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 Pseudocapacitive energy storage is a promising energy storage mechanism which can 

lead to both high energy density and high power density. Based on current lithium ion battery 

technology, achieving high rate energy storage with high capacity is a very important challenge 

and pseudocapacitive materials are good candidates to solve this problem. The first part of this 

dissertation addresses two material systems for pseudocapacitive energy storages. The realization 

of pseudocapacitance in these materials is done by changing their physical properties. In the first 

system, MoO3, we created oxygen vacancies to modify the electrically insulating nature of MoO3. 

The effects of oxygen vacancies on the structural and electrochemical properties are examined. 

In the second system, MoO2, we synthesized nanoparticles to overcome diffusion limitations in 

the charge storage of bulk MoO2. The slow kinetics in bulk materials are generally from its size 
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as well as from the phase transition during lithium insertion.  Size-dependent electrochemical 

behavior in MoO2 are investigated and the use of reduced graphene oxide to solve the surface 

oxidation problem is demonstrated. The last part of the dissertation involves sodium ion batteries. 

Sodium ion batteries are promising not only because sodium ions have similar electrochemical 

intercalation properties as those of lithium, but also sodium is one of the most abundant elements 

on earth. However, sodium has certain intrinsic limitations such as being less electropositive than 

lithium and slow kinetics from its relatively large ion size. These features have limited the 

development of sodium ion batteries. In order to overcome these intrinsic limitations, we 

synthesized Na1.5VPO4.8F0.7 nanoparticles and the synthesis and electrochemical properties of 

this material were examined.  
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Chapter 1. Introduction and objectives 

Global warming and decreasing fossil fuel reserves coupled with increasing demand is 

forcing us to develop  sustainable and renewable energy production and storage technologies3. In 

order to store electrical energy produced by solar or wind power, the development of grid scale 

energy storage technology is crucial. In addition, to meet the demand of safety and long life time, 

energy storage devices for consumer electronics as well as for long range electrical vehicles, 

require the development of new technology for rechargeable electrochemical energy storage 

(EES) systems. Several energy storage technologies have been developed, but only a few of them 

are commercialized. The most successful EES system is rechargeable lithium ions batteries 

(LIBs). LIBs have been used in a wide range of applications from portable electronic systems, to 

electrical vehicles, and even grid applications because LIBs offer design capabilities with its 

simple structure as well as high energy density. However, to meet the increasing power 

consumption in electronic systems and to enable electrical vehicles with ranges of 500 km, the 

energy density of LIBs needs to be improved. Another problem with LIB technology is low 

power density due to charge storage mechanisms that rely on solid-state diffusion. (Figure 1.1) 

Although the development of quick charging technology enables charging in a short time, it 

decreases the cycle life of LIBs. Much effort has been dedicated to the development of high 

power LIBs without compromising energy density. Electrochemical capacitors are a promising 

class of energy storage materials with high power and long term stability. As shown Figure 1.1, 

electrochemical capacitors (ECs,), also known as ‘supercapacitors’, are bridging the gap between 

conventional capacitors and LIBs. Carbon based ECs have higher power density and better long 

term cyclability (>100,000 cycles), but because the stored charge is surface limited, the energy 

density is low and substantially less than that of Li-ion batteries. However, pseudocapacitive 
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energy storage combines the attractive properties of batteries and ECs, potentially leading to 

energy storage materials with both high power density and high energy density. This disruptive 

technology has attracted considerable interest from both academia and industry. High power 

density combined with energy densities near that of batteries (~ 250 Wh/Kg) can be realized by 

carefully engineering material compositions and specific nanoscale architecture. 

Pseudocapacitive charge storage consists of faradaic reactions at the surface or near the surface 

of nanostructured materials. Since the solid-state diffusion distances are reduced significantly, 

the reaction rates are increased significantly. The development of these properties in several 

materials has been explored through a variety of techniques which are described in the first and 

second material systems in this dissertation.  

 

 

 

 

 

 

 

 

Figure 1.1. Ragone plot showing specific power vs. specific energy density for various electrical 

energy storage systems1.  
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The first system to be discussed is orthorhombic MoO3, which has been studied 

extensively as a battery material. In this research, we created oxygen vacancies to increase the 

low electrical conductivity of this material. Non-stoichiometric MoO3 was synthesized by one-

step microwave hydrothermal synthesis. The effects of oxygen defects on the MoO3 structure 

and the resulting pseudocapacitive behavior were studied by using various techniques. 

 The second system discussed in this dissertation is monoclinic MoO2, a metallic 

conductor, which has been extensively studied as a conversion-type lithium ion battery anode. In 

this study, we synthesized MoO2 nanoparticles to suppress the phase transformation during 

lithium insertion and de-insertion. The electrochemical properties of hydrothermally synthesized 

MoO2 nanoparticles were investigated, and compared with the electrochemical properties of 

micron-sized MoO2. We found that surface oxidation reduced the electronic conductivity in this 

reduced metal oxide which hinders fast kinetics. The surface resistance was addressed by 

anchoring the MoO2 to reduced graphene oxide (RGO), which served as a conductive medium. 

Synthetic details and electrochemical performance of thin and thick electrodes of MoO2-RGO 

composites were investigated. 

The third part of this dissertation involves the synthesis of cathode materials for sodium 

ion batteries. Sodium ion batteries (SIBs) have been studied since 1970s, and the abundance of 

materials resources and similarity with lithium makes this system attractive to replace current 

LIBs technology2. However, due to intrinsic limitations such as a lower electropositive potential 

and slow kinetics because of ion size larger than lithium ions, SIBs have been considered mostly 

for grid storage applications. In order to overcome these limitations, we decided to investigate 

Na1.5VPO4.8F0.7, a system which is attractive for its high redox potential (~ 3.8 V vs. Na/Na+). In 

order to improve the kinetics of this materialNa1.5VPO4.8F0.7 nanoparticles were synthesized. We 
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used a two-step process in which a modified Pechini method was used to form the phase while 

hydrothermal synthesis served to incorporate fluorine ions and decrease the particle sizes. The 

structural and electrochemical properties of Na1.5VPO4.8F0.7 nanoparticles were investigated and 

a full cell was fabricated with an Sb anode to evaluate device performance. 
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Chapter 2. Pseudocapactive properties of reduced MoO3-x 

Chapter 2.1. Introduction 

Electrochemical energy storage (EES) continues to be an exceedingly active field for 

research and development because of application areas ranging from portable electronics to 

electrification of transportation to coupling with renewable energy sources for powering the 

electrical grid5. Both batteries and electrochemical capacitors involve electrochemical 

mechanisms, albeit different ones, which determine their respective energy storage and power 

characteristics6.  Electrical double layer capacitors (EDLCs), also known as supercapacitors, 

offer higher power, shorter charging times and longer cycle life than lithium-ion batteries. The 

low energy density of carbon-based EDLCs, however, limits this technology. To improve upon 

energy density, researchers have begun to investigate another mechanism for capacitive energy 

storage known as pseudocapacitance where charge storage occurs via Faradaic charge transfer at 

the surface or near the surface of the material7. The alluring feature for pseudocapacitance is the 

prospect of increasing energy density without compromising the high power or cycle life of 

carbon-based EDLCs.  A number of transition metal oxides, both in aqueous and non-aqueous 

electrolytes, have been shown to exhibit pseudocapacitance or at least to exhibit electrochemical 

signatures which are representative of pseudocapacitance. The latter often occurs with nanoscale 

materials because of short diffusion distances8. Thus in this chapter our study is focused on the 

development of pseudocapacitive properties to achieve high energy density and high power 

density. For this, we choose orthorhombic MoO3 as a first model system because of its high 

theoretical capacity and layered structure. 
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Chapter 2.2. Technical background 

Chapter 2.2.1. Intercalation pseudocapacitance 

Pseudocapacitance was demonstrated through the discovery that hydrated RuO2
9 and 

MnO2
10 undergo faradaic surface reactions.  More recently, Tolbert and Dunn et al. have 

described a related process called ‘intercalation pseudocapacitance’11, 12, 13. In this process, there 

is the insertion of ions into the van der Waals (vdWs) gaps or 1d-tunnels within a metal oxide 

host. However, rather than being diffusion controlled, the transport of these ions in the solid 

appear capacitive. Most battery electrode materials that rely on this insertion type mechanism 

undergo a phase change which is typically a slow process. Such phase transitions are generally a 

negative occurrence in batteries and can be responsible for poor reversibility especially at high 

rates.  However, in certain cases ion diffusion into the bulk is quite fast, occurring without a 

phase transformation and leading to charge storage which is capacitive in nature. Although this 

process involves redox reactions as occurs in a battery, the electrochemical features are different 

as follows13: (1) The peaks are generally broad and peak separations are very small in cyclic 

voltammetry experiments and (2) The voltage hysteresis is small with sloped voltage profiles in 

galvanostatic charge/discharge profiles. Intercalation pseudocapacitance was first demonstrated 

in the previous study11 of mesoporous crystalline α-MoO3. In this study a crystalline α-MoO3 

stored more than two times higher capacity than amorphous α-MoO3. This result clearly showed 

that crystalline α-MoO3 stores charges in the bulk as well as on the surface. In addition kinetic 

analysis showed that almost 70 % of stored charge was capacitive in crystalline α-MoO3. This 

fast rate capability mainly came from the nanoscale architecture of mesoporous film providing 

short diffusion pathway for electrons and ions and more importantly iso-oriented nature of 

material. Orthorhombic Nb2O5 (T-Nb2O5) showed similar intercalation pseudocapacitive 
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behavior12. Although T-Nb2O5 does not have vdWs gaps, the structure can be described as a 

tunnel structure. The T-Nb2O5 showed high rate capability without phase transformation. The 

capacity of 430 F/g was achieved in a charging time of one minute for the thin film sample. Even 

with thick electrodes14 (40 μm-thick, 1.2 mg/cm2) the material could store 380 F/g. As shown in 

the above examples, we can develop intercalation pseudocapacitive properties by modify 

physical properties such as the crystal structure and size of materials.  

Chapter 2.2.2. Molybdenum trioxide (MoO3) 

 

 

 

 

 

 

 

 

Figure 2.1. (a) Structure of the orthorhombic α-MoO3 (b) the intralayers site and (c) the 

interlayer site for lithium intercalation (Figures from Hao Lin) 

 MoO3 is has been well investigated for various applications. It has been used as a 

catalyst15, and as a component in photochromic and electrochromic devices16 , gas sensors17, and 

energy storage applications11, 18, 19, 20.  MoO3 has three polymorphs: hexagonal MoO3, monoclinic 
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MoO3, and orthorhombic MoO3 (α-MoO3). α-MoO3 is thermodynamically the most stable 

phase20. Thus, α-MoO3 has been an attractive cathode material for lithium intercalation with its 

layered structure and it can achieve a theoretical capacity of 1080 C/g from the insertion of 1.5 

moles of lithium ions per mole of Mo into the van der Waals (vdWs) gap21, 22, 23. The crystal 

structure of α-MoO3 (shown in Figure 2.1) belongs to the orthorhombic Pbnm space group.  This 

structural framework consists of a bilayer network of edge-sharing MoO6 octahedra (shown in 

grey in Figure 2.1). The bilayers are stacked along the b direction and bonded with adjacent 

layers by van der Waals forces. There are three types of oxygen anions in the structure. The first 

type, called the "terminal oxygen Ot", results in a Mo-Ot bond which points perpendicular to the 

van der Waals gap (shown in green in Figure 2.1). The second type, labelled as Oa, forms 

asymmetric bonds with two Mo ions in the a direction, while the third type, referred to as 

"symmetric oxygen (Os)", has three-fold symmetry which leads to the formation of two short 

bonds with two Mo ions in [001] direction and one longer bond with a Mo ions in [010] direction. 

However, α-MoO3 has low electronic conductivity and undergoes an irreversible structural 

change during lithiation. These limitations lead to slow kinetics and poor long term cycling21, 24. 

In order to overcome these problems, several approaches have been explored including pre-

lithiation of MoO3 and ammonizing MoO3
25, 26

.
 Pre-lithiation of MoO3 increases the vdWs gap 

thereby leading to better electrochemical cycling stability at the expense of specific capacity 

because of its reduced oxidation state25. Ammonolyzed MoO3 shows higher electronic 

conductivity than MoO3, cycling for 50 cycles at 200 mAh/g at 1C. The capacity, however, 

decreased significantly at increased charging rates; at 10C the capacity fell below 75 mAh/g26. 

These studies suggest that while widening the vdWs gap and increasing the intrinsic electronic 

conductivity of MoO3 may provide partial solutions to the limitations of MoO3, the synthesis of 
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these materials requires several additional processing steps. Furthermore, better electrochemical 

stability and high rate capability are still necessary for an effective electrode material. 

Chapter 2.2.3. The effect of oxygen vacancies in oxide materials 

 One viable route for overcoming the low electrical conductivity of MoO3 is through the 

introduction of oxygen vacancies27, 28. With transition metal oxides, this approach has been 

shown to improve the electronic conductivity by increasing the polaron carrier concentration29. 

Oxygen vacancies can act as shallow donors and thereby increase the carrier concentration30. 

There have been only a limited number of studies which explore the effect of oxygen non-

stoichiometry and enhanced electronic conduction on energy storage properties. In a study of 

TiO2 nanotubes31, hydrogenated TiO2, which contains oxygen vacancies, exhibited significantly 

higher areal capacity (3.24 mF cm-2) than untreated TiO2 nanotubes (0.026 mFcm-2) or air 

annealed TiO2 nanotubes (0.08 mF cm-2). The hydrogenated material also displayed good long-

term cycling (3.1 % capacitance loss after 10,000 cycles) as a result of the improved electrical 

conductivity. Oxygen vacancies in nanoparticles of TiO2,32 produced by thermal treatment in a 

reducing atmosphere (5% H2/95% Ar) led to materials whose capacity at high rates was 

significantly better than stoichiometric TiO2 nanoparticles (130 mAh/g vs. 27 mAh/g at 10C).  In 

prior research carried out oxygen deficient on MoO3, the presence of oxygen vacancies lead to an 

increase the interlayer distance.29 In addition, Mai et al. showed that interlayer expansion in 

lithiated MoO3 exhibited improved electrochemical stability25.  
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Chapter 2.3. Experimental 

2.3.1. Reduced MoO3-x synthesis 

Reduced MoO3-x - Reduced MoO3-x was synthesized by microwave hydrothermal synthesis. 

Anhydrous MoCl5 (270 mg, Strem Chemicals) was dissolved in ethanol (5ml) and deionized (DI) 

water (15 ml)  and 0.25 ml nitric acid (HNO3, 70%, Sigma-Aldrich) was added in this solution 

with stirring. The prepared solution was transferred into the 25 ml size microwave reaction 

vessel and placed in the microwave synthesis system (Discover SP, CEM Corporation). The 

sample was heated with 200 W up to 180 °C and kept for 15 min at this temperature. During the 

synthesis, the pressure was maintained at around 180 psi. The resulting deep blue colored 

solution was centrifuged (5000 rpm for 5 min) and washed 3 times with DI water and ethanol 

and dried in the vacuum for 24 hr. For the preparation of partly reduced and fully oxidized 

sample, as synthesized powders were annealed at 150 °C for 2 hr and at 400 °C for 1 hr, 

respectively. 

2.3.2. Material characterization  

Basic characterization - The phase of each MoO3 sample was identified by X-ray diffraction 

(Rigaku Miniflex II) using Cu–Kα (λ=1.54 Å) radiation. Brunauer-Emmett-Teller (BET) surface 

area measurements were performed by using nitrogen adsorption isotherms at 77 K using a gas 

adsorption analyzer (Micromeritics ASAP 2010).  The particle size and shape of MoO3 were 

characterized by transmission electron microscopy (TEM; T12, FEI) and scanning electron 

microscopy (SEM; Nova NanoSEM 230, FEI).  

Powder XRD for peak position shift -  Powder X-ray diffraction was performed in a 

PANalytical X’Pert Pro operating with Cu Kα (λ = 1.5418 Å) using a 0.008° step size,  a voltage 
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of 45kV, and a current of 40mA. Samples were prepared from a mixture of MoO3 and 9.1% 

(w/w) standard silicon. After the composite was well mixed in an agate mortar, and a thin layer 

was packed onto a quartz slide for measurement. The silicon (111) reflection at 28.44° 2Ɵ and 

the (220) reflection at 47.29° were used as reference peaks. 

TGA and XPS for the oxygen vacancy concentration - The oxidation state of as synthesized 

reduced MoO3-x was confirmed by Thermogravimetric analysis (TGA) and X-ray photoelectron 

spectroscopy (XPS). TGA was performed in either air or argon atmosphere using a TA SDT 

Q600 analyzer at a heating rate of 10 °C/min. XPS analysis was performed using a Kratos Axis 

Ultra DLD with a monochromatic Al (Kα) radiation source. The charge neutralizer filament was 

used to control charging of the sample, 20 eV pass energy was used with a 0.05 eV step size, and 

scans were calibrated using the C 1s peak shifted to 284.8 eV. The samples were etched with a 

Ar beam (raster size 5 mm x 5 mm) for 30 seconds. The integrated area of the peaks was found 

using the CasaXPS software, and atomic ratios were also found using this software. The atomic 

sensitivity factors used were from the Kratos library within the Casa software.  

 

 

 

 

 

Figure 2.2. Schematic figure of setup for bulk electrical conductivity measurement of reduced 

MoO3-x, partly reduced MoO3, and fully oxidized MoO3. 

MoO3 film by drop casting (thickness: ~10 μm) 

Silver paste (contact area: 0.5 cm2)
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Electronic conductivity measurement - For the bulk electrical conductivity measurement, MoO3 

powder was deposited on the ITO coated glass (~ 10 m thinkness) which had been partially 

etched. Contacts were made to the top and bottom of the sample, the latter coming from the ITO 

bottom contact.  Electrical resistivity was measured by a Solartron 1287 potentiostat and 

electronic conductivity was calculated from the measured resistivity using the following equation. 

                                                    
	

                                      eq. 2.1 

‘k’ is electrical conductivity of material, ‘t’ is sample thickness, ‘A’ is contact area, ‘R’ is 

resistivity of sample. 

Electrochemical analysis - Electrochemical measurements were carried out in a three-electrode 

cell using the MoO3 thin films as the working electrode. To prepare the working electrode, the 

different MoO3 nanobelts (= 40 μg) were suspended in ethanol and drop cast on O2 plasma 

treated stainless steel current collector (1 cm2 area). The weight of active material was measured 

by a microbalance. 1 molar LiClO4 in propylene carbonate was used as electrolyte and lithium 

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

between 1.5 and 3.5 V vs. Li+/Li using a PAR EG&G 273A Potentiostat. All electrochemical 

measurements were performed in an argon filled glovebox.  

Ex situ XPS - For the ex situ XPS experiment, reduced MoO3-x and fully oxidized MoO3 working 

electrodes were lithiated and de-lithiated by using cyclic voltammetry. After 5 cycles at 10 mV/s 

to stabilize the working electrode, the sample was cycled at 5 mV/s to the specific potential. The 

cycled working electrodes were removed from the cell, washed with dimethyl carbonate (DMC) 

and dried overnight in the argon filled glove box. These electrodes were loaded on the XPS 

sample holder in the glove box and sealed in the XPS transfer chamber.  
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Ex situ XRD – Ex situ X-ray diffraction (XRD) was performed in a Bruker Discover D8 

operating with Cu Kα (λ = 1.5418 Å) using a 0.035° step size, a voltage of 40kV, and a current 

of 40mA. For the sample preparation, reduced MoO3-x and fully oxidized MoO3 were 

galvanostatically discharged and charged at a C/5 rate. The cycled electrodes were washed in 

dimethyl carbonate and dried for 24 hours. The samples were sealed in 64 µm polyimide tape to 

prevent exposure to the environment. All preparation of the ex situ samples were performed in an 

Ar-filled glove box with O2 below 1ppm. 

Chapter 2.4. Results and discussion 

Structural characterization 

 

 

 

 

 

 

 

 

 

Figure 2.3. (a) XRD pattern and blue-colored powder (inset) of as synthesized reduced MoO3-x, 

(b) TEM image, and (c) SEM image of reduced MoO3-x nanobelts. 
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 Reduced MoO3-x was prepared by microwave activated hydrothermal synthesis. The use 

of microwaves has been shown to increase reaction kinetics as microwave radiation penetrates 

deep within the material and provides uniform heating33. This method has been applied to the 

synthesis of several Li-ion battery electrode materials including LiFePO4 and LiMnO2
34, 35, 36. 

Although this specific synthetic route has not been reported previously for MoO3, hydrothermal 

synthesis methods have been reported23, 37. However, the previously reported experiments 

required much longer reaction times (several hours to days) and did not lead to the formation of 

oxygen vacancies. In the current work, the synthesis of reduced MoO3-x was completed in 15 min 

at 170 °C and also resulted in a non-stoichiometric MoO3 material. The X-ray diffraction (XRD) 

pattern for the as-synthesized material is shown in Figure 2.3(a). The major reflections can be 

indexed with a Pbnm space group corresponding to α-MoO3, in good agreement with JCPDS NO. 

35-0609.  

 

 

 

 

 

 

 

Figure 2.4. AFM analysis on the reduced MoO3-x. Images (top) and height analysis on the 

selected parts (bottom) are presented. 
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The strong diffraction intensity for the (020), (040), and (060) peaks indicates that the as-

synthesized α-MoO3 powders preferentially orient along the [0b0] direction. Since MoO3 is light 

blue, it is surprising that the color of as-synthesized α-MoO3 was deep blue (inset in Figure 

2.3(a)). This indicated that as-synthesized MoO3 was reduced during the synthesis treatment. 

The shape and size of reduced MoO3-x were confirmed by transmission electron microscopy 

(TEM) (Figure 2.3(b)) and scanning electron microscopy (SEM) (Figure 2.3(c)). The MoO3-x 

materials are in the form of nanobelts which are 100 to 500 nm in width and 3 ~ 5 μm in length. 

The thickness of individual MoO3-x nanobelts was determined by atomic force microscopy 

(AFM) to be about 10 nm (Figure 2.4.).  

 

 

 

 

 

 

 

Figure 2.5. TGA analysis on reduced MoO3-x in air and argon with a flow of 100 ml/min  

 The oxygen vacancy concentration of reduced MoO3-x was characterized using 

thermogravimetric analysis (TGA) and X-ray photoelectron spectroscopy (XPS) (Figures 2.5. 

and 2.6.). The TGA experiment was carried out on reduced MoO3-x by ramping up to 400 °C at 

10 °C/min with 100 ml/min gas flow of either argon or air. TGA of reduced MoO3-x (Figure 2.5.) 
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indicates that the reduced material reacts with oxygen upon heating leading to a lower mass loss 

compared to the TGA in Argon. The concentration of oxygen vacancies can be calculated from 

the difference in weight decrease between the two TGA experiments. From these calculations, 

we estimate that the composition of the reduced molybdenum oxide corresponds to MoO2.87. To 

complement these calculations, XPS was used to characterize the oxidation state of 

molybdenum. The surface of reduced MoO3-x has a significant amount of Mo5+ which is still 

observed even after a significant amount of Argon plasma etching (Figure 2.6.). The calculated 

stoichiometries based on the XPS spectra for molybdenum and oxygen atoms are MoO2.91 and 

MoO2.83 for surface and bulk (i.e., after etching), respectively. These values are comparable to 

that determined from TGA experiments. These results establish that the oxygen vacancies are 

not limited to the surface, and that they extend throughout the bulk of the material.  

 

 

 

 

 

 

 

 

 

Figure 2.6. XPS data of the as-synthesized reduced MoO3-x nanobelts before and after argon 

plasma etching. Argon plasma etching was used to differentiate the surface of reduced MoO3-x 

nanobelts from the bulk. 
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 In order to understand the influence of oxygen vacancies on electrochemical behavior, 

the reduced MoO3-x was subjected to different heat treatments to partially or fully oxidize the 

MoO3. Heating in air at 150 °C for 2 hr produced partly reduced MoO3 (light blue color), while 

heating at 400 °C for 1 hr produced the fully oxidized MoO3 (white color). After heat treatment, 

the phase of each material was confirmed by XRD to have the α-MoO3 structure (Figure 2.7(a)). 

The morphologies of the three samples were characterized by TEM before and after heat 

treatment (Figure 2.7(b-d)). No significant change from the nanobelt morphology was evident. 

Brunauer-Emmett-Teller (BET) surface areas of these samples were determined to be 24, 25, and 

15 m2/g for the reduced, partly reduced, and fully oxidized MoO3, respectively. The relatively 

small difference in surface areas is not likely to affect the electrochemistry of MoO3. 

 

 

 

 

 

 

 

 

 

Figure 2.7. (a) XRD patterns of reduced MoO3-x, partly reduced MoO3, and fully oxidized MoO3 

and TEM images of (b) reduced MoO3-x, (c) partly reduced MoO3, and (d) fully oxidized MoO3. 
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Electrochemical behavior 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Electrochemistry of reduced MoO3-x, partly reduced, and fully oxidized MoO3: (a) 

Cyclic voltammetry (at 10 mVs-1 in 1M LiClO4 in PC), (b) specific capacity depending on the 

sweep rate, (c) specific capacity versus charging time, and (d) cyclability test between fully 

oxidized MoO3 and reduced MoO3-x 

 Cyclic voltammetry (CV) was used to compare the electrochemical properties of reduced 

MoO3-x and fully oxidized MoO3. There are two distinguishable lithium intercalation sites as 

shown in Figure 2.1 for the α-MoO3 system. The ‘interlayer site’ is located between two 

octahedral bilayers while the ‘intralayer site’, is in the one dimensional tunnel ([001] direction) 

within the bilayer sheets. Charge storage for MoO3 occurs mainly by the insertion of lithium ions 
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into the interlayer site to form lithiated MoO3 (LixMoO3, xmax = 1.5)21 leading to a maximum 

capacity of 1080 C/g. 

                                                       MoO3+xLi++ xe-→ LixMoO3			                                        eq. 2.2            

 

Sweep voltammetry measurements were used to characterize the electrochemical properties. As 

described in the Experimental section, these experiments used flooded three-electrode cells in 

which the working electrode was a thin film (40 g/cm2) of either reduced MoO3-x, partly 

reduced MoO3-x or fully oxidized MoO3 with lithium metal reference and counter electrodes. 

These electrodes contained no carbon or binder so that the electrochemical properties of the 

different oxides were determined directly. This is a good way to investigate the fundamental 

properties of material because the data we collected is only from our active materials. The 

results show that reduced MoO3-x has a higher capacity and faster kinetics compared to the other 

MoO3 nanobelt materials.  At a sweep rate of 100 mV/s, which corresponds to a charging time 

of 20 seconds, reduced MoO3-x stores ~ 550 C/g while the capacity for the other materials is < 

400 C/g at this sweep rate (Figure 2.8 (b, c)). This fast response underscores the capacitive 

nature of charge storage in reduced MoO3-x. In addition, the cycling behavior of reduced MoO3-x 

is more stable than that of fully oxidized MoO3 (Figure 2.8 (d)). After 50 cycles at 10 mV/s, the 

capacity has decreased around 5% in contrast to the 50% decay exhibited by the oxidized MoO3. 

The initial capacity drop in fully oxidized MoO3 is well known electrochemical behavior of 

MoO3 with lithium. This cyclability test shows that by introducing oxygen vacancies it is 

possible to improve the cycling stability of α-MoO3, a feature which has been a significant 

limitation in the application of this material in electrochemical devices.  
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Figure 2.9. Kinetic analysis of reduced MoO3-x and fully oxidized MoO3 using power law 

relationship: b-values from (a) cathodic peaks and (b) anodic peaks. Capacitive charge storage 

contribution in (c, d) reduced MoO3-x at 1 mV/s (75 %) and 10 mV/s (88 %) and (c) fully 

oxidized MoO3 at 1 mV/s (37 %) and 10 mV/s (67 %) 
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 Sweep voltammetry also provides greater insight regarding the difference in charge 

storage kinetics. In Figure 2.9 (a, b), the log (i) vs. log () plot for the cathodic and anodic peaks 

at ~ 2.5 V (vs. Li/Li+) shows that the current dependence on sweep rate, , is given by the 

relation:38 

 

                                                                   	 	 	                                                      eq. 2.3 

 

A b-value of 0.5 indicates that the current is controlled by semi-infinite diffusion while b = 1 

indicates that the current is surface controlled39. For reduced MoO3-x, the b-value is ~ 1 for 

cathodic peak and ~ 0.85 for anodic peak in the sweep rate range from 0.1 to 20 mV/s, indicating 

the capacitor-like nature of the kinetics. Prior research has shown that this behavior is one of the 

characteristic features of pseudocapacitance40. In contrast, fully oxidized MoO3 exhibits values ~ 

0.7 for cathodic and ~ 0.67 for anodic peak over this same range of sweep rates, indicating that 

charge storage is affected by diffusion processes.  The increased level of pseudocapacitive 

charge storage for reduced MoO3-x is also shown using an analysis where the current response to 

a fixed potential, i(V), is a combination of capacitor-like and diffusion-controlled behaviors41:  

 

 																																																																					 	 	 	 	 /                                               eq. 2.4 

 

By determining both k1 and k2 values, it is possible to calculate, as a function of potential, the 

fraction of current contributed by diffusion-controlled intercalation processes and that arising 

from capacitor-like processes. The data shown in Figure 2.9 (c-f) indicate that capacitor-like 

charge storage in reduced MoO3-x occurs to a much greater extent (75 % vs 37 % at 1 mV/s and 
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88 % vs. 76 % at 10 mV/s) than charge storage in fully oxidized MoO3.  It is interesting to note 

that in prior work with mesoporous films of MoO3, a comparable fraction of capacitive storage, 

~70 %, was obtained6. In that case, however, the morphology of the mesoporous architecture, 10 

nm thick walls of MoO3, leads to a greater level of capacitor-like response. In summary, the 

sweep voltammetry measurements show that reduced MoO3-x exhibits higher capacity and faster 

kinetics than either partly reduced MoO3-x or fully oxidized MoO3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Comparison of first three cycles of cyclic voltammetry at 10 mV/s, and 

galvanostatic discharge curve (insets) in (a) reduced MoO3-x, and (b) fully oxidized MoO3 
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The voltammetric sweeps for the reduced MoO3-x display two interesting differences compared 

to those of the fully oxidized MoO3. It is well known that MoO3 exhibits an irreversible peak on 

lithiation during its first cycle as shown in Figure 2.10 (a). This irreversibility is attributed to 

trapping of Li+ in intralayer spaces of α-MoO3 and leads to poor electrochemical reversibility22, 

24, 42. However, the cyclic voltammetry of reduced MoO3-x does not display these irreversible 

peaks as the first, second, and third cycles were almost identical (Figure 2.10 (b)). The 

galvanostatic discharge curves are consistent with this behavior (see insets for Figures 2.10 (a,b)).  

The fully oxidized MoO3 exhibits a plateau during its first cycle which disappears during the 

second cycle while reduced MoO3-x displays no such plateau, indicating that no structural change 

is occurring on cycling. Thus, reduced MoO3-x retains its capacity on cycling while the capacity 

decreases continuously for fully oxidized MoO3 because of the structural rearrangement and the 

likely trapping of Li+ (Figure 2.8). 

 A second feature in the voltammetry which is influenced by the presence of oxygen 

vacancies is the addition of a distinctive peak at ~3.0 V during de-intercalation (Figure 2.8 (a) 

and Figure 2.10 (b)). This peak does not occur in the fully oxidized MoO3. In order to explain the 

existence of this additional peak, the intercalation energies for the interlayer and intralayer sites 

were calculated by DFT for both reduced MoO3-x and fully oxidized MoO3. In fully oxidized 

MoO3, the values for the interlayer and intralayer sites (see Figure 2.1 (b, c)) were 3.25 and 3.21 

eV, respectively. That is, the energy difference between the two types of sites is negligible. The 

similarity in intercalation energy for these sites leads to one main peak in the CV for fully 

oxidized MoO3. 
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Figure 2.11. (a) Calculated lithium intercalation voltages at interlayer sites (cross) and intralyer 

sites (triangle) of reduced MoO3-x. A, B, C, D sites indicate the positions of an additional polaron 

introduced by lithium intercalation. For example, the A site means that the additional polaron is 

located at the A plane which provides intralayers sites as shown in (b). (Figures from Hao Lin) 

(a) 

(b) 
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Figure 2.12. The lithium intercalation sites for the highest lithium intercalation voltage (Figure 
from Hao Lin) 

 

 The introduction of oxygen vacancies and polarons in reduced MoO3-x breaks the 

symmetry of the crystal. Hence all the interlayer and intralayer sites for lithium insertion no 

longer have the same energy. We calculated the intercalation energies of all the possible lithium 

insertion sites together with random initialization of polaron states. The voltages calculated for 

the reduced MoO3-x are in the range 2.96 to 3.36 V as shown in Figure 2.11 (a). Except for the dyz 

polaron at the oxygen defect center, all the polarons stabilize at the dxz orbitals in the Mo ions. 

The distance between lithium intercalation sites and the oxygen vacancy center along with the 

different polaron configurations contribute to the spread of the intercalation voltages. There are 
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several factors which contribute to the variation in lithium intercalation voltage: 1) the nature of 

the lithium intercalation sites; 2) binding between lithium ions and polarons; 3) binding between 

two polarons; 4) interaction among oxygen vacancies, lithium ions and polarons. The factor 

which dominates the intercalation voltage is unknown and quantitative understanding of these 

effects can be realized by the cluster expansion method, which is beyond the scope of this study. 

Nevertheless, we expect that after structural relaxation, it is more likely that one observes the 

intercalated structures with higher voltages (>3.30 V) because these structures are 

thermodynamically more stable. As shown in Figure 2.11 (b), our results indicate that the 

additional polaron introduced by lithium intercalation does not favor the B plane, where the 

oxygen defect induced polarons are located. In other words polarons are unlikely to remain 

together as the polaron concentration increases from 0.22 to 0.33 within the same plane. The 

highest intercalation energy corresponds to the structure in which the lithium ion at the interlayer 

site is far from the oxygen vacancy center (6.3 Å) and the additional polaron introduced along 

with the lithium ion is not in the same layer as those polarons introduced by an oxygen vacancy 

(see Figure 2.12). The new peak at 3.0 V in the CV of reduced MoO3-x, reflects the increase of 

voltage in the calculations. Compared to lithium intercalation in the fully oxidized MoO3, 

oxygen vacancies in the reduced MoO3-x might assist the structural relaxation which occurs 

during the lithium intercalation, leading to higher voltages. Therefore, a new peak is only 

observed in the reduced MoO3-x. In the discharge process, this peak is less distinctive because 

lithium ions might not migrate directly from the electrolyte to the high voltage sites in reduced 

MoO3-x. Instead only the diffusion of lithium from the electrolyte to the most stable sites existing 

near the interface between electrode and electrolyte can contribute to the weak signal of the new 

peak.         
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 Figure 2.13. Comparison of (020), (040), and (060) diffraction peaks in reduced MoO3-x (red), 

partly reduced MoO3 (blue), and fully oxidized MoO3 (black). (Peak positions were calibrated 

using an internal silicon standard at 28.4°) 

 

Structure and chemical effects 

The creation of oxygen vacancies in α-MoO3 leads to a material which exhibits higher 

capacity, faster kinetics and better electrochemical stability compared to the fully oxidized 

material. In this section, we discuss the structural and chemical features which influence and 

determine these properties. One significant structural effect associated with the development of 

oxygen vacancies is an increase in the van der Waals gap, a feature which will certainly lead to 

improved electrochemical kinetics. The X-ray diffraction data (Figure 2.13) shows that the (020), 

(040), and (060) reflections, which correspond to the b-lattice plane interlayers, are shifted to 

lower angles in the reduced MoO3-x sample. 
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Table 2.1. Calculated d-spacing values for the (020), (040), and (060) reflections 

 

 

 

 

 

 

Table 2.2. Calculated lattice parameters by DFT calculation when one oxygen vacancy is 

introduced  

 

The b-lattice cell parameter, calculated from the (020) reflections, expands from 13.886 Å for the 

fully oxidized MoO3 to 14.062 Å in the reduced MoO3-x material (Table 2.1). The development 

of a wider van der Waals gap arising from oxygen vacancies was previously reported29 and 

seems to occur here as well. DFT calculations (Table 2.2) indicate that the van der Waals gap 

will expand in reduced MoO3-x due to an oxygen vacancy at the Ot site with two accompanying 

Mo5+ ions.  

A second structural consideration is the difference in phase behavior between reduced MoO3-x 

and fully oxidized MoO3.  The irreversible electrochemical changes shown in Figure 2.13 (a) 

Sample 
(020) 
d (Å) 

(040) 
d (Å) 

(060) 
d (Å) 

Reduced MoO3-x 7.031 3.505 2.335 

Partly reduced MoO3 6.954 3.465 2.308 

Fully Oxidized MoO3 6.943 3.462 2.307 

a(Å) b(Å) c(Å) 

Pure-MoO3 11.686 13.904 11.357 

Reduced-MoO2.972 11.650 13.930 11.393 
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were also observed using ex situ XRD (Figure 2.14 (a)).  Upon lithiation, the -MoO3 becomes 

nearly featureless. The (040) and (060) reflections were absent and the (020) was shifted and 

broadened, which is consistent with previous reports24, 42. Peak broadening is an indication that 

the long range atomic order is destroyed or that the domain size is extremely small. In addition, 

at 1.5 V, the (020) reflection is shifted to a lower angle indicating that a lattice expansion 

occurred after the structural change at 2.7 V. After de-lithiation (3.5V), the (020) peak does not 

return to the original position of 12.74 (2θ), consistent with there being a phase change.  

Moreover, the (040) and (060) peaks were still missing. The absence of the higher order peaks of 

(020) after cycling can be attributed to irreversible lithium insertion into the intralayers of fully 

oxidized MoO3, which causes a structural rearrangement that diminishes long range order22.  

 In contrast, reduced MoO3-x does not undergo a phase transformation upon lithiation to 

1.5V (Figure 2.14 (b)). The (040) diffraction peak for reduced MoO3-x, is at nearly the same 

position as the pristine material, while the XRD pattern for the lithiated state of fully oxidized 

MoO3 is characterized by the development of broad featureless peaks. After full de-lithiation, the 

diffraction peaks return to approximately the same positions of the pristine material indicating 

that the lithiation/delithiation processes are reversible and that there is little if any structural 

deterioration from Li+ insertion/de-insertion. Quantitatively, the b-lattice parameter, as calculated 

from the (020) reflection after 10 cycles, returns to 14.08Å which is in reasonable agreement 

with the b-lattice parameter of 14.06Å determined for the initial material. The difference in phase 

stability explains why reduced MoO3-x, exhibits stable cycling performance compared to fully 

oxidized MoO3. Finally, it is important to note that there is no indication of diffraction peaks 

related to monoclinic MoO2 in the XRD patterns for reduced MoO3-x even though ex situ XPS 

shows a significant amount of Mo4+ at 1.5 V as discussed in the following paragraph.   
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Figure 2.14. Ex situ XRD at various charge states for (a) reduced MoO3-x, and (b) fully oxidized 

MoO3. 

 An intriguing feature with the electrochemical properties of reduced MoO3-x is that the 

material clearly exhibits a higher capacity than fully oxidized MoO3 despite the fact that the 
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MoO3-x has a lower average oxidation state. That is, the improved rate capability and 

electrochemical stability of reduced MoO3-x can be explained by structural modifications which 

result from the formation of oxygen vacancies, however, it is not clear whether oxygen vacancies 

would also lead to the higher capacity observed with this material (Figure 2.8 (b)).  To address 

this issue, ex situ XPS was performed on both fully oxidized MoO3 and reduced MoO3-x at the 

same potentials (Figure 2.15): after full lithiation at 1.5 V (vs. Li/Li+) and after delithiation at 3.5 

V. 

 

 

 

 

 

 

 

 

Figure 2.15. Ex situ XPS of reduced MoO3-x, and fully oxidized MoO3: Cyclic voltammetry of (a) 

reduced MoO3-x, and (b) fully oxidized MoO3 at 5 mVs-1. XPS at (b) 3.5 V, and (c) 1.5 V in 

reduced MoO3-x. XPS at (e) 3.5 V and (f) 1.5 V in fully oxidized MoO3 

The most interesting feature in the XPS spectra is the presence of Mo4+ upon lithiation for both 

the reduced MoO3-x and the fully oxidized MoO3. For the reduced MoO3-x, the fraction of Mo4+ 
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is ~ 40 % (Figure 2.15 (c)). Despite this significant amount, the α-MoO3 structure was retained 

and XRD showed no evidence of MoO2 (Figure 2.14 (b)).  By comparison, the fully oxidized 

MoO3 exhibited only ~ 20 % (Figure 2.15 (f)).  Another interesting characteristic is the ratio of 

Mo4+/ Mo6+ in each of the materials.  For the reduced MoO3-x, this ratio is ~ 2 whereas for the 

fully oxidized MoO3, the ratio is ~ 0.8. These results indicate that the difference in capacity 

between reduced MoO3-x and fully oxidized MoO3 arises from the greater amount of conversion 

to Mo4+ upon lithiation. In this regard, the existence of polarons in the MoO3-x is likely to be 

beneficial in achieving the higher degree of Mo4+. 

The ex situ XPS spectra also provide insight concerning the electrochemical reversibility 

of the two materials. When de-lithiated at 3.5V, the reduced MoO3-x shows that only Mo6+ and 

Mo5+ are present whereas fully oxidized MoO3 indicates the presence of these ions along with a 

small amount of Mo4+ (Figure 2.18 (b) and 2.18 (e)). The latter is an indication that some Li+ 

remains trapped in the MoO3 structure, which is likely to be associated with the phase change 

that occurs on the first lithiation (Figure 2.17 (a)). 

Chapter 2.5. Conclusion 

In this work we have demonstrated a simple method for introducing oxygen vacancies 

into the MoO3 lattice that lead to improved electrochemical properties. The introduction of 

oxygen vacancies leads to a larger interlayer spacing along the b-axis that promotes faster 

kinetics and enables the α-MoO3 structure to be retained during the insertion and removal of Li-

ions. The preservation of the as-synthesized MoO3-x structure seems to be related to the good 

cycle life of reduced MoO3-x. The higher specific capacity in reduced MoO3-x was explained 

through ex situ XPS and XRD. These techniques showed that a significant amount of Mo4+ was 

formed upon lithiation, reversibly and without the development of the monoclinic MoO2 phase. 
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This work demonstrates that the energy storage properties of MoO3 are improved substantially 

from the introduction of oxygen vacancies. In the future, we believe that the incorporation of 

oxygen vacancies into other transition metal oxides will lead to a wide range of materials whose 

properties are extremely attractive for pseudocapacitive charge storage. 
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Chapter 3. Development of pseudocapacitive properties in MoO2 nanoparticles 

Chapter 3.1. Introduction 

Capacitive energy storage is distinguished from other electrochemical energy storage 

approaches by short charging times and the delivery of significantly more power than batteries1. 

A key limitation to this technology is its low energy density and, for this reason, there is growing 

interest in pseudocapacitive materials that store charge through faradaic reactions at or near the 

surface11, 43 thus leading to energy densities which approach those of batteries (~100 Wh kg-1)7. 

In recent papers, we have suggested that pseudocapacitive materials can be classified as extrinsic 

or intrinsic13, 14. Examples of intrinsic pseudocapacitive materials are RuO2∙nH2O9, MnO2
10, and 

T-Nb2O5
10, 44. The electrochemical properties of extrinsic pseudocapacitor materials are 

dependent on particle size, with fundamental changes in redox reactions occurring in finite sized 

systems. Phase transformations and solid-state ion diffusion in these materials limit fast kinetics. 

However, pseudocapacitance can be achieved by developing nanostructures with short ion 

diffusion path lengths, since the diffusion time is proportional to the square of diffusion length 

and inversely proportional to diffusivity45.  

In addition, phase transformations associated with battery-type energy storage may be 

inhibited in nanostructured materials. We hypothesize that the suppression of phase 

transformations is required in the cross-over from battery-like charge storage to extrinsic 

pseudocapacitive charge storage because nucleation and growth of new phases are kinetically 

slow13. For example, LiCoO2 shows extrinsic pseudocapacitive properties, e.g. a sloping 

galvanostatic voltage profile, when the material is nanostructured. However, as a micron-sized 

material, the sloped voltage profile changes to a flat discharge curve, indicative of a bulk 

material undergoing a phase transformation46.   



35 
 

Chapter 3.2. Technical background 

Chapter 3.2.1. Molybdenum dioxide (MoO2) 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. The structure of monoclinic MoO2 

Molybdenum dioxide (MoO2) is a promising negative electrode material for lithium ion 

batteries because of its low metallic resistivity (8.8 × 10-5 Ω cm at 300 K), capacity  up to 840 

mAh/g (if four-electron redox reactions are considered), and high density (6.5 g/cm3)47, 48, 49. The 

pseudocapacitance in MoO2 was mentioned in a previous report50; however, this material has 

only been investigated for high energy density battery applications because of poor kinetic 

behavior. MoO2 belongs to the space group of P21/c, which is constructed from a tunnel structure 

framework (Figure 3.1). The framework possesses a rutile-type structure which consists of MoO6 

octahedra linkages that form one dimensional channels along the a-axis where Li-ions can be 

inserted/extracted reversibly51, 52. Li+ ion-based charge storage in MoO2 occurs by two different 

mechanisms: (i) Li+ ion insertion/deinsertion into the tunnel sites between 1.0 to 3.0 V (vs. 
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Li/Li+)52, and (ii) a conversion reaction below 1 V (vs. Li/Li+)53. The electrochemical conversion 

reaction54 in MoO2 leads to a much higher theoretical capacity of 630 mAh/g compared to 210 

mAh/g for the one-electron insertion/deinsertion process.  

In most previous studies on MoO2 both the intercalation process and the conversion 

reaction were utilized to achieve high capacity47, 48, 49. The conversion reaction, however, is 

generally slow and the reversibility is poor due to a large volume expansion during the 

conversion. Thus, the one-electron lithium intercalation reaction is a more promising charge 

storage mechanism for pseudocapacitive energy storage. Unfortunately, the one-electron 

intercalation process suffers from poor rate capability because the material undergoes a phase 

transformation between the monoclinic and orthorhombic phases during charging and 

discharging. The phase transition decreases the metallic conductivity by disrupting the pairing of 

molybdenum along the Mo atom chains in the monoclinic phase, resulting in reduced 

conductivity for LixMoO2
52. Potentially, however, the rate capability could be improved by 

nanostructuring MoO2, as was shown in the case of LiCoO2
55.  

The synthesis of MoO2 has generally has been achieved by reduction of MoO3 under 

reducing conditions (using H2 gas) at high temperature (> 600 °C) leading to large particle sizes56, 

57, 58. Nanostructured MoO2 has also been previously synthesized by reducing phosphomolybdic 

acid (Mo6+) to MoO2 (Mo4+) in hydrogen while controlling the particle size in hard templates 

such as SBA 1549. This method requires multiple steps: synthesis of the hard template followed 

by synthesis of the nanostructured MoO2 and template removal48, 49. Hydrothermal synthesis has 

several advantages compared to these high temperature reduction methods. The key advantage is 

that crystalline nanoparticles can be synthesized at relatively low temperature (180 °C) within a 

day59.  



37 
 

Chapter 3.2.2. Intrinsic vs. Extrinsic pseudocapacitance 

Pseudocapacitive properties can be intrinsic or extrinsic to a material13. Intrinsic 

pseudocapacitance has been demonstrated in RuO2·nH2O9, MnO2
10, and T-Nb2O5

10, 44 as these 

materials showed pseudocapacitive behavior regardless of their size and shape. However, with an 

extrinsic pseudocapacitor, reduction of size can lead to pseudocapacitive charge storage in some 

materials46, 60. Charge storage in the microsize of these materials such as LiCoO2
 and LiFePO4 is 

limited by solid-state diffusion due to the phase transformation and long diffusion pathway for 

both ions and electrons. This ions intercalation induced phase transformation can be suppressed 

and also ions and electrons can have shorter diffusion length through reducing their size when 

they are connected to the electrical conductive matrix (e.g. carbon additives). A good example of 

an extrinsic pseudocapacitor is LiCoO2 which is a well-known cathode material in bulk form61. 

LiCoO2 has a flat voltage profile at 3.9 V which is indicative of a two-phase material arising 

from lithium intercalation. Okubo et al. investigated the effect that nanosizing has on the lithium 

ion intercalation behavior of this material.  These authors revealed that when they decreased the 

size below 17 nm, the flat voltage profile was replaced with a sloped voltage profile, which is 

one of the electrochemical signatures of pseudocapacitance46. They also achieved high rate 

capability, for example, 100 mAh/g at 30 C rate (discharge in 2 min) and 75 mAh/g at 100 C rate 

(discharge in 36 S) using the 17 nm crystallite size LiCoO2 nanoparticles. The research goal in 

the current study is the development of pseudocapacitive properties in MoO2 by decreasing its 

particle size.  

Chapter 3.2.3. Nanostructured materials for pseudocapacitive energy storage 

As mentioned above, an effective method to develop pseudocapacitance is to reduce 

crystallite size. Nanomaterials for energy storage applications have the following advantages: i) 
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Short path lengths for ions and electrons enabling materials with low electronic or ionic 

conductivity, ii) Better accommodation of the strain during ion insertion/de-insertion leading to 

improved cycle life, iii) Higher electrode/electrolyte contact area resulting in higher 

charge/discharge rates. An additional benefit of nano-structuring is that phase transformations 

can potentially be suppressed. Charge storage not only exhibits better reversibility but also more 

rapid kinetics when not limited by a phase transformation. Thus, by decreasing the size of MoO2, 

we expect to have better electrochemical performance such as high rate capability, suppression 

of phase transition, and better cyclability  

Chapter 3.3. Experimental 

Chapter 3.3.1 Nanosized-MoO2, microsized-MoO2, and MoO2-RGO hybrid synthesis 

MoO2 and MoO2-RGO synthesis - All starting materials were obtained from commercial 

suppliers and used without further purification. Nanosized-MoO2 and MoO2-RGO hybrids were 

synthesized by hydrothermal synthesis. The nanosized-MoO2 was prepared in a 45 ml Teflon 

liner by dissolving 270 mg anhydrous MoCl5 (Strem Chemicals) in a mixture of 5 ml ethanol and 

15 ml deionized water. The hydrothermal reaction occurred at 180°C for 6 hrs. The MoO2-GO 

hybrid was prepared similarly to nanosized-MoO2 except that graphene oxide (GO) was added to 

the MoCl5 solution prior to heat treatment. In detail synthesis, 270 mg anhydrous MoCl5 (Strem 

Chemicals) was dissolved in a mixture of 5 ml ethanol and 5 ml deionized water. Then 10 ml of 

GO solution (30 mg of GO in DI water) was added to the first solution. Then this solution was 

hydrothermally treated at 180°C for 6 hrs. The GO was synthesized by the modified Hummer’s 

method62, 63. Microsized-MoO2 was prepared by high energy ball milling (24 hrs, 300 rpm) 

commercial MoO2 powder (Sigma Aldrich). 
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Chapter 3.3.2. Structural and chemical characterization  

Powder X-ray Diffraction (XRD) - XRD was performed in a Rigaku Miniflex-II diffractometer 

operating with Cu-Kα (λ=1.54 Å) radiation using (30 kV, 15 mA, 0.05° step size). The XRD 

patterns were collected in the range of 10° < 2θ < 80°. Transmission electron microscopy (TEM) 

was performed using a FEI Technai T12 operating at 120 kV. Raman spectroscopy was carried 

out using a Renishaw InVia micro-Raman spectrometer (514 nm laser source) equipped with an 

1800 lines mm-1 grating. Thermogravimetric analysis (TGA) was performed using the SDT Q600 

from TA Instruments. The samples were heated to 650 °C at a rate of 10 °C min-1 in air (flow 

rate: 100 ml/min). X-ray Photoelectron Spectroscopy (XPS) was performed using a Kratos Axis 

Ultra DLD with a monochromatic Al (Kα) radiation source. The charge neutralizer filament was 

used to control charging of the sample, 20 eV pass energy was used with a 0.05 eV step size, and 

scans were calibrated using the C 1s peak shifted to 284.8 eV. The samples were etched with an 

Ar beam (raster size 5 mm x 5 mm) for 30 seconds.  

Chapter 3.3.3. Electrochemical characterization 

Ex situ XRD – Ex situ XRD measurements were performed on nanosized-MoO2 and microsized-

MoO2 slurry electrodes (termed ‘thick electrodes’, vide infra) after electrochemical cycling. The 

electrode slurries were prepared by mixing MoO2 active materials with carbon black (Alfa Aesar) 

and polyvinylidene fluoride (PVdF, Kynar) in N-methyl-2-pyrrolidinone (NMP, Sigma Aldrich) 

in an 80:10:10 weight ratio. These slurries were coated on stainless steel foils by doctor blading 

and subsequently dried in vacuum at 110 °C for 24 hrs giving mass loadings of ~ 1 mg/cm2. 

These working electrodes were cycled in 1M LiClO4 in propylene carbonate (PC) with lithium 

metal foils used as reference and counter electrode. The MoO2 electrodes were cycled 

galvanostatically at C/10-rate (C-rate based on a theoretical capacity of 210 mAh/g) to the 



40 
 

desired potential followed by a potentiostatic hold to reach equilibrium. The cycled working 

electrodes were washed thoroughly with dimethyl carbonate (DMC, Sigma-Aldrich) before 

sealing the samples in a 64 µm polyimide pouch to prevent exposure to the environment.  X-ray 

diffraction was performed in a Bruker Discover D8 in reflection geometry operating with Cu Kα 

(λ = 1.5418 Å) using a 0.035° step size, a voltage of 40kV, and a current of 40 mA. XRD 

patterns were recorded in the range of 24° < 2θ < 43°.    

Electrochemical analysis - Both thin film and thick film electrodes were prepared. The former 

contained no carbon or binder as this enabled us to determine the electrochemical properties of 

the MoO2 material or the RGO-MoO2 directly. With these electrodes, each MoO2 sample (~ 30 

μg) was drop cast on an oxygen plasma treated stainless steel foil (1 cm2) and dried under 

vacuum at 120 °C for 1 hour. The mass of these samples was measured using a microbalance 

(Cahn C-31, 0.1 μg). Electrochemical measurements of the thin film electrodes were carried out 

in a three-electrode cell using lithium foil as a counter and reference electrode in 1M LiClO4 in 

propylene carbonate (PC). Cyclic voltammetry was used to investigate the capacity and kinetics 

of MoO2 between 1.1 and 3.0 V (vs. Li/Li+) using a PAR EG&G 273A Potentiostat. All tests 

were performed in an Ar-filled glovebox. Thick electrodes were prepared as described above. 

Electrochemical testing of the thick film electrodes was performed using a Swagelok cell. The 

cells were assembled using these thick film electrodes as the working electrode, lithium metal as 

a reference and counter electrode, a glass fiber separator (Advantec), and 1M LiClO4 in PC was 

used as the electrolyte. Assembly of the Swagelok cells was done in an Argon-filled glovebox. 
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Chapter 3.4. Results and discussion 

Figure 3.2 (a) and (b) show XRD patterns of hydrothermally synthesized MoO2 and ball 

milled MoO2 particles. Both XRD patterns can be indexed as monoclinic MoO2 (space group = 

P21/c, JCPDS 032-0671) without the presence of secondary phases. The diffraction peaks of 

hydrothermally synthesized MoO2 particles were broader compared to the much narrower peaks 

of the ball milled MoO2 particles, indicating that the crystallite size of the hydrothermally 

synthesized MoO2 particles (nanosized-MoO2) were much smaller than ball milled MoO2 

particles (microsized-MoO2). The shape and size of nanosized-MoO2 and microsized-MoO2 were 

observed by TEM. Figure 3.3 (a) and (b) show TEM images of nanosized-MoO2 which 

confirmed that these MoO2 particles have spherical like shape with sizes in the range of 10 to 15 

nanometers. Figure 3.3 (c) and 3.3 (d) show the TEM images of microsized-MoO2 particles that 

consist of particles that are 0.2 to 1	  in size. 

 

 

 

 

 

 

 

 

 

Figure 3.2. XRD patterns of (a) nanosized-MoO2, (b) microsized-MoO2, and (c) MoO2-RGO 

hybrid. 
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Ex situ XRD was used to investigate the relationship between structure and electrochemistry for 

microsized- and nanosized-MoO2. These experiments were carried out using thick composite 

electrodes (active material, binder, and carbon) in which loading of the MoO2 electrodes was ~1 

mg/cm2. As mentioned previously, cycling in a voltage window between 1.1 and 3.0 V (vs Li/Li+) 

corresponds to Li-ion insertion into the channels of monoclinic-MoO2.  The monoclinic phase is 

reported to be a metallic conductor48 because Mo-Mo pairing along the Mo atom chains in the 

lattice gives rise to metallic conductivity. Insertion of Li-ions into the monoclinic phase of MoO2 

has been reported to lead to a phase transformation from the monoclinic to the orthorhombic 

phase when the amount of Li (x in LixMoO2) is above 0.551. This phase change disrupts the Mo-

Mo pairing and consequently lowers the electronic conductivity51
.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. TEM images of (a, b) nanosized-MoO2, (c, d) microsized-MoO2, (e, f) MoO2-RGO 

hybrid. 
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 Figure 3.4 (a) displays the ex situ XRD patterns associated with the galvanostatic charge 

and discharge profiles for microsized-MoO2. The galvanostatic plot in Figure 3.4 (a) shows two 

plateau regions which are related to two different Li+ ion sites along the MoO2 tunnels. In the 

diffraction patterns shown in Figure 3.4 (a), it was confirmed that during discharge a new phase 

(orthorhombic) appeared at 1.25 V (vs. Li/Li+) and that during charge, this phase (orthorhombic) 

completely returned to the initial phase (monoclinic) at 1.85 V. The first order nature of the 

phase transition is clearly evidenced by the discontinuous change in peak position, and by the 

coexistence of both phases at voltages near the transition point. The phase transformation 

occurring with microsized-MoO2 precludes its use as an electrode material for capacitive energy 

storage13. Markedly different electrochemically induced structural behavior occurs for 

nanosized-MoO2.  Specifically, the monoclinic-to-orthorhombic phase transition seen in 

microsized-MoO2 is completely suppressed in nanosized-MoO2 (Figure 3.4 (b)). We postulate 

that suppression of the phase transition is a nanosize effect, in which nucleation of the new phase 

in the confined space of the nanoparticle is unfavorable, resulting in an increase in transition 

voltage. Similar nanosize effects have been demonstrated in other nanocrystal systems. For 

example, in CdSe nanocrystals, the transition pressure for pressure-induced solid-solid phase 

transitions becomes elevated in finite size systems64. Also enhanced solubility of Li in the 

anatase LixTiO2 nanoparticles was observed in the previous study65. This is because molar Gibbs 

free energy for mixing (ΔGmix) increases as the particles size decreases. In detail, ΔGmix increases 

with the term ‘A(x)γA/(vLiV)’ which is related to the energy penalty from the strain of a phase 

boundary and this term increases with decreasing particle sizes. This is because the surface of the 

interface between two phases, A(x), will scale with r2 and the volume, V, with r3, where r is the 

particle radius65. (γA: surface tensition, vLi: molar volume of Li-ion)  
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Figure 3.4. Ex situ XRD patterns of (a) microsized-MoO2 and (b) nanosized-MoO2 collected at 

various potentials between 1.1 – 3V (V vs. Li/Li+). The galvanostatic plots (C/10) are included in 

order to compare the ex situ XRD patterns with the electrochemical signatures. 
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While the phase transition is suppressed in nanosized-MoO2, some small and continuous 

changes in XRD peak positions are observed, with a small lattice expansion upon Li+ insertion, 

followed by a recompression on Li+ extraction. These small changes imply that the 1-D tunnels 

provide fast diffusion pathways and ample Li+ sites without need for structural rearrangement. In 

establishing the relationship between electrochemical properties and structural variations, the 

complete suppression of a first order solid-solid phase transition implies that nanosized-MoO2 

behaves as an extrinsic pseudocapacitor material.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Electrochemical performance characteristics: galvanostatic charge-discharge profile 

at C/10 rate and kinetic analysis for nanosized-MoO2 (a, c) and microsized-MoO2 (b, d), and (e) 

rate capability comparisons between nanosized-MoO2 (N-MoO2) and microsized-MoO2 (M-

MoO2) with the thick electrodes. 
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 Galvanostatic cycling and cyclic voltammetry measurements were carried out on both 

thin and thick film electrodes of nanosized-MoO2 and microsized-MoO2 to provide greater 

insight regarding their respective electrochemical properties. Figure 3.5 (a) and (b) (thick film 

electrodes) show galvanostatic charge/discharge cycling at C/10 for nanosized-MoO2 and 

microsized-MoO2, respectively. Higher capacity is observed for the first discharge in nanosized-

MoO2 due to a greater amount of solid electrolyte interface (SEI) layer being formed on the 

nanoparticles. The absence of a phase transformation in nanosized-MoO2 leads to a sloped 

voltage profile which is a typical feature of pseudocapacitive charge storage13 (Figure 3.5 (a)). In 

contrast, the voltage profile in microsized-MoO2 has two plateau regions during the charge and 

discharge process (Figure 3.5 (b)). Figure 3.5 (c) and (d) display voltammetric sweeps for thin 

film electrodes at 1 mV/s where the measured current has been separated into two parts; one is 

diffusion-controlled (-½ dependence) and the other is capacitor-like ( dependence)66, 67. The 

grey areas in Figure 3.5 (c) and (d) represent the potential dependence for the latter and show 

that there is very little difference between the two materials; approximately 60 % of the charge 

storage was diffusion-controlled in both nanosized-MoO2 and microsized-MoO2. Even though 

both materials show numerically similar diffusion-controlled current contributions, we show 

below that processes other than Li+ diffusion are limiting the kinetics in the nanosized-MoO2 

sample. Fundamentally, redox processes in nanosized-MoO2 are pseudocapacitive, whereas the 

process in microsized-MoO2 is not. 

Thick electrode samples (~1 mg/cm2) were prepared to examine the effect of higher mass 

loadings as these results are more pertinent for device applications. As shown in Figure 4 (e), the 

nanosized-MoO2 showed higher capacity and better rate capability than microsized-MoO2. 

Nanosized-MoO2 stored more than 100 mAh/g at a 10 C-rate which represents fast 
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charge/discharge kinetics for a battery material. Microsized-MoO2 exhibits ~ 40 mAh/g at this C-

rate, thus substantiating the better kinetic properties for nanosized-MoO2. It is evident, however, 

that nanosized-MoO2 has limitations as the capacity dropped to about 50 mAh/g at 20 C-rate. 

Even though nanosized-MoO2 exhibits several characteristic features of pseudocapacitance such 

as sloping voltage profiles, no phase transformation, and small peak voltage separation (Figure 

3.5 (c)), the material does not meet a key criterion for high-power devices applications, where 

the materials need to be able to store substantial amounts of charge in 1 min (~ 60 C-rate) or 

less4. For this reason, in the next section we explore the surface chemistry of these particles as a 

way to explain this apparent contradiction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. XPS spectra of (a) nanosized-MoO2 and (b) RGO-MoO2 composites and XPS spectra 

after plasma etching of (c) nanosized-MoO2 (d) RGO-MoO2 composites. 
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Surface oxidation of nanosized-MoO2 

There is an indication in the literature that the MoO2 nanoparticles are susceptible to 

surface oxidation. Monoclinic MoO2 is a metallic conductor, however, the material oxidizes 

readily because of the high surface area of the MoO2 nanoparticles68. The surface oxide coating 

results in formation of a less electronically conducting material which critically impedes the 

charge transfer reactions. In order to examine this issue, XPS measurements were performed on 

nanosized-MoO2. Indeed, higher oxidation states of Mo (Mo5+ and Mo6+) were observed on the 

surface of nanosized-MoO2. After argon-ion etching, these higher oxidation states decrease 

significantly, leaving Mo4+
 as the dominant oxidation state (as expected for MoO2), thus 

confirming that the oxidized Mo is indeed in surface sites (Figures 3.6 (a) and (c)). These results 

allow us to understand the electrochemical data in Figure 3.5:  both microsized and nanosized 

samples show predominantly diffusion controlled behavior, but it stems from very different 

phenomena. Charge transfer rates for nanosized-MoO2 are limited by the poorly conducting 

surface layer, while the kinetics in micron sized particles are likely limited by the slow kinetics 

of solid-solid phase transitions. 

 

 

 

 

 

 

Figure 3.7. (a) Raman spectra comparison (b) high resolution carbon XPS spectra of GO, RGO-

MoO2, and RGO reduced by various methods  
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Hybrid material with graphene oxide 

One route to solving the problem of surface oxidation in nanosized-MoO2, is to 

synthesize MoO2 nanoparticles on reduced graphene oxide (RGO) sheets. Prior research on 

MoO2 with graphene or carbon was focused on improving the stability of conversion reactions69, 

70, 71, 72, but the same system can be used to address the oxidation problems discussed above. 

High angle XRD of as-synthesized MoO2-RGO hybrid materials (Figure 3.2 (c)) can again be 

indexed as monoclinic MoO2 (JCPDS 032-0671) with similar peak broadening to that observed 

in the XRD pattern of nanosized-MoO2 in the absence of RGO. TEM images (Figures 3.3 (e) and 

(f)) indicate there is uniform nucleation and growth of 15 to 20 nm MoO2 nanoparticles on the 

RGO sheets. XPS spectra for MoO2-RGO (Figures 3.6 (b) and (d) indicate that MoO2 

nanoparticles on the RGO sheets also have an oxidized shell on the surface that can again be 

removed by argon-ion etching, but the fact that the MoO2 appears to nucleate directly on the GO 

means that the interface between RGO and MoO2 is likely to remain unoxidized and thus highly 

conductive.  

 

 

 

 

 

 

 

 

 

Figure 3.8. TGA analysis on MoO2-RGO hybrid. 
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Another advantage of this system is the ease of synthesis. The use of hydrothermal 

reactions to reduce the GO has been shown to produce materials with a high electrical 

conductivity. Following the work of Zhou et. al.73 we thus reduced GO to RGO during the same 

hydrothermal reaction used to synthesize the nanosized-MoO2, without the need for an additional 

reducing agent. Raman spectroscopy and XPS were used to characterize the reduction of GO in 

the MoO2-RGO hybrid. The Raman spectrum for the MoO2-RGO hybrid shown in Figure 3.7 (a) 

is compared with spectra of GO and RGO. A key characteristic feature of Raman spectra in RGO 

is that the D peak intensity (ID) is higher than G peak intensity (IG) due to the presence of 

unpaired defects remaining after removal of the oxygen containing functional group74. Both the 

RGO sample shown in Figure 3.7 (a) and the MoO2-RGO hybrid exhibit higher ID than IG. 

Another feature in the Raman spectrum for the MoO2-RGO hybrid is a shift of the G peak to 

lower wavenumber. This is due to the restoration of the conjugation which can be seen from the 

Raman spectra75. XPS data further confirms the reduction of GO to RGO by showing that the 

majority of the oxygen is removed from the carbon (Figure 3.7 (b)). Finally we used TGA results 

(Figure 3.8) to determine the amount of RGO in the MoO2-RGO hybrid. The weight increase 

observed at 350°C was due to the oxidation to MoO3 while the weight decrease at 450°C was due 

to the oxidation and subsequent volatilization of carbon. The amount of RGO was determined to 

be 12 % from the weight change of the MoO2-RGO material.  

Electrochemistry of the MoO2-RGO hybrid 

Cyclic voltammetry (CV) experiments carried out with the MoO2-RGO hybrid show the 

benefit of the hybrid approach. In comparing the MoO2-RGO hybrid with nanosized-MoO2 

(Figures 3.9 (a) and (b)), thin film electrodes were used so that we can establish the fundamental 

properties of the active material (i.e., nanosized-MoO2 and the MoO2-RGO hybrid). The results 
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reported for the hybrid include the weights of both components. The voltammetry scans indicate 

that each material exhibits oxidation and reduction peaks at comparable potentials (Figures 3.9 (a) 

and (b)). One interesting difference is that nanosized-MoO2 exhibits a diminishing current 

response over the first 10 cycles while the current response increased with cycling for the MoO2-

RGO hybrid. The different behaviors could be the result of more stable SEI formation from the 

graphene oxide in the MoO2-RGO hybrid sample76.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Electrochemical performance characteristics with thin film electrodes: cyclic 

voltammetry at 10 mV/s sweep in (a) MoO2-RGO hybrid and (b) nanosized-MoO2, kinetic 

analysis on (c) MoO2-RGO hybrid, and (d) rate capability comparisons. 

1.0 1.5 2.0 2.5 3.0 3.5

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

10mV/s, 10cycles

 

 

C
u

rr
en

t 
(A

g
-1
)

Potential [V vs Li/Li+]

Nanosized-MoO
2

1st

10th

0 20 40 60 80 100
0

100

200

300

400

500

600

700

800

900

 

 

 

 

Sweep Rate (mVs-1)

C
ap

ac
it

y 
(C

g
-1

)

 MoO
2
-RGO hybrid

 Nanosized-MoO
2

1.0 1.5 2.0 2.5 3.0 3.5

-15

-10

-5

0

5

10

15
 

 

C
u

rr
en

t 
(A

g
-1
)

Potential [V vs Li/Li+]

 MoO
2
-RGO hybrid

 10mV/s, 10cycles

1st

10th

1.5 2.0 2.5 3.0

-0.08

-0.04

0.00

0.04

0.08

Potential [V vs Li/Li+]

C
u

rr
en

t 
d

en
si

ty
 (m

A
cm

-2
)

MoO
2
-RGO hybrid

 

 

1 mV/s
83.5 %

(a)

(c)

(b)

(d)



52 
 

An analysis of the CV in terms of diffusion-controlled and capacitor-like currents shows a 

significant change from that of Figure 3.5 (c). The fraction of current which is capacitive is more 

than 80 % for the MoO2-RGO hybrid (Figure 3.9 (c)), which is about two times greater than that 

of nanosized-MoO2. Dispersing the MoO2 onto RGO circumvents the poor particle-to-particle 

conductivity that occurs with the oxidized surfaces of the MoO2 nanoparticles. A better kinetic 

response is observed for the MoO2-RGO hybrid because the MoO2 nanoparticles are directly 

connected to a conductive scaffold which facilitates the charge transfer process and impedes 

oxidation at the RGO-MoO2 interface. Figure 3.9 (d) shows how the mass-normalized charge 

storage (in C/g) varies with sweep rate. At a sweep rate of 10 mV/s, the MoO2-RGO hybrid 

exhibits about two times greater charge storage compared to nanosized-MoO2 (615 C/g vs. 300 

C/g). This level of charge storage corresponds to a specific capacitance of 615 F/g (voltage 

window of 1 V) for the hybrid material.  At 100 mV/s this value has decreased by only ~ 10 % to 

550 C/g. Since a 1-electron redox reaction associated with MoO2 gives 210 mAh/g (756 C/g), 

these results show that the MoO2-RGO hybrid is able to charge to nearly 75 % of the theoretical 

capacity of MoO2 in < 30 seconds.   

To complement the thin film electrode studies, Swagelok cells containing a thick 

electrode (~1mg/cm2) of MoO2-RGO hybrid were assembled. The intent here was to provide a 

better indication of how this hybrid material would function under conditions closer to those of 

an operating charge storage device. The results in Figure 3.10 represent the mass-normalized 

capacities for the active materials, namely nanosized-MoO2 and the MoO2-RGO hybrid. The 

galvanostatic charge-discharge curves shown in Figure 8 (a) exhibit the potential-dependent 

sloping profile which is characteristic of a pseudocapacitor material. The rate capability for the 

MoO2-RGO hybrid is far better than that of nanosized-MoO2 (Figure 3.10 (b)). This behavior is 
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especially evident at high rates.  At 50C, the MoO2-RGO hybrid exhibits a discharge capacity of 

nearly 150 mAh/g while the nanosized-MoO2 is ~ 25 mAh/g. It is interesting to note that the 

discharge capacity at C/10 for the MoO2-RGO hybrid exceeds the theoretical capacity (210 

mAh/g) of MoO2 in this voltage window. The additional capacity arises mainly from the 

contribution of RGO (35 mAh/g in this voltage range77). These results show that the 

electrochemical performance of nanosized-MoO2 is greatly enhanced due to the improved charge 

transfer from the RGO in combination with a more stable SEI layer.  

 

 

 

 

 

 

 

 

Figure 3.10. Electrochemical performance characteristics with thick electrodes: (a) galvanostatic 

charge-discharge profiles from 1 – 50 C rate, (b) rate capability comparison between MoO2-RGO 

hybrid and nanosized-MoO2. 
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insertion kinetics. In contrast, nanosized-MoO2 displays several features which are signatures for 

pseudocapacitive charge storage:14, 44 No phase transformation is observed upon lithiation (or de-

lithiation from LixMoO2) (Figure 3.4 (b)), a sloping voltage profile in galvanostatic experiments 

(Figure 3.5 (a)) and peak potentials that do not shift significantly with sweep rate (Figure 3.9).  

One explanation that is often provided for the pseudocapacitive response with nanoscale particles 

is the large number of surface states available which enable faster lithium ion storage reactions 

than occur in the bulk material.13, 46 Thus, it is not surprising that the nanosized-MoO2 exhibits 

significantly better kinetics than microsized-MoO2 (Figure 3.5 (e)). In addition to fast Li-ion 

storage near the surface, MoO2 stores charge through intercalation pseudocapacitance, where the 

entirety of the MoO2 nanocrystal participates in the faradaic charge storage process. It is evident 

that the charge storage process is not limited to a thin surface shell of the nanoparticle because 

nearly 75 % of theoretical capacity is achieved over short charging times. The diffraction data 

presented in Figure 3.4, allows us to begin to differentiate between diffusion controlled 

intercalation and intercalation pseudocapacitance based on the corresponding structural changes 

occurring within the particles.  For this system, the rate limiting diffusive step is not apparently 

Li+ diffusion within the channel network of MoO2.  Instead it is the diffusive propagation of the 

monoclinic-to-orthorhombic phase transition front. When that phase transition process is 

suppressed, Li+ intercalation can proceed much more quickly. While some structural changes do 

occur upon Li+ intercalation (e.g. the diffraction peaks in Figure 3.4 (b) move to smaller 2 values 

during Li-ion insertion, which indicates that the crystallites undergo a lattice expansion), the 

change is continuous and thus does not apparently provide a kinetic barrier. In general, MoO2 

provides the clearest picture to date on the changes needed to convert a bulk material that is not 

pseudocapacitive into an extrinsic pseudocapacitor in finite sized systems. 
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The data presented here also provides another lesson for the creation of extrinsic 

pseudocapacitors: even if a system can be created that displays fast Li+ insertion kinetics, if those 

kinetics are not accompanied by good electrical conductivity, pseudocapacitive behavior will not 

result. Here, for pure nanosized-MoO2, only 40 % of the current was capacitive because MoO2 is 

a reduced transition metal oxide that is susceptible to surface oxidation and MoO3 is quite 

insulating. MoO3 layers between grains inhibited electron transport through the network, despite 

the metallic conductivity of MoO2. When this oxidation problem was overcome by synthesizing 

MoO2-RGO hybrid materials, the kinetics were significantly better, especially at high sweep 

rates (Figure 3.10 (b)). This behavior occurred even though both pure nanosized-MoO2 and 

MoO2-RGO hybrid samples exhibited similar surface oxidation. We attribute this behavior to 

having the MoO2 nanoparticles in direct contact with a conducting scaffold, which prevents 

oxidation at the one interface that is important for electronic conductivity. Using the hybrid 

approach, pseudocapacitance was enhanced; the measured current was more than 80 % 

capacitor-like in nature (Figure 3.9 (c)) and charge storage reached 75 % of the theoretical value 

of MoO2 in less than 30 seconds (Figure 3.9 (d)). 

A key question with an extrinsic pseudocapacitor material is whether such nanoscale 

materials can be appropriately scaled to achieve practical electrode architectures. The present 

work indicates that the hybrid approach is beneficial here. The morphology seems ideal in that 

MoO2 nanoparticles are exposed to the electrolyte and yet are attached to the RGO conducting 

scaffold, which provides effective ‘wiring’ to the electrode. Fast kinetics are achieved with 

active material loadings of 1 mg/cm2 (Figure 3.10). A reversible capacity of nearly 150 mAh/g at 

50C clearly demonstrates that hybrid materials can be scaled with little compromise in kinetics. 
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These results underscore the promise of using extrinsic pseudocapacitance as a strategy for 

designing electrochemical energy storage devices. 

Chapter 3.5. Conclusion 

 The present work uses MoO2 as a model system in which to characterize the development 

of an extrinsic pseudocapacitor material. Unlike microsized-MoO2, nanosized-MoO2 does not 

undergo a monoclinic-to-orthorhombic phase transformation during the lithium intercalation 

process. As a nanoscale material, MoO2 possesses electrochemical features representative of 

pseudocapacitive behavior including a sloping voltage profile rather than flat discharge curves 

and peak potentials that do not shift significantly with sweep rate. Moreover, nanosized-MoO2 

exhibits significantly better charge storage kinetics than microsized-MoO2, a fact that likely 

arises because suppression of the monoclinic-to-orthorhombic phase transformation preserves 

ion diffusion tunnels in the monoclinic structure, which provide pathways for fast ion transport. 

XPS studies show that nanosized-MoO2 is susceptible to surface oxidation, which limits the 

high power capability of the pure material. This limitation is overcome by synthesizing MoO2-

RGO hybrid materials in which monoclinic MoO2 nanoparticles (15 to 20 nm) are attached to 

the conducting RGO scaffold. Only a relatively small fraction of RGO (12 wt %) improves the 

high rate charge storage properties, leading to lithium capacities of nearly 150 mAh/g at 50C. 

The hybrid approach demonstrates that the extrinsic pseudocapacitor properties of MoO2 can be 

extended to practical electrode architectures, thus facilitating the design of electrodes containing 

pseudocapacitive materials.   
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Chapter 4. Na1.5VPO4.8F0.7 nanoparticles for high rate, high voltage sodium ion battery 

Chapter 4.1. Introduction 

 Research on the lithium ion batteries (LIBs) began in the early 1980s, which was then 

commercialized in 1991 by Sony.  The first commercialized LIBs were comprised of a carbon 

(graphite) anode and LiCoO2 cathode, separated by a lithium-ion conducting electrolyte. In the 

early stages of this technology’s commercialization, LIBs were used primarily for energy storage 

for applications in the area of portable electronics. Continuous demand for high performance 

LIBs has led to the development of many cathode materials for increasing the energy and power 

density as well as cycling performance. Consequently, the cost of developing LIBs has now 

become an issue as this technology is used to power electric vehicles 2. In addition, there is now 

a demand for large-scale applications, in particular, for electric grid applications, where batteries 

are expected to help with peak demand and load leveling when used in conjunction with 

renewable energy sources such as solar and wind7. 

 The high manufacturing cost of LIBs is a concern for future applications. As shown in 

Figure 4.1, lithium is not an abundant element and its price has been gradually increasing during 

the last decade. In addition, lithium resources are mainly imported from South America and this 

can control the economics of LIBs in the future2.  In contrast, sodium is one of the most abundant 

elements (Figure) and sodium resources can be found in the Earth’s crust as well as in the ocean. 

In addition, sodium ions show similar electrochemical intercalation chemistry as that of lithium 

ions and potentially can achieve energy densities on par with LIBs.  These advantages make 

sodium ion batteries (SIBs) as a promising technology to replace current energy storage devices 

based on LIBs. 
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Figure 4.1. Elemental abundance in the Earth’s crust2. 

 Research on LIBs and SIBs started in the same era however the low energy density of 

SIBs, due to their low standard electrochemical potential (Na: 2.71 V, Li: 3.04 V), resulted in a 

loss of interest and for the next several decades, research mainly focused on LIBs.  In addition, 

with its larger size, sodium ions cannot intercalate into graphite, which is the most commonly 

used negative electrode material. Graphite has several advantages: (i) Low and flat operating 

potential (0.1 – 0.2 V vs Li/Li+), (ii) high reversible capacity (theoretical capacity of 372 mAh/g), 

(iii) low cost. Several candidate materials78, 79, 80 were investigated for SIBs anode but their 

capacity was less than that of graphite in LIBs. Fortunately, the discovery of hard carbon81 which 

can reversibly intercalate (theoretically 300 mAh/g) sodium ions, increased the feasibility of 

SIBs. As for the cathode materials,  new chemistries based on NaFeO2 that utilize Fe3+/Fe4+ 

redox couple, have made SIBs more attractive as an alternative for LIBs 82. In addition, the 

relatively large ion size of Na+ leads to more candidate materials suitable as cathodes for SIBs 

because the ion size gap between sodium and 3d transition metal has resulted in a rich literature 
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of many different layered materials. Thus various crystal structures in the form of polyanionic 

compounds have been found for sodium systems2. 

Category Lithium Sodium 

Cation radius (Å) 0.76 1.06 

Atomic weight 6.9 g/mol 23 g/mol 

E° (vs. Li/Li+) 0 0.3 V 

Capacity (mAh/g) metal 3829 1165 

Capacity (mAh/cm3) metal 2062 1132 

Cost, carbonates $ 6000/ton $ 200/ton 

 

Table 4.1. Comparison between lithium and sodium2. 

 In this research, I focused on high voltage positive electrode materials (Figure 4.2) since 

intrinsically low standard electrochemical potentials lead to low energy densities. This problem 

can be solved with the choice of a high potential positive electrode material for SIBs. Among the 

possible candidate materials, the sodium vanadium fluorophosphate system (Na1.5VPO4F0.5) 

reported in 200683 has been widely investigated because of its high redox potential and 

reasonable capacity (theoretical capacity: 130 mAh/g)84, 85, 86, 87, 88. In order to increase the 

theoretical capacity of this system, recent research has shown that the Na1.5VPO4.8F0.7 system, 

which has the same crystal structure as Na1.5VPO4F0.5, has more reduced vanadium oxidation 

states (V3.8+) when replacing some of oxygen with fluorine.4, 89. For this system, high 

temperature solid state reaction has been the primary route for obtaining this material and this 

results in large particle sizes (> 1μm), which limits the rate capability of this material. Thus in 
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this study, we tried to solve the slow kinetics problem of sodium ion transport by decreasing 

particle size. 

 

 

 

 

 

 

 

 

Figure 4.2. Candidate electrode materials for SIBs depending on their voltage and capacity3 

Chapter 4.2. Technical background 

Chapter 4.2.1 Na1.5VPO5F1.5 family systems for sodium-ion batteries 

 Sodium super ionic conductor (NASICONs) type phases have exhibited attractive lithium 

and sodium insertion/extraction characteristics due to their open framework enabling fast 

diffusion of mobile ions90, 91, 92, 93 Among them, a vanadium-containing fluorophosphate 

compound, Na1.5VPO5F0.5, has been investigated with many attractive features such as 1.5 

mobile ions (Na+) per transition metal, the presence of multivalent transition metal ions, and an 

open crystal structure with a high redox voltage (3.8 V vs Na/Na+)83. Na1.5VPO5F0.5 has a 



61 
 

pseudo-layered structure in which the sodium and vanadium layers are roughly separated in an 

alternate manner along the c direction (Figure 4.3).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Crystal structure of Na1.5VPO4F0.5 system4 

 

This framework consists of VO5F and PO4 units and bridging fluorine ions to link two VO5F 

octahedra to form a V2O10F bioctahedron4, 83. The V2O10F units are continuously connected 

following the ab plane via PO4 tetrahedra sharing oxygen atoms and this forms an open 

framework for Na+ ion intercalation4. However, this material can utilize only one electron via the 

V4+/V5+ redox couple and this results in a relatively low theoretical energy density (130 mAh/g). 

In order to increase the theoretical capacity, Na1.5VPO4.8F0.7 was prepared by controlling the 

stoichiometry ratio between oxygen and fluorine while keeping the original crystal structure89. In 

this study, Na1.5VPO4.8F0.7 showed high rate capability with reasonable capacity (~ 120 mAh/g). 
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Also, a lithium derivative (Li1.1Na0.4VPO4.8F0.7) was prepared by ion-exchange between Na+ and 

Li+ for a LIBs cathode4. Li1.1Na0.4VPO4.8F0.7 could achieve a high capacity of 153 mAh/g at a 

C/20 rate as well as high voltage (4 V) and high rate capability (100 mAh/g at 25 C rate)4.  

Chapter 4.2.2. The effect of fluoroethylene carbonate (FEC) as an electrolyte additive 

 Previous studies on the use of electrolyte additives in LIBs showed that these are 

necessary for practical LIBs94, 95, 96. Recently, electrolyte additives for LIBs such as 

fluoroethylene carbonate (FEC)97, transdifuoroethyhene carbonate (DFEC)98, and ethylene sulfite 

(ES)99 were also investigated for SIBs100. In this previous study, when FEC was used as an 

electrolyte additive (~ 5%) in the electrolyte (1M NaClO4 in propylene carbonate), the 

coulombic efficiency and cyclability of hard carbon negative electrode were greatly improved. 

Komaba et al. explain this by stating that the FEC addition enables the modification of the solid 

electrolyte interphase (SEI)100. In addition, these authors observed some decomposition 

compounds such as sodium propyl carbonate only in the cell with FEC-free electrolyte. This 

explains the effect of decomposition suppression in FEC containing electrolyte and leads to an 

increase in coulombic efficiency by avoiding undesirable reactions between sodium metal and 

the organic solvent (PC). In the same study, it was shown that the addition of FEC could improve 

the stability of positive electrodes such as NaNi0.5Mn0.5O2. Without FEC, sodium propyl 

carbonate from the reductive decomposition of PC started to be oxidized at above 2.8 V (vs. 

Na/Na+) and this resulted in low coulombic efficiency and poor cyclability. Thus in our study, 

we used 1M LiClO4 PC electrolyte with and without FEC and compared the electrochemistry of 

Na1.5VPO4.8F0.7. 
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Chapter 4.3. Experimental 

Chapter 4.3.1. The synthesis of Na1.5VPO4.8F0.7 nanoparticles 

Preparation of precursor powder - The synthesis of the precursor material was modified from 

the previously reported synthesis of NaVOPO4
101. Equal amounts of NH4VO3 (Sigma-Aldrich), 

NaAc (Sigma-Aldrich), (NH4)2HPO4 (Sigma-Aldrich), and citric acid (Sigma-Aldrich) were 

mixed by grinding with a mortar and pestle. The mixture was transferred into a vial and stirred 

with distilled water to form a sticky uniform slurry. The slurry was dried at 80 °C until a blue gel 

was formed. The gel was then heated at 300 °C for 4hr and subsequently at 500 °C for 4 hr in air. 

The resulting NaVOPO4 powder was green. For the synthesis of Na1.5VPO4.8F0.7 nanoparticles, 

after heat treatment at 300 °C, this gel was heated at 500 °C for 1hr in air to retain residual 

carbon on the particles. 

Crystalline Na1.5VPO4.8F0.7 nanoparticles synthesis – 400 mg of as prepared precursor powder 

(blue colored) was mixed with NaF (Sigma-Aldrich) and NaOH (Sigma-Aldrich) (10:1 ratio) and 

dissolved in 20 ml of deionized (DI) water. This solution was then sealed in a 45 ml Teflon liner 

and slid into a stainless steel autoclave and treated at 200 °C for 5 days. After washing with DI 

water and centrifugation, the particles were then stirred in DI water for 24 hrs to remove possible 

byproducts (e.g. NaCO3, white color), then dried at 100 °C under vacuum.  

Carbon coating of Na1.5VPO4.8F0.7 nanoparticles – As prepared Na1.5VPO4.8F0.7 nanoparticles 

were coated with carbon using high energy ball milling (HEBM). Specifically, the 

Na1.5VPO4.8F0.7 nanoparticles were mixed with carbon black (Super P, Alfa Aesar) in a 8:2 ratio 

using mortar and pestle and ball milled using HEBM (Planetary micro mill PULVERISETTE 7, 

Fritsch) at 500 rpm for 12 hrs. 
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Chapter 4.3.2. Structural and chemical characterization  

Powder X-ray Diffraction (XRD) - XRD was performed in a Rigaku Miniflex-II diffractometer 

operating with Cu-Kα (λ=1.54 Å) radiation using (30 kV, 15 mA, 0.05° step size). The XRD 

patterns were collected in the range of 10° < 2θ	 < 80°.  Rietveldt refinement was done by Dr. 

Guillaume A Muller. Transmission electron microscopy (TEM) was performed using a FEI 

Technai T12 operating at 120 kV. High resolution-TEM was performed using FEI Titan S/TEM 

operating at 300 kV. Brunauer-Emmett-Teller (BET) surface areas measurement was performed 

by using nitrogen adsorption isotherms at 77 K using a gas adsorption analyzer (Micromeritics 

ASAP 2010). Fourier transform infrared spectroscopy (FT-IR) was measured using FT/IR–670 

PLUS (Jasco) in transmission mode using silicon substrates. Thermogravimetric analysis (TGA) 

was performed using the SDT Q600 from TA Instruments to measure the amount of carbon. The 

samples were heated to 650 °C at a rate of 10 °C min-1 in air (flow rate: 100 ml/min) and stayed 

at this temperature for 15min. 

Chapter 4.3.3. Electrochemical characterization  

Electrochemical analysis - For electrochemical characterization, carbon coated Na1.5VPO4.8F1.5 

nanoparticles were mixed with polyvinylidenefluoride (PVDF) dissolved in N-methyl-2-

pyrrolidone (NMP) with 9:1 ratio and this slurry was cast onto a carbon coated aluminum foil 

using a doctor blade. The electrodes were then dried at 100 °C for 12 hr in the vacuum oven. The 

mass loading of active material (Na1.5VPO4.8F0.7 nanoparticles) was around 1 ~ 1.5 mg/cm2. 

Swagelok-type electrochemical cells were assembled in an Ar-filled glove box. The cell 

consisted of sodium metal as a counter electrode, separator (Glass fiber, Advantec), and 

electrolyte (1M NaClO4 in propylene carbonate (PC) or PC/fluorinated ethylene carbonate (FEC)) 

For the rate capability test, galvanostatic charge/discharge cycling was performed at rates 
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ranging from C/10 to 20C with a voltage window of 1.7 – 4.5 V (vs. Na/Na+). For cycling 

evaluation, a rate of 1C was used. For cyclic voltammetry, the scan rate 0.1 to 10 mV/s was used 

within a voltage window of 1.7 – 4.5 V (vs. Na/Na+). 

Chapter 4.4 Results and discussion 

 

 

 

 

 

 

 

Figure 4.4. (a) XRD pattern and (b) TEM image of precursor mixtures after heat treatment at 

500 °C fir 1hr in the air 

Structural characterization 

In order to synthesize Na1.5VPO4.8F0.7 nanoparticles, we introduced a two-step process: (1) 

modified Pechini method (2) hydrothermal synthesis. We tried several way to synthesis this 

material with a one step process, however, we could not incorporate fluorine ions into the 

structure consist of Na, V, and PO4. First, we used a modified Pechini method101 to prepare the 

precursor material. The advantage of this method is that we can prepare small crystalline 

particles by using citric acid as a chelating agent. During the Pechini synthesis, citric acid and 

metal ions form a metallic citrate in the water and these metallic citrates are mixed with 
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phosphate ions which form a mixture of precursors. After drying this solution at 90 °C, the 

obtained gel-like blue-colored amorphous powder was heat treated at 500 °C for 1hr. A heat-

treatment duration of 1 hr was chosen to retain some carbon sources on the particles since these 

carbon sources are expected to carbonize during the 2nd process all the while maintaining small 

particle size. XRD patterns in Figure 4.4 (a) show that this powder consists of a mixed crystalline 

phase containing NaVO3, VOPO4, and V4O9 based on JCPDS, but was mainly amorphous. The 

TEM images in Figure 4.4 (b) show that the particles are aggregated and individual particle size 

was less than 100 nm. The existence of residual organics or carbon residues are not observed in 

the TEM images.  The heat treatment procedure (500 °C, 1hr) is an important step to synthesize 

Na1.5VPO4.8F0.7 nanoparticles because we need carbon or organics as a capping agent to suppress 

the growth of particles during the 2nd step. Upon heat treating for more than 2 hours at 500 °C, 

the carbon sources get oxidized and after the 2nd step, Na1.5VPO4.8F0.7 particle sizes are larger 

than 1 μm. In fact, we were able to prepare micron-sized Na1.5VPO4.8F0.7 particles using 

precursor powder heat treated for 12 hrs at 500 °C.  

In the second processing step, fluorine ions were incorporated into the as-prepared 

precursor powder. For this, we employed a hydrothermal reaction by using sodium fluoride (NaF) 

as the fluorine source. In addition, during the synthesis we maintained the pH of the solution to 

alkaline conditions by using 1 equivalent of sodium hydroxide (NaOH) due to the possibility of 

hydrofluoric acid (HF) formation. After the 2nd processing step, the resulting powder was washed 

with deionized water for 1 day to remove the sodium carbonate (NaCO3, white color) which is a 

possible byproduct during the hydrothermal synthesis. The phase of the washed and dried 

powder was examined by XRD as shown in Figure 4.5. All the reflections were completely 

indexed with space group p42/mnm and no other extra phases were observed.  
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Figure 4.5. XRD pattern and Rietveld refinement of as-synthesized Na1.5VPO4.8F0.7 nanoparticles 

 

 

 

 
 

 

 

Table 4.2. XRD powder diffraction and Rietveld refinement results for Na1.5VPO4.8F0.7 

nanoparticles 

Symmetry Tetragonal 

Space group P42/mnm 

Lattice parameters 
A=9.030(4) Å, b=9.030(4) Å, c=10.631(6) Å,  
V=866.99(3) Å3 

Rwp (%) 12.9 

Rp (%) 10.1 

Rbragg (%) 4.3 

χ2 1.02 
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The lattice parameters and cell volume of the Na1.5VPO4.8F0.7 powder were calculated from the 

Rietvelt refinement in Table 4.2. These values are in close agreement with the values found in 

previous studies4, 89. This result is interesting because the Na1.5VPO5-xF0.5+x structure can have 

several different stoichiometries depending on the ratio between oxygen and fluorine. After 

hydrothermal synthesis, we only observed the structure with the stoichiometry of x=2 

(Na1.5VPO4.8F0.7). Presumably, this stoichiometry (Na1.5VPO4.8F0.7) is the thermodynamically 

stable phase, so during the long hydrothermal synthesis (5 days), only the Na1.5VPO4.8F0.7 phase 

was formed.  

 

 

 

 

 

 

 

Figure 4.6. (a) TEM and (b) HR-TEM images of as-synthesized Na1.5VPO4.8F0.7 nanoparticles 

(inset shows lattice fringe of (022) and d(022))  

The TEM images in Figure 4.6 (a) of the as-synthesized Na1.5VPO4.8F0.7 nanoparticles 

show that their particles sizes are in the range of 20 – 50 nm with irregular shape. In the HR-

TEM image, we could observe the (002) plane and the distance between these planes was 
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approximately 0.34 nm. This value corresponds well with the calculated d(022) value (~ 0.344 

nm) from the Rietvled refinement measurements (Table 4.2). Therefore, by using a two-step 

process, we were able to successfully synthesize pure phase Na1.5VPO4.8F0.7 nanoparticles. Next, 

we began to investigate the electrochemical properties of Na1.5VPO4.8F0.7 nanoparticles.  As 

known from the previous report, the family of Na1.5VPO5-xF0.5+x compositions is electrically 

insulating. In order to overcome this problem, carbon coating on the family of Na1.5VPO5-xF0.5+x 

materials has generally been used to increase this material’s electrical conductivity85, 89. Thus, 

Na1.5VPO4.8F0.7 nanoparticles were carbon coated with super P carbon black using HEBM in this 

study. After HEBM, additional heat treatment was done to increase the contact between 

Na1.5VPO4.8F0.7 nanoparticles and also recover the loss in crystallinity. In this treatment, the ball-

milled, carbon-coated Na1.5VPO4.8F0.7 nanoparticles were heat treated at 450 °C under argon for 

2hr. 

 

 

 

 

 

 

 

Figure 4.7. XRD patterns of as-synthesized Na1.5VPO4.8F0.7 nanoparticles and after ball milling 

and heat treatment 450 °C for 2hr in Argon atmosphere 
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Figure 4.8. FT-IR spectra of as-synthesized Na1.5VPO4.8F0.7 nanoparticles and after heat 

treatment at 300 °C and 350 °C for 2hr in argon atmosphere 

The problem of additional heat treatment  

In order to determine the phase after heat treatment at 450 °C in argon, we took XRD as 

shown in Figure 4.7. The XRD pattern indicates the presence of a new phase after heat treatment. 

We observed several new peaks which may be from the oxidized species (e.g. V2O5, V2O3) of 

vanadium ions in Na1.5VPO4.8F0.7 nanoparticles. Although the heat treatment was performed in an 

argon atmosphere, the oxidation problem means that there are oxygen sources in the 

Na1.5VPO4.8F0.7 nanoparticles. The most probable explanation for this is that the oxygen sources 

may be coming from the organic residues. These organic residues are beneficial to suppress 

particle growth during hydrothermal synthesis, however, these residues can also act as oxygen 



71 
 

sources that work to oxidize vanadium during heat treatment especially in nanosized 

Na1.5VPO4.8F0.7. In order to prevent this oxidation problem, we tried to remove the organic 

residues by heat treatment at lower temperatures (300 °C and 350 °C under argon). Figure 4.8 

shows the FT-IR spectrum before and after heat treatment at these temperatures. The C=O 

stretch vibration around 3500 cm-1 and O-H stretch vibration around 1600 cm-1 were clearly 

observed in as-synthesized Na1.5VPO4.8F0.7 nanoparticles and these spectra mainly came from the 

carboxylic and hydroxyl functional group of citric acid. (Inset of Figure 4.8). After heat 

treatment, the signals coming from the carboxylic and hydroxyl functional groups decreased and 

heat treatment of Na1.5VPO4.8F0.7 nanoparticles at 350 °C resulted in near removal of the residues.  

 

 

 

 

 

 

 

 

 

Figure 4.9.  XRD patterns of as-synthesized Na1.5VPO4.8F0.7 nanoparticles, after each sample 

preparation step. (pre-heat treatment  ball milling  heat treatment) 

10 20 30 40 50 60 70 80

350C 2hr(Ar)-BM-450C 2hr(Ar)

350C 2hr(Ar)-BM

350C 2hr(Ar)

 

 

2 theta / deg.

As-syn NVPF

In
te

n
si

ty
 (

a.
u

.)



72 
 

We confirmed the removal of organic residues by pre-heat treatment. In the 

corresponding XRD patterns, no other phases were present during the processes. The 

Na1.5VPO4.8F0.7 nanoparticles and carbon (super P) were well mixed after the last heat treatment 

(450 °C for 2hr in Argon) as shown in the TEM image found in Figure 4.10. 

 

 

 

 

 

 

 

 

 

Figure 4.10. TEM image of Na1.5VPO4.8F0.7 nanoparticles and carbon after all processes 

The amount of organic residue removed during the heat treatment was monitored by 

TGA (Figure 4.11 (a)) and a considerable amount of residual organics (about 5 ~ 6 %) was 

removed. Finally, we prepared the electrodes with pure phase Na1.5VPO4.8F0.7 nanoparticles 

(Figure 4.9) and the carbon amount was measured as ~ 24 % (active materials ~ 76 %) by TGA 

as shown in Figure 4.11 (b).  
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Figure 4.11 (a) TGA on as synthesized Na1.5VPO4.8F0.7 nanoparticles during pre-heat treatment (b) 

TGA on Na1.5VPO4.8F0.7 nanoparticles after the final heat treatment 

Electrochemical characterization 

In order to investigate the electrochemical performance of Na1.5VPO4.8F0.7 nanoparticles, 

we prepared thick electrodes using the doctor blade technique where the carbon slurry containing 

Na1.5VPO4.8F0.7 nanoparticles was coated uniformly onto carbon-coated aluminum foil. The 

electrodes were formed with 3/8 inch diameter punch. The active material loading was on the 

order of 1 - 1.5 mg/cm2
.  Figure 4.12 (a) shows the galvanostatic charge/discharge profile at C/10 

in 1M LiClO4 in PC electrolyte. We can clearly observe two plateaus and each plateau is related 

to 0.5 mol sodium ion insertion/deinsertion at different sites in the Na1.5VPO4.8F0.7 structure89, 102. 

Serras et al. investigated the structural evolution of Na1.5VPO4.8F0.7 with sodium ions using in 

situ XRD measurement and showed that the low voltage plateau (at 3.6 V vs. Na/Na+) is related 

to a phase transition and high voltage plateau (at 4.0 V vs. Na/Na+)) is related to the solid-

solution behavior102. The large capacity during the first charge is related to the oxidative 

decomposition of electrolyte and corresponding solid electrolyte interface (SEI) layer formation 
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on the Na1.5VPO4.8F0.7 nanoparticles. From the second cycle, the coulombic efficiency is 

improved, however it still shows low coulombic efficiency (85 %) after the 5th cycle. 

 

Figure 4.12. Galvanostatic charge/discharge profile of Na1.5VPO4.8F0.7 nanoparticles in (a) 1M 

NaClO4 in PC and (b) 1M NaClO4 in PC:FEC (5%) 

There have been several reports on electrolyte additives which can improve the columbic 

efficiency and cycle life of electrodes for sodium ion batteries98, 99, 103. One of the important 

electrolyte additives is fluoroethylene carbonate (FEC) which has mainly been used for sodium 

ion battery anodes such as hard carbon. The 5% addition into the polycarbonate electrolyte 

showed a drastic improvement in both columbic efficiency and the cyclability of a hard carbon 

electrode100, 104. In addition, FEC can also improve the coulombic efficiency of the positive 

electrode100. We compared the first 5 cycles of galvanostatic charge/discharge profiles between 

the cells using the electrolyte with and without FEC as an additive (5%). Figure 4.12 (b) shows 

the 5 cycles at C/10 in the cell with FEC in 1M LiClO4 in PC and this clearly shows the positive 

effect of FEC since there is an increase in the columbic efficiency compared to the cell without 
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FEC (Figure 4.12 (a)). The large charge capacity due to the electrolyte decomposition observed 

in the previous electrolyte system (without FEC) totally disappeared in the electrolyte with FEC. 

In addition, after the 5th cycle, a coulombic efficiency of 98 % with FEC was observed and this is 

quite an improvement compared to a low columbic efficiency of 87 % without FEC. This result 

suggests that the addition of FEC helps to form a stable SEI layer with minimal oxidative 

decomposition of the PC solvent at high potentials. As a result, the rest of the electrochemical 

characterization was performed using the 1M LiClO4 in PC/FEC (5%) electrolyte.  

 

 

 

 

 

 

Figure 4.13. (a) Galvanostatic charge/discharge profile of Na1.5VPO4.8F0.7 nanoparticles at 

different C-rate (C/10 ~ 20C) (b) Specific capacity and coulombic efficiency of Na1.5VPO4.8F0.7 

nanoparticles depending on the C-rates 

In order to investigate the rate capability, Na1.5VPO4.8F0.7 nanoparticle electrodes were 

cycled galvanostatically between C/10 and 20 C rate (Figure 4.13) At C/10, the Na1.5VPO4.8F0.7 

nanoparticle electrode achieved its theoretical capacity of 130 mAh/g which corresponds to a one 

electron process of the vanadium redox couple (V4+ ↔ V5+). It is noteworthy that at a rate of 20 

C, which corresponds to a 3 minute charge or discharge, the discharge capacity was about 80 
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mAh/g and this value is comparable to that of the state of the art sodium ion battery cathode 

material105, 106, 107, 108. Also the rate capability of this material is competitive even with the 

cathode materials studied for lithium ion batteries. This high rate capability of Na1.5VPO4.8F0.7 

nanoparticles may be from the suppression of a phase transition. As mentioned earlier, micron-

sized bulk Na1.5VPO4.8F0.7 undergoes a phase transition at the low voltage plateau (~ 3.6 V vs. 

Na/Na+). This phase transition is generally a slow process and suppressing this phase transition is 

one possible explanation for the observed high rate capability. Another advantage of this material 

is the relatively high potential where the voltage plateaus exists at 3.6 and 4.0 V vs. Na/Na+ as 

shown in the galvanostatic charge/discharge profile (Figure 4.13 (a)). High potential leads to 

high energy density and this characteristic for Na1.5VPO4.8F0.7 stems from the high 

electronegativity of the fluorine ions, which consequently increases the redox potential of 

vanadium4. The high voltage characteristic as well as high capacity at high rate for 

Na1.5VPO4.8F0.7 nanoparticles make this material a fascinating candidate cathode material for 

sodium ion batteries. Figure 4.13 (b) shows the specific capacities and coulombic efficiency of 

10 cycles at each C-rate. The capacity of Na1.5VPO4.8F0.7 nanoparticles was stable at each C-rate 

and the coulombic efficiency was around 97% at C/10 and higher than 99 % at faster rates. 

Moreover, when the material is cycled back to C/10 after 20 C (total 90 cycles), the initial 

capacity of ~130 mAh/g at C/10 is recovered and further supports the good cyclability of the 

Na1.5VPO4.8F0.7 nanoparticles. Figure 4.14 (a) shows the cyclability test of Na1.5VPO4.8F0.7 

nanoparticles at 1C. A discharge capacity of 123 mAh/g and a coulombic efficiency of 97 % 

were observed upon the first cycle and after 10 cycles, coulombic efficiency kept increasing until 

reaching 99 %. This again shows the very stable SEI layer formation with the addition of FEC. 
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After 100 cycles, 93 % of the initial capacity was maintained (115 mAh/g at 100th cycle) and this 

proves the superior cycling performance of Na1.5VPO4.8F0.7 nanoparticles. 

 

 

 

 

 

Figure 4.14. Simplified Randles cell schematic diagram 

 

 

 

 

 

 

Figure 4.15. (a) Cyclability test of Na1.5VPO4.8F0.7 nanoparticles at 1C (b) Impedance 

measurement before and after 100 cycles at 1C 

Impedance spectroscopy was performed to investigate the behavior of Na1.5VPO4.8F0.7 

nanoparticles before and after cycling. The equivalent circuit for the simplified Randles Cell is 

shown in Figure 4.14.  Figure 4.15 shows that the initial charge transfer resistance (Rct) of 142 Ω 
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increased to 274 Ω at cycle 100, which is mainly due to SEI formation. More importantly, the 

solution resistance of 5.5 Ω at the first cycle was unchanged after 100 cycles and this shows that 

the electrolyte containing FEC is very stable.  

 

 

 

 

 

 

 

 

 

Figure 4.16. Cyclic voltammetry of Na1.5VPO4.8F0.7 nanoparticles from 0.1 to 2 mV/s  

Cyclic voltammetry experiments were used to investigate the kinetic behavior of 

Na1.5VPO4.8F0.7 nanoparticles. The sweep rates varied between 0.1 to 2 mV/s(Figure 4.16) and 

the potentials ranged between 4.7 and 1.7V vs Na/Na+. In the cyclic voltammogram, we could 

observe two well defined peaks during charge and discharge and this corresponds to the two 

voltage plateaus in galvanostatic cycling.  The b-values were calculated at the peak potentials 

from the CV and the results are shown in Figure 4.16. (Method is explained in the Chapter 2.4.) 

The calculated b-values were 0.71 (at 4.0 V) and 0.8 (at 3.6 V) during discharge and 0.76 (at 4.0 
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V) and 0.7 (at 3.6 V) during charge (Figure 4.16). For typical battery materials, a b-value at the 

peak potential is around 0.5 because charge storage is limited by solid-state diffusion of ions. 

Thus, these b-values in Na1.5VPO4.8F0.7 nanoparticles demonstrate that there are some capacitive 

contributions to charge storage and this is why Na1.5VPO4.8F0.7 nanoparticles show fast rate 

capability. (Figure 4.13 (b)) In order to calculate the chemical diffusion coefficient of lithium 

ions into the Na1.5VPO4.8F0.7 nanoparticles, we used the following equation67. 

 

                                         ip = 0.4958nFAC(DαnνF/RT)0.5                                               eq 4.1 

 

This equation is valid only for diffusion limited irreversible system and to apply this equation we 

need to calculate the diffusion controlled current contribution from the total current. The 

measured total current at the specific potential is a summation of two components which are the 

diffusion controlled current and the capacitive current as shown in Equation 4.2. This is derived 

from the power law relationship where k1v is the capacitive current and k2ν0.5 is the diffusion-

controlled current. 

 

                                                          i(V) = k1 ν + k2 ν0.5                                                         eq 4.2 

 

By plotting i(V)/ν vs. 1/v0.5, we can derive k2 values and determine the diffusion controlled 

current. Using these current values we were able to calculate the chemical diffusion coefficients 

at the peak potentials for both the anodic and cathodic sweep. Calculated chemical diffusion 

coefficients are shown in Table 4.3. The values of around 10-12 cm2/s were calculated and when 
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we consider the electrode architecture (thick electrode) and the size of the ions (sodium ions), 

these values are quite high for sodium ion battery systems. 

 

 

 

 

 

 Table 4.3. Calculated b-values and chemical diffusion coefficients at peak potentials 

4.5. Conclusion 

The present work showed the synthesis and electrochemistry of Na1.5VPO4.8F0.7 

nanoparticles. In order to synthesize Na1.5VPO4.8F0.7 nanoparticles, a two-step process was used. 

During the electrode preparation process, we introduced pre-heat treatment to solve the oxidation 

problem of vanadium and by doing so, we were able to synthesize pure phase Na1.5VPO4.8F0.7 

nanoparticles. For the electrochemistry measurements, we used FEC as an electrolyte additive 

since the coulombic efficiency was 87 % without FEC and the addition of FEC helped to 

increase the coulombic efficiency to 97 % after the 5th cycle at a charging rate of C/10. 

Na1.5VPO4.8F0.7 nanoparticles showed high capacity, fast rate capability and superior cyclability. 

At C/10, Na1.5VPO4.8F0.7 nanoparticles achieved a capacity of 134 mAh/g which is higher than 

the theoretical capacity. The capacity of 79 mAh/g at 20C shows the high rate capability of this 

material. Also, the cycling behavior indicated very good stability of the electrode and electrolyte. 

93 % of the initial capacity was maintained after 100 cycles and the electrolyte resistance did not 

Voltage b-values Diffusion coefficient (cm2/s) 

Cathodic at 4.0 V 0.71 1.89 x 10-12 

Cathodic at 3.6 V 0.8 2.46 x 10-12 

Anodic at 4.0 V 0.76 5.83 x 10-12 

Anodic at 3.6 V 0.7 8.54 x 10-12 
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increase at all after cycling due to the positive effect of FEC. The nanostructuring of 

Na1.5VPO4.8F0.7 helped to achieve fast kinetics and with the help of FEC, we were able to 

improve the coulombic efficiency of this material. With the good performance shown in this 

study, Na1.5VPO4.8F0.7 nanoparticles are a promising candidate for use as a cathode for sodium 

ions batteries. 

4.6. Suggestions for future work. 

 For the future work, I will prepare full cells using Sb as an anode. Some of the other 

members in my group are working on the anode materials for sodium ion batteries and they have 

shown that Sb has a high capacity and fast kinetics in half cell testing. Thus, it will be interesting 

to see how the full cell composed of a Na1.5VPO4.8F0.7 nanoparticle cathode and Sb anode 

performs. In addition to this, I will investigate the structural behavior of Na1.5VPO4.8F0.7 

nanoparticles. As mentioned in chapter 4.4, Na1.5VPO4.8F0.7 undergoes a phase transition at the 

low-voltage plateau (~ 3.6 V vs. Na/Na+). However, in some nanostructured battery materials, 

phase transitions can be suppressed and this results in fast kinetics. It will be interesting to 

establish whether or not the high rate capability of Na1.5VPO4.8F0.7 nanoparticles is coming from 

the suppression of the low-voltage phase transition. In these experiments, I will perform ex situ 

XRD with Na1.5VPO4.8F0.7 nanoparticles. 
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Chapter 5. Conclusion 

Previous studies of mesoporous α-MoO3 and T-Nb2O5 showed promising results for high 

energy and power density energy storage applications by utilizing the intercalation 

pseudocapacitance mechanism. For the first two parts of this dissertation, we developed 

materials that display pseudocapactive properties in α-MoO3 and MoO2, which are both well-

known battery materials. The reason why we chose the α-MoO3 system is that it has a high 

theoretical capacity (~ 300 mAh/g) with lithium ions. Intrinsic constraints of α-MoO3 such as 

low electrical conductivity and irreversible phase transitions have limited the applications of α-

MoO and by introducing oxygen vacancies, we were able to resolve these limitations. Reduced 

MoO3-x features fast kinetics (~ 57 % of theoretical capacity in 20 seconds of discharging) with 

higher capacity than fully oxidized MoO3. Also, reduced MoO3-x showed better cycling 

performance than fully-oxidized MoO3. These outstanding electrochemical characteristics come 

from the vdWs gap expansion, high electrical conductivity, irreversible lithium 

insertion/deinsertion without phase transformation, and greater number of Mo4+ oxidation states. 

This research on reduced α-MoO3 opens up new prospective for oxygen-deficient transition 

metal oxides. This can be an interesting direction for developing known battery materials and 

exploiting improved performances just by tailoring defects such as oxygen vacancies. 

 The second material system we investigated was monoclinic MoO2. The motivation was 

that MoO2 has high theoretical capacity (~ 840 mAh/g) with metallic electrical conductivity. The 

slow kinetics of MoO2 are due to a phase transition and micron-sized particles limit the 

application of this material. In this study, we synthesized nanosized (~ 15 nm) MoO2 particles 

and this nanosized-MoO2 could suppress the corresponding phase transition during the lithium 

insertion/deinsertion process. The problem of surface oxidation in nanosized-MoO2 was solved 
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by incorporating reduced graphene oxide as a conductive medium. Electrochemical 

measurements indicated that MoO2-RGO exhibited fast kinetics (~ 84 % was capacitive charge 

storage at 1 mV/s) with high capacity (~ 200 mAh/g). In order to evaluate the applicability to 

real devices, thick electrodes were prepared and tested. MoO2-RGO thick electrodes showed 150 

mAh/g at 50 C with good cyclability. Thus the MoO2-RGO system can be a promising candidate 

electrode material for pseudocapacitive energy storage applications. 

 The last part of this dissertation focused on developing high rate sodium ion battery 

materials. Sodium ions batteries have been attracting a lot of attention for energy storage systems 

because of the abundance of sodium sources. The larger ion size and lower standard 

electrochemical potential limit the development of sodium ion batteries. In order to overcome 

these limitations, we chose the sodium vanadium fluorophosphate system (Na1.5VPO4.8F0.7) 

because this material has a high operating potential (~ 3.8 V) which translates to high energy 

density. For this project, we synthesized nanosized (~ 30 nm) Na1.5VPO4.8F0.7 to achieve fast 

kinetics. Na1.5VPO4.8F0.7 nanoparticles showed high rate capability (~ 80 mAh/g at 20C) with 

good cycling performance (~ 93 % capacity retention after 100 cycles at 1C). Excellent columbic 

efficiency (~ 99 %) was achieved by adding fluorinated ethylene carbonate (FEC) into 

electrolyte. We are currently planning to prepare the full cell using antimony (Sb) anode.  
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