
ABSTRACT 

LO, WILLIAM CHUNG HEI. Characterization of Hydrated Tungsten Oxides for 

Electrochemical Energy Storage. (Under the direction of Dr. Veronica Augustyn) 

 

As global energy demands increase, so does the demand for electrochemical energy 

storage. The search for a sustainable energy source continues along with the search for a high 

energy density, high power energy storage medium, which are essential because sustainable energy 

sources such as solar energy provide peak energy output only at certain times of the day. 

Electrochemical energy storage devices are good candidates for storage, since they are generally 

highly efficient, can store large amounts of energy, and can have fast response times. Current 

technologies can provide either high energy density (batteries) or high power density (capacitors). 

Nanostructured materials can exhibit both high power and high energy density due to their high 

surface areas, but have drawbacks for large scale applications that require large amounts of 

materials and high volumetric energy densities. Effectively combining both high energy and high 

power in bulk, redox-active materials has not been demonstrated. 

 The motivation for this research is that the presence of structural water in bulk layered 

materials may enhance the power density of electrochemical energy storage devices. Structural 

water can lead to rapid proton transport via the Grotthus mechanism, whereby protons move along 

the structural water molecules via the hydrogen bond network. This thesis investigates the 

relationship between structural water and proton intercalation in hydrated, layered tungsten oxides 

(WO3∙2H2O and WO3∙H2O) and compares their electrochemical behavior to anhydrous WO3. Bulk 

crystalline WO3∙2H2O, WO3∙H2O, and WO3 were synthesized via acid precipitation and 

subsequent thermal dehydration. Electrochemical behavior was characterized with three-electrode 

cyclic voltammetry in an acidic electrolyte. In-situ Raman spectroscopy was used to determine the 



local structural and electronic changes of the materials during electrochemical cycling.  These 

results show that all of the WO3 phases undergo a semiconductor-to-metal transition upon proton 

intercalation. Ex-situ X-ray diffraction was used to study the structural changes of the materials 

after electrochemical cycling. It found that WO3∙2H2O is largely preserved through 

electrochemical cycling with only a small decrease in capacity over 1000 cycles. While the total 

proton storage capacity of the hydrates was much lower than the anhydrate at slow cyclic 

voltammetry sweep rates, the capacities were nearly the same value at fast sweep rates. Kinetic 

analysis of the cyclic voltammetry data shows that the redox reaction was mainly diffusion 

controlled in WO3, while the reaction was capacitive in WO3∙2H2O. These results show that the 

presence of structural water in layered transition metal oxides leads to improved capacity retention 

at high rates, and the potential for high energy and high power density devices made with bulk 

redox active materials.  
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CHAPTER 1 – Introduction  

1.1 Introduction and Motivation 

 Global energy demands are expected to increase by nearly 40 percent by 2040.1 At the 

same time, the ratio of fossil fuel usage to renewable energy usage is also projected to increase 

to meet the increased demand.2 Renewable energy sources are the most promising sources of 

energy to replace fossil fuels as the primary fuel source. However, while energy can be 

retrieved from fossil fuels on demand, renewable energy sources such are solar and wind are 

subject to natural fluctuations in supply. The simplest solution for this problem is to store 

excess energy produced when conditions are optimal for renewable energy generation and to 

return this energy into circulation later when necessary. In addition to the large-scale energy 

storage required for grid usage, smaller scale energy storage is also required for portable 

applications such as electric cars and mobile phones. For both applications, a low-cost, safe, 

and long-lasting storage method is required for widespread implementation.  

  The motivation for this research is that the presence of structural water in bulk, layered 

oxide materials can facilitate rapid proton transport via the Grotthus mechanism. The goal of 

this research is to determine how structural water affects the kinetics of proton intercalation in 

hydrated tungsten oxide for electrochemical energy storage. Hydrated tungsten oxides are 

model materials for this research because they are crystalline, easily synthesized, redox-active, 

and stable in both aqueous and non-aqueous electrolytes. Specifically, tungsten oxide dihydrate 

(WO3∙2H2O) was synthesized by acid precipitation and then dehydrated into the monohydrate 

(WO3∙H2O) and anhydrate (WO3) forms. From there, electrodes were fabricated by painting a 

carbon paper substrate with slurries made from a mixture of the tungsten oxide active material, 

acetylene black, and polyvinylidene fluoride. The slurry electrodes were used to measure the 
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materials’ charge storage capacity, kinetics, and stability via three-electrode cyclic 

voltammetry in an acidic electrolyte. Ex-situ X-ray diffraction measurements were taken to 

determine whether structural changes occurred after electrochemical cycling. In-situ Raman 

spectroscopy was performed in order to detect local structural and electronic changes in the 

materials during electrochemical cycling. 

 

1.2 Energy Storage 

 The main types of energy storage are mechanical, electrical, chemical, and 

electrochemical. Though there are several different forms of mechanical energy storage, such 

as compressed air and flywheel, the only widespread use of mechanical energy storage is with 

hydroelectric dams.3 These are expensive, adversely affect the environment around them, and 

are subject to reduced output during times of severe drought.4 Electrical energy storage in the 

form of dielectric capacitors, where energy is stored electrostatically, has the fastest response 

times but suffers from anemically low storage capacity due to limited surface areas and 

physical constraints on the minimum separation distance between the capacitor plates.5 

Recently, there has been success in improving the charging rate and energy density of dielectric 

capacitors by using a mixed RC circuit, where a resistor and a resistor-capacitor pair work in 

parallel to facilitate charging, which is then switched to a resistor to dam the charge for long-

term storage.6 Chemical energy storage, whereby energy is stored in chemical bonds, offers 

significantly higher energy densities. The most familiar chemical energy storage are fossil 

fuels, but these are produced over millions of years. More practical forms of chemical energy 

storage include hydrogen and biofuel, but both of these suffer from drawbacks. The primary 

challenge for hydrogen fuel is from the production side, where the main method is steam 
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reformation of natural gas which produces carbon dioxide as a by-product and thus is 

counterproductive for a clean energy economy.7 In addition, while fuel cell technologies are 

adequately mature for implementation of hydrogen fuels, mass distribution of hydrogen is 

difficult due insufficient infrastructure.8 Biofuels are theoretically carbon-neutral fuels, but 

production is limited by the amount of feedstock available for conversion which requires the 

use of large land areas.9 Electrochemical energy storage (EES) is one of the most promising 

methods for energy storage, due to its high efficiency and the range of power and energy 

densities (Figure 1) which can enable a variety of applications.10 In addition, EES devices are 

modular and can be adapted for large scale grid applications or small scale microelectronics.  

 

 

 

Figure 1. The Ragone Plot shows the relationship between power and energy density for 

different EES devices.10 A major driving force for EES research is to simultaneously improve 

both energy and power density, as indicated by arrows. 
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 The simplest type of EES is the electric double layer capacitor (EDLC). Energy storage 

in EDLCs involves no charge transfer reactions.11 Conceptually, this mechanism is like that of 

a dielectric capacitor, where opposite charges accumulate on conductive plates, and energy is 

stored due to the separation of charge. The defining characteristic of a capacitor is the 

capacitance, which reflects the charge storage ability of the device, and is defined by: 

 𝐶 =
𝜀𝐴

𝑑
 (1.1) 

where C is the capacitance, A is the surface area of each plate, d is the separation between the 

places, and ε is the permittivity of the dielectric medium.  

 EDLCs exhibit much higher capacitances than dielectric capacitors because of the large 

surface areas of the electrode materials and very small separation distances (on the order of 

Ångstroms) both of which increase the capacitance, as shown by Equation 1.1. Typical 

materials used for EDLCs are high surface area (> 1,000 m2/g) carbons, which exhibit 

capacitances of up to 150 F/g.12–14 Since the energy storage of capacitors involves only surface 

adsorption and not chemical or phase changes in the bulk of the electrode material, EDLCs 

typically have lifetimes of up to 1,000,000 cycles and are highly reversible devices.11 Figure 

2a shows a diagram of a typical charged EDLC, where the electrolyte could be either aqueous 

or non-aqueous, and the electrodes are high surface area, porous carbon materials that 

maximize the electrolyte/electrode interfacial area.  

 The mechanistic description of EDLC energy storage is shown in Figure 2b, in a 

schematic of the Stern model of the electric double layer at an electrode interface. The layer 

closest to the electrode is called the Stern layer, in which ions are considered to have finite 

size. Unsolvated anions reside closest to the electrode, in the inner Helmholtz plane (IHP), 

whereas adsorbed solvated cations reside in the outer Helmholtz plane (OHP). Past the OHP 
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is a diffuse layer where the ions are distributed according to the Maxwell-Boltzmann 

distribution.  The major change in potential, ψ, is across the Stern layer.  Since the distance 

across this layer is very small (on the order of Ångstroms), and the interfacial area is large, this 

leads to the large capacitances of carbon materials used for EDLCs.  

 

 

Figure 2. a) Schematic of an EDLC during the charging stage, where electrolyte ions 

electrostatically adsorb at the surface of high surface area carbon electrodes, and b) Schematic 

of the Stern model of the electric double layer, adapted from Reference 5.  

 

 Secondary (rechargeable) batteries are EES devices that are prolific throughout the 

world because they are commonly used in mobile devices and vehicles. In contrast to EDLCs, 

batteries undergo Faradaic charge transfer reactions in order to store energy. In addition, 

battery electrodes store charge in the bulk and generally undergo phase changes, so that the 
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kinetics are limited by solid-state diffusion, leading to lower power densities when compared 

to other EES devices.11,15 As a result of the electrode material undergoing phase changes during 

charging and discharging, the lifetime of batteries (< 1,000 cycles) is significantly lower than 

that of capacitors, which can undergo up to 1,000,000 cycles.11 Lithium-ion batteries are the 

most common batteries for electric vehicles and portable electronics. Commercial lithium-ion 

batteries consist of a cathode, typically LiCoO2, and an anode, typically graphite, with lithium 

ions intercalating in and out of the electrodes during the charging and discharging process.  

The reactions occurring at the cathode and anode (discharge in the forward direction, charge 

in the reverse direction) are: 

 Cathode: Li1-xCoO2(s) + x Li+
(soln) + x e- ⇄ LiCoO2(s) (1.2) 

 Anode: LixC6 ⇆ x Li+
(soln) +  x e- + C6  (1.3)  

Figure 3 shows the schematic of a typical lithium-ion battery during discharge.  
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Figure 3. Schematic of a typical lithium-ion battery during discharge. Reproduced from 

Reference 17.  

 

 Pseudocapacitance is an EES mechanism in between that of batteries and EDLCs. The 

use of pseudocapacitance in electrochemical capacitors can offer higher energy densities than 

EDLCs and higher power densities than batteries.16 Figure 4 compares the specific energy and 

power of a thin film lithium-ion battery with that of an EDLC.17 The empty region between 

the relatively flat capacitive response of the EDLC and the plateau of the battery, 

corresponding to charge/discharge times from about 10 seconds to nearly 10 minutes, is the 

region where pseudocapacitors can outperform currently available devices.18 In 

pseudocapacitive materials, energy is stored via Faradaic reactions, but the kinetic behavior 

resembles that of a capacitive material. There are three types of pseudocapacitive mechanisms 

possible in electrochemical systems: (1) underpotential deposition, where a monolayer of metal 
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ions are adsorbed onto the surface of a different metal; (2) intercalation pseudocapacitance, 

where the electrode is a host for ion intercalation and subsequent faradaic reaction but with no 

accompanying phase change; and (3) redox pseudocapacitance, where ions adsorb on an 

electrode surface and are accompanied by a Faradaic reaction on the electrode.11 

Pseudocapacitance is a promising mechanism to simultaneously improve both energy and 

power density of a material, as has been demonstrated for nanostructured oxides.18  The 

purpose of this research is to determine whether a pseudocapacitive mechanism is possible in 

bulk, hydrated and layered oxide materials. 

 

 

Figure 4.  Specific energy vs. charging time for a EDLC and a thin film lithium ion battery.17  

The battery exhibits a decrease in the specific energy with charging time due to slow kinetics, 

while the EDLC provides a constant but low specific energy with charging time because the 

energy storage mechanism is electrostatic. 
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1.3 Hydrated Tungsten Oxides 

 Various transition metal oxides can exhibit pseudocapacitive behavior, including 

MnO2, RuO2∙xH2O, and MoO3-x.
19–22 Tungsten oxide (WO3) is an n-type semiconductor and 

can easily be tuned between its dihydrate, monohydrate, and anhydrate crystal structures by 

simple dehydration.23,24 Traditionally, tungsten oxide has been studied as a material for 

electrochromic devices.25–27 In electrochromic devices, the formal charge of the tungsten 

changes with intercalation of protons or alkali metal ions, which produces a corresponding 

color change from yellow to blue.  This is due to the change in the band gap of the material by 

the intercalation reaction: 28  

𝑊𝑂3 +  𝑥𝑀+ + 𝑥𝑒−  ↔ 𝑀𝑥𝑊𝑂3 

where M is either a proton or an alkali metal ion such as Li+, and x is ≤ 1. Electrochemical 

intercalation involves the insertion of an ion from the electrolyte into a vacant site of a solid 

state structure with concomitant electron transfer from the external circuit. Since the 

electrochromic coloration mechanism is due to the same electrochemical reaction as energy 

storage, tungsten oxide has become of interest as a possible energy storage material. The 

intercalation of 1 alkali cation or proton leads to a maximum theoretical capacity of 416 C/g 

or 116 mAh/g in WO3.
29 

 WO3∙2H2O is a layered oxide material, with each tungsten in an octahedral 

coordination by oxygen, as seen in Figure 5a. One type of water molecule resides in the 

interlayer spacing, and the second type of water molecule is directly coordinated to tungsten 

at the top or bottom of the octahedron. During dehydration to the monohydrate phase at 120ºC 

(Figure 5b), the interlayer water molecules are removed, and only the coordinated water 

molecules remain. Finally, heat treatment of the dihydrate at 350ºC leads to the formation of 
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anhydrous WO3, where all of the water is removed from the structure, leaving behind corner 

sharing octahedrons in a distorted ReO3 structure (Figure 5c).30  

 

 

Figure 5. Crystal structures of a) WO3∙2H2O, b) WO3∙2H2O, and c) WO3.  The monohydrate 

and anhydrate phases are obtained by dehydration of WO3∙2H2O at less than 350ºC in air. 

 

 To explain the high ionic conductivity of protons in water, Grotthuss proposed a 

transport mechanism whereby the proton jumps from water molecule to water molecules via 

hydrogen bonding.31 Since then, the concept has been extended to molecular structures 

containing water, and though the specifics of the mechanism are still debated, improved proton 

transport has been attributed to the presence of structural water in hydrous RuO2, Sb2O3, SnO2, 

ZrO2, and graphite, among others.32–35 In WO3 hydrates, it was found that at intermediate 

temperatures, the dihydrate exhibited proton conductivity an order of magnitude higher than 
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the monohydrate, suggesting that proton diffusion through tungsten oxide could be mediated 

by the Grotthuss mechanism like in other hydrous materials.36 However, density function 

theory calculations have shown that this may not be the case in tungsten oxide, and proton 

diffusion in the dihydrate and anhydrate actually occurs via the octahedral layers.37 If structural 

water does indeed facilitate diffusion of protons in hydrated WO3, then the rate capability of 

the hydrated oxides should be faster than that of the anhydrous oxides.  Furthermore, due to 

the large interlayer spacing created by the water molecules, the lifetime of the hydrated WO3 

should be greater than that of anhydrous WO3.  
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Chapter 2 - Methods 

2.1 Synthesis 

 The acidic precipitation reaction described by Freedman (shown in Figure 6) was used 

to synthesize WO3∙2H2O, which also served as the precursor for WO3∙H2O and WO3.
38 Briefly, 

50 mL of a 1M aqueous Na2WO4∙2H2O (Sigma Aldrich) solution was added dropwise at a rate 

of ~1 drop/second into 450 mL of stirred 3M HCl. Almost immediately, a yellow precipitate 

appeared and continued to precipitate throughout the entire time that sodium tungstate was 

added to the acid. After addition of all of the sodium tungstate, the solution was aged for an 

hour and rinsed until the solution was at a neutral pH as indicated by litmus paper.  The 

obtained WO3∙2H2O precipitate was filtered, dried in an oven at 50°C, and then ground into a 

fine powder with a mortar and pestle. To obtain WO3∙H2O and WO3, the WO3∙2H2O was dried 

in an oven at, respectively, 120º or 350º in air.  
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Figure 6. Flow chart for the synthesis of bulk, layered WO3∙2H2O. The synthesis follows the 

method developed by Freedman.38 

 

2.2 Physical Characterization 

 Physical characterization of the synthesized materials was performed with X-ray 

diffraction (XRD), Raman spectroscopy, thermogravimetric analysis (TGA), and scanning 

electron microscopy (SEM).  

 XRD was used to determine the phase and crystallinity of the as-synthesized powder, 

as well as the dehydrated powders. It was performed on a Rigaku SmartLab X-ray 

diffractometer in a standard Bragg-Brentano geometry. Ex-situ XRD was performed on 

electrochemically cycled WO3, WO3∙H2O, and WO3∙2H2O electrodes in order to determine 

whether electrochemical cycling had affected the structure of the materials.  
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 A WiTEC alpha300R confocal Raman microscope was used for Raman spectroscopy 

in order to identify the local structure of synthesized materials and for in-situ characterization 

during electrochemical energy storage in an acidic electrolyte. The laser wavelength was 532 

nm and a 10X objective was used. A typical confocal microscope system is depicted in Figure 

7. Confocal microscopy in conjunction with Raman spectroscopy allows the acquisition of a 

Raman spectrum at specific depths into the samples by filtering out all excess light using a 

pinhole, whereas conventional microscopy would capture information from as far as the laser 

light can penetrate.  Raman microscopy lends itself to in-situ characterization of EES materials 

because the focal plane can be selected so as to exclude the electrolyte, and the measurement 

is performed in ambient atmosphere.  

 TGA was used to determine the temperatures required for dehydration of the 

WO3∙2H2O precursor powder into the monohydrate and anhydrate phases of WO3. A Seiko 

Exstar TG/DTA6200 was used to perform TGA of the as-synthesized sample. The 

measurement was performed using 20 mg of WO3∙2H2O powder from room temperature up to 

500°C, with a nitrogen flow rate of 150 cm3/min to ensure sufficient flow of oxygen out of the 

chamber.  
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Figure 7.  Schematic of the basic parts of a confocal microscope. The confocal setup converges 

the light source on the focal plane in order to increase spatial resolution by limiting the depth 

of focus.39 This mechanism is responsible for the high resolution of Raman microscopy, used 

in this thesis for characterization of the local material structure and in situ measurements.   

 

 SEM was used to determine the microstructure of the synthesized powders and the 

electrodes fabricated from the powders. SEM was performed with a field emission FEI Verios 

460L.  

 

2.3 Electrode Preparation  

In order to fabricate electrodes for electrochemical analysis, the active material must 

be blended with a mixture of acetylene black and polyvinylidene fluoride (PVDF). The 

acetylene black serves as the conductive additive to improve electron transport throughout the 

electrode.  Without it, the electrode would be too resistive and electrons would not be able to 
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reach the electrochemical interface. PVDF serves as the binder to hold together the acetylene 

black, the active material, and the conductive substrate (also known as the current collector). 

The slurry mixture is 80 wt% active material (WO3∙2H2O, WO3∙H2O, or WO3), 10 wt% 

acetylene black, and 10 wt% PVDF in n-methylpyrrolidone (NMP), a common aprotic solvent. 

The weight percentages are chosen to minimize the amount of PVDF or acetylene black while 

maintaining electrode stability and conductivity. The slurry was pasted onto a carbon paper 

current collector and dried at 50ºC in air.  The carbon paper was chosen because it is stable in 

highly acidic electrolytes and provides minimal background current.  The final mass loading 

was ~1 mg of WO3∙nH2O per cm2. Figure 8a shows the flow chart of the method for fabricating 

slurry electrodes of WO3∙nH2O for three-electrode cyclic voltammetry. 

 

 

Figure 8. Flow chart of methods for fabricating WO3∙nH2O electrodes: a) slurry-cast 

electrodes for three-electrode cyclic voltammetry and b) screen printed electrodes for in situ 

Raman measurements. 
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Figure 9. Pictures of the a) slurry-cast electrodes and b) screen printed electrodes fabricated 

using the methods outlined in Figure 8. 

 

Different electrodes are necessary for performing the in-situ Raman spectroscopy in 

order to accommodate the electrochemical cell underneath the microscope objective. Figure 

8b details the general method for creating electrodes for this measurement, where the active 

material powder is dispersed in water (2 g of WO3∙nH2O/L), dropcast onto a paper screen 

printed electrode (Pine Instruments), stabilized on the electrode using a layer of Nafion, and 

then air dried. Nafion is a proton-conductive sulfonated fluoropolymer and was used as a 

solution (5 wt% in alcohol, Fuel Cell Earth). Since the active material mass loading is low (66 

ug/cm2), a conductive additive is not needed. After experimenting with both PVDF and Nafion 

as a binder for screen printed electrodes, it was found that Nafion preserved more material after 

cycling. 
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2.4 Electrochemical Setup 

Electrochemical characterization was performed in a three electrode cell, which was 

used in order to accurately measure the potential and current through the electrode. The setup 

shown in Figure 10a was used in conjunction with a Biologic VMP3 potentiostat to perform 

cyclic voltammetry. The reference electrode was Ag/AgCl in saturated KCl solution (Pine 

Instruments) and the counter electrode was Pt wire (99.997%, Alfa Aesar). The slurry-cast 

working electrode and counter electrode are connected to the external circuit using alligator 

clips soldered to copper wire. Four different aqueous electrolytes were used (0.5 M H2SO4, 2 

M Li2SO4, 1 M Na2SO4, and 0.5 M Mg(ClO4)2) in order to determine the effect of cation size 

and pH on the electrochemical behavior of the WO3∙nH2O materials.     

Figure 10b shows the schematic of a three electrode cell, where the current flows 

between the working and counter electrode and the potential is measured between the working 

and reference electrodes.40 In this way, the potential of the working electrode during 

electrochemical cycling can be referenced to a stable potential. All potentials are referenced 

vs. the saturated Ag/AgCl electrode (0.198 V vs. SHE, standard hydrogen electrode). The 

three-electrode cell was also used for linear sweep experiments to drive the electrode to a 

desired potential for ex-situ XRD measurements. 
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Figure 10. a) Picture of the three-electrode cell used for electrochemical measurements and b) 

schematic diagram of a three-electrode cell. 

 

 

Figure 11. Picture of the setup used for in-situ Raman microscopy measurements. 
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For in-situ Raman microscopy, a screen printed electrode was taped onto a Petri dish 

filled with ~ 1 cm of 0.5 M H2SO4 electrolyte (Figure 11). The end of the screen printed 

electrode was connected to a Pine Instruments WaveNow potentiostat. In confocal Raman 

microscopy, the laser can easily be focused through the solution to minimize the electrolyte 

contribution to the Raman spectrum.   
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Chapter 3 – Results and Discussion 

3.1 Synthesis 

The acid precipitation method described by Freedman was used to prepare 

WO3∙2H2O.38 The product of the precipitation synthesis is a bright yellow powder (Figure 12), 

indicative of tungsten in the 6+ oxidation state.  

 

 

Figure 12. Picture of the as-synthesized WO3∙2H2O powder from acid precipitation, showing 

the distinctive yellow color of tungsten in the 6+ state. 

 

TGA was used to determine the heat treatment temperature required for the dehydration 

of WO3∙2H2O to WO3∙H2O and WO3. Figure 13 displays the percentage weight loss of the 

WO3∙2H2O with increasing temperature.  The two distinct weight loss steps correspond to the 

removal of structural water molecules. From the TGA data, it was determined that to synthesize 

WO3∙H2O and WO3, the WO3∙2H2O powder would have to be dehydrated at 120°C and 350°C, 

respectively.  
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Figure 13. TGA curve of WO3∙2H2O powder shows two distinct weight loss steps, which 

correspond to the removal of structural water, and formation of monohydrate at 120°C and 

anhydrate at 350°C. 

 

3.2 Physical Characterization 

After dehydration in an oven at the specified temperatures for the synthesis of 

WO3∙H2O and WO3, X-ray diffraction (XRD) measurements were taken in order to determine 

the crystallinity and phase purity. Figure 14a, b, and c shows the XRD measurements for WO3, 

WO3∙H2O, and WO3∙2H2O, respectively, with corresponding JCPDS reference files 

underneath. The sharp peaks for each hydration state indicate the high crystallinity for all 

samples, even after dehydration. The obtained materials are phase-pure, including no 
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impurities from other hydrated phases.  The hydrated WO3 are layered compounds, with an 

interlayer spacing of 6.96 Å for WO3∙2H2O and 5.36 Å for WO3∙H2O.   

 

Figure 14. XRD of a) WO3, b) WO3∙H2O, and c) WO3∙2H2O. The corresponding JCPDS 

reference spectra for each phase are shown below the experimental results. 

 

In addition to XRD, Raman spectroscopy was used to distinguish between the three 

phases. Figure 15 shows overlaid spectra of all three WO3∙nH2O phases. In all of the materials, 

the peaks at < 100/cm correspond to lattice modes. In the hydrated forms, the peaks around 

200-400 correspond to the bending of the O-W-O bonds, and the broad peaks at about 700/cm 

correspond to the stretching of the O-W-O bonds. The peak at 950/cm is indicative of hydrated 

WO3 and corresponds to the stretching of the terminal W=O bond.41 
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Figure 15. Raman spectra showing distinct patterns for the three WO3·nH2O phases.  The peak 

at ~950 cm-1 can be used to distinguish the hydrated phases from the anhydrous phase, while 

the double peak for O-W-O stretching is indicative of the anhydrous phase. 
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Figure 16. SEM micrographs of platelets of WO3 at a) 20000x and b) 100000x.  The plate-like 

morphology is indicative of the layered structure of the precursor material. 

 

 SEM (Figure 16) reveals the morphology of the synthesized WO3 powder to be plate-

like, even after dehydration, which is reminiscent of the layered structure of the precursor 

WO3∙2H2O. Most plates appear to be about 200 nm wide, with a thickness of about 10 nm.  

 

3.3 Electrochemical Characterization 

 Three-electrode cyclic voltammetry was performed at various sweep rates in four 

electrolytes (0.5 M H2SO4, 2 M Li2SO4, 1 M Na2SO4, and 0.5 M Mg(ClO4)2) in order to 

determine the effect of cation size and electrolyte pH on the energy storage behavior of the 

three WO3∙nH2O phases. Figure 17 shows the electrochemical behavior of the anhydrous and 

hydrated WO3 in each of these electrolytes. From these figures and from Figure 18, which 

compares WO3∙2H2O CVs in all 4 electrolytes, it can be seen that all three WO3∙nH2O phases 

are not very active in the neutral pH electrolytes because the current density is lower than in 
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the H2SO4 electrolyte. As a result, the remainder of the electrochemical characterization was 

performed in 0.5 M H2SO4 electrolyte.  

 

  

 

Figure 17. Cyclic voltammetry of the WO3∙nH2O materials at 2 mV/s in a) 0.5 M H2SO4, b) 2 

M Li2SO4, c) 1 M Na2SO4, and d) 0.5 M Mg(ClO4)2. Compared with the electrochemical 

behavior in acidic electrolyte, no significant charge storage occurs at neutral pH in the 

WO3∙nH2O materials as indicated by the low current density. 
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Figure 18. Cyclic voltammetry of WO3∙2H2O in 0.5 M H2SO4, 2 M Li2SO4, 1 M Na2SO4, and 

0.5 M Mg(ClO4)2 at 2 mV/s.  These results show that the electrochemical energy storage in the 

acidic electrolyte is significantly greater than in neutral pH electrolytes. 

 

 Figure 19 shows the cyclic voltammograms at various sweep rates from 2 – 200 mV/s 

for the WO3∙nH2O materials in 0.5 H2SO4 electrolyte. The background current from the carbon 

paper, acetylene black, and PVDF (“carbon background”) is also shown, and is negligible 

compared to the electrochemical response of the WO3∙nH2O materials. In these cyclic 

voltammetry experiments, the negative (cathodic) current corresponds to the intercalation of 

H+ into the solid-state structure and the reduction of W6+ to W5+. Upon sweep reversal to 

positive potentials, the positive (anodic) current corresponds to the oxidation of tungsten back 

to the +6 state, and the deintercalation of protons. The electrochemical potential window for 

each of the materials was limited by the onset potentials for the electrolysis of water, the 



 

28 

oxygen evolution reaction at high potentials and the hydrogen evolution reaction at low 

potentials, which occur at different potentials in the three WO3∙nH2O materials. The large 

current density from the electrolysis reactions would obscure the current due to energy storage. 

The evolution of oxygen also contributes to rusting of stainless steel components used in the 

three-electrode cell, which is another reason to avoid the reaction. 

 
 

 

Figure 19. Cyclic voltammetry of the WO3∙nH2O materials in 0.5 M H2SO4 at a) 2 mV/s, b) 

20 mV/s, and c) 200 mV/s. The background current from the carbon paper and acetylene black 

is included to show their negligible contribution. 

   

 Cyclic voltammetry at 2, 20, and 200 mV/s corresponds to charge/discharge times of 

350-300 sec, 35-30 sec, and 3.5-3 sec, respectively, depending on the potential window for 

each of the WO3∙nH2O materials. These fast charge/discharge times were selected to 

investigate the power capability of the WO3∙nH2O materials (typical battery material 

charge/discharge times are on the order of hours). The charge storage capacity of a material is 

proportional to the area enclosed by the voltammogram. At 2 mV/s (t = 350 – 300 sec; Figure 

19a) the capacity increases in the order WO3 > WO3∙2H2O > WO3∙H2O.  However, at 200 
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mV/s (t = 3.5 – 3 sec; Figure 19c), the capacity increases in the order WO3∙2H2O > WO3∙H2O 

> WO3. Therefore, the presence of structural water appears to improve the high rate capability 

of a bulk, layered material. 

 The charge storage capacity of the WO3∙nH2O materials (Figure 20) calculated from 

the CVs at different sweep rates confirmed the conclusions from Figure 19 that at high 

sweep rates, anhydrous WO3 is worse than or equal to the capacity of the hydrated phases. 

The areal capacitance, CA, from Figure 20b is calculated from the energy stored per cycle, E, 

by the following equation: 

𝐶𝐴 =
𝐸

𝐴𝑉
    (3.1) 

where V is the potential window and A is the area of the electrode. The electrons stored per 

formula unit in Figure 20c is also calculated from E, but in electron volts, by the following 

equation: 

𝜌𝑒 =
𝑚𝑤∗𝐸[𝑒𝑉]

𝑚∗𝑁𝐴
    (3.2) 

where mw is the molecular weight of the active material, m is the mass of the active material 

in the electrode, and NA is Avogadro’s number. 
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Figure 20. a) Gravimetric capacity, b) areal capacitance, and c) electrons stored per formula 

unit, for each of the WO3∙nH2O materials. The anhydrous WO3 loses most of its capacity at 

20 mV/s, while the capacity retention of the hydrated phases is much more stable even at 

high rates.  

 

Kinetic analysis of the cyclic voltammograms was performed to determine whether the 

proton storage in the WO3∙nH2O materials is diffusion limited, as in most batteries, or surface 

controlled, as in EDLCs and pseudocapacitors. Generally, the current at a particular potential, 

i(V), is dependent on the scan rate (v) by the following equation:42–44 

𝑖(𝑣) = 𝑎𝑣𝑏             (3.3) 

where a and b are constants. The limiting values for b are b = 0.5, which corresponds to a 

process limited by semi-infinite linear diffusion, and b = 1.0, which corresponds to a surface 

controlled, or capacitive process. To determine the b-value, Equation 3.3 can be rearranged to: 

log(𝑖(𝑣)) = 𝐴 + 𝑏 𝑙𝑜𝑔(𝑣)                        (3.4) 

where b is the slope of the line of log(i(v)) vs. v. This kinetic analysis was performed for both 

WO3 and WO3∙2H2O, but not for WO3∙H2O because no definitive redox peak could be tracked 

as a function of the sweep rate. Figure 21a shows the cyclic voltammograms from 1 – 20 mV/s 

for WO3; there are two different cathodic redox peaks present.  These sweep rates were used 
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for the b-value analysis shown in Figure 21b. The b-values for the first peak (Peak 1, ~ 0 V 

vs. Ag/AgCl) and second peak (Peak 2, ~ -0.26 V vs. Ag/AgCl) in WO3 are, respectively, 0.5 

and 0.7. This is indicative of a mostly diffusion-controlled energy storage mechanism in WO3. 

Figure 22a and b show the cyclic voltammograms (from 1 – 50 mV/s) and b-value analysis 

for WO3∙2H2O. The dihydrate exhibits a single cathodic peak at ~ 0 V vs. Ag/AgCl with a b 

value of 0.90, which means that the energy storage mechanism is nearly completely surface 

controlled.  

 

Figure 21. Kinetic analysis of the electrochemical energy storage behavior of WO3. a) Cyclic 

voltammetry from 1 – 20 mV/s and b) the b-value kinetic analysis for Peak 1 (~ 0 V vs. 

Ag/AgCl) and Peak 2 (~ -0.26 V vs. Ag/AgCl) using Equation 3.4. Since b is closer to 0.5 for 

both peaks, the energy storage is mainly diffusion controlled in WO3.  
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Figure 22. Kinetic analysis of the electrochemical energy storage behavior of WO3∙2H2O. a) 

Cyclic voltammetry from 1 – 50 mV/s and b) the b-value kinetic analysis for the cathodic peak 

at ~ 0 V vs. Ag/AgCl using Equation 3.4. Since b is closer to 1 for the peak, the process is 

mainly capacitive. 

 

To determine the long-term stability of the WO3·nH2O materials for EES, multiple 

cyclic voltammetry cycles were performed at different sweep rates. Figure 23 shows the 

differences between the 2nd and 1000th cycle at 20 mV/s for the three WO3·nH2O materials. 

The onset of the hydrogen evolution reaction shifts to more positive potentials after 1000 

cycles for WO3·2H2O and WO3, and possibly WO3·H2O, although the onset potential is less 

obvious because its potential window ends at -0.2 V vs. Ag/AgCl. The shape of the cyclic 

voltammogram is least changed for the dihydrate, followed by the anhydrate and the 
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monohydrate. Overall, all three WO3·nH2O materials exhibit fairly good cyclic stability at 20 

mV/s.  

 

Figure 23. Cyclic voltammetry of the 2nd and 1000th cycle in 0.5 M H2SO4 at 20 mV/s for a) 

WO3, b) WO3∙H2O, and c) WO3∙2H2O. Repeated cycling shifts the hydrogen evolution reaction 

to higher potentials. WO3∙2H2O exhibits the best electrochemical stability as indicated by the 

similarity between the 2nd and 1000th cycles.  

 

Figure 24 shows the % capacity retention as a function of cycle number at 20 and 200 

mV/s for all three WO3·nH2O materials in 0.5 M H2SO4.  The % capacity retention was 

calculated by taking the percentage of the measured charge stored to the maximum charged 

stored during all 1000 cycles. It is apparent that capacity retention is over 90% in all three 

WO3·nH2O materials except for WO3∙H2O at 20 mV/s. In general, WO3∙H2O exhibits the 

lowest capacity retention at both 20 and 200 mV/s. For WO3∙2H2O, it appears that the material 

requires an “activation” period in order to achieve the best performance, as indicated by the 

increase in % capacity retention with cycle number. For WO3, the capacity retention decreases 

slowly with cycle number, suggesting that the structure deteriorates over time. This 

corresponds well with the cathodic peak kinetic analysis, where for WO3, the redox reaction is 
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mainly diffusion limited, and for WO3∙2H2O, the kinetics were mainly surface controlled, At 

20 mV/s, the lower capacity retention of WO3 could also be explained by the greater number 

of electrons stored by WO3, as indicated by Figure 20c.  

Figure 24. % capacity retention for the WO3·nH2O materials at a) 20 mV/s and b) 200 mV/s 

in 0.5 M H2SO4.  

 

Self-discharge, or the tendency for an energy storage material to slowly lose charge 

over time, is a serious issue for high power energy storage. Figure 25 shows the self-discharge 

of each of the WO3·nH2O materials. The self-discharge measurements were performed by 

measuring the open-circuit potential (OCP) of each material every 15 minutes for 12 hours 

after driving the electrode down to the lowest negative potentials (as determined by the cyclic 

voltammetry potential windows) at a rate of 20 mV/s (t = 350 – 300 sec). From these curves, 

it can be seen that WO3∙2H2O has the worst self-discharge, followed by WO3∙H2O, and WO3. 
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It is possible that the structural water within WO3∙2H2O and WO3∙H2O, which is believed to 

facilitate the transport of protons through the material, can also lead to increased self-discharge.  

 

 

Figure 25. Self-discharge of the WO3·nH2O materials over 12 hours, showing that the self-

discharge rate increases as the amount of structural water increases.  

 

3.4 In-situ and Ex-situ Characterization 

In-situ Raman spectroscopy was used to study the local structure of the WO3·nH2O 

materials during linear sweep voltammetry at 1 mV/s in 0.5 M H2SO4 (Figures 28-30). In order 

to obtain Raman spectra, linear sweep experiments were stopped at 100 mV intervals during 

the cathodic and anodic sweeps. The initial Raman spectra show the same peaks as dry, 

powdered samples.  Furthermore, the cyclic voltammograms of WO3·nH2O materials on screen 

printed electrodes (Figure 26) match those of the slurry-cast electrodes (Figure 19), although 

the reference potential shifts slightly and the potential windows are reduced in order to reduce 
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the noise from the hydrogen evolution reaction. As seen in Figures 27a, 28a, and 29a, the 

intensity of all of the Raman peaks is extinguished at potentials of -250 mV, -200 mV, and -

250 mV (vs. Ag), respectively, for WO3, WO3∙H2O, and WO3∙2H2O.  These potentials 

correspond to the beginning of the proton intercalation and tungsten oxide reduction. It is likely 

that the intercalated protons and electrons are responsible for the change from semiconductive 

to metallic behavior, as expected for WO3 bronzes.45 Metallic, conductive materials are not 

Raman active because of the limited penetration of the laser light .46 Figures 27b, 28b, and 

29b show that the Raman peaks recover in intensity as the potentials become more positive. 

The recovery of the peaks corresponding to the various WO3·nH2O phases is indicative that 

the structures were not destroyed during the intercalation/deintercalation process, and that 

semiconductive behavior has been restored upon proton deintercalation. However, even though 

the peaks recover, the magnitude of the intensity is lower, so it is likely that some amount of 

protons remain within the structures. This behavior corresponds well with previous 



 

37 

observations, where WO3 was observed to be conductive at low cathodic potentials and not 

conductive at high anodic potentials in acidic solution.47  

 

 

Figure 26. Cyclic voltammetry of the screen printed electrodes at 1 mV/s in 0.5 M H2SO4 for 

a) WO3∙2H2O b) WO3∙H2O c) WO3∙H2O showing shifted CVs that match the slurry-cast 

electrodes in Figure 19.  

 

 

Figure 27. In-situ Raman measurements for WO3 taken every 100 mV during a linear sweep 

voltammetry experiment in 0.5 M H2SO4. a) Cathodic sweep from open circuit to -450 mV and 

b) Anodic sweep from -350 mV to 50mV. 



 

38 

 

 

Figure 28. In-situ Raman measurements for WO3∙H2O taken every 100 mV during a linear 

sweep voltammetry experiment in 0.5 M H2SO4. a) Cathodic sweep from open circuit to -500 

mV and b) Anodic sweep from -400 mV to 0 mV. 

 

 

Figure 29. In-situ Raman measurements for WO3∙2H2O taken every 100 mV during a linear 

sweep voltammetry experiment in 0.5 M H2SO4. a) Cathodic sweep from open circuit to -450 

mV and b) Anodic sweep from -350 mV to 50 mV. 
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Ex-situ XRD was performed on slurry-cast electrodes in order to determine the 

structure of the WO3·nH2O after proton intercalation. Figure 30 shows the XRD patterns of 

WO3·nH2O before and after a linear sweep experiment at 1mV/s to negative potentials, as 

indicated in the inset. Carbon paper exhibits a strong peak at ~ 26°, which obscures some of 

the diffraction peaks of the active materials. However, the different hydration states can still 

easily be differentiated based on the distinctive peaks at ~12° for WO3∙2H2O and 16° for 

WO3∙H2O. For all three materials, it appears that the structure is preserved after the sweep to 

the negative potential. Because there is no phase change upon cycling to the negative potential 

nor is there an appreciable increase in the interlayer spacing, it makes sense that the capacity 

of each of the materials remains reasonably high after 1000 cycles.  

  

 

Figure 30. Ex-situ XRD of WO3∙nH2O at open circuit potential and various cathodic potentials 

(as indicated in the inset, vs. Ag/AgCl) in 0.5 M H2SO4: a) WO3, b) WO3∙H2O, and c) 

WO3∙2H2O.  All three materials store protons via a solid solution intercalation reaction, since 

there are no new phases. 
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Chapter 4 – Conclusions and Future Work 

4.1 Conclusions 

The motivation for this thesis was that the presence of structural water could lead to 

improved rate capability in bulk, layered materials for EES. This research investigated the 

electrochemical behavior of model, redox-active hydrated transition metal oxides, WO3∙2H2O 

and WO3∙H2O, and compared their behavior with anhydrous WO3 for high rate electrochemical 

energy storage. Physical characterization, cyclic voltammetry in various electrolytes, in-situ 

Raman spectroscopy, and ex-situ XRD were performed in order to relate the electrochemical 

behavior with the material structure.  In summary, the thesis found the following main 

conclusions: 

1) The WO3∙nH2O are not electrochemically active in neutral pH aqueous electrolytes; an 

acidic electrolyte is necessary to observe significant energy storage.  

2) WO3∙2H2O exhibits superior capacity retention at fast sweep rates as compared with WO3. 

This is attributed to the presence of structural water for fast proton transport.  

3) Kinetic analysis of the cyclic voltammograms shows that diffusion-controlled currents are 

associated with the redox reaction in WO3, while capacitive currents are associated with 

the redox in WO3∙2H2O. 

4) There are no phase changes observed by Raman spectroscopy or XRD during 

electrochemical cycling of WO3∙2H2O, WO3∙2H2O, or WO3. 

5) All WO3∙nH2O undergo a semiconductor-to-metal transition upon electrochemical proton 

intercalation, as evidenced by the complete extinction of the Raman spectra at negative 

potentials. 
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6) WO3∙H2O exhibits poor cyclability and capacity as compared with WO3∙2H2O and WO3, 

which may be due to the destabilization of the structure from corner-sharing octahedrons 

in the WO3 and without the stabilization of the interlayer water molecules of WO3∙2H2O. 

 

4.2 Future Work 

1) The effect of other structural molecules on the kinetics of charge storage reaction can be 

investigated by using solvent exchange methods. It is possible that other molecules could 

produce superior properties. By extension, exchanging the solvent with a larger molecule 

would eventually lead to exfoliation of the layered structures into nanosheets, which may 

also produce different electrochemical behavior than the bulk oxide. 

2) Investigation into the effects of electrode structure on charge storage properties should be 

conducted. The slurry electrodes used in this thesis were of varying textures and 

thicknesses, even though efforts were put into making the electrodes as homogenous as 

possible. Preliminary results using a rolling mill to flatten electrodes showed a degradation 

in the charge storage properties, which is not expected since electrode pressing usually 

improves the electronic contact between the active material and the current collector. 

Furthermore, impedance measurements produced varying results which are attributed to 

the differences in electrode fabrication. 

3) Creating a solid solution of WO3 hydrates with other materials such as MoO3 may improve 

the EES behavior. For example, a mixture of WO3 and MoO3 may stabilize MoO3 in 

aqueous electrolytes while increasing the gravimetric capacity of the electrode by reducing 

the amount of heavy tungsten.  
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4) Determine the reason why WO3∙nH2O do not store cations in neutral pH electrolytes. For 

large-scale grid storage applications, it is of great interest to perform energy storage in low-

cost, aqueous, and neutral pH electrolytes.  
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