are superimposed onto a graph from reference [86] that 

includes a number of commercial electrochemical capacitor devices. It is evident that the 

asymmetric capacitor containing NaxWO3 performs comparably. The point here is that when the 

NaxWO3 is in the metallic state, it functions as a respectable capacitor that can provide 10 Wh/kg 

of energy storage at a power density of about 100 W/kg.  

 

 

Figure 4.8. Galvanostatic charge/discharge curves of Na0.85WO3 
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Figure 4.9. Ragone plot showing the energy and power density spectrum for an asymmetric 
electrochemical capacitor NaxWO3 – activated carbon. The device characteristics are shown in 
red. The other samples represent other types of carbon-based capacitors (after reference [86]) 

 

 Synthesis and characterization of α-MoO3 and Na0.9Mo6O17 Chapter 4.4.3.

  First α-MoO3 is synthesized by annealing amorphous MoO3 aerogels. The aerogels were 

fabricated using epoxide-mediated sol-gel plus polyacrylic acid (PAA). It is well-known that the 

oxo form (Mo=O) is readily generated when the molybdenum precursor is hydrolyzed, because 

of its high valence (z=+6) (Figure 4.10).[87] This oxo (M=O) form is stable enough to suppress 3-

D network gelation.[88] However, gelation of MoO3 can be promoted in the presence of PAA 

having many carboxyl groups, because the strong coordination between PAA and Mo ions resists 

the formation of the M=O bonding.[84] The as-synthesized MoO3 aerogel in this study was 
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amorphous and became crystalline after thermal annealing at 400°C for 2 hrs (Figure 4.11). The 

peaks for crystalline MoO3 correspond to the orthorhombic α-MoO3 (JCPDS 50-508).  

 

 
 

Figure 4.10. Charge (z) versus pH diagram[87]; the ‘aquo (M-(OH)2)’, ‘hydroxo (M-OH)’ and 
‘oxo (M=O)’ domains depend on valence of cation and pH.  

 

 

Figure 4.11. XRD patterns for (a) as-synthesized MoO3 aerogel and (b) MoO3 aerogel after 
thermal annealing at 400°C 
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Both Raman and FT-IR studies on the crystalline MoO3 further confirm the α-MoO3 

formation. The peak at 986 cm-1 in Raman (Figure 4.12) and at 991 cm-1 in FT-IR (Figure 4.13) 

are the characteristic peaks for Mo6+=O stretching in α-MoO3, which the β phase of MoO3 does 

not show.[89] The peaks at 813 and 656 cm-1 in Raman represents the presence of Mo6+
2-O 

(corner sharing) and Mo6+
3-O (edge sharing), respectively, which are also detected at 858 cm-1 

(Mo2-O) and 613 cm-1 (Mo3-O) in FT-IR.[90]  

 

Figure 4.12. Raman spectrum of MoO3 aerogel annealed at 400 °C 

 

Figure 4.13. FT-IR spectrum of MoO3 aerogel annealed at 400 °C 
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 The morphology and particle size of the MoO3 aerogel were characterized using TEM. 

Figure 4.14-(a) shows that the as-synthesized aerogel has a fibrous morphology and does not 

consist of particles. Upon thermal annealing of the aerogel, 500 nm particles were obtained 

(Figure 4.14-(b)).  

 

    
(a)                      (b) 

Figure 4.14. TEM images of (a) as-synthesized MoO3 aerogel and (b) α-MoO3 after thermal 
annealing at 400°C 

 

 To fabricate smaller MoO3 particles by using a different synthetic route, a microwave-

assisted solvothermal method was used. Using a microwave as a heating source can dramatically 

reduce the reaction time to 10 ~ 15 min which is much faster than a typical parr-bomb synthesis 

(days). After using a mixture of DI water and ethanol as a solvent for the reaction, the XRD 

pattern indicates that the black powders obtained are MoO2 (JCPDS 78-1073) (Figure 4.15-(a)). 

During heat treatment at 450 °C in air for 2hrs, the color of the particles changes to light blue 
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associated with a phase transition to α-MoO3 (JCPDS 05-0508) as shown in Figure 4.15-(b). In 

addition, the particle size increases from ~20 nm to 300-400 nm in diameter as shown in Figure 

4.16.  

 

 
 

Figure 4.15. XRD patterns of MoOx synthesized by microwave-assisted solvothermal reaction 
using co-solvent (DI water + ethanol); (a) As-synthesized MoO2 and (b) After heat treatment at 
450 °C in air (ST-MoO3) 
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(a)                                                             (b) 

Figure 4.16. TEM images of MoOx synthesized by microwave-assisted solvothermal reaction 
using co-solvent (DI water + ethanol); (a) As-synthesized MoO2 and (b) After heat treatment at 
450 °C in air (ST-MoO3) 

  

To further control the size and morphology of α-MoO3, the precursor (MoCl5) in 

water/ethanol solvent was solvothermally reacted in the presence of nitric acid which serves as 

an oxidizing agent. As shown in Figure 4.17, the as-synthesized particles are α-MoO3 (JCPDS 

05-0508) without any heat treatment. This indicates that nitric acid plays an important role in 

obtaining α-MoO3, not MoO2. However, the resultant morphology is a wire (3~4 μm in length) 

rather than a particle (Figure 4.18).  
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Figure 4.17. XRD pattern of N-MoO3 

 

 

Figure 4.18. SEM image of N-MoO3 
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Sodium molybdenum bronzes (Na0.9Mo6O17) were then fabricated using α-MoO3 as a 

precursor material in this study. In the synthesis, it is critical that Na2S2O4 (reducing agent) and 

Na2MoO4·2H2O (molybdate buffer) were simultaneously added to α-MoO3 suspension (water 

solvent).[83] If Na2S2O4 is added before the molybdate buffer, the reduction of MoO3 leads to the 

uptake of protons which could not be displaced by Na+, and if the molybdate buffer was added 

before Na2S2O4, α-MoO3 is consumed as following eqn. (1) due to the proton uptake by the 

buffer.  

 

H2O + MoO3  2H+ + MoO4
2-                      (1) 

 

X-ray diffraction data (Figure 4.19-(a)) shows that as-synthesized particles are a mixture 

of two different hydrated sodium molybdenum bronzes, (Na(H2O)2)0.25MoO3 (JCPDS 39-0634) 

and (Na(H2O)5)0.25MoO3 (JCPDS 39-1112). To obtain Na0.9Mo6O17, the as-synthesized powders 

were heat treated up to 400 °C by TGA in an Ar atmosphere. Two endothermic peaks around 

78 °C and 192 °C in DTA (Figure 4.20) are attributed to the first and second removal of the 

hydrated water, respectively.[91] Both exothermic peaks at 320 °C and 365  °C are associated with 

the Na0.9Mo6O17 formation.[91] These formation temperatures are lower than the melting points of 

the sample by ~ 200 K. These facts indicate that the formation proceeds directly from the 

hydrated bronzes in the solid-phase process[91], which is different from a mechanism by usual 

methods. By the usual methods, the formation proceeds in the liquid phase and via intermediate 

products with similar structures. XRD of this sample (Figure 4.19-(b)) confirms that 

Na0.9Mo6O17 (JCPDS 86-1683) is formed during the heat treatment. However, it is observed that 
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there is also a small amount of Na2Mo2O7. The color of the powders changed from dark blue to 

purple after the heat treatment, which is also indicative of the formation of Na0.9Mo6O17. 

 

 
 

Figure 4.19. XRD pattern of Mo bronzes; (a) as-synthesized and (b) after heat treatment at 
400 °C in Ar 
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Figure 4.20. TGA and DTA on the hydrated sodium molybdenum bronze in Ar atmosphere 

 

The morphology and size of Na0.9Mo6O17 prepared in this study are varied depending on 

α-MoO3 used in the synthesis. When ST-MoO3 is used, 200 ~ 500 nm (in dia.) of Na0.9Mo6O17 

particles were formed as shown in Figure 4.21. When N-MoO3 is used, most of the wire 

morphology of N-MoO3 is broken and ~200 nm Na0.9Mo6O17 particles were obtained (Figure 

4.22). 
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Figure 4.21. TEM image of Na0.9Mo6O17 synthesized using ST-MoO3 

 

 

Figure 4.22. SEM image of Na0.9Mo6O17 synthesized using N-MoO3  
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 Electrochemical behavior of Sodium molybdenum bronze (Na0.9Mo6O17) Chapter 4.4.4.

To investigate the electrochemical property of Na0.9Mo6O17, cyclic voltammetry (CV) 

was performed using a three-electrode cell with LiClO4 or NaClO4 as an electrolyte.  Figure 4.23 

shows the CV curves of Na0.9Mo6O17 synthesized using ST-MoO3 at 10 mV/s. For the Li-based 

electrolyte, there are two anodic peaks at 1.7 and 2.6 V (vs. Li/Li+), whereas there is no apparent 

cathodic peak. For the Na-based electrolyte, there are no redox peaks and the specific current 

from the electrode is much smaller compared to the Li-based electrolyte. Based on the CV 

curves, specific capacity was calculated and plotted as a function of sweep rate for both 

electrolytes (Figure 4.24). For the Li-based electrolyte, the capacity decreases as the applied 

sweep rate increases (552 C/g at 2 mV/s and 248 C/g at 100 mV/s). The capacity for the Na-

based electrolyte is less than 100 C/g at all sweep rates (2 ~ 100 mV/s). As a result, the 

electrolytes having different sized ions indicate that charge storage of Na0.9Mo6O17 occurs not 

only on the surface but also in the bulk.     

   

 

Figure 4.23. CV curves of Na0.9Mo6O17 synthesized using ST-MoO3 with different electrolyte 
ions (Li+ and Na+) at the sweep rate of 10 mV/s 
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Figure 4.24. The capacity of Na0.9Mo6O17 synthesized using ST-MoO3 with different electrolyte 
ions (Li+ and Na+) at different sweep rates 

  

The same electrochemical measurements were performed using LiClO4 electrolyte for 

Na0.9Mo6O17 synthesized using N-MoO3. As shown in Figure 4.25, there are two distinct 

cathodic peaks around 2.3 V and 1.6 V as well as anodic peaks around 1.8 V and 2.5 V, which is 

different from Na0.9Mo6O17 synthesized using ST-MoO3. Those peaks are apparent at all sweep 

rates (1 – 100 mV/s). The capacity of Na0.9Mo6O17 synthesized using N-MoO3, however, is 

slightly lower than Na0.9Mo6O17 synthesized using ST-MoO3 (442 C/g at 2 mV/s and 181 C/g at 

100 mV/s) (Figure 4.26). To investigate the kinetic behavior of Na0.9Mo6O17 synthesized using 

N-MoO3, b-value characterization was performed. Figure 4.27 demonstrates that b-values for the 

cathodic and anodic peak are 0.82 and 0.79, respectively. As explained in Chapter 3, these values 

indicate that the current response from Na0.9Mo6O17 synthesized using N-MoO3 is not fully 

capacitive, and limited by diffusion.  
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Figure 4.25. CV curve of Na0.9Mo6O17 synthesized using N-MoO3 at different sweep rates (2 -
100 mV/s) 
 

 

 

Figure 4.26. The capacity of Na0.9Mo6O17 synthesized using N-MoO3 
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(a) 

 
 (b) 

Figure 4.27. b-value characterization for Na0.9Mo6O17 synthesized using N-MoO3; (a) at cathodic 
peak, (b) at anodic peak 

 

Chapter 4.5. Suggestions for future work 

The NaxWO3 and Na0.9Mo6O17 investigated in this study are not in the nanoscale regime 

(< 100 nm). For Na0.9Mo6O17, reducing the particle size would be the critical step needed to 
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reduce the diffusion contribution which was observed in this research. To synthesize nanoscale 

Na0.9Mo6O17, the precursor material size of α-MoO3 is important. However, making α-MoO3 

nanoparticles is a challenge. For most syntheses without using acid, MoO2 is formed, so an 

annealing process at 400 ~ 450 °C is required to form α-MoO3. However, annealing at such 

temperatures results in significant particle size growth. Adding acid to the reaction helps to 

prevent the formation of α-MoO3 without annealing, but a fibrous or wire morphology is always 

obtained rather than nanoparticles[92]. As preliminary TGA & DTA data (Figure 4.28) show, 

MoO2 nanoparticles can be oxidized at lower temperatures (~ 300 °C). Thus, it would be worth 

trying to anneal MoO2 nanoparticles at lower temperatures to minimize particle growth while 

phase transformations occur. Using mesoporous MoO3 as a precursor material for Na0.9Mo6O17 

would also be interesting because it is able to render the pore walls less than 50 nm[93].         

 

Figure 4.28. TGA & DTA of MoO2 synthesized via microwave-assisted hydrothermal process 
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 It is also necessary to extend electrochemical studies on both NaxWO3 and Na0.9Mo6O17. 

Because we started to cycle both bronzes which are in the metallic state, it will be necessary to 

de-intercalate sodium (Na+) first in order to obtain a non-metallic state, while maintaining the 

structure. Consequently, electrodes can be charged and discharged galvanostatically to 

investigate its electrochemical behavior as a battery material.  
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Chapter 5. Conclusions 

Previous research on transition metal oxides for electrochemical capacitors largely 

focused on RuO2 and MnO2. In this dissertation, we found that Nb2O5 can also be considered as 

an excellent material for electrochemical capacitors. By investigating the effect of crystalline 

structure of Nb2O5 on its pseudocapacitive behavior, it is evident that charge storage in Nb2O5 

occurs by intercalation/deintercalation processes rather than ion adsorption/desorption processes 

or redox reactions on the surface of the material. The extrapolated infinite sweep rate capacitance 

(~ 400 F/g) of Nb2O5 exceeds that of birnessite MnO2 and is comparable to values obtained for 

RuO2, indicating that the kinetics of Nb2O5 is outstanding even though electrolyte ions intercalate 

or deintercalate into the bulk of Nb2O5 (i.e. intercalation pseudocapacitance) without phase 

transformations. This research on Nb2O5 as a pseudocapacitive material suggests that this new 

charge storage mechanism, intercalation psuedocapacitance, can become one of the most 

important directions for obtaining high power density as well as high energy density. 

 The second part of this dissertation involved a study on the synthesis and electrochemical 

behavior of oxide/carbon nanocomposites as a pseudocapacitive material. The core-shell 

structure (0D) investigated in this research differs significantly from common composite 

morphologies such as 1D (oxide/CNT) and 2D (oxide/graphene). Nb2O5 was chosen as a core 

material in that its insulating nature is a critical factor in limiting practical use even though its 

electrochemical properties are intriguing as mentioned above. In this research, we showed that 

the microwave-assisted hydrothermal method is a very effective approach for synthesizing the 

core-shell structure. Electrochemical measurements on the core-shell structure demonstrated that 
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electrolye ion transport through the shell is a more important factor than electronic conductivity 

when fast charge/discharge (seconds or minutes) is involved. We showed that the ionic 

conductivity through the shell can be dramatically improved by oxidation processes using nitric 

acid. Upon oxidation, the capacity and kinetics of the Nb2O5/C core-shell becomes comparable 

to that of bare Nb2O5. As mass loading of electrode materials increases, use of core-shell 

structure becomes more beneficial. Due to the complete carbon coating on Nb2O5, an electrode 

consisting of Nb2O5/C core-shell particles (~ 0.5 mg) without carbon additive has higher capacity 

and better rate capability than bare Nb2O5 with carbon additive. Thus, the core-shell structure can 

make Nb2O5 to be more practical and attractive for energy storage systems such as power grids.    

Another part of this dissertation involved a study of reconfigurable electrodes for both 

high energy density and power density. The concept used in this study is that a material in which 

electrical properties change depending on the amount of guest ions in a certain material 

framework can be used either as battery material (in the insulating state) or an electrochemical 

capacitor material (in the metallic state). This concept is beneficial especially for electric 

vehicles which require both high energy and power. Metal oxide bronzes such as NaxWO3 and 

NaxMoO3 were of interest in this study. It remains a challenge to synthesize nanoscale particles 

of bronzes. Despite the submicron size of the materials, both bronzes in the metallic state 

perform effectively as electrochemical capacitor materials.  
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