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ABSTRACT 

In this work a new wet-chemical method of preparing tungsten oxide thin films is 

described. This involves the dissolution of tungsten metal in aqueous hydrogen peroxide 

and reaction with acetic acid to form an alcohol-soluble precursor. All synthesis stages of 

this new precursor, termed peroxotungstic ethoxide, are characterized to determine 

possible reactions. The chemical and microstructural evolution of films is described as a 

fijnction of firing temperature, utilizing infi'ared spectroscopy, difiraction and other optical 

data. A novel method of increasing the crack-fi'ee thickness of the films is given; a 

combination of oxalic acid dihydrate as a solution additive and film firing under controlled 

humidity. With this combination, fired crack-fi'ee films up to one micron in thickness were 

prepared. Oxalic acid dihydrate roughened and also caused crystallization of these films at 

lower temperatures (<250°C) than expected. These rougher fihns exhibited an improved 

electrochromic response, as measured by optical and electrochemical characterizations. 
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1. INTRODUCTION 

The electrochromic activity of thin, optical-quality films of tungsten oxide, WO3, 

has been investigated for the last quarter-century, since the initial publications of S.K. 

Deb'*^. Deb utilized films which were deposited by evaporation or sputtering, standard 

methods for thin film deposition which are still utilized to this date to deposit tungsten 

oxide. Characteiization of sputtered and evaporated films is quite well documented^'* '"®. 

The elucidation of the relationships between structure, compositions and properties were 

important results of this research. An understanding of these relationships allowed the 

synthesis of electrochromic films which display variable reaction speeds and stabilities. 

Unfortunately the methods of evaporation and sputtering, as well as chemical vapor 

deposition^'*, are quite costly. Required are high vacuums and expensive equipment. In 

addition, deposition costs increase greatly as the size of the coated substrate increases. 

As a result of the shortcomings of the high-vacuum techniques, alternative 

methods for forming tungsten oxide films have been explored by numerous research 

groups. Among the first was the oxidation of tungsten metal, either thermally' or 

anodically'°'^^ These methods yield films on a metal surface, which prevents usefiil 

electrochromic window application. Wet chemical methods of applying films were also 

examined, with the application method being either spray, spin or dip coating. Foremost 

among the different wet-chemical methods were application of a dispersion of colloidal 

tungstic acid'^" or peroxotungstic acid'* or a solution derived fi-om tungsten alkoxides^^''® 

or chlorides''. These methods are examples of what are now collectively called "sol-gel" 
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techniques because the solutions, or colloidal sols, may be polymerized into a gel. Interest 

in these wet chemical methods of depositing tungsten oxide is increasing due to the low-

cost and simple nature of dip, spin, spray and roller coating. Dip and spray coating in 

particular have been utilized in the coatings industry for many years. 

Due to the relative ease and low expense of wet-chemical application techniques, it 

was desired in this research to synthesize and characterize fully a tungsten oxide precursor 

solution or dispersion with a long shelf life and which was easily coated onto a transparent 

conductive substrate, such as indium-tin oxide (ITO) or tin oxide. Optimally, such a 

solution or dispersion would not be reactive to air. In addition, thick crack-free films were 

desired and the electrochromic properties of these films were to be optimized. Under the 

above guidelines, the current research was begun on reproducing literature results for 

films from a precursor of peroxotungstic acid (PTA)'*. Chemical modifications to this 

material had previously been successfiil''*''*^"'^' in an attempt to more fiiliy stabilize the 

precursor material and to make the solid isolated from this reaction more soluble in 

alcohol, but the precise molecular structure of the precursor molecule had not yet been 

proposed. Coatings of tungsten oxide cast from solutions of this modified PTA precursor 

were crack-free at thicknesses much greater than expected. In addition, the 

electrochromic behavior of said films were superior to evaporated and sputtered coatings. 

While macroscopic principles, such as increased thickness and improved 

electrochromic behavior of these tungsten oxide coatings were the desired results of 

previous research, it was the aim of this thesis to determine how and why such phenomena 

occurred. An understanding of the chemical and physical mechanisms which worked 
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together to ensure crack-free films would be of benefit not only to the system of interest 

here ~ tungsten oxide — but to numerous other thin film systems where film cohesion is an 

issue. Similarly, a greater understanding of how the microstructure of the films evolved to 

either improve or harm electrochromic properties would be of great interest not only to 

the community of electrochromics researchers but also to those working on other 

intercalation compounds. In general, a better understanding of how tungsten oxide films 

may be made thicker and more cohesive through simple chemical means and modified heat 

treatments was desired to benefit all scientists charged with producing variable thickness 

optical quality coatings. 

To arrive at such an understanding, the current work compares the precursor 

methods of Yamanaka et al}* (peroxotungstic acid) to the modified-peroxotungstic acid 

precursor synthesized by Cronin et al}^, which yielded much thicker crack-fi'ee coatings. 

The two precursors are compared by infi'ared spectroscopy, which allows a detailed 

analysis of the bonding changes which occur upon peroxotungstic acid modification. The 

modified precursor is tested to determine the temperature range which bums organics 

firom the film, using thermal gravimetric analysis (TGA) and digital scanning calorimetry 

(DSC). 

Films cast fi'om alcoholic solutions of this modified precursor, applied to a suitable 

infi'ared-transparent substrate such as silicon, are used as a means of examining the 

evolving bonding nature of the film as it is heated to increasing temperatures. Coupled 

with such techniques as x-ray diffraction (XRD) and transmission electron microscopy 

(TEM), IR analysis is used to follow the microstructure of these films as well as the 
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bonding nature. As for the mechanisms of thick film formation, since the drying control 

chemical additive (DCCA) oxalic acid dihydrate (OAD) is necessary to obtain said films, 

ER. spectroscopy, XRD and TEM are utilized again. 

Finally, as the end result of the creation of tungsten oxide films, the 

electrochemical and electrochromic natures of films with and without the OAD additive 

are probed. Standard three-electrode voltammetry with non-aqueous electrolyte is 

employed. Of great interest in these measurements are the differences between films with 

and without OAD in the precursor solution. If different microstructures are indeed the 

result of the additive then a correlation to the electrochemical behavior is expected. 

Similarly, the electrochemistry and electrochromic behaviors of crystalline and amorphous 

tungsten oxide are probed, as there are large amounts of literature which discuss the 

differences in the behaviors of these two types of tungsten oxide. 
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2. BACKGROUND 

2.1 Sol-Gel Theory 

2.1.1 Alkoxide Chemistry and Condensate Forniation 

Transition metal alkoxides, of the general formula M(OR)„ (M = metal and R = 

alkyl) readily undergo nucleophilic attack by water to form metal hydroxides. Further, 

these metal hydroxides may then react with each other in a condensation reaction to form 

larger molecules^. Bradley, et al. have published a useful guide^ to the reactions and 

properties of many metal alkoxides. If hydrolysis is incomplete there may also be a 

condensation reaction between hydroxyl and alkoxy ligands. Eventually, condensation 

results in a polymeric network of a metal oxide, which may lead to a monolithic gel, fibers 

or powders. These reactions are simplified and summarized as follows: 

(2.1.1) M(OR)x + yH20 ^ M(OH)y(OR)x.y + yROH Hydrolysis 

(2.1.2a) M(OH)x + M(OH)x ) (0H)x.iM-0-M(0H)x.i + H2O Condensation 

-  or -

(2.1.2b) M(OH)x + M(OR)x > (0H)x.iM-0-M(0R)x-i + ROH Condensation 

In general, these reactions are accomplished by dissolving a metal alkoxide in an alcohol. 

Small amounts of water added to this solution force hydrolysis. The casting of films from 

these solutions does not require intentional water addition in many cases, owing to small 

amounts of advantageous water which are present in the atmosphere and on the substrate 

surface. To cure and condense these films, firing is often necessary. In some cases, owing 
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to higher reactivities of some alkoxide and hydroxide species, an inert atmosphere is 

required for both deposition and firing. 

There are several reviews on the subject^^*"'^" of sol-gel chemistry. In general, the 

chemistry of alkoxides receives the greatest coverage; however, alkoxide precursors are 

not the only route to obtaining a gel system. Metal halides^', nitrates^* and acetates^'^" 

have also been utilized. In these cases, the halide, nitrate and acetate ligand is exchanged 

for an alkoxy ligand, with the concurrent formation of an acid and lowering of solution 

PH; 

M(N03)x + (excess) ROH > M(OR), + xH^NOa 

Such reactions may be useful in controlling the exact acidity of the solution, a parameter 

which helps control the rates of hydrolysis and condensation of the alkoxides. In a similar 

fashion, lower alkoxides may be formed from higher alkoxides if the higher alkoxide is 

dissolved in a lower alcohol^. For instance, silicon ethoxide may be synthesized if silicon 

isopropoxide is dissolved in ethyl alcohol with a suitable acid catalyst. 

Si(0Pr')4 + EtOH > Si(0Et)4 + Pr^OH 

For metals with a higher electrophilicity, this reaction may not require a catalyst and will 

occur more quickly. It is possible to force a lower alkoxy ligand to exchange for a higher 

ligand; the reaction rates for these processes are typically low. Additionally, in some cases 

the exchange is not complete and a mixed metal alkoxide is the result. 

The rates of the hydrolysis and condensation reactions for different metal alkoxides 

are determined by numerous factors, including metal electropositivity, ligand complexity 

and solution pH. It has been reported by Livage, et al.^ that alkoxides of metals with 
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higher electropositivities have higher reaction rates. This phenomenon is proposed to be a 

result of a necessarily-higher negative partial charge of the ligand, thus making it easier to 

protonate this ligand and promote hydrolysis. Calculated values for the positive partial 

charge of the metal in various metal ethoxides are listed in Table 2.1. The increase in 

electropositivity mimics a trend in reactivity of these species. 

Alkoiide 5"(M) 

Si(0Et)4 0.32 
W(0Et)6 0.43 
V0(0Et)3 0.46 
Ta(0Et)5 0.49 
Nb(OEt)j 0.53 
Ti(0Et)4 0.63 
Zr(0Et)4 0.65 

From: Livage et al.^* 

Table 2.1: Calculated Positive Partial Charge [§(M)] for Different Metals in Metal 
Ethoxides 

As for the complexity of the alkoxy ligand, metal alkoxide reactivity is seen to decrease as 

the alkoxy ligand complexity increases. Reasons for this include steric shielding of the 

metal atom from nucleophilic water attack. Table 2.2 illuminates the trend of acid 

hydrolysis reactivity of alkoxysilanes of increasing alkoxy complexity. 

The use of a catalyst is necessary in many cases to facilitate the hydrolysis and 

condensation reactions, and to control the morphology of the condensate. For the same 

metal alkoxide system, it is possible to vary reaction times and to cause either gel 

formation or precipitation. The addition of an acid catalyst causes quicker protonation of 
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Alkyl Group k 
10^ (l/(mols[Hl) 

C2H5 5.1 
C4H9 1.9 
CsHis 0.83 

(CH3)2CH(CH2)3CH(CH3)CH2 0.30 
From: Aelion, et al. 

Table 2.2: Rate Constant (k) for Acid Hydrolysis of Tetraalkoxysilanes at 20°C 

the leaving group, a negatively-charged alkoxy ligand, and this forces the rate of 

hydrolysis to increase also if sufficient water is available to hydrolyze this cationic metal 

site^^. Generally, acid catalysis also causes the condensed material to form into a monolith 

gel. High concentrations of acid catalyst slow down condensation rates. Alternatively, a 

basic catalyst" is seen to cause higher rates of condensation in many systems and this 

leads to more compact, precipitated condensation products. 

Chemical modification of the metal alkoxide precursor, other than alcohol 

exchange, can also lead to changes in the structure of the evolving condensate. The 

addition of such chemical modifiers as acetylacetone^^ and other diketonates, organic acids 

such as acetic^' and citric^® and amine compounds such as triethanolamine^^ cause such 

phenomena. It was reported that varying the ratio of acetylacetone^* (acac) in a solution 

of titanium isopropoxide yielded very diflFerent results in the structure of the condensate. 

When no acac was utilized and titanium isopropoxide was hydrolyzed and condensed, a 

dispersion (sol) resulted with a suspended particle size of 20nm. When one mole of acac 

was used per mole of Ti(0Pr')4, one OPr" ligand was replaced by an acac ligand (on 



21 

average) and this acac ligand was not removable during hydrolysis. This solution aged at 

room temperature to become a sol of 5nm anatase. A ratio of two moles acac to one mole 

Ti(0Pr')4 yielded Ti(OPr')2(acac)2 and a solution of linear polymers. This result was 

expected when the acac ligands were not hydrolyzed. as the hydrolyzed Ti(0Pr'):(acac)2 

precursor would only react at two sites during condensation, leading to single 

dimensional polymer. In the case of the acac-free reaction, four sites per molecule were 

available for condensation and a larger average particle of polycondensed precursor was 

formed. Similarly, the Ti(0Pr')3(acac) precursor was seen to have three reactive sites for 

condensation and a smaller average particle size was expected, as condensation would not 

be complete. 

2.1.2 Tungsten Peroxide Compounds 

Among the first attempts at examining the dissolution of tungsten metal in 

aqueous hydrogen peroxide solutions was that of Murau in 1961. In this short work, it 

was noted that tungsten readily dissolves in peroxide solutions at room temperature and 

60°C. Dissolution was faster at the higher temperature but was also noted to be quite 

violent. Addition of acids (including nitric, sulfuric and acetic) and bases such as sodium 

hydroxide did not noticeably affect the reaction rate. Upon dissolution, drying below 

100°C yielded a yellow, crystalline "pertungstic acid" which could be dissolved in water. 

Drying above this temperature yielded either tungstic acid or anhydrous tungsten oxide. 

Later works attempted more fully to identify the suiictures of the numerous 

peroxy-complexes of tungsten metal. In general, this structural analysis was 



accomplished after precipitating the pcroxotungsiic anions in solution by reaction with 

alkali metai ions. It was seen that reaction ol increasing ratios ot hydrogen peroxide 

to tungsten metal resulted in molecules with increasing numbers of (O;) ligands attached 

to each tungsten atom. Peroxotungstic anions described in this literature prepared from 

ratios of l:lperoxide to metal have the general structure W(0)3(02r. A ratio of 2:1 

peroxide to metal yields structures based on the formula W(0):(02)2^ or alternatively 

[(0;)2W(0)0W(0')(02)2r- At a ratio of 3:1. the resulting ion is W(0)(02)3^ and a 4:1 

ratio produced W(02)4^- In solutions of peroxide » tungsten, an equilibrium is seen to 

exist between the 2:1 and 4:1 species. The spatial structure of the dimetallic 

tetraperoxyditungstate ion''° (from 2:1 peroxide to tungsten) may be seen here in Figure 

2 .1. 

Figure 2.1: Structure of tetraperoxyditungstate ion""^. (empty circle: oxygen; dotted 
circle: tungsten; crossed circle: oxygen of water molecule) 
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Tungsten oxide thin films were prepared by Yamanaka, et al.'* fi-om a solution of 

peroxotungstic acid (claimed to be the proton salt of that species seen in Figure 2.1) by 

dissolving the isolated acid in a polar solvent such as ethanol or water and spin-coating on 

ITO substrates. These films were seen to have electrochromic properties superior to 

evaporated WO3. Unfortunately, the maximum film thickness seen before cracking and 

spalling was reported to be 350 nm. At a thickness at or below 350 nm, coloration of 

tungsten oxide is not maximized. However, no differences in electrochromic behavior 

(other than depth of coloration) were reported between thinner films and thicker, cracked 

films. However, it must be pointed out that cracks stand out in the colored coating. If 

cracks are large enough, a spiderweb-like design of uncolored lines is visible on the 

colored film. 

2.1.3 Thin Film Formation by Dip or Spin Coating 

Among the commercial applications of sol-gel science is the deposition of thin film 

coatings. Thin coatings are used in many applications. Among these; gas and vapor 

sensors'*''*^ various optical (reflective, antireflective*^ and other) purposes, various 

electronic (ferroelectric*^, superconducting*^ and other) purposes, various protective 

(scratch, wear-resistant and other) purposes*^ and many other applications, mcluding 

hybrids of the previous. Recently, considerable research has been conducted on thin-film 

electrodes for thin-film battery applications*^'** and electrochromic devices*'"^". Many of 

these films can be deposited by sputter-coating, evaporation and other methods. 
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However, in many of these cases a wet-chemical method is ideal. The wet-chemical 

deposition method of choice is usually either dip or spin coating. 

In dip coating, a storage reservoir of the coating solution is either raised and 

lowered in relation to a substrate or the substrate is lowered into the reservoir and then 

removed. This leaves a film of liquid on the substrate with a thickness dependent on the 

viscosity and surface tension of the liquid, viscous drag upward by the substrate on the 

liquid and the rate of substrate withdrawal. It may be easily visualized that a given 

viscosity of liquid will leave a thicker film if the substrate is pulled quickly fi-om the liquid 

rather than slowly. In this respect, it is generally seen that for sol-gel coating, film 

thickness is controlled by varying dipping speed. Thickness is also controlled by 

controlling the solid loading of the solution (concentration). In many cases, thicker films 

of a given system may be reached if numerous coatings are applied to the same substrate, 

with an intermediate firing or drying step in between dip coatings. 

The drying of a dip coated film occurs in numerous stages. First is the drainage of 

excess solution fi'om the substrate. Following is the evaporation of solvent fi'om the wet 

film, causing the molecules or particles in solution or dispersion to come into contact. If 

this is a sol-gel alkoxide system and the precursor molecules are prehydrolyzed this is a 

time of fast condensation, as the hydroxyl ligands are forced into close proximity. These 

films may be allowed to dry ftirther at room temperature or may be heated or placed under 

reduced pressure. 

Spin coating, by contrast, is the action of applying an excess of solution to a 

horizontal substrate and then spinning this substrate at a variable rate. The action of 
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spinning the substrate first causes the solution to radially flow out from the center of the 

substrate. This is called spin-up. Excess solution is then spun from the substrate in the 

spin-off stage. Finally, evaporation causes excess solvent to be removed. As with dip 

coating, during evaporation there exists a critical stage where condensation and 

strengthening of the forming solid skeleton begin to slow down the rate of film shrinkage 

from evaporation. Further evaporation either removes liquid from pores in the forming 

film (if condensation dominates evaporation) or causes collapse of the film skeleton (if 

the opposite is true). There are numerous reviews^'"^" which deal with the mechanisms 

and phenomena involved with spin and dip coating. 

As drying and condensation occur in sol-gel films, large stresses often develop 

which eventually lead to micro- and macroscopic cracks in the dried film. Considerable 

research has been devoted to studying the mechanisms and avoidance of this su-ess build

up, as it is usually difficult to obtain films of larger thicknesses which are crack-free. 

This cracking has been attributed^^ by Scherer to the large pressure gradient which builds 

up in the forming gel's liquid phase. This gradient leads to different portions of the 

network shrinking at different rates. The exterior of the gel - in the case of a film, the 

surface - dries first and is placed into tension because of shrinkage in these areas versus 

the bulk of the film. Such tension eventually causes cracks. The film stress gradients 

have been reported to be on the same order as the liquid phase capillary stress''*, which 

makes it remarkable that all films do not fracture readily. 

Another model for the formation of cracks in thin films was proposed by 

Zarzycki^^ in 1982. In this model, stresses arise as a result of the pore size distribution in 



the drying gel. This distribution allows certain pores (larger pores) to empty quicker than 

others (smaller pores) and because of this a stress build-up forms in the walls of adjacent 

different-sized pores, fracturing the pore walls. The relation between pore size 

distribution and film cracking has been further probed by Hench^^, although Scherer has 

since published work'^ criticizing this model. 

2.2 Electrochromism in Tungsten Oxide Films 

Initial experiments with the formation of a colored tungsten bronze from tungsten 

CO 
oxide were conducted by Sienko in 1963. Tungsten bronze is the reduced (colored) 

form of the tungsten oxide, with an alkali metal incorporated into the interstices of die 

oxide structure. The reference to "bronze" is derived from the metallic luster taken on by 

the reduced material. The root of this coloration was first explained by Deb" in 1973 as a 

color center in the oxide formed from a combination of injected electrons with oxygen 

ion vacancies (of positive charge). Faughnan, et al.^ then further refined coloration theory 

by adding diat reduction of the tungsten oxide layer was carried out under the 

simultaneous injection of protons and electrons. The optical change in these films was 

then due to intervalence transfer of the trapped electrons from one tungsten ion site (at 

charge = 5+ or 6+) to another (at 6+ or 5+). This reversible ion-intercalation reaction 

may be written: 

WO3 + aH"^ + ae" • • XHWO3 



This double injection theory is widely accepted today as a valid explanation of the 

coloring behavior. Nevertheless, among dissenters to double injection theory are Gerard, 

et al.'''"^° who postulated that protons are not intercalated into the film during the coloring 

reaction, as measurements indicated a steady concentration of hydrogen in the coloring 

films. Their theory for coloring was explained as a proton exchange between "passive" 

and "active" sites in the film. This theory, however, is not recognized in current research 

on tungsten oxide electrochromism. 

It is easily pictured from the double injection model that diffusion of the positive 

charge into the film should play an important role in the kinetics of the coloration 

reaction. Bleaching of the film should also be greatly impacted by intercalant diffusivity 

if the ions must be completely removed from the film before the optical change is seen. 

Diffusivity was determined*^^ to be the limiting factor in coloration because the coloration 

of the film was inversely proportional to the square root of time a typical 

relationship for diffusion limited phenomena. Bleaching kinetics were, however, 

determined to be proportional to ion diffusivity only if the intercalated charge was 

allowed to relax in the film to uniform levels throughout^^. Without this relaxation, 

bleaching was seen to be conU"olled by space-charge limitations, with larger quantities of 

positive charges built up in the film near the film-electrolyte interface. This glut of 

charge in a small area does not allow steady state diffusion to occur, as a potential 

gradient exists in the film. Among other proposed mechanisms for the optical change in 

reduced tungsten oxide films is a Drude free electron absorption model" and a small 

polaron absorption model^^. 
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There are numerous models which deal with the coloration effect in tungsten 

oxide. Such arguments are moot m light of the numerous microstructural forms that these 

films can take. Different densities, hydration levels and purities can lead to entirely 

different reaction kinetics. Owing to the numerous deposition methods available for 

preparing thin oxide films, and the resulting differences in film composition and 

structure, it is not surprising then that results from different research groups are strikingly 

different. To further complicate the issue, it is more desirable to utilize lithium ions 

rather than protons as the intercalating species (to circumvent hydrogen gas formation 

during film bleaching). As lithium ions are larger than protons, intercalation requires 

greater potentials. Additionally, a non-aqueous system is necessary because of possible 

water electrolysis (which would form protons in situ) and because water will hydrate 

lithium ions, further increasing the size of the cation. 

In attempts to quantify tilm structural and compositional impact on 

electrochromic properties, numerous research groups have compared films prepared by 

and treated with different methods"'"^'^^. In general, it was seen that films which 

contained larger amounts of water were faster to color and bleach. This water was 

assumed to enhance the intercalation of lithium ions. Sol-gel films, with large amounts 

of structural water, exhibited the best electrochromic activity, followed by evaporated 

WO3 and finally sputtered WO3, which is quite dense. It was also noted'^ diat films 

which contained larger amounts of water tended to crack and erode with elecu^ochromic 

cycling but that this erosion left a rougher surface, which increased coloration rate. 

Separate from the water results, crystalline films have been claimed to exhibit poorer 
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(slower) coloration times and less overall visible light modulation^ than amorphous 

films. Some researchers have gone so far as to claim that it is impossible to color 

crystalline tungsten oxide^^. In another report it is shown that films with small crystallites 

in an amorphous matrix have superior properties over completely amorphous films'^^. 

Whichever properties are present in a tungsten oxide film, it is obvious that certain issues 

are key. For instance, hydration of the tungsten oxide layers, density, crystallinity and 

other parameters, if controlled, can allow control over the optical response of the film. 
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3. EXPERIMENTAL METHODS 

3.1 Fourier Transform-Infrared Spectroscopy (FT-IR) 

Infrared spectroscopy of powdered samples was conducted by a Mattson 

Instruments 4030 Galaxy Series FT-IR by preparing pressed KBr pellets with a 

composition of O.lg KBr to 0.007 g sample. A background spectrum of a pure KBr pellet 

was subtracted from the sample spectrum. The sample chamber was purged with dry 

nitrogen gas for five minutes before a scan was run to purge the system of carbon dioxide. 

Final spectra were an average of 16 spectra, taken at a resolution of 4 cm'^ and between 

the wavenumbers (cm"') of 4000 and 400. For thin film samples, the film was deposited 

on a silicon wafer (n-type, P-doped) and all parameters (resolution, averaged number of 

scans and spectral area) were identical to that of powdered sample analysis. 

3.2 X-ray Diffraction (XRD) 

Diflfraction measurements were taken using a Scintag model XDS 2000 powder 

diffractometer. Powder samples were prepared by application of a double sided tape to a 

microscope slide and covering the tape with a flat layer of finely-ground sample powder. 

Thin film samples were collected for coatings deposited onto indium tin oxide or tin oxide 

glass. The scan rate was l°/min using Cu Kai radiation. As earlier research had 

concluded that a thin film diffractometer (Phillips Electronics Instruments) in a Bragg-

Brentanno geometry did not yield improved diffraction patterns, the powder 

diffractometer was used for both powder and thin film diffraction measurements. 
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3.3 Thermal Gravimetric Analysis (TGA) and Differential Scanning 
Calorimetry (DSC) 

TGA was conducted using a Perkin Elmer TGA-7 Thermal Gravimetric Analyzer 

under nitrogen. Samples were finely-ground and the average sample weight before firing 

was 10 mg. Scaa rates were varied from l°C/min to lO°C/min, depending on the 

experiment requirements. Scanning was conducted up to SOO°C in a platinum sample pan. 

DSC was conducted using a Perkin Elmer DSC-7 Differential Scanning Calorimeter with 

aluminum sample pans. AscanrateoflO°C/min was utilized. The subtracted background 

was of an empty aluminum sample pan. 

3.4 Proton Nuclear Magnetic Resonance (^H NMR) 

Proton NMR was conducted by the University of Arizona Department of 

Chemistry with a Bruker WM250. The sample was dissolved in dimethylsulfoxide 

(DMSO) and scans were run at a fi-equency of 250 MHz. 

3.5 Rutherford Backscattering (RBS) 

RBS of the tungsten oxide thin films on silicon was conducted using a ^He beam 

with energies of 1892 and 4290 keV. RBS equipment included a 5.5 MeV van der Graaff 

generator and a 600 MeV AMu bending magnet. A quadruple lens focused the beam on 

the target with the detector located 0.15 m away from the target, subtending a solid angle 

of 0.78 msteridian. The backscattering was measured at 2.97 radians. The target chamber 

was maintained at a dry nitrogen pressure of 2.7 x 10"* Pa. 
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3.6 Ellipsometry 

Ellipsometry was conducted on thin films deposited on silicon using a Gaertner 

Auto-Gain ellipsometer. The helium-neon (632.8 nm wavelength) laser beam width was 

about 1 mm, allowing the instrument to obtain an average value for the index of refraction. 

A computer algorithm corrected for the silicon dioxide layer between the film and the 

silicon substrate. The samples were analyzed using three different incident angles (70°, 

65° and 60°) and the data obtained was fed into an iterative computer program to obtain 

more accurate data than would be available by single angle measurements. 

3.7 Transmission Electron Microscopy (TEM) 

Preparation of thin films for TEM analysis involved the following steps: Two 

samples approximately 4 mm x 10 mm were sandwiched together with their coated sides 

contiguous. These were bonded by epoxy an cured at 100°C for two hours. Thin slices 

(0.3 to 0.4 mm) of this sample were then cut from this block and 3 mm discs were cut 

from these slices. The discs were ground flat, polished on one side, then polished and 

dimpled to perforation on the other side. Final thinning, done at liquid nitrogen 

temperature, was performed by ion milling from both sides. Some samples were examined 

at the University of Arizona with a Hitachi H8100 transmission electron microscope at 

200 kV, while others were analyzed, in a similar way, at Oakridge National Labs by Doug 

Taylor. 
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3.S Atomic Force Microscopy (AFM) 

Surface roughness measurements were conducted by AFM analysis at Wyko 

Corporation, Tucson, AZ, with a Wyko SPM 30 instrument. This was a repulsive mode 

SPM with silicon nitride cantilevers. The sampled area was 100 |im^. 

3.9 Ultraviolet-Visible-Near Infrared Spectroscopy (UV-Vis-NIR) 

UV-Vis-NIR was carried out using a Shimadzu UV 3100 spectrophotometer. For 

measurements of absorption, transmittance or reflectance over a wide spectral range, 

wavelength limits of200 nm to 2000 nm were set, with a slit width of 20 nm and a sample 

interval of 1 nm. For measurements of transmittance versus time the wavelength was set 

at S50 nm and a slit width of 20 nm was also used. 

3.10 Electrochemical Measurements 

Cyclic voltammetry (current versus potential) was conducted using an EG&G 

Versastat potentiostat, a platinum foil counter electrode, a non-aqueous Ag/AgN03 (0.01 

M AgNOs in acetonitrile) reference electrode and 0.1 M LiC104 in propylene carbonate 

(PC) as the electrolyte. Cyclic voltanmiograms were run at a scan speed of 10 mV/s 

between potential limits determined for the experiment. Total inmiersed film area in all 

cases was constant at close to 9 cm^. Step potential (chronoamperometry) measurements 

were conducted by applying the determined anodic (bleaching) potential for 10 seconds to 

the already bleached film, applying the cathodic (coloration) potential for some time and 
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then reapplying the anodic potential. Integration of charge under a cyclic voltammogram 

or chronoamperometry curve was executed by the EG&G software. For simultaneous 

optical and electrochemical measurements, a 1 cm^ hole was cut in the center of the 

platinum counter electrode and the glass cell was placed in the beam of the spectrometer, 

while being attached to the EG&G potentiometer. 
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4. CHEMISTRY AND CHARACTERIZATION OF PTE 

4.0 Section Objectives 

The production of tungsten oxides via a reaction of tungsten metal with peroxide 

has been documented in other works, albeit with some amount of uncertainty as to the 

reaction taking placeThis technique was utilized in the present work to 

prepare optical quality thin films of tungsten trioxide. However, it was soon recognized 

there were many difficulties in isolating a solid, such as in the work of Yamanaka, et al.'^, 

which was soluble in an alcoholic solvent. [Isolation of a stable solid is important because 

the most convenient mode of storage of this precursor is as a low volume solid which may 

be dissolved in an alcohol in a range of concentrations to control solution viscosity. The 

requirement of solid solubility in an alcohol is derived from the fact that alcohol solutions 

wet oxides (such as tin oxide or indium tin oxide) much better than water-based 

solutions.] In addition to the isolation and solubility difficulties, films cast fi'om these 

solutions tended to crack and peel from tin oxide or indium tin oxide substrates even at 

lower (<300 nm) thicknesses. One possible method of solublizing peroxotungstic acid, 

alluded to in a work on superconducting films of Y-Ba-Cu by Gupta, et al.'*^ was 

complexation of tungsten metal with an organic (trifluoroacetic) acid. Subsequent 

reactions by this author, in the presence of acids such as formic, acetic, propionic and 

trifluoroacetic revealed that all of these allowed, unexpectedly, a peroxotungstic acid 

derivative which exhibited great solubility in lower alcohols. (As the acetic acid-inclusive 

reaction yielded the most soluble product, studies were centered around the acetic acid 



reaction.) Films dip-cast from such a solution were also eiectrochromic. From these 

results, the goals of this thesis were derived; to fiilly characterize this peroxotungstic acid 

derivative, to characterize the forming of tungsten oxide films from this precursor, to 

examine methods which allowed for thicker films to be prepared, and finally to detail the 

eiectrochromic properties of these films. 

For this section of the work, focus was leveled on characterizing the molecular 

architecture of the peroxotungstic acid derivative as it evolved over the course of the 

reaction fi'om metal to final product. This work involved directly comparing the 

compounds derived fi'om both the standard and acidified reactions at various stages over 

the course of the reaction. (Please note; The standard hydrogen peroxide/tungsten metal 

reaction will hereafter be referred to as the "standard reaction" and the peroxide/acetic 

acid/tungsten metal reaction will be referred to as the "acidified reaction".) 

4.1 Experimental Results 

4.1.1 Modiflcation of Peroxotungstic Acid 

Whereas the reaction of tungsten metal and oxides with hydrogen peroxide has 

been documented and the resulting compound (peroxotungstic acid) explored as a 

precursor to tungsten oxide films'*'^' ®^ the addition of acetic acid to the reaction brought 

about numerous changes in the rates of reaction and physical properties of the 

peroxotungstate compound which were as yet undescribed. In previous literature it was 

reported that the glassy peroxotungstic acid which was isolated fi-om the peroxide/metal 
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reaction was soluble in suitable polar solvents such as water or alcohol'*. This 

peroxotungstic acid was reported to form according to the following reaction: 

2W(„,) + 7H202(«,.) [(02)2W(0)-0-W{0)(02)2f" + 1.502 + 14H* 

The previous material, anionic in solution, was reported to condense upon drying into the 

acid compound 

H2[(02)2W(0)-0-W(0)(02)2]-nH20. 

Experimentally, redispersion or dissolution of the peroxotungstic acid in water was 

possible, as reported, but dissolution was difficult and slight if the solvent was alcoholic, 

contrary to one published report'*. In contrast, the product from the acidified reaction 

could be dissolved quickly (from minutes to a few hours) in water, numerous lower 

alcohols, and many other polar solvents. In addition, while the standard reaction required 

a suitable catalyst for timely decomposition of excess peroxide, such as platinum black, the 

free hydrogen peroxide in the acidified reaction simply decomposed at elevated 

temperatures in several hours. Without the presence of the acetic acid, which catalyzes 

the decomposition of hydrogen peroxide into water and oxygen gas (as do most acids), 

H 2 O 2  — H 2 O  +  1 ^ 0 2  

free peroxide decomposes much more slowly. The previous differences allude to a 

possible modification of the peroxotungstic acid molecule. 

To compare the reaction products of the standard reaction and the acidified 

reaction, synthesis of the two compounds was accomplished in the following fashion 

(Figures 4.1a and 4.1b): to a one-liter recovery flask was added 400 mis of distilled water 

(18 Q cm) and to another flask was added 400 mis of glacial acetic acid (Chempure). 



48f2(~5 days) 

Dried to light yellow powder 

Dried to light yellow powder 

Peroxotungstic Acid 
Stage 3 Powder 

Peroxotungstic Acid 
Stage 3 Solution 

Peroxotungstic Acid 
Stage I Solution 

Peroxotungstic Acid 
Stage 2 Solution 

Peroxotungstic Acid 
Stage 2 Powder 

3l.2wt%H202(aq.) + W(„) 

Figure 4.1a: Schematic diagram for the preparation of peroxotungstic acid 
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Peroxotungstic Ethoxide 
Stage 3 Solution 

Peroxotungstic Ethoxide 
Stage 3 Powder 

Peroxotungstic Acid 
Stage 1 Solution 

Peroxotungstic Acetate 
Stage 2 Solution 

Peroxotungstic Acetate 
Stage 2 Powder 

31.2 wt%H202(aq.) -i- CH3COOH + W(ni) 

Figure 4.1b; Schematic diagram for the preparation of the peroxotungstic ethoxide (PTE) 
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These flasks were then cooled to CC in a circulating chiller, at which point both the water 

and the acetic acid froze. To each of the previous was added 400 mis of an aqueous 

solution of hydrogen peroxide (Aldrich, titrated at 31.2%), which melted the frozen water 

and acetic acid. These solutions were then stirred vigorously while 55 g of tungsten metal 

was slowly added to each. After 24 hours, each was removed firom the chiller. The 

resulting solutions contained small amounts of unreacted tungsten metal, which was 

filtered ofif. Samples of this reaction stage. Stage I, were drawn from each solution before 

further reaction and dried in a rotary evaporator. 

The filtered solutions were then placed in a water bath held at 48''C and stirred 

magnetically to decompose the fi-ee hydrogen peroxide. This will be called "percolation". 

Periodically, as the decomposition progressed during percolation, samples were further 

drawn off to mark the extent of the reaction. While it took approximately 16 hours to 

fully decompose the peroxide in the reaction including acetic acid (marked by the 

cessation of bubble evolution in the solution), the acid-fi'ee reaction required continued 

elevated temperature treatment for over 130 hours to decompose the peroxide in solution. 

In both solutions, the color turned from very faint yellow before the final stages of 

decomposition to a deeper yellow as decomposition ended. This is undoubtedly the point 

where the precursor molecules begin to form fine particles and to agglomerate. Further 

reaction after complete decomposition of the peroxide brought about a hazing in both 

solutions, which was indicative of particle formation and the beginning stages of a 

precipitation reaction. Beyond this point large agglomerates of unstable dispersant formed 

and eventually settled. 
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As mentioned above, during the percolation reaction the solution was sampled at 

various intervals and a solid product isolated by heating under reduced pressure in a 

rotary evaporator. Samples of the solution were not taken alter hazing. It was noted that 

it took longer to isolate a solid from the solution samples taken before the final hydrogen 

peroxide decomposition, and that the product was white when isolated. After a point in 

the reaction just before bubbling ceased (a point where the last of the free hydrogen 

peroxide was assumed to decompose), the isolated solid was no longer white, but yellow. 

The decrease in gas evolution by bubbling occurred in both reactions, but. as previously 

described, after much different reaction times. 

A look at the progression of the standard reaction was undertaken with infrared 

spectrometry as a fingerprinting tool. Samples were prepared as pellets in KBr and the 

absorbance spectra in the middle IR was examined. A sample of the Stage 1 dried 

product yielded the spectrum seen in Figure 4.2. This spectrum is characterized by 

multiple peaks in the region of 3550 - 3300 cm"'. These are assigned to various types of 

water associated^''^"'^^ with the peroxotungstic acid. The sharpness of said peaks and 

other peaks seen in the spectrum suggest diat the material in question is partly crystalline. 

The remaining peaks are assigned to the following bond types: a cluster at 1700 - 1600 

cm"' is also associated with water^'"^""'^, a peak at 974 cm"' is assigned to the tungsten-

71 7*^ 74 73 oxygen double bond " " (or possibly to another contortion of the W-0 bond ), one at 

906 cm"' is either due to a tungsten peroxide ligand (expected at around 880 cm"') or 

another W=0 bond, associated with hydrogen bonding^"*, one at 636 cm"' is assumed to 

b e  c a u s e d  b y  t h e  O - W - 0  b o n d  d u e  t o  i t s  g e n e r a l  a r e a  o f  t h e  s p e c t r u m ' ( b e t w e e n  
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Figure 4.2: Standard reaction - FT-ER spectrum of Stage I Powder 
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600 and 820 cm*' for hydrous WO3, according to Daniel, et al.''), while two convoluted 

peaks at 557 and 540 cm*' are assumed to be caused by the tungsten peroxide ligand^' 

(W(0)2). AH of the previous bands are expected and reported by Yamanaka, et al.'* for 

this reaction. Therefore, it is assumed that the compound formed by dissolving tungsten 

metal in hydrogen peroxide is peroxotungstic acid as reported in numerous sources. 

Various samples of the standard solution revealed that the IR-active bond structure 

did not change during five days of heating, suggesting that only free hydrogen peroxide 

decomposition had occurred. The sample drawn after the decomposition was complete 

(on the fifth day of heating) yielded a spectrum as seen in Figure 4.3. This spectrum 

demonstrated a marked loss of crystallinity in the sample, as indicated by considerable 

widening of the bands. In addition, the numerous water bands seen in the 3500 - 3300 

cm*' region have merged into a very broad hump centered between 3500 and 3200 cm*'. 

The other water-related band at 1628 has shifted to the lower-energy location at 1618 

cm*'. Similarly, the peaks seen for the W=0 (at 974 cm*') and the W(02) (at around 550 

cm*') bonds have also shifted to slightly lower energies. Most importantly is the 

emergence of an extremely-complicated grouping of peaks between 900 and 600 cm*'. In 

numerous tungsten oxides, the accepted" spectral area for all W-0 type (this includes O-

W-0 and W-O-W) stretches is in the region 600 - 900 cm"'. All of these peaks are 

assumed to be related to the formation of a complicated tungsten-oxygen structure, but of 

greatest interest is the dominance of one band at 873 cm*', which has been reported to 

appear (at 880 cm*') only for the bidentate peroxide (W(02)) form of tungsten-peroxide 
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Figure 4.3: Standard reaction - FT-IR spectrum of Stage 2 powder 
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compounds. Because of this band the form of peroxo-compound present is taken to be 

that with a bidentate W(02) ligand. 

When attempting to dissolve the dried yellow product (Stage 2) of this standard 

reaction in an alcoholic solvent, it was seen that the solid would dissolve in methanol 

within one hour, but that small amounts of a white precipitate soon formed. Dissolution in 

ethanol required longer times (greater than one day) and a much larger amount of 

precipitate formed. For IR analysis, the "sample" taken for drying was the clear solution 

above the precipitate layer. This sample was not significantly changed from before 

dissolution in ethanol in the IR spectrum, suggesting that only dissolution or dispersion 

had occurred, and that no reaction had taken place between the Stage 2 dried product and 

the solvent. The precipitate was assumed to be that of the precursor which had 

aggregated to sizes too large to remain dispersed. The "Stage 3" product of the standard 

reaction, for future comparison to the acidified reaction, was identical to the Stage 2 

product, since no reaction had occurred. 

Similar to the above characterization, IR analysis was conducted on the evolving 

product of the acidified reaction. After dissolution of the tungsten powder in the peroxide 

and acetic acid solution, a sample (Stage 1) was dried and the IR spectrum (Figure 4.4) 

was obtained. This spectrum was nearly identical to the spectrum fi-om the standard 

reaction at this stage of the reaction. The only difference noted in the two reactions 

occurred in the hydration regions of 2900-3600 cm"^ and 1600-1700 cm"' for the acidified 

reaction Stage I product, reducing the number of distinct bands, suggesting that the acetic 

acid had caused a more amorphous material to form. This was also seen in the area of 
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Figure 4.4: Acidified reaction - FT-IR spectrum of Stage 1 powder 



1000 cm** to 500 cm*', where a distinctly less sharp spectrum existed than for the standard 

reaction (Figure 4.2). In the absence of other bands, the acetic acid was not seen to react 

with the forming compound during the low-temperature dissolution step. However, when 

this reaction was refluxed, the rate of peroxide decomposition was drastically increased 

over the standard reaction. In addition, after the critical point of total peroxide 

decomposition had passed, an IR spectrum (Figure 4.5) revealed the addition of numerous 

bands associated with acetic acid^^ 

It was then necessary to prove the existence of either free acetic acid or a new 

ligand on the tungsten moiety which resembled an acetate group. While there existed 

some of the more intense bands expected of free acetic acid (1714 and 1294 cm ') these 

were quite weak in relation to the metal-oxygen and other bands from the peroxotungstic 

acid. Of most importance was the stretch seen in the area of 1540-1550 cm"', attributable 

to the general C=0 vibration'®. While this stretch does not appear for free acetic acid, it 

does exist in intense form for numerous acetic acid metal salts'^ This is due to the 

decreasing electronegativity of the metal atoms, which changes the nature of the C=0 

bond, decreasing its energy. In this sample, a peak appears at 1543 cm*', which may 

correspond to the tungsten acetate C=0 vibration. Because of this IR band, it was 

claimed that the peroxotungstic acid had reacted to incorporate some number of acetate 

ligands. Such a result explains the increased alcoholic solubility of this product over that 

produced in the reaction with no acetic acid, as in general a metal acetate is much more 

soluble in alcohol than a metal oxide. 
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Figure 4.5: Acidified reaction - FT-IR spectrum of Stage 2 powder 



One question about the Stage 2 dried product was whether it was crystalline or 

amorphous. Previous data suggested that the acidified Stage 2 dried product appeared 

less structured than the Stage 2 produa from the standard reaction. X-ray diffraction 

(Figure 4.6) did not show this crystalline character, as the diffraction pattern displayed 

only a very broad hump. It is possible that crystallinity does exist in the Stage 2 solid but 

that crystalline grains are small enough to be invisible to Bragg diffraction. Future 

experiments will be done in this area to determine the crystallinity of the Stage I and 2 

solids for both the standard and acidified reactions. 

When the above material, tentatively termed peroxotungstic acetate, was dissolved 

in water, methanol, ethanol or isopropanol it evolved gas for the length of the dissolution. 

(This does not occur in the standard reaction.) This gas evolution is assumed to be 

oxygen liberation as some of the remaining peroxide ligands decompose. In the studies of 

sol-gel science and wet chemistry, in the reaction of an acetate with an alcohol, an 

expected reaction is the swapping of the acetate ligand for an ethoxy ligand. When this 

solution was dried and an IR spectrum taken of the yellow solid (Figure 4.7) there existed 

no trace of acetic acid or any acetate grouping. There also existed no evidence of an 

ethoxy^ ligand other than a small, ethanol-related" band at 2981 cm"', but the product of 

this reaction will need to be examined with more than just infrared spectrometry. (See 

Section 4.1,2) A comparison of the spectra (Figures 4.2 and 4.7) fi-om the different 

reactions reveals very few differences in the region from 1000 to 500 cm"'. In addition, 

the shape and placement of the water-related bands (3500-3000 and 1620 cm"') are not 

different. Most important is the fact that the tungsten oxide precursor from the acid 
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Figure 4.6; X-ray diffraction pattern of Stage 1 Powder 



51 

Stretches 

3900 3400 2900 2400 1900 1400 

Wavenumber (cm-1) 

Figure 4.7: Acidified reaction - FT-IR spectrum of Stage 3 Powder 
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reaction had a much improved reactivity/solubility over the standard reaction. Some 

structural change had then been given to the peroxotungstic acid molecule by interaction 

with acetic acid. 

4.1.2 Characterization of the Modified Peroxotungstic Acid 

To fully examine the molecular architecture of the modified peroxotungstic acid, a 

more detailed look at the infrared spectrum was undertaken, as well as atomic absorption 

(AA) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, thermal gravimetric 

analysis (TGA) and differential scanning calorimetry (DSC). 

The infrared spectrum of this modified peroxotungstic acid had characteristic 

adsorption bands at the assigned W=0 area (972 cm''), bands assigned to the peroxide 

group (877 cm"' and 551 cm*'), various W-0 bands (781, 686 and 640 cm"') and water-

associated bands at 3450 cm ' (broad), 1622 cm"', 1554 cm"' and what appears to be a 

hidden band at 3250 cm"' . Data by Daniel et al?^ supports that the presence of water 

bands at 1622 cm'' is due to the monohydrate form of the oxide, while that at 1554 may 

arise fi-om some other hydrated form. The concept of numerous co-existing hydrated 

forms of tungsten oxide is further alluded to by the presence of numerous hydration bands 

in the 3500-3000 cm"' area. Some of this water appears to be structural in nature, as upon 

raising the temperature beyond 100°C the only resilient water band occurs at 3200cm''. 

This band has been previously referred to as structural water^ and was seen by other 

researchers, as well as this study, to remain until beyond 300°C. In the case of this 

material, this water did not completely disappear until the decomposition reaction 
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occurred at about 360®C to yield an anhydrous form of the oxide (presumed to be 

monoclinic from diffraction data later in this work). TGA run from 100°C to 500°C 

(Figure 4.8) showed a small dip in weight loss after about 350°C, indicative of the 

liberation of structural water. This behavior was mimicked in DSC analysis (Figure 4.9), 

where an exotherm was noted above 360°C. This behavior has also been noted for 

peroxotungstic acid-based 61ms'^. (Note: TGA and DSC analyses were performed after 

externally heating the powder to I20®C, as violent decomposition near 100°C expelled all 

solid from the TGA sample pan and ruptured the sealed DSC pan.) The amount of weight 

lost in the region of 100°C ~ 230°C was measured to be close to 2.3%. This was 

associated with the loss of organics, both trapped and as ligands, and from loss of 

condensation by-products. Weight loss between 230°C and 500°C was measured as 1% 

and is probably related to the release of water, presumably structural in nature. 

The presence of structural water complicates the process of molecular 

identification, as the material must then be viewed as three dimensional in nature, with 

water molecules held in interstices in the structure. A molecule of this material may be 

arrived at in theory, owing to the presence of certain functional groups, but a molecular 

schematic representation of the material must be then understood to be a model, as the 

actual material itself is probably clustered, with the functional groups on the surface of 

these clusters. 

In light of the above, the identification of functional groups was still pursued. 

Upon fiirther examination of the infrared spectrum (Figure 4.7), it was noted that the band 
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assigned to a carbonyl group in the acetate (Stage 2) material has disappeared upon 

reaction with ethanol, suggesting an exchange of the acetate ligand. It was also seen that 

numerous ethanol-related bands appear; one at 2981 cm*' assigned to the methylene 

group, one at 1444 cm*' assigned to the CH2 scissor'® and a very small one at 1090 cm ', 

which could be from the band for ethanolic C-0 shifted to a lower energy because of the 

possible displacement of the nearby hydroxyl hydrogen. NMR proved that there is no free 

ethanol in this precursor (Figure 4.10), as a spectrum of PTE in DMSO showed the 

presence of the ethoxy methyl with a quadruplet at 5=3.5 and the methylene with a triplet 

at 5=1.1. There is, however, no hydroxyl triplet found at 5=4.6, as would be expected of 

ethanof®. Therefore, it was then assumed that the acetate groups on the "peroxotungstic 

acetate", or PTA, were exchanged for ethoxy groups upon reaction with ethanol. The 

existence of an alkoxy group on the Stage 3 solid molecule is most significant, as this 

could allow for reaction between dispersed colloids in a carrier solvent and when 

condensing into a film. Thus, if ethoxy groups are indeed found in this material after 

ethanol reaction, a stronger, more tenacious coating would result, owing to a certain 

amount of sol-gel type reaction and aggregate linkage. Indeed, while many colloidally-

deposited coatings are soft in nature, a fired film of tungsten oxide from the 

"peroxotungstic ethoxide", or PTE, "solution" exhibits a high degree of scratch resistance 

and tenacity, like a sol-gel deposited film with good network formation. In addition, an 

ethanolic solution of PTE will gel into a transparent monolith with no syneresis. This 

monolith is no longer soluble in any alcohol or water, further suggesting an irreversible 

sol-gel type condensation. 



Figure 4.10: 'H NMR of vacuum-dried PTE in DMSO 
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All of the above characterization allows the following schematic drawing of the 

PTE "molecule" to be composed: 

/ ' x l l  . H j O  
O W W 

/ \  / \  
HiC20 OH HO OCjHs 

Again, it is understood that PTE is possibly more a cluster of polytungstate-type material 

with organic functional groups and hydroxyls as surface phenomena. However, the 

schematic drawing of a PTE molecule contains the proper relative amounts of each 

element (tungsten, oxygen, carbon, hydrogen) as determined by AAS (Table I). 

•/. 
Carbon 

% 
Hydrogen 

% 
Oxygen 

% 
Tungsten 

PTE 
(calculated from schematic) 8 2 31 59 

PTE 
(measured by AAS*) 6.96 2.08 29.97 60.99 

(Oxygen not measured. Assumed is that oxygen comprises the remaining 
elemental count.) 

Table 4.1: Relative Weight Percentages of W,C,H in PTE (From AAS) 
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4.1.3 Phenomenology in PTE Synthesis 

As in previous literature about peroxotungstic acid synthesis, decomposing the free 

peroxide in the acidified reaction by heating resulted in precipitation if heating continued 

after the last peroxide had gone. This precipitate was no longer soluble in alcohol; rather, 

it was dispersible in water and slightly dispersible in lower alcohols, suggesting the 

formation of large clusters of the oxide-type material. Films cast from these dispersions 

were of lesser optical quality and had marked softness. This material no longer reacted 

with ethanol and was no longer desirable as a reaction product. The refluxing reaction 

was therefore stopped when bubble formation due to peroxide decomposition slowed to 

one bubble every few seconds. This time depended on the size of the reaction, 

concentration of the acetic acid in solution, and temperature of the reaction bath or 

heating mantle. A temperature of 55°C instead of 48°C cut approximately 20% from the 

required refluxing time. In all cases, some variance would be expected if this reaction 

were to be carried out in another laboratory. 

Further, if the PTE was not stored at less than 0°C (and ideally as low as -20°C) it 

became insoluble in ethanol within a period ranging from a few days to many months. 

This phenomenon was assumed to be due to condensation between neighboring clusters as 

the hydroxyl and ethoxy ligands react and as the peroxide ligands rupture, forming surface 

W=0 groups, which in turn easily react with the atmosphere to form polymerizable W-OH 

groups'*. Conversely, PTE stored at sufficiently low (-20°C) temperatures was observed 

to be soluble in ethanol up to three years after synthesis. Other than these instabilities. 
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PTE was not particularly air-sensitive and was handled at room temperature and ambient 

atmosphere without adverse reaction. Solutions were similarly stable to air and 

temperature. A solution with a concentration of 0.2 grams of PTE per ml of ethanol did 

not gel for many months at room temperature in a sealed bottle, and a solution with a 

concentration of 0.4 g/ml will not gel for many weeks. Stored at temperatures near -

20°C, a given solution of arbitrary concentration remained at low viscosities and yielded 

suitable coatings after four years. Thus a tungsten oxide precursor solution may be made 

which demonstrates sol-gel properties but without the expected drawbacks of poor 

stability and the necessity of a highly water-fi-ee environment. 

4.2 Discussion 

Of the most notable events in the synthesis of peroxotungstic ethoxide was the 

precipitation which ensued soon after all free hydrogen peroxide was observed to 

decompose in the solution while heating. Such a phenomenon suggested that the presence 

of hydrogen peroxide somehow stabilized the solvated peroxotungstic acid. Such a result 

was also seen repeatedly in the literature of tungsten-peroxy compounds (and was 

effectively summarized by Connor and Ebsworth in their work"*®). One possible reason for 

such a stability is that the tungsten-peroxy compounds tend to have an equilibrium 

between the peroxy ligands and the free hydrogen peroxide in solution. As the amount of 

free hydrogen peroxide is decreased, this equilibrium becomes harder to maintain, until 

finally, the amount of peroxide ligands coordinated to each metal atom is forced to 

decrease. A related example"*" has been reported for the molybenum/peroxide system. 



which is similar in chemistry to the tungsten/peroxide system. In acidic solutions with 

very low concentrations of hydrogen peroxide, the equilibrium becomes 

H2[M04(0)«(02)4] + 4H2O2 2H2[(02)2MO(0)OMO(0)(02)2] + 3H2O 

(an equilibrium between species with either one or two peroxide ligands per metal atom) 

which is a shift from the equilibrium in existence for hydrogen peroxide-rich systems 

where there exists species with either two or four peroxide ligands per metal atom. It is 

obvious then that if the peroxide ligands decrease in number per metal atom there must be 

an appropriate increase in polymerizable sites such as -OH. This is because a W(02) 

group decomposes into WO" and '/2O2 and in the presence of protons can form W-OH. 

Thus, as the amount of peroxide in solution is decreased by catalytic decomposition, there 

will also be a certain amount of polymerization, as general sol-gel chemistry of hydrolyzed 

metals dictates. When the final free peroxide is decomposed, it is then possible that most 

or all of the peroxide ligands also decompose, and the existing molecules polymerize to 

unsolvatable sizes, causing precipitation. For this reason, the Stage 2 solution is removed 

from the heating bath before all bubbling has ceased. It was seen that isolation of the 

Stage 2 solid after all bubbling had stopped yielded a less readily-dissolved product than if 

the same product were isolated from a solution with small amounts of decomposition of 

free peroxide still taking place. 

[A final note on the effect of hydrogen peroxide to the monomeric/polymeric 

equilibrium of tungsten compounds in solution was found in Connor and Ebsworth's 

review*'. When hydrogen peroxide was added to polymeric tungstic acid solutions, 

evidence was seen that the extent of polymerization was decreased. This suggests that the 
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precipitation seen in the Stage 2 reaction after prolonged heating after peroxide 

decomposition may be reversible.] 

Also of interest in the synthesis of peroxotungstic ethoxide was the apparent 

lack of reaction between acetic acid and the peroxotungstic acid in solution until cessation 

of most of the free hydrogen peroxide decomposition. This result may also be firmly 

related to the loss of peroxide Ugands. If the amount of ligands is reduced and the 

coordination of the tungsten atom is reduced, one possibility is that the acetic acid may 

chelate the tungsten or bridge the two metal atoms seen in the model drawn in this 

chapter. In such a scenario, it is difficult to explain the reaction observed when the Stage 

2 solid (peroxotungstic acetate) is reacted with alcohol. In this reaction, it was proven 

that the acetate group observed in Stage 2 to be bonded to the tungsten atom has 

disappeared and that an ethoxide group is the probable successor. If it was assumed that 

the reaction occurring between peroxotungstic acid and acetic acid was of a chelate 

nature, it would be expected that the chelate group would be difficult to remove, and in 

general chelated metal compounds are relatively stable in alcohols. It would not be 

expected for the chelate ligand to be switched with an alkoxy ligand. Rather, the question 

of a mechanism for how acetic acid is converted to an acetate ligand is better answered in 

terms of a simple reaction between a carboxylic acid and an alcohol. It is assumed, as 

stated earlier, that as the peroxide ligands slowly decrease in number along with free 

hydrogen peroxide there will be an increased number of hydroxyl (-0H) groups on the 

molecule. These metal-hydroxide groups may then be approximated as a type of alcohol. 

The reaction of alcohols with carboxylic acids is accepted to occur with the acid hydroxy! 



and the alcohol hydrogen combining to form water, and with the alkoxy ion and the 

firactured carboxylic acid carboxyl joining into an ester. (This reaction between ethanoi 

and acetic acid forms ethyl acetate.) Analogously, the tungsten hydroxyl hydrogen should 

then cleave away, as will the acetic acid hydroxyl. The remaining components form the 

tungsten acetate. 

Two mechanisms are proposed to explain the increased solubility of the 

peroxotungstic acetate over peroxotungstic acid. Acetate ligands, as an organic group on 

the tungsten metal, are usually soluble in water and alcohols. This is simply an example of 

the "like-dissolves-like" concept of solvation. The second proposed mechanism for 

increased solubility in alcohols involves sterically lessening the cohesive strength of 

aggregates of the peroxotungstic acetate molecules. With organic groups such as acetates 

on the surface of the molecules, it would be harder for the solvated polyanions to 

approach each other. Effectively, acetate ligands may then be barriers which do not allow 

particles to approach each other close enough to aggregate by strong attractive forces. (In 

standard peroxotungstic acid, without acetate ligands acting as steric inhibitors, 

aggregation could proceed unimpeded.) In the peroxotungstic acetate, if particle 

approach is close enough to allow attractive forces to be slightly greater than repulsive 

forces, a loose aggregation could exist. This loosely-aggregated group of molecules could 

then be easily redispersed in a solvent which restores repulsive forces to values greater 

than attractive forces. Ethyl alcohol could be such a solvent. 

One additional question appears if one is to examine the apparent oxidation state 

of the tungsten metal atom in the model of peroxotungstic ethoxide. Inspection reveals 
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there to be an oxidation state of seven for the tungsten; an impossibility. However, the 

peroxide ligand, which appears to have an overall charge of -2 if regarded as a bidentate 

ligand, has been seen in other systems to actually behave as a monodentate ligand. In 

molecule, which is attached by its single oxygen. Therefore, in the peroxotungstic 

ethoxide system, the peroxide ligand is assumed to be of monodentate character. 

Similarly, the water of hydration claimed to associate with the PTE molecule must 

then be examined as to its placement. It is possible that the W=0 group does not exist on 

all metal atoms ideally, as the schematic drawing would suggest, and that, some of these 

groups would react to form hydroxyls, freeing up a bonding site for water coordination. 

Such a reaction with the tungstenyl group is likely, in that there are plentiful IT ions in the 

acidic precursor solution with which to form -OH from -0*. (pH of the aqueous acidic 

solution was measured (by litmus paper) to be near 0.) A possible alternative structure for 

the peroxotungstic ethoxide molecule; 

The above model allows an even better fit of the theoretical elemental ratios to the results 

of atomic absorption spectroscopy as seen previously in Table 4.1.1. With this model, 

tungsten metal is now calculated at 61% (perfectly matching the measured quantity) and 

oxyhemoglobin, for example^, the peroxide O2 group may take the place of a water 

H5C2O OH HO OC2H5 
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oxygen is calculated at 29%. The above model is then proposed as a more realistic 

schematic diagram of the PTE molecule. 

4.3 Summary and Conclusions 

Modification of the peroxotungstic acid molecule by addition of ethoxy ligands has 

resulted in a change of some chemical and physical attributes of the material. Most 

important is the increased alcoholic solubility and solution stability of the peroxotungstic 

ethoxide (PTE). This new precursor was created by first adding acetate ligands to 

peroxotungstic acid via acetic acid addition to the peroxide/metal solution. Further ligand 

exchange of the acetate with ethoxy ligands occurred upon dissolution in ethyl alcohol. 

The existence of an ethoxy ligand, rather than trapped alcohol in the solid, was proven by 

infi-ared spectroscopy and proton nuclear magnetic resonance. The increase in alcoholic 

solubility with acetate addition is claimed have two possible physical explanations. First, it 

is intuitive that an acetate would be more soluble in an organic solvent than a completely 

inorganic oxide-type material. Second is the possibility that organic ligands such as the 

acetate would act as steric hindrances to the tight aggregation of small particles, allowing 

easier dispersion of the isolated acetate solid over isolated peroxotungstic acid. 

An understanding of the reaction stage where acetate ligand addition occurred was 

also gleaned firom infrared spectroscopy. For reactions with and without acetic acid, 

solids isolated after the low-temperature dissolution (Stage 1) were identical in their IR 

spectra. After a higher temperature (48°C) percolation (Stage 2) where excess hydrogen 

peroxide was decomposed the spectra of each reaction differed in that the acidified 
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reaction produced a material with organic (most importantly carbonyl) peaks. These 

organic peaks were determined to be due to acetate ligands rather than free acetic acid 

because of the infrared band shift of the carbonyl to an energy lower than that for acetic 

acid. 

It was determined that the acetate ligand formation and aggregation of the 

dispersed particles occurred only after near-complete hydrogen peroxide decomposition. 

Previous to the decomposition of the hydrogen peroxide, acetic acid was determined to 

destabilize the free peroxide and increase the rate of decomposition over reactions without 

acid. IR spectroscopy revealed no interaction between the acetic acid and peroxotungstic 

acid before the peroxide was nearly completely decomposed, the same point at which 

aggregation commenced and the solution turned visibly yellow. This yellowing of the 

solution was independent of the acid content, as both acid free and acidified reactions 

yellowed after hydrogen peroxide decomposition. The yellow color is attributed to the 

formation of increasingly large tungsten oxide-like colloids. All previous observations 

allow the following statement: until free peroxide has been removed from the system, an 

acidified reaction yields an isolated solid identical to that obtained from a standard, no acid 

reaction. 

The role of acetic acid in the formation of peroxotungstic ethoxide was 

determined to change according to the reaction step. In Stage 1 (metal dissolution) of the 

reaction, acetic acid was assumed to play no role. The acid, in Stage 2 (high temperature 

percolation), did not initially react with the peroxotungstic acid in solution. Rather, its 

presence hastened the decomposition of the free hydrogen peroxide. In the later times of 
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Stage 2, after most peroxide had been removed from solution, the acetic acid was 

determined to react with the peroxotungstic acid to form peroxotungstic acetate. Finally, 

in Stage 3 the acetate ligand allowed exchange of itself with ethoxy ligands, a reaction not 

available to peroxotungstic acid. Indeed, when peroxotungstic acid was dissolved (in very 

slight amounts) in ethyl alcohol no ethoxy addition to the molecule was detected by IR 

spectroscopy of the isolated compound. 

Also in this chapter is proposed a molecular schematic of how peroxotungstic 

ethoxide may be pictured. While this schematic is not intended as a representation of the 

physical orientation of atoms relative to others, the amounts of elements with respect to 

each other was determined to be correct. Physically, the material should be envisioned as 

a polyanion with an octahedron shape. These octahedra aggregate to create larger 

particles and these agglomerates are the building blocks of macroscopic PTE. Reactive 

sites such as the ethoxy ligand allow cohesion between the agglomerates. 
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5. FILM FORMATION AND EVOLUTION 

5.0 Section Objectives 

In the previous section, a stable precursor to tungsten oxide films was synthesized. 

This material was highly soluble in ethyl alcohol. However, in the as-deposited state, 

these coatings are not optimized for electrochemical and electrochromic analysis, which is 

ultimately the final objective of this thesis. As-deposited films contain some trapped 

solvents fi'om the coating solution, include organic ligands and are not fully condensed and 

strengthened. In order to purge the films of solvents and other organics and to add 

cohesivity, firing is necessary. However, as peroxotungstic ethoxide is a new material, 

data on curing of the films, such as condensation rates or microstructural evolution, are 

not available. This segment of the current research deals primarily with determining such 

information. 

As utilized in the previous section, FT-IR analysis will be conducted on a film as 

the firing temperature is increased. The evolution of the chemical bonds in the film will be 

tabulated. In accordance with diffraction results, as well as thermal analysis and 

microscopy, a picture of the forming film will be given. 

Additionally, the critical thickness before cracking will be explored as a function of 

substrate (indium-tin oxide or glass). Fracture of a tungsten oxide film is an important 

factor determining the efficiency and stability of the film as an electrochromic electrode. 

Contact of bare ITO or other conductive electrode with the electrolyte may allow other 
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reactions than tungsten oxide reduction, reducing efficiency. Cracking may also be a 

precursor to fiaidng of the film from the substrate. 

5.1 Experimental Results: 

5.1.1 Casting of Films and Control of Film Thickness 

Films of tungsten oxide were easily obtained from an ethanolic solution of PTE by 

dip-coating either single-crystal silicon or indium tin oxide (ITO)-coated soda lime glass 

under ambient conditions. The thickness of the as'flred film was altered by first changing 

the removal rate of the substrate from a solution of given concentration, and fiirther by 

holding the withdrawal rate at 27cm/min and then varying the solution concentration. (27 

cm/min is a velocity in the middle-range of the Oriental Motors motor used to lower and 

raise the substrate and was seen to be stable and reproducible as a dipping speed.) 

During experiments to determine the variability of coating thickness via 

concentration and dip speed, it was noted that the maximum thickness attainable was 

about 300 nm before the onset of microcracking around stress points in the film. This 

result was also described by Yamanaka, et al in their work on films from 

peroxotungstic acid. Also noted was that for a given ITO substrate, cracking of the WO3 

film occurred at lower thicknesses and more thoroughly on the side of the substrate which 

was not coated with ITO. This trend was illustrated in the following experiment (Figure 

5.1 and Table 5.1.1), where the thickness of a WO3 film was profiled on both the glass and 

ITO-coated sides of a substrate as a solution of 0.37g PTE/ml ethanol was dipped at 

varying rates. 
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Dip Speed (cm/min) 

Figure 5.1: Thickness of dip-coated films fi-om 0.37 g PTE/ml EtOH solution on ITO 

Dip Speed 
(cm/min) 

Film Thickness 
(nm) 

Cracked on* 
rrO-Side? 

Cracked on* 
Glass-Side? 

10.50 210 no no 
13.25 245 no no 
16.00 270 no yes 
18.75 300 lij^htly severe 

As determined at 40x by optical microscopy. 

Table 5.1: Cracking thicknesses of WO3 films on soda-lime and ITO surfaces 
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In addition to the effect of substrate on cracking thickness, it was also noted that higher 

atmospheric relative humidity (near 80%) allowed slightly thicker (as much as 30 nm 

thicker) coatings to be made without cracking. A %RH of 60 was ambient on the day of 

the above experiment. (The topic of humidity and film structural stability will be touched 

on in a proceeding section.) 

5.1.2 Evolution of Film with Heat Treatment 

To obtain a more thorough understanding of the drying and curing of these wet-

chemically derived WO3 films, a detailed analysis of the FT-IR spectra with variable 

temperature and treatment was undertaken. For this experiment, a solution was prepared 

with a solids concentration of 0.23 g PTE/ml ethanol. A silicon wafer with dimensions 

1.5" X 2" was dipped into this solution and removed at a rate of 27 cm/min. This film was 

allowed to dry at ambient (40 %RH) atmosphere and temperature for five minutes and 

then all thickness variations (seen as variations in film color) were trimmed from the 

edges, leaving an optically uniform film. (This film was then cut into two pieces. One was 

fired to 2S0°C and soaked for one hour. The thickness of this fired film was later 

measured to be 250nm. The unfired piece was left for FT-IR analysis.) This film was then 

heat-treated to increasing temperatures and held for fifteen minutes at each temperature. 

Before each firing a spectrum of the film was obtained. 

A spectrum of the as-deposited film (Figure 5.2) from 4000-400 cm'* yielded the 

following bands; 3500-3000 cm'' (broad), 1626 cm'\ 982 cm'\ 880 cm'\ 785 cm'\ a 
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Figure 5.2: FT-IR spectrum of an as-deposited film 
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series of bands grouped between 692 and 669 cm"' , 550 cm"' and some very small bands 

indicative of the m plane and out-of-plane stretching vibrations of CH3 and CH: in 

ethanol^^ at 1541. 1452 and 1387 cm '. This spectrum was nearly identical to that 

obtained for PTE. 

Resulting from a heat-treatment to 40°C was the growth of a sharp peak at 665 

cm"' (Figure 5.3) with slight loss in intensity for all other bands. The peak also appeared 

to shift slighUy to lower wavenumbers. This peak was indicative of some favored type of 

O-W-O bond and implied a growth in oxide-type material. It has previously been 

recorded by Daniel, etaC^ that the position of the O-W-O band for W03*l/3H20 is near 

660 cm"' while that for most other hydrated forms is around 680 cm"'. This result also 

implied that the film had not condensed fully while drying at room temperature-

Further heating of the film to 50°C (Figure 5.3) revealed the 665 cm"' band to 

have increased in amplitude again, now accompanied by the shrinking of all other bands. 

This suggests a loss of hydroxylated tungsten, ethanol. peroxy groupings and most other 

types of 0-W bonds. Growth in the O-W-O stretch suggested that by following the 

growth of this band with temperature a rough measure of the extent of condensation of 

the film may be elucidated. 

The above trend was seen as the film was exposed to temperatures of 60, 70, 80 

and 90°C, with all other peaks slowly disappearing. At 100°C. (Figure 5.4) all bands 

previously seen between 1000 cm"' and 500"' had merged into the background. However, 

bands attributed to W=0 and W-O-W were still present as ledges in a large mass of bands 
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Figure 5.3; FT-IR spectra of as-deposited, 40°C and 50°C films 
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Figure 5.4: FT-IR spectrum of a 100°C film 
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in this area. These ledges remained present until much higher temperatures. After 100°C, 

the spectrum shaped up into a relatively stable formation of a O-W-0 stretch rising until 

its absorbance was 0.33; the water-related band at 1620 cm"' reduced its absorbance to 

near 0.02S and then stabilized. The band attributed to the peroxy ligand had not yet 

completely disappeared. This coniiguration was stable up to 180°C (Figure 5.5). A plot 

of the O-W-0 peak as it evolved with temperature can be found in Figure 5.6. (Note: the 

sharp spike in some of these spectra at around 669 cm'' was determined to be an artifact of 

the spectrometer and is present in numerous spectra throughout this work.) From this 

plot it was first noted that "condensation" in the film (the increase of intensity of the 0-W-

O band) appeared to level off at temperatures slightly below I50°C. 

Between the temperatures of 180°C and 225°C (Figure 5.7) the dominant O-W-0 

stretch was at 646 cm"'. This was not a recognizable stretch for any reported WO3, 

hydrous or not. However, the irregular shape of this peak on the higher wavenumber side 

was evidence that an undefined structure was present, with numerous types of tungsten 

oxide existing at the same time. This phenomenon should be expected for amorphous 

materials. At 225°C, the band at 646 cm"' was replaced by one at 655 cm"' (another 

unknown band) and this band was seen until heating beyond 350°C, the accepted 

crystallization temperature for WO3. 

Beyond 350°C (Figure 5.8) a phase change was seen to occur, with the 673 and 

655 cm"' bands disappearing and new bands appearing at 661, 729 and 800 cm*'. This 

phase change was assumed to be that from some hydrous form of the oxide to anhydrous 
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Figure 5.6: FT-IR spectral evolution of a tungsten oxide film with temperature 
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monoclinic, a result backed up by TGA of the PTE (Stage 3) precursor (Figure 4.8). A 

small weight loss beginning at around 350°C, indicative of the loss of structural water, is 

present in this plot. Water loss is seen in the IR spectra (Figure 5.9) of a film heated to 

225°C and then 37S°C, as indicated by a complete loss of the hydrogen-bonding band seen 

between 3600 and 2900 cm"V DSC of the PTE (Figure 4.9) also exhibited an endothermic 

increase in slope from 370°C to around 440°C, at which point the slope appears to return 

to its initial value. What is interesting is that no obvious peak exists as a sign of 

crystallization in the region expected (~ 350°C - 400°C) of this DSC trace. What this 

could mean is that there are concurrent crystallization and water expulsions and that these 

transitions are conflicting in heat flow. If one is endothermic and the other exothermic 

than the overall effect in the same temperature range may be a muted occurrence, such as 

the change in slope in this region in question. 

In the previous data, the peak for O-W-0 (646 cm"') was seen to gain little 

additional intensity beyond about 140°C. To test the theory of condensation, a further 

experiment was executed where an identical film was cast and its thickness was measured 

as a function of temperature. This functionality was plotted in Figure 5.10, where a 

definite plateau in shrinkage occurred near 140-150°C. A similar plot of the FT-IR 

absorptive intensity of this O-W-0 band versus temperature (Figure 5.11) had a 

remarkably similar shape. Therefore, it was intuitive that the forming tungsten oxide film 

was indeed strengthening itself via a condensation-type reaction. The film was observed 

to reach a critical level of networking, marked by the steady increase of an O-W-0 IR 
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Figure 5.10: Shrinkage of an as-deposited tungsten oxide film with temperature 
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Figure 5.11: "Condensation" of tungsten oxide films versus firing temperature 
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band, at which stage further densification was diflScult. To display the relationship 

between Sbn shrinkage and condensation, these two are plotted against each other in 

Figure 5.12 with each point coinciding to the value of shrinkage and O-W-0 band 

intensity at a particular temperature. 
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Figure 5.12: Relationship between shrinkage and condensation of a tungsten oxide film 
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5.U: Characterization of Fired Films 

Further examination of the crystallization behavior of PTE-derived WOb was 

carried out with x-ray diffraction. As expeaed, films of this material which were fired 

below 3S0°C did not exhibit any difiraction lines when scanned between 2d=lS°-SS° (d-

spacings of 5.901 to 1.668 angstroms) using Cu Ka radiation. However, a film fired to 

and beyond 350®C (Figure 5.13) had characteristic dififraction lines at d = 3.84 A 

(hld=001), 3.76 A (020)and 3.65 A (200). Such a diffraction pattern most closely 

resembled triclinic WO3 (Joint Committee on Powder Diffraction Standards (JCPDS) card 

#20-1323), with the exception that the relative intensities of these lines were not as 

expected and the further understanding that the #20-1323 triclinic material is not stable 

above 17°C. Therefore, the film fired to 350°C was taken to be some undocumented form 

of anhydrous triclinic tungsten oxide with a preferred orientation at hkl = 200. 

From the above diffraction pattern, the sizes of the WO3 grains was calculated with 

the Scherrer formula; 

0.9A t= 
BcosOg 

where X is 1.541 (Cu Ka), B is the peak broadening in radians, 9 is one-half of the 26 

value of the centered line. The thickness of the grain in the direction of the chosen d-

spacing - "t" - was calculated from the (200) line to be 19.7 nm. (No correction for 

machine broadening was required, as testing to determine the extent of machine 

broadening of diffraction lines with a silica powder of known grain size showed this 

phenomenon to be very slight in comparison to the broadening seen in the present 
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Figure 5,13; X-ray diflfraction pattern of a 350®C tungsten oxide film 
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diffraction patterns.) In corroboration with these results, TEM conducted on an identical 

film (Figure 5.14) yielded a micrograph illustrating crystallites averaging 20 nm in 

diameter. 

10 nm 5 1 

Figure 5.14; TEM of a 35()°C tungsten oxide film 
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Just as it has been stated that crystallinity impacts the electrochemical and 

electrochromic properties of WO3 films"'"^^, it is also intuitive that the porosity and 

surface area of a film are important parameters. To measure the porosity of these films, 

both RBS and ellipsometry were employed with films deposited on silicon wafer. 

Density was inferred from RBS results (areal densities of W and O atoms) by taking into 

account the density of bulk orthorhombic WO3 (7.16 g/cm^) and comparing the 

profilometry-measured thickness to that calculated from the RBS data. From RBS, 

density values of 5.58 and 6.02 g/cm^ were calculated for films fired to 250°C and 350°C, 

respectively. Compared to the density of bulk crystalline WO3, these films contained 

relative "porosities" of 22 percent and 16 percent. 

From ellipsometry, the refractive indices of these films were found to be 2.057 for 

250°C WO3 and 2.131 for 350°C WO3. By utilizing the Lorenz-Lorentz relationship it 

was possible to determine the volume fraction of solid (Vs) in these films 

(n; - l)(/i; +2) 

(nj + 2)(f!;-l) ' 

where ns is the index of bulk crystalline tungsten oxide and nf is the measured index of 

the film. As with the "porosity" calculated from RBS, the Lorenz-Lorentz relationship 

estimated porosity to decrease with temperature: 22 percent at 250°C and 19 percent at 

350°C. Such a decrease in porosity was expected to affect the electrochemical properties 

of these films and this line of research was examined and reported on in Chapter 7. 



5.2 Discussion 

It may be noted upon scrutiny of the IR spectra of the peroxotungstic ethoxide and 

of an as-deposited film that differences are few. This result is not unexpected, as PTE 

may be redissolved and redried many times with no change to the spectrum. It is then 

apparent that an as-deposited film is just an optical-quality coating of PTE. This film of 

PTE was then seen to evolve with temperature until tungsten oxide was formed. 

This evolution with firing temperature revealed that the PTE began to condense at 

low temperatures, judged by the growth of an IR band in the region 640-665 cm*' 

attributed to increasing amounts of O-W-0 bonds, with a condensation plateau near 

140®C. The formation of O-W-0 bonds meant that some of the other ligands on the PTE 

molecule (such as the W=0 and W(C)2)) had been altered to leave a reactive site which 

could react with another site in a condensation reaction. Among the conclusions drawn 

from this phenomenon is that the majority of network formation must occur at or before 

this temperature. It may then be inferred from this that the formation of the majority of 

coloration (intercalation) sites in the film has also occurred by this temperature and that 

electrochromic activity in the film will also see a plateau at 140°C. The importance of 

such a result may be realized if films fired to lower temperatures have good stability to 

electrochemical cycling. It might be expected that a film fired to 140°C rather than 

250°C, with a slightly-lower density (from shrinkage data), would then exhibit faster 

coloration and bleaching kinetics due to greater impingement of the electrolyte into the 
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film. Again, the evolution of electrochromic activity with firing temperature will be 

examined Chapter 7. 

According to the model for the peroxotungstic ethoxide proposed in Chapter 4, 

there are very few sites available for condensation to occur. To reach the level of network 

formation seen in IR spectra of the film (as the growth of the 640-665 cm"^ band), some of 

the proposed ligands must be altered or removed to become reaction sites. For instance, 

W=0 and W(02), as seen in IR spectra, lose intensity with temperature. Concurrently, the 

band for O-W-0 gains intensity. The W=0 and W(02) ligands are then assumed to 

become more reactive with temperature. For instance, W=0 may evolve into W-OH by 

reaction with hydrogen or water. The peroxide group, upon heating, could decompose 

into W-0" and 1/2 O2 and this W-0' would then be susceptible to condensation-type 

reactions when associated with a proton to create W-OH. Condensation would then 

proceed fi-om there. 

Regarding the crystallization behavior of these films, it was discovered that the 

crystallization temperature was around 350°C by FT-IR. This result was backed up by x-

ray diffraction and transmission electron microscopy, which revealed crystal grains of size 

~20nm. Due to literature results of IR spectra by Daniel, et al.^' a tentative suggestion 

was that the amorphous (ZSO^C) WO3 films were of the composition W03-1/3H20, 

although the exact amount of water in the films is unknown. It was also assumed in the 

present work that nearly all of the water in the film is expelled as crystallization takes 

place, as evidenced by the near-complete disappearance of the hydrogen bonding (3600 -
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2500 cm'') broad bands in FT-IR spectra with the phase change. However, TGA results 

showed a weight loss of only 0.3% between the temperature range of 360°C - 450°C. 

Assuming that all structural water is expelled upon crystallization, this loss is a full order 

of magnitude lower than expected if the tungsten oxide were hydrated with one-third mole 

structural water per mole tungsten oxide. Therefore, while it is still suggested that water 

is released from the film during crystallization to the dehydrated triclinic phase, it is also 

acknowledged that there is much less water involved than in WO3 I/3H2O and that the 

hydration value may be more like WO3 O.O3H2O. 

Finally, the cracking thickness of tungsten oxide from the peroxotungstic ethoxide 

wet-chemical route has been determined to be near 300 nm. This is a value generally 

accepted for most sol-gel derived films of tungsten oxide. Unfortunately, cracking may 

hurt the optical performance of these films as electrochromic intercalation electrodes. If 

films of good optical quality and thickness greater than 300 nm are desired in an attempt 

to get deeper coloration, modifications may be necessary in the solution chemistry or firing 

parameters. These modifications are seen in the next section. 

5.3 Summary and Conclusions 

In this section, it was determined that a film cast from peroxotungstic ethoxide 

(PTE) solution was identical to PTE itself This is seen in IR spectra as little difference 

between the IR spectra of PTE (in KBr pellet) and the film (on silicon wafer). The 
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difference in smoothness between PTE and the film may be attributed to the differences in 

the pellet and silicon backgrounds. 

The cracking thickness of these films on an ITO substrate was determined to be 

around 300 nm, with cracking occurring on glass at thicknesses below 270 nm. This value 

coincided quite closely with published values for sol-gel films in general. It was fortuitous 

that cracking thickness is higher on the conductive substrate since the electrochromic 

reaction requires electrical contact behind the film. The cracking thickness was improved 

slightly in higher humidities, a property of the films which is examined in the next chapter. 

An examination of the temperature evolution of the films revealed that a measure 

of the strengthening of the film could be drawn fi-om IR results. An IR band attributed to 

O-W-0 bonds exhibited an increase in intensity with firing, leveling off at a temperature of 

around 140°C. All other bands lost intensity during this growth and eventually, this 0-W-

O band was the dominant feature on the ER spectrum. The growth of this band was linked 

to the formation of a more cohesive tungsten oxide film with more tungsten-oxygen 

bonds. In an analogy to the sol-gel reaction, especially in light of the ethoxy ligands 

present in the as-deposited film, such a strengthening was termed "condensation" of the 

film. In relation to this strengthening was a similar trend in the shrinkage behavior of the 

film. Shrinkage also leveled off around 140°C, further evidence that the film has 

undergone most strengthening by this temperature. This condensation was proposed to 

occur by hydrolysis and condensation of ethoxy ligands and formation of reactive sites 

fi-om W=0 and W-(02) groups, which would then participate in formation of W-O-W 

bonds. 
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Crystallization of these films was seen to occur at temperatures between 350°C 

and 375°C. This behavior was proven primarily by x-ray diffraction and also observed as 

a change in the shape of the IR spectrum. This crystalline film was assumed to be 

anhydrous due to the lack of water bands in IR after the phase change occurred. Although 

it was difficult to discern the phase of the crystalline film, the x-ray diffi-action pattern 

most closely resembled that of monoclinic tungsten oxide. Water removed fi-om the film 

upon crystallization around 350°C was assumed to be structural in nature and expelled in 

order to more efficiently arrange the tungsten oxide octahedra. As would be expected of a 

crystallizing material, the density increased (and correspondingly the porosity was 

calculated to decrease). Amorphous films fired to 250°C were measured to have a 

porosity of 22% by ellipsometry and also inferred to have the same value fi-om Rutherford 

Backscattering data. Crystalline (350°C) films were measured to have a porosity of 19% 

by ellipsometry and 16% by RBS. Such a decline in porosity, even as small as 3%, was 

predicted to have some impact on the intercalation behavior of the tungsten oxide films. 

From the above data it was determined that cohesive films of tungsten oxide may 

be deposited onto varying substrates, including silicon and indium tin oxide, and fired to 

yield crack-fi-ee films up to almost 300 nm in thickness. It was also speculated that 

electrochromic properties may be optimal when films are fired to around MO'^C. Further 

firing may only serve to densify the film, and this could slow down and even reduce the 

electrochromic response of the film as intercalation and diffiision through the film would 

become more difficult. 
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6. EFFECT OF OXALIC ACID DIHYDRATE AND HUMID PRE-
FIRING ON FILMS 

6.0 Section Objectives 

Upon the synthesis of a stable peroxotungstic ethoxide solution, and further upon 

the casting of thin films on transparent conducting substrates, it became obvious that the 

fired films had one major flaw which is typical of sol-gel cast coatings: cracking and 

flaking at higher (>200 nm) thicknesses. (Thicker films are necessary to allow deep 

coloration of tungsten oxide, a necessity in an electrochromic window.) Unfortunately, 

cracking in a film of tungsten oxide is a harbinger of other mechanical instabilities and 

electrochemical problems in an electrochromic device. During electrochemical 

intercalation of alkali metal ions into tungsten oxide, the structure is stretched to 

accommodate the charges, and then relaxation occurs upon deintercalation. Cracked films 

of tungsten oxide described in this work are not mechanically durable and when cycled in 

an electrochemical cell peel ofif from the underlying conductive substrate. In addition, 

cracking allows contact between the electrolyte and the conducting substrate, allowing 

reactions other than intercalation to take place at the working electrode, such as 

electrolyte decomposition. Finally, a cracked electrochromic film, when colored, often 

shows webs of uncolored lines where larger cracks exist. Such an optical efFea is 

unacceptable in an electrochromic device. 

The cracking of thicker sol-gel deposited films has been attributed to the 

differential stresses induced throughout the film when pores of different diameter are 

forced to relinquish, through evaporation, the liquid which fills them'^. One method of 



96 

controlling this mechanical instability is the addition of drying control chemical additives 

(DCCAs), to the precursor solution. Hench'® has conducted work on DCCAs in sol-gel 

systems; among the promising additives reported are formamide, glycerol, and some 

organic acids; particularly dicarboxylic acids. In this research, formamide was found to 

cause a quick precipitative reaction in peroxotungstic ethoxide solution, and glycerol 

caused even worse cracking of the fired films and also carbon entrapment on burnout. 

Some dicarboxylic acids - oxalic, malonic, succinic, glutaric and adipic - appeared to have 

no adverse efifect on solution stability. However, reported in this section will be work 

done with oxalic acid dihydrate (OAD) as a DCCA to the ethanolic peroxotungstic 

ethoxide solution, as acids with longer organic backbones did not provide crack 

resistance, which oxalic acid dihydrate did supply. 

It was also noted on various occasions that on humid days the extent of cracking 

was reduced for all types of films. Such a behavior might be expected, as higher partial 

pressures of solvents (water) would also slow down the rate of evaporation of film 

solvents (in this case water which has been absorbed by the film), reducing drying stresses 

while giving the film time to form a stronger network. Therefore, experiments were also 

conducted to determine if artificial control of humidity during firing of a PTE film would 

allow for thicker crack-fi'ee films. In addition, two different deposition methods, spin and 

dip-coating, were explored to see if any differences presented themselves. 
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6.1 Experimental Results 

6.1.1 EfTect of Oxalic Acid Dihydrate and Humid Pre-Firing on Film 
Cracking 

Preliminary experiments were conducted to determine the cracking thickness of a 

film cast from a pure PTE/ethanol solution. A solution was made by dissolving 8.75g 

PTE in 2S ml of ethanol (0.35 g/ml). This solution was then spin-cast onto tin oxide 

substrates at varying motor speeds, with an ambient atmosphere. Films were allowed five 

minutes to dry before transfer to a forced convection furnace, where they were 

immediately fired to 250°C at 57min and soaked for one hour. After the films cooled to 

room temperature, the thickness and extent of cracking was determined by profilometry 

and optical microscopy. This data may be found in Table 6.1. 

Spin Speed Film Thickness Extent of Cracking 
(rpm) (nm) 
300 870 Extreme/Flaking 
500 650 Extreme 
800 485 Visible 
1100 450 Visible 
1400 340 Visible 
1700 310 Visible 
2000 290 Visible w/microscope 
2300 260 Visible w/microscope 
2600 220 Visible w/microscope 
2900 210 Slight/microscopic 
3200 200 Slight/microscopic 

Table 6.1: Thickness and extent of cracking in films spin-cast from PTE/ethanol solution 
(0.35 g/ml); no humid pretreatment 
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To determine the effects of the oxalic acid dihydrate (OAD) DCCA, a second 

solution was made. This solution was made identically to the first, with the addition of 32 

mol% OAD, with the molar quantity in reference to the amount of tungsten metal found in 

the PTE (approximately 0.6g Wa/lg PTE). This solution was also spin-cast at the same 

conditions as the above solution, with the results found in Table 6.2. 

Spin Speed Thickness Extent of Cracking 
(rpm) (nm) 

300 910 Extreme/Flaking 
500 710 Extreme 
800 470 Visible 
1100 440 Visible 
1400 360 Visible 
1700 330 Visible 
2000 310 Microscopic 
2300 300 Microscopic 
2600 280 Slight/microscopic 
2900 240 Slight/microscopic 
3200 220 Very slight/microscopic 

Table 6.2: Thickness and extent of cracking in films spin-cast fi'om a PTE/ethanol/oxalic 
acid dihydrate solution (0.35 g/ml + 32 mol% OAD); no humid pretreatment 

As can be seen from the above two tables, the addition of 32 mol% OAD to the precursor 

solution had only marginal effect on the cracking behavior of the fired film. 

Similarly, identical experiments were run with films cast from the standard 

PTE/ethanol solution, except that instead of firing the films directly after spinning, a humid 

pre-firing step was added. Using a Despatch LEY Series Environmental Chamber, a 

program was developed which maintained a partial pressure of water (pHzO) of 23.9 
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ininHg while the temperature was increased to 10S°C and then cooled to room 

temperature. This program was as follows and is also represented graphically in Figure 

6.1; 

Temperature 
ro 

%Relative 
Humidity 

Time to Attain 
Temperature (min) 

26 40 5 
30 80 10 
45 70 15 
60 65 15 
90 10 10 
105 I 10 
25 25 19 

Table 6.3: Program for Humid Pre-Firing of As-Cast Films 

The above program maintained, for the duration of the pre-firing, the water content seen 

by the forming film at room temperature. Films pre-fired in this humid atmosphere and 

then fired to 250°C like the previous films exhibited similar thicknesses to those without 

the humid pre-firing (Table 6.1) and so are not listed. However, the cracking thickness of 

these films appeared to increase slightly, as the film spun at 3200 rpm did not crack at all. 

The thicker films of this series all cracked similarly to those fi'om Table 6.1. 

Finally, the effects of combining oxalic acid dihydrate addition and the humid pre-

firing were examined by coating fi'om the previous OAD-enriched solution and pre-firing 

using the same program as above. The final fired (250°C) films were again of similar 

thickness to the above experiments, with a greatly-elevated cracking thickness. In this 

series, the film spin-cast at 500 rpm, with a thickness of660 nm, was not cracked at all. 
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Figure 6.1: Heat and humidity profile of humid pre-firing program 
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even on the edges of the coating, where cracking is generally very bad. The film spin-cast 

at 300 rpm was 890 run thick and exhibited very few cracks. The dramatic effect of the 

combination of OAD and humidity on the cracking behavior is clearly visible here. 

To further explore the phenomenon of increased mechanical stability with OAD 

addition and humidity control, a dipping solution of concentration 0.44g/ml (PTE/ethanol) 

was made and 32mol% oxalic acid dihydrate was added. Before dip-coating, the solution 

was filtered by gravity filtration through a 0.45 micron nylon membrane. Dipping was 

varied from lower withdrawal rates to higher, and the films were humid pre-fired before 

heating to 250°C. Profilometry revealed the thicknesses of these coatings to be that in 

Table 6.4. 

Dipping Withdrawal Rate 
(cm/min) 

Thickness 
(nm) 

10.5 310 
16.0 388 
21.5 475 
27.0 565 
32.5 640 
38.0 690 

Table 6.4; Variation of WO3 Film Fired Thickness for a 32 mol% OAD, 0.44g PTE/ml 
Ethanolic Solution as a Function of Dipping Speed 

Of the above coatings, none were cracked. Identical experiments to determine 

reproducibility of these results yielded an error of only ±5-15nm at each dip speed and the 

same non-cracking behavior. 
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A more concentrated solution (O.S7g PTE/ml) also with oxalic acid dihydrate (to 

maintain 32moi%) yielded the following results; 

Dipping Withdrawal Rate 
(cm/min) 

Thickness 
(nm) 

27.0 750 
32.5 840 
38.0 935 
46.0 1021 

Table 6.5: Fired Thicknesses for WO3 Films Cast from a 32mol% OAD, 0.57 g PTE/ml 
Ethanolic Solution and Pre-Fired in a Humid Atmosphere 

Startling in these results was that the thickest film, measured at over one micrometer, was 

not cracked other than at the edges. 

6.1.2 Characterization of Films Cast from Solutions with Oxalic Acid 
Dihydrate 

To determine if OAD was involved in a chemical interaction with the 

peroxotungstic ethoxide in solution, FT-IR was again employed. A PTE solution was 

made with a solids loading of 0.23 g/ml and 32 mol% OAD was added. A silicon wafer 

chip was then dip-coated at 27 cm/min and allowed to dry for five minutes at room 

temperature and ambient atmosphere. Strictly following the procedures utilized when 

following the temperature evolution of a standard film, an infrared spectrum was taken 

and may be found in Figure 6.2. This should be compared to the spectrum of as-deposited 

standard PTE solution in Figure 5.2. Of note was the addition of a few peaks in the area 
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of 1800 - 1200 cm*'. Of these, those at 1452 and 1390 cm"' were assumed to be from 

ethanor^ still trapped in the film due to the drying suppression offered by the OAD. (In an 

aside, another film cast of this solution, which was allowed to sit at ambient conditions for 

four days, still had not exhibited loss of ethanol, as evidenced by the retention of the 1390 

cm"' band. See Figure 6.3.) Interestingly, of the remaining new bands, only two - 1682 

and 1244 cm"' - matched closely those of OAD. (A standard of OAD was prepared by 

dissolving it in ethanol and depositing on a 3M IR card. This spectrum (Figure 6.4) 

matches closely the published value for OAD".) The other new and very intense band, at 

1737 cm*', is about 20 cm"' less than a major band seen for the anhydrous form of oxalic 

acid^' and also of slightly higher wavenumber than for an OAD band. Due the presence of 

numerous OAD-related bands in the IR spectrum of this as-deposited film, it is assumed 

that no chemical interaction was seen between the OAD and the tungsten precursor 

molecule. 

In the absence of chemical interaction, however, the OAD appeared to hinder the 

condensation reaction of the PTE in solution. Whereas in the standard film (Figure 5.2) 

the peak at 665 cm*' (O-W-O) had a greater intensity than the other bands, in the film with 

OAD this peak was close to the same size as the other bands. The room temperature 

condensation of PTE in solution had been reduced. 

This film was heated, in a similar manner to the standard film of the previous 

chapter, and IR spectra were again taken at various temperature steps. Again, as with the 

standard film, many of the peaks other than those found between 650 and 700 cm"' began 

to immediately recede as the film was fired to more elevated temperatures. These between 
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Figure 6.4: FT-IR spectra of (a) OAD deposited from ethanol solution (experimental), 
(b) OAD (from Pouchart'') 
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650-700 cm'\ previously assigned to W-O bonds, gain intensity with temperature, as with 

the standard film. Additionally, the OAD-related band at 1737 cm'' also began to 

decrease in intensity. However, of the OAD-related bands, the nearly hidden peak at 1672 

cm"' did not begin to lose intensity until after heating had surpassed 120°C (Figure 6.5). 

This temperature is above the sublimation temperature of OAD (101-102°C), so this result 

was not surprising. As the film was heated to 160°C and beyond, a greater recession rate 

was seen, and this corresponds to the temperature that anhydrous OA begins to sublime 

most rapidly. This band at 1672 cm'' did not completely disappear until heating to beyond 

200°C, where anhydrous OA decomposes into CO, COj, formic acid and water. This 

evidence suggested that the peak at 1672 cm"' was due to anhydrous OA and not OAD. It 

is probable that at least some of this anhydrous OA existed during the solution stage, as 

the peak in question existed in the as-deposited film. 

Other than the activity of the OAD-related bands, the IR spectra taken for a 32 

mol% OAD film as firing temperature was increased were no different than a standard film 

(Figures 6.6 and 6.7). The same held true for spectra taken of films heated in a humid 

environment: all bands which exist in standard films evolve identically to those with oxalic 

acid dihydrate as additive and with initial firing occurring in a humid atmosphere. 

To characterize the crystallization behavior of films cast fi-om solutions of PTE and 

32 mol% OAD, XRD was utilized. A solution of0.234 g/ml PTE:ethanol was synthesized 

with 32 mol% OAD. Films were dip-coated at 1000 rpm and exposed to humid pre-firing 

before final-firing to 250°C and 350°C, as examples of nominally amorphous and 

crystalline films. The diffraction pattern of the 250°C-fired film (Figure 6.8) proved its 
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amorphous nature, as no peaks existed, save those from the SnOi substrate. However, the 

350°C-fired film (Figure 6.9), while showing signs of an emerging crystallinity, was altered 

significantly fi-om the difiraction pattern of the standard film fired to the same temperature 

(Figure 5.11). In this pattern, the peak expected at d=3.65 appeared to have broadened 

enough to engulf the other two peaks associated with this WO3 (Chapter 5), d=3.76 and 

3.84, causing the film to appear nearly x-ray amorphous. Application of the Scherer 

formula to this broadened peak was still a viable method of calculated grain size, as the 

height of the 3.76 and 3.84 d-spacing lines did not reach greater than half the height of the 

d = 3.65 line; therefore, the broadening at half height of the peak-mass was all assumed to 

be due to the d = 3.65 line. This calculation yielded a grain size of 6.5 nm, a significant 

decrease over the grain size of films derived from standard PTE solutions; 19.7 nm. The 

rough and broad nature of the diffraction lines of films cast from 32 mol% OAD PTE 

solutions prevented proper peak matching of the diffraction pattern and so the phase of 

this crystalline tungsten oxide was unknown. 

To obtain a more visual understanding of the OAD-modified films' 

microstructures, TEM was conducted on both the 250°C and 350°C-fired samples. 

Methodology was identical to that of the previous chapter. In these micrographs, the 

apparent grain size (~10 nm) of the 350°C sample (Figure 6.10) matched well that 

calculated above. However, of great interest was the existence of numerous small (~5 

nm) crystallites in the 250°C sample (Figure 6.11), a crystallinity not at all visible in 

difiraction patterns, possibly due to the lack of enough unit cells of the crystallized 

material to allow measurable diffraction. These crystallites did not appear to be formed 
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Figure 6.10: TEM micrograph of a 350°C film firom a 32 mol% OAD solution (X 300k) 



115  

Figure 6.11; TEM micrograph of a 250°C film from a 32 mol% OAD solution (X 300k:) 
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epitaxially from the SnOj; rather, they were scattered throughout the bulk of the film. A 

TEM micrograph of a standard (no OAD) 250°C film may be seen in Figure 6.12. To 

examine the deposition solution for the existence of a dispersed crystalline phase, a month-

old solution of 32 mol% OAD was dried for 24 hours under vacuum at room temperature. 

An older solution was chosen for analysis to rule out the crystallization of particles with 

aging, a result seen by other research groups and recently by Bischoff, et al.^' in a study of 

peptization of dispersed amorphous titania. A TEM micrograph (Figure 6.13) of this 

powder did not exhibit any resolvable lattice fringes, suggesting that the crystallites in the 

fired films were not formed in solution. This crystallinity was then determined to arise 

during firing to 250°C. 

In light of the above discovery, it was then desired to examine the microstructures 

of films cast from solutions with varying OAD concentrations. Solutions were then 

synthesized with OAD in concentrations of 5, 10, and 20 mol% in reference to the amount 

of tungsten metal in the PTE. Films were cast, humid pre-fired, and fired to 350°C. As 

the OAD concentration was increased, diffraction patterns (Figure 6.14) of these films 

show a steady trend of preferred orientation for hkl = 001 (d=3.84) over hkl = 020 

(d=3.76), as the d = 3.76 line sinks into the broadening bases of the d = 3.84 and 3.65 

lines. At 20 mol% OAD, the d = 3.76 line was nearly completely masked by those at 3.84 

and 3.65. The Scherer grain diameter was calculated for the above films, and may be 

found in Table 6.6. 

One explanation for the existence of crystallites in low temperature films from 

OAD-inclusive solutions is the formation of these crystalline particles in the solution stage. 



Figure 6.12: TEM micrograph of a 250°C film fi-om a 0% OAD solution (X 3001c) 
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Figure 6.13: TEM micrograph of vacuum-dried 32 mol% OAD solution (X 300k:) 
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In early experiments with OAD, it was noticed that adding more than 40 mol% 

OAD to a PTE solution caused a slight hazing, which increased with additional OAD until 

at 55 mol% OAD, where the solution became quite opaque. This hazing could not be 

reversed 

inol% OAD Scherer Grain Size (nm) 

0 19.7 
5 19.7 
10 16.5 
20 15.2 
32 6.5 

Examined Diffraction Line: d = 3.84. 

Table 6.6: Calculated Scherer grain size of 350°C WO3 films with varying OAD 
concentrations in precursor solution 

by adding excess solvent or PTE, and thus was determined to be due to the formation of 

aggregated particles. However, it was not known if, between 0 and 32 mol% OAD, there 

was a steady increase in the size or amount of these aggregates or if a critical 

concentration of OAD triggered this formation. To the naked eye, certainly, no increase 

in opacity was discernible as OAD was added up to 32 mol%. To roughly test possible 

particle aggregation in solution, dilute (O.lg PTE/ml ethanoi) solutions with increasing 

OAD content were synthesized, as well as corresponding control solutions of OAD in 

ethanoi. Samples of each solution were added to a quartz cuvette and the beam of a 

helium-neon laser was passed through the cuvette. For a control sample of pure ethanoi, 

no scattering was seen, as evidenced by the "clean" passing of the beam through the 
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cuvette. Similarly, control samples of increasing OAD content in ethanol did not exhibit 

scattering of the beam. Conversely, where a solution of pure PTE/ethanol did not scatter 

the laser, adding just S mol% OAD caused the beam to become slightly diffijse as it passed 

through the sample. A steady increase in scattering was seen as PTE solutions with higher 

OAD concentration were tested. From this evidence, it was determined that oxalic acid 

dihydrate caused the formation of particle aggregates in an alcoholic PTE solution. These 

particles were assumed to be of the sizes determined from diffraction analysis and TEM 

micrographs, while the aggregates of these particles were of increasing size as the OAD 

concentration was increased. 

Evidence of the synthesis of the previously-mentioned particle aggregates was also 

manifested in the fired films from solutions containing oxalic acid dihydrate. In a 

comparison of two 250°C-fired films (0% and 32 moI% OAD) a large increase in surface 

roughness was observed, from AFM results (Figures 6.15, 6.16), for the film from the 

OAD-inclusive solution over that without OAD. 



Figure 6.15: AFM of a 250°C film fi-om a 0% OAD solution 
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Figure 6.16: AFM of a 250°C film fi-om a 32 mol% OAD solution 
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6.2 Discussion 

Possibly the most intriguing result of this research is not the success in increasing 

the cracking thickness of wet-chemically deposited WO3 films, but rather how this result 

was achieved. It is easily understood that a drying control additive may decrease the 

drying stresses seen in a forming sol-gel film. It is also rather apparent that a similar result 

may occur if the atmosphere surrounding a drying film were quite saturated with a 

compatible solvent. However, this research showed only slight improvements in attainable 

crack-fi'ee thicknesses when oxalic acid dihydrate was added to the precursor solution and 

separately when the as-deposited films were exposed to a constant pHjO while firing. 

When both of these treatments were applied, cracking thickness was increased by nearly 

800 nm. Such a result appears unprecedented in a search of related literature. The reason 

for this phenomenon is elusive. If the results of Hench, et are to be applied to the 

PTE-ethanol system, where DCCAs such as oxalic acid control the cracking behavior of 

sol-gel systems by controlling pore size distribution, then a more pronounced 

improvement in cracking thickness would be expected with the addition of OAD than was 

observed. In the absence of elevated humidity levels while firing, films in the PTE-ethanol 

system showed only extremely-small improvements in cracking thickness. If OAD had 

indeed acted as an agent to control pore size distribution in the forming films, added 

mechanical stability was unfortunately not a result. 

In contrast to discussions of pore sizes and differential evaporation, it seems more 

realistic to envision a drying scenario where the forming film is a slowly-polymerizing 
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mass of reactive polytungstate particles with a surrounding medium of solvent. In the case 

of a film with no OAD nor humid environment, as it is drying, the alcoholic solvent is fi'ee 

to evaporate, leaving the incompletely-cured film before condensation can naturally 

densify and strengthen the film. If the solvent were to evaporate quick enough, the film 

becomes a pseudo-aerogel, and it is obvious that the collapse of this mass would soon 

occur, as the particles composing the film are not bonded strongly, much like the soil and 

mineral particles in a drying mud puddle. However, when OAD is added to the precursor 

solution, evaporation is retarded and these reactive particles may then be imagined to have 

increased times in which to strengthen the forming film skeleton. Regardless, when fired 

in an ambient environment the films show only a small improvement in cracking thickness, 

suggesting that drying is still too fast. 

Those films which contain oxalic acid dihydrate and are humid pre-fired maintain a 

"sticky" feel to them for much longer during humid pre-firing than do those which are 

exclusive of OAD. What this means is that the OAD/humid pre-fire films are allowed to 

condense at a much slower rate and therefore are allowed to strengthen the forming 

tungsten oxide skeleton before most of the solvent is removed fi-om the film. These films 

(OAD/humid pre-fired) retain a slight tackiness after the humid pre-fire step, while those 

films fired in ambient air do not. Therefore, it is assumed that there is an uptake of water 

by the forming film during humid-prefiring, and that this water, in the presence of OAD, 

will linger in small amounts even after all of the ethanol has been evaporated. Whether 

this retained water allows for continued gentle condensation of the film by acting as a 

solvating liquid (substituted for ethanol) or if it exists only in pores, to be extracted upon 
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further firing, was not easily determined. The fact that the OAD film may be "smeared" 

after humid pre-firing while an OAD-free film cannot is evidence for the former, as the 

film cannot be considered completely cured at this time. It would be incorrect to assume 

that a system of liquid-filled pores may exist in an incompletely-formed film. As a result 

of the previous discussion, the reason for improved cracking thickness is proposed to be 

the slow, gentle condensation allowed to occur during low-temperature humid firing, and 

the fact that some solvent (water) is still present to allow for further condensation without 

drying into the final firing step. A model such as this agrees well with the theories for 

drying stresses as oudined by Scherer^^. 

The above hypothesis is important because of another result previously recorded 

about these films: condensation is not nearly complete until a firing temperature of 

around 140°C. Such a result was found for films with and without the DCCA. Water, 

which boils off at lower temperatures, may be retained with the use of a proper DCCA (in 

this case oxalic acid dihydrate) until the majority of this condensation has been 

completed. 

Low pH may be a factor leading to the formation of smaller crystalline grains with 

an increase in OAD concentration. Low pH may cause smaller particles to be dispersed 

in solution, as seen in the light-scattering experiments as larger amounts of OAD were 

added to a ETE solution. This phenomenon is explained as an increased hydrolysis rate 

with retarded condensation"^. With polyanions such as those from tungsten, aggregation 

of the polyanions must occur after condensation*^. A severely-retarded condensation rate 

may be enough to lower the overall size of PTE aggregates in solution. 
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Another topic of discussion is the appearance of crystallites of tungsten oxide in 

films which would otherwise be completely amorphous in the absence of OAD. This is 

an unexpected result, but is not altogether unique^^. It was proven that the crystallization 

did not occur in solution, as was evidenced by the lack of grain fringes in a TEM 

micrograph of the solid obtained from drying a 32 mol% OAD PTE solution. Therefore, 

the onset of crystallization was assumed to be linked to the sublimation and 

decomposition of OAD during firing to 250°C. Regardless of the level of understanding 

of the crystallization mechanism, the addition of OAD to solutions of PTE allows 

variable control of the crystallite size and surface roughness of the fired films. The effect 

of these parameters on the electrochemical and electrochromic properties of tungsten 

oxide films will be examined in the following chapter. 

6.3 Summary and Conclusions 

Oxalic acid dihydrate (OAD), used as a drying control additive in PTE solutions, 

did not help increase the cracking thickness of films cast from these solutions. Similarly, 

film curing in a humid environment did not elevate the cracking thickness. Together, 

these two alterations to the standard dipping solution and heating method combined to 

allow films over one micron in thickness; this a 700 nm improvement over standard 

solutions in dry firing atmospheres. This phenomenon was attributed to interaction 

between OAD and water from the air, where the OAD retains large quantities of water ~ 

a good solvent for as-deposited films — in the film beyond temperatures at which water 

would normally be evaporated. This water keeps the film saturated with liquid for longer 
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times, allowing more condensation and strengthening than would be allowed before drying 

in a system without water and OAD. When drying finally does occur, a stronger film is 

claimed to exist. This film is sufficiently strong to resist fi-acture due to the stresses 

brought about by sudden liquid removal. 

Oxalic acid dihydrate was also seen to catalyze crystallization of the films at 

temperatures lower (250°C) than that seen in Chapter 5 for standard films. These films 

were observed to have smaller crystal grains than films without OAD addition, and these 

were seen to be embedded in an amorphous matrix. These crystals are small enough (5 

nm) to be x-ray amorphous and were visible only in TEM micrographs. Crystallites did 

not exist in the solution of PTE and OAD, leading to the claim that it was the sublimation 

or decomposition of the OAD at temperatures near 200°C which caused this crystal 

formation. This behavior was likened to heterogeneous nucleation, with an OAD seeding 

agent. Increasing amounts of OAD were seen to produce smaller crystallites. At 350°C, 

films of no OAD, 10 mol% OAD and 32 mol% OAD were observed to contain crystals of 

19.7 nm, 16.5 nm and 6.5 nm, respectively. At 32 mol% OAD, line broadening in x-ray 

difi&action was large enough to cause a merger of the three main tungsten oxide d-spacing 

lines. The largest of these was sufficiently taller than the others to allow Scherer 

broadening calculations to be conducted. 

The addition of oxalic acid dihydrate to the deposition solution did alter the 

solution properties, as aggregation was observed by rough light scattering experiments. 

Increasing amounts of OAD in solution caused greater light scattering of a laser. 



129 

suggesting that the acid was effectively compressing the double layer of the solvated PTE 

and allowing larger {^egates to form. Beyond about 45 mol% OAD, the solutions took 

on a hazy look due to growth of these aggregates to sizes large enough to see (> lum). 

True to this phenomenon, films cast fi-om the OAD-modified solutions exhibited a much 

rougher surface profile by AFM analysis. This roughness is claimed to be derived from 

the sharp edges of these particles rising from the film surface. Assuming that the 

aggregate shape is similar in standard and OAD-modified solutions, the porosity of the 

films should be similar also. This was indeed the case, as calculated by the Lorenz-

Lorentz equation fi-om refractive index measurements. According to literature results, 

porosity has been an accurate indicator of the electrochromic response of films. In this 

light the electrochemical and electrochromic behaviors of standard films and those from 

OAD-modified solutions might be predicted to be quite similar. However, predictions 

were made that the high surface roughness of films fi-om OAD-modified solutions would 

lead to increased speed in the coloring and bleaching reactions during electrochemical 

testing. 
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7. ELECTROCHEMICAL AND ELECTROCHROMIC 
PROPERTIES OF WO3 FILMS DERIVED FROM PTE 

7.0 Section Objectives 

Many different methods have been employed to deposit tungsten oxide 

and these methods have been documented to yield films with widely-

varying electrochemical and electrochromic responses^' ®' ®^'". In some of these reports, 

the differences were related directly to the microstructures and morphologies of the 

tungsten oxide. Among the results in these reports were ranging electrochromic activity 

(high or low charge capacities), ranging reaction kinetics and altering of the transmission 

spectra of both the colored and bleached films. 

While the successful synthesis of a useful tungsten oxide precursor and intact 

tungsten oxide film was an important segment of this thesis, these achievements were of 

little importance without acceptable electrochromic properties of said films. It was 

predicted that an examination of the electrochromic properties of the films would yield 

intriguing results in light of the evolving microstructure of the film with firing temperature 

or solution additive. According to the results seen in Chapter 5, these films have not 

completed the majority of condensation until nearly 140°C. Therefore, it was predicted 

that electrochromic activity would also show similar increases until firing reached 140°C. 

In terms of the crystallinity of these films, it has been reported that anhydrous crystalline 

WO3 does not reversibly intercalate alkali metal ions^^'^'". This result was then expected 

for all films fired to 350°C. However, for those films fired to 250°C it was not known 

what would result, as "amorphous" films from solutions with OAD as an additive contain 
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nanosized crystallites in the amorphous body. Experiments to probe the previous 

questions consisted of electrochemically cycling (reducing and oxidizing) films which were 

fired to different temperatures and which were cast firom "pure" solutions and firom those 

with OAD as an additive. 

Next in question was the spectral absorption of films with different 

microstructures. In previous literature it was reported that crystalline films of WO3 not 

only modulate radiation in the visible region but also in the near infi-ared^. Amorphous 

films are reported to only modulate visible light. Experiments were then designed to 

examine this microstructural modification of the radiation-modulating properties of these 

coatings, without the glass substrate interfering with the ultraviolet and infi'ared 

transmission measurements. 

Finally, a few brief experiments were planned to explore the effect of trace 

amounts of water in a non-aqueous electrolyte. Previous literature has promoted the idea 

that small amounts of water improve the electrochromic properties of WO3 films* 

whether as a part of the film structure or as a fi-ee entity in the electrolyte. Whereas much 

research deals with the electrochemical intercalation of hydrogen ions into the WO3, such 

results may be unrealistic as to the performance of an (even slightly) acidic electrolyte in a 

sealed electrochromic device. The reduction of protons to hydrogen gas at an inert 

electrode occurs at relatively-mild potentials (~ -0.22v -Vs- Ag/Ag* reference electrode) 

and this most probably would result in the formation of hydrogen bubbles in the sealed 

device. Nevertheless, electrochemical cycling of some selected higher-temperature films 
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was planned to examine the effect of small amounts of water on WO3 cycling stability and 

reaction kinetics. 

7.1 Experimental Results 

7.1.1 Electrochemical and Electrochromic Properties of Low-Temperature WO3 

Initial experiments to determine the evolution of electrochemical and 

electrochromic activity with firing temperature were begun by synthesizing a solution of 

0.23 g/ml PTE in ethanol. (At such a low solid concentration, films were expected to be 

of low enough thickness to avoid both cracking and any questions as to the interaction of 

the electrolyte medium with the underlying conductive layer.) Films were then cast on 

ITO substrates by dip coating at a withdrawal rate of 27 cm/min. Five minutes of room 

temperature drying was allowed for each film before heating in a controlled-humidity oven 

to the final firing temperature (humidity held at 10%RH above T = lOCC), where the film 

was soaked for exactly fifteen minutes. The temperatures tested were 80°C, 100°C, 

120°C, 140X and 160°C. 

Cyclic voltammetry of the 80°C, 100°C, 120°C, 140°C and 160°C tungsten oxide 

films was run in an argon-filled dry box with a starting potential of Ov, a cathodic limit of -

1.3v and an anodic limit of -K).6v. The voltammograms of these films (Figure 7.1) were 

quite similar, with small differences only in the rates of the cathodic (coloring) reaction, as 

evidenced by a decrease in cathodic slope with increasing firing temperature. The greatest 



133 

80C 

c 
g 
3 

160C 

U 
06 -0.2 -0.4 -1.2 -0.8 -0.8, 

140C 

80C 
• -2 

Potential (V -vs- Ag/Ag'f) 

Figure 7.1: Cyclic voltammetry of 0% OAD films heated to 80°C, 100°C, 120°C, 140°C 
and 160° (10 mV/s) 

difference among the fihns was the 160®C sample, which showed a marked decrease in 

activity in comparison to all other coatings. 

To determine the amount of charge intercalatable in each of the above films at the 

potential limits given above, step potentials were applied to the films, with the concurrent 

measurement of transmission at 550 nm. The films were bleached completely at 0.6v 

before these measurements. For the scan, -1.3v was applied for exactly 200 seconds and a 

bleach at -K).6v was then applied for another 200 seconds. The charge passed for the 

cathodic and anodic reactions was integrated as the areas from under the curves in Figure 

7.2. Values for the cathodic charge passed (charge capacity, or Qe), anodic charge passed 
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and reversibility of the intercalation reaction (the ratio of charge extracted to charge 

intercalated) may be found in Table 7.1. 

FUm 
Charge Intercalated 

IQcl (Q 

Charge 
Deintercalated 

(O 
Reversibility (%) 

80°C 0.3832 0.3488 91.02 

100°C 0.3904 0.3627 92.90 

120°C 0.3663 0.3365 91.86 

140X 0.3553 0.3317 93.36 

160«C 0.2945 0.2637 89.54 

Cathodic potential: -L3v, Anodic Potential: +0.6v 

Table 7.1: Charge Capacities and Reversibilities of Tungsten Oxide Films Heated to 
80°C, 100°C, UCC, 140°C and IdCC 

Of great interest in the above data table is the apparent loss of around eight to ten percent 

of the intercalated charge in the film; charge which was not recovered upon bleaching. 

This charge may have been retained by the film as trapped lithium ions. Alternatively, the 

possibility exists that all of the current passed with the cathodic potential is not related 

solely to intercalation. If another, irreversible reaction is occurring during this cathodic 

step then it would be expected that the anodic reaction may not pass the same amount of 

charge. 

Of additional interest is the decrease in charge passed at the given cathodic 

potential as these films were heated to higher temperatures. If it is assumed that all 

cathodic charge passed is tied directly to lithium intercalation by the tungsten oxide film. 
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then the lower amounts of charge should also correspond to a lesser electrochromic 

response by the film. It is from the concurrent transmittance data (Figure 7.3) that this 

assumption was proved incorrect. Films heated to higher temperatures, rather than 

exhibiting a lesser electrochromic activity, actually colored deeper. Lower temperature 

films also showed a tendency to bleach even while under cathodic polarization. From 

Figure 7.3 it was seen that films heated to 140®C and 160°C held their coloration under 

applied potential, while those heated to lower temperatures did not. As a final 
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Figure 7.3; Coloration kinetics of 0% OAD films heated to 80°C, 100°C, 120°C, 140°C 
and 160®C (-l.3v color, -K).6v bleach) 
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observation, films heated to 100*^0 or greater modulated a greater percentage of SSO nm 

light than lower-temperature films, with higher bleached transmittances and, in the case of 

the 160°C film, a greater depth of coloration. 

7.1.2 Electrochemical and Electrochromic Properties of 250°C and 350°C-Fired 
Films, with and without Oxalic Acid Dihydrate as a Solution Additive 

The following table lists the four types of tungsten oxide utilized in these 

experiments and codes which were used to refer to each film. 

NoOAD 32 mol% OAD 

250°C •'woa-o-A" '*W03-32-A" 

350®C "W03-0-C" "W03-32-C'' 

Table 7.2; Variations of WO3 Tested for Electrochemical and Electrochromic Activity 

In these experiments, a film was subjected to cyclic voltammetry between the 

potentials (versus the Ag/AgNOs reference) of 0.6V for the anodic reaction and -1.2V 

cathodic. An initial, "break-in" cycle was allowed before data acquisition, as the first 

cycles of most intercalation materials tended to have some amounts of irreversible 

character. This behavior was in general seen to disappear after this first cycle. For these 
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experiments the initial cycle will not be discussed. Rather, changes in the voltammogram 

from beyond the second cycle will be examined. 

The voltammogram of the W03-0-A film (Figure 7.4) did not display properties of 

a good electrochromic film. The cathodic behavior of the film did not appear unusual for 

tungsten oxide films — a near-ohmic increase up to -1.2V. However, the anodic current, 

unlike in reported voltammograms of successfiil WO3 films, did not peak at a minimum 

with a subsequent return to zero current. Instead, the anodic reaction current leveled off 

at nearly -0.2mA. This would indicate the lack of a distinct deintercalation potential for 

this film and a certain amount of irreversible intercalation. (In a reversibly-intercalating 
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Figure 7.4; Cyclic voltammetry of a 0% OAD film heated to 250®C (dry O.IM 
LiC104/PC) 
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material, the anodic reaction in a voltammogram would appear as a distinct peak, with the 

current returning to zero if no other anodic reactions take place.) Further cycling revealed 

the anodic current to level oflf at even more negative values, while remaining constant 

during the anodic part of the voltammogram. This increase in anodic current occurs on 

the same voltammogram which does not display increase in the cathodic current, 

suggesting strongly that the anodic current is not solely a product of the deintercalation of 

lithium ions from the film. If deintercalation were the only anodic process, a peak would 

surely exist unless the kinetics of deintercalation were extremely slow and unresponsive to 

ever-increasing overpotentials. 

In a comparison to the above film, which was completely amorphous, film W03-

32-A, which contained small crystallites of WO3 embedded in an amorphous matrix, was 

cycled. The voltammogram for this film (Figure 7.5) was similar to that for W03-0-A 

with the exception that the anodic reaction portion of the plot included hints of a peak 

centered at -0.4V. Further cycling did not change the voltammogram significantly, 

suggesting a slightly increased stability to cycling over film W03-0-A. 

For the films fired to 350®C, the voltammograms were changed from 250°C films. 

Film W03-0-C, with an initial CV seen in Figure 7.6, had cathodic behavior much like that 

of film W03-0-A, with the cathodic current beginning to increase around -0.4V to a 

maximum of 1.4mA at -1.2V. This suggested that the coloration processes for these two 

films, with entirely different microstmctures, was very similar if not identical. However, 

the anodic portion of the voltammogram now contained a pronounced peak centered at -

0.6V, with the current approaching, but not reaching, zero before the CV direction was 
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Figure 7.6; Cyclic voltammetry of a 0% OAD film heated to 350°C (dry O.IM 
LiC104/PC) 
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switched. This was considered a sign of a more reversible intercalation process than in 

W03-0-A and W03-32-A, with a marked decrease in other anodic reactions. Increased 

cycling of this film, however, caused the film to lose some activity on both cathodic and 

anodic portions of the voltammogram. Because of this, film W03-0-C was not considered 

to be stable to electrochemical cycling. 

Film W03-32-C, known to be both completely crystalline and with a rougher 

surface than film W03-0-C, displayed a remarkable increase in electrochemical activity 

(Figure 7.7). The cathodic sweep showed the cathodic reaction to begin at lower 

potentials, i.e. around O.OV. Cathodic current rose to nearly 2.3mA at -1.2V, a significant 

increase over the cathodic current for W03-0-C. For the anodic region, a small peak 

exists near -0.5V, which is possibly a relative reaction to that seen at -0.6V in film W03-

0-C. However, the largest peak is now centered near -0.2V, with a peak current of nearly 

-1.8mA. This is a threefold increase over the anodic peak current seen by the W03-0-C 

film. Anodic current, as in the W03-0-C voltanunogram, approaches zero at 0.6V. 

Additional cycling of this film illustrates a small amount of electrochemical activity loss. 

(Figure 7.8 compares the previous voltammetry, minus W03-0-A, directly.) 

Integrating the positive and negative currents for each voltammogram yielded the 

following data for dynamic charge capacity and reversibility for each film. (Dynamic 

charge capacity, Qe.d, is defined in this work to be the amount of charge intercalated into 

the film during a potential sweep, with all positive current in the voltammogram assumed 

to be fi-om lithium ion intercalation. Similarly, for reversibility calculations, all negative 

current was assumed to be due to deintercalation. Reversibility is then the ratio of 
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Figure 7.8: Cyclic voltammetry of various tungsten oxide films (dry 0. IM LiC104/PC) 
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"deintercalated" charge to intercalated charge.) The values calculated for charge capacity 

and reversibility are found in Table 7.3. 

FUm Qc4 (mC) 
(cathodic) 

Qc4 (mC) 
(anodic) 

Reversibility 

W03-0-A 54.0 32.4 60.0 % 

W03-32-A 88.0 76.1 86.5 % 

W03-0-C 60.0 37.9 63.2 % 

W03-32-C 144.3 138.0 95.6 % 

Table 7.3; Dynamic Charge Capacity and Intercalation Reversibility of Various WO3 
Films 

To examine the effect of trace water on the electrochemical properties of the same 

films as analyzed above, a new electrolyte solution was prepared with 0.1 M LiC104 and 

0.1 voI% water in PC. Identical voltammogram conditions were used. For the "wet" 

electrolyte, film W03-0-A had a voltanunogram (Figure 7.9) similar to that seen in the dry 

electrolyte, albeit with a higher current density for both cathodic and anodic sweeps. 

Further cycling brought about an increase in the peak cathodic current at -1.2V. In 

addition, the anodic sweep exhibited the formation of a peak at -0.5V. Film W03-32-A, 

unlike W03-0-A, yielded a voltammogram (Figure 7.10) which exhibited vastly improved 

deintercalation properties over the same film in a dry electrolyte. A strong anodic peak 

was located at -0.3 V, and with further cycling, the anodic current was seen to become 
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Figure 7.10: Cyclic voltammetry of a 32 mol% OAD film heated to 250''C (O.l vol% 
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very small at 0.6V, and no degradation was seen in this CV with cycling. Thus, small 

amounts of water were seen to improve the cyclability and reversibility of the 250°C-fired 

film fi-om a 32 mol% OAD PTE solution and not for films fi*om OAD-fi-ee solutions. 

The "wet" cyclic voltammogram of film W03-0-C (Figure 7.11) was nearly 

identical to the same film in a dry electrolyte; the only difference is that in the wet 

electrolyte the voltammogram was slightly more rounded. With cycling, this CV did not 

appreciatively change. This is in direct comparison to the same film in a dry electrolyte, 

which lost a significant amount of electrochemical activity with cycling. Film W03-32-C, 

in a wet electrolyte, had the best electrochemical characteristics of all films in wet or dry 

electrolyte. The voltammogram of this film (Figure 7.12) had an anodic peak centered at -

0.3 V, and the anodic current reached very small values (~ 5^A) when the potential sweep 

reached 0.6V. Subsequent voltammograms of this film were nearly overlaid on the 

original, a sign of cycling stability. Dynamic charge capacity and reversibility calculations 

for the previous films in a wet electrolyte are listed in Table 7.4. A compilation of all of 

the "wet" cycled films may be found in Figure 7.13. 
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Figure 7.11: Cyclic voltammetry of a 0% OAD film heated to 350°C (0.1 vol'/o H2O in 
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Figure 7.12: Cyclic voltammetry of a 32 mol% OAD film heated to 350°C (0.1 vol% 
H2O in electrolyte) 
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7.1.3 Changes in Transmission Spectra with Varied WOj Microstnicture 

For these experiments, films of tungsten oxide were applied to fused quartz discs 

by spin coating two solutions at 2000 rpm — one with 0.35 g PTE/ml ethanol and another 

with an identical PTE concentration and also 32 mol% OAD. These films were subjected 

to humid prefiring to 105°C and then fired to either 250°C or 350°C, to yield films similar 

to those labeled W03-0-A, W03-32-A, W03-0-C and W03-32-C. FT-IR and UV-Vis-

NIR spectroscopies were then carried out. 

Film Qcj (mC) 
Cathodic 

Qc.j (mQ 
Anodic 

Reversibility 

W03-0-A 74.0 54.0 72.9 % 

W03-32-A 173.0 172.0 99.4 % 

W03-0-C 74.0 49.0 66.2 % 

W03-32-C 217.6 206.0 94.7 % 

Table 7.4: Dynamic Charge Capacity and Intercalation Reversibility of Various WO3 
Films in a 0.1 M LiC104/0.1 vol% Water in PC Electrolyte 

FT-IR absorbance spectra of the films may be found in Figure 7.14. These are 

very similar to those seen for films fired to 250°C and 350°C as described in Chapters 5 

and 6, with the exceptions that the W03-0-C spectnim reveals that this film has already 

undergone the decomposition to the anhydrous phase by 350°C, while W03-32-C appears 

to be in some intermediate stage of the phase change or decomposition. UV-Vis-NTR 
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Figure 7.14; FT-IR absorbance spectra of bleached W03-0-A, W03-32-A, W03-0-C 
and W03-32-C 
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reflccumce spectra (from 200 to 2000 nm) for all films (Figure 7.15) were very similar, 

with none exhibiting appreciably-higher reflectance in any radiation region. UV-Vis-NIR 

transmittance spectra for the above films also exhibited no differences in transmittance 

between films. (See Figure 7.16) 

Because the films were on quartz substrates, instead of ITO or SnOz, 

electrochemical reduction was not possible; therefore, chemical reduction was necessary. 

This was carried out in an argon-filled glove box with a solution of cobaltocene (0.03 M) 

and LiC104 (0.05 M) in propylene carbonate. A few drops of this solution was applied to 

the films and allowed to react for two minutes. In this time the coatings turned deep blue. 
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Figure 7.15: UV-Vis-NIR reflectance spectra of bleached tungsten oxide films 
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Figure 7.16: UV-Vis-NIR transmittance spectra of bleached tungsten oxide films 
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The solution was then rinsed from the coatings by inunersing in a bath of pure PC. Excess 

PC was then removed from the samples with a high-pressure nitrogen stream and the films 

were stored under argon until testing. FT-IR absorbance spectra of these colored films 

(Figure 7.17) did not show any significant changes in peak structure or intensity from the 

bleached to the colored state other than a small growth of a band around 800 cm'^ with 

coloration for the W03-32-C sample. In the UV-Vis-NIR transmittance spectra (Figure 

7.18), however, film W03-0-A appeared to have a much more transmissive near-infrared 

region than all other films. Reflectance spectra (Figure 7.19) demonstrated that W03-0-A 

was also less reflective in the near-infrared region than the other films. As film W03-0-A 

is the only one in this set which is icnown to have no crystallinity (Chapter 6), this result 

corroborates other researchers' claims that crystalline tungsten oxide reflects near-infrared 

light when reduced, while amorphous films do not. 
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Figure 7.18; UV-Vis-NIR transmittance spectra of colored tungsten oxide films 
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Figure 7.19: UV-Vis-NIR reflectance spectra of colored tungsten oxide films 
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7.2 Discussion 

One result which was predicted from IR data and shrinkage behavior was that 

tungsten oxide films cast fi-om ethanolic solutions of PTE would exhibit steadily improving 

electrochromic (EC) behavior with firing temperature. A plateau of around 140°C was 

predicted as a temperature at which optimal EC properties would be found. Because of 

the increasing "condensation" with temperature seen in Chapter S, it would be logical to 

imagine that a larger number of intercalation sites for lithium ions would exist in the 

forming tungsten oxide structure and that coloration in the reduced film would be greater. 

Again in keeping with a model of increasing strengthening through condensation, films 

fired to 140°C and above would also be expected to be more durable to electrochemical 

cycling. A less cohesive film could slowly dissolve or disperse into the electrolyte medium 

as intercalation and deintercalation swell and shrink the structure. 

Of the above predictions it was indeed found that a greater EC response was seen 

in those films heated to higher temperatures. Notable was the greater depth of coloration 

in films heated to 140®C and 160°C. Not only did these films color more deeply than 

lower temperature films; they also required less charge to do so (Table 7.1 and Figure 

7.2). This behavior is evidence of a more efiScient coloration reaction, with a greater ratio 

of the cathodic charge actually accountable to the intercalation and coloration of the 

tungsten oxide film. What this means is that lower temperature films may incorporate 

charge into non-coloring sites in the film. Therefore, the statement that firing to 140°C 

increases the number of sites for electrochromic intercalation appears to be quite valid. As 
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for the small amount of irreversibility of the intercalation reaction regardless of sample 

heat treatment, this occurrence may be due to electrolyte species reduction at the tungsten 

oxide-electrolyte interface. 

Of the more questionable results is the lower temperature films' lack of control at 

holding low-end transmittances under constant applied potential. This is seen in the %T -

Vs - time trace (Figure 7.3) as a steady drift in the transmittance to higher values after full 

coloration, even though the coloration potential is still applied. It is possible that this 

phenomenon is due to a slow loss of colored film to the electrolyte medium. In a lower 

temperature film, such as those fired to only 80°C, Figure S. 11 reminds us that the film is 

still quite far fi'om being completely condensed and strengthened. In such a structurally-

weak material, small particles could be expected to dislodge from the film when subjected 

to stresses such as the swelling and contracting of the film. 

One of the more interesting results of this section is the efifect that oxalic acid 

dihydrate had on the dynamic charge capacities of the films fired to 250°C and 3S0°C. It 

is apparent fi'om the data in Tables 7.3 and 7.4 that the structural modifications brought 

about by adding OAD to the precursor solution have increased the dynamic cathodic 

charge capacity by as much as 294% (for the "wet" electrolyte and 350°C films). These 

data do not mean that the films from OAD solution are capable of storing more charge; 

rather, since the voltammograms represent the relative fluxes of charge into the film with 

potential change these values are more an indication of the rates of intercalation and 

deintercalation. Films with more charge passed under identical sweep rates were able to 
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intercalate more charge in the same time. As the rate limiting step in intercalation (in the 

presence of an electrolyte of sufficient ionic conductivity) is either the passage of the 

cation from the electrolyte to the film or the bulk diffusion of charge in the film, our 

knowledge of the tungsten oxide structure allows two theories for the alleviation of both 

of these rate-limiting steps. 

In terms of the lithium cations jumping fi-om the electrolyte to an adjacent site in 

the film, this action will be obviously limited by the surface area of the film. A film with a 

surface area less than that of another would be expected to have fewer available sites at 

any one time for ion intercalation from the electrolyte. Therefore, the measured current of 

a film being reduced will be smaller if the film has a smaller surface area, due to the 

limitations placed upon the electrochromic reaction by this parameter. Since the film from 

OAD solution was proven in this research to have a surface area many times that of a film 

cast from an OAD-free solution, it is not surprising then that the rate of intercalation is 

much greater in the former case. A result similar to the above was reported by M. Maaza, 

et al.*', where surface roughness of an r.f sputtered WO3 film was seen to impact the 

lithium difiusivity in said films. 

Furthermore, in terms of the bulk dif^sion of lithium ions in the films, it may also 

be expected that this phenomenon be enhanced by the addition of the OAD. Such films 

contain crystallites of a much smaller size than films cast from OAD-free solutions. As a 

result, there is also a necessary increase in the grain boundary area contained within the 

film. Since dififlision occurs at a greater rate down a grain boundary than through the 

actual crystalline lattice of a material, a polycrystalline film of smaller grains should exhibit 
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greater values of "bulk" diffusion than a film with larger grains. Tungsten oxide cast from 

solutions with OAD has both a high surface area and a bulk microstructure more 

conducive to charge passage. In light of all of this, it is not surprising that the films cast 

from OAD solution intercalate and deintercalate charge at a rate greater than those cast 

from solutions with no OAD. 

7.3 Summary and Conclusions 

Films from PTE solutions (with no oxalic acid dihydrate additive) heated to higher 

temperatures (140°C and 160°C) were seen to exhibit greater modulation of 550 nm light 

than films heated to lower temperatures. This increased electrochromic activity was also 

accompanied by a lessening of the amount of charge required to obtain this depth of 

coloration. A better "coloration efficiency" was therefore seen to develop as films were 

fired to higher temperatures. This was attributed to the formation of larger numbers of 

electrochromically active sites for lithium ion intercalation as the films were cured to 

greater extents. In these films, kinetics of the coloration and bleaching reactions were also 

slowed with increasing firing temperature; this is claimed to be related to film 

densification, which lowers lithium ion diffusivity in the film. 

For films heated to 250°C and 350°C and with and without OAD as an additive, 

the general trend was that in a LiC104/propyIene carbonate (PC) electrolyte both OAD 

and higher temperatures were seen to improve both the coloration and bleaching kinetics 

and the reversibility of the intercalation reaction. Films from OAD-modified solutions 

were claimed to exhibit such behavior due to their increased surface area over films from 
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standard unmodified solutions. No obvious reason was found for the increase in film 

idnetics and reversibility with temperature. 

With the addition of a small amount of water to the standard electrolyte an 

additional improvement in coloration and bleaching reaction Idnetics and intercalation 

reversibility was discovered. Two scenarios were proposed to account for such behavior. 

The addition of protons to the electrolyte was possible upon dissociation of water; these 

protons would diffiise more quickly through the tungsten oxide than lithium ions and 

coloration speed would be thusly improved. Conversely, water uptake by the tungsten 

oxide could allow rehydration of the film, a phenomenon reported by numerous 

researchers to allow quicker lithium ion diffiision by stretching out the diffiision paths 

followed by the lithium ions. The improved reversibilities of intercalation with water 

addition would be affected also by the two previous scenarios as hydrogen intercalation is 

reportedly more reversible than lithium ion intercalation. Water uptake by the film might 

also benefit intercalation reversibility by trapping the water molecules at sites which would 

ordmarily trap lithium ions. 

In agreement with published examples, films of crystalline tungsten exhibited a 

greater reflection of near-infi'ared radiation than amorphous films. All films at 250°C and 

350°C with and without OAD were similar in their bleached spectra. However, a 

completely amorphous film fired to 2S0°C fi'om a standard solution had a lessened NIR 

reflectivity than a 250°C film fi'om an OAD-modified solution when colored. Similarly, 

both the fiilly-crystalline (350°C) films fi'om standard and OAD-modified solutions had 
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higher colored NIR reflectances than both 250°C films. The NIR reflectivity was greatest 

in the colored 3S0°C film from standard solution. These results are important because 

control of NIR reflectivity could allow control of not only visible light modulation of an 

electrochromic window but also heat modulation. 
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8. CONCLUSIONS 

Work in this thesis has included the chemical synthesis and characterization of a 

novel tungsten oxide precursor for wet-chemical deposition, the curing behavior of films 

cast fi-om this precursor, methods of increasing the cracking thickness of the films and 

finally the electrochemical and electrochromic properties of the films. This precursor was 

synthesized by dissolution and reaction of tungsten metal in hydrogen peroxide and 

decomposition of the remaining fi'ee hydrogen peroxide. From dissolution to just before 

all of the fi'ee peroxide is decomposed the species in solution was determined to be 

peroxotungstic acid as was published by other research groups. Aiter the peroxide 

decomposition, acetic acid in the reaction, which previously aided only in the quicker 

decomposition of said peroxide, reacts with the peroxotungstic acid to form 

peroxotungstic acetate. Isolation of this acetate and reaction with ethyl alcohol resulted in 

ligand exchange of acetate by ethoxy groups. This new material, when isolated, was an 

alcohol and water-soluble solid and was determined to be peroxotungstic ethoxide (PTE), 

a new material which is patented by Donnelly Corporation. The addition of ethoxy ligands 

to a molecule of peroxotungstic acid has resulted in a greatly increased alcohol solubility 

over peroxotungstic acid. Because of this increased solubility, solutions of high 

concentrations of PTE may be made and thick films may be deposited. 

Advantages of the PTE precursor over traditional tungsten oxide precursors and 

coating methods are myriad. In addition to the high solubility of the compound in 

alcohols, which wet oxide substrates much better than water, the PTE powder is very 
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stable if stored at low temperatures. The shelf life of ETE was seen to be well over four 

years if stored at -10°C or below, as determined by the solubility of the compound in 

alcohol. If left at room temperature, a shelf life of a few weeks was seen before the 

material formed an insoluble solid. This insoluble material is assumed to be a highly 

condensed form of PTE of molecular weight too great to be dissolved in alcohol. A 

typical tungsten alkoxide would hydrolyze and condense in air in seconds to form an 

insoluble oxide, whereas the PTE is highly stable in air. In addition, solutions of PTE 

have been s5mthesized and used for periods of over one year without a change in coating 

properties. These solutions may be used to coat by various techniques, such as spin, dip, 

roll and spray coating. Furthermore, large-area (1 ft") and odd-shaped substrates have 

been coated with PTE solutions, a result quite difficult to achieve by evaporation and 

sputtering. 

These films were examined as to the evolution of bond structure with firing 

temperature by infrared spectral analysis. The majority of the oxide structure was seen to 

form by 140°C due to the growth in intensity of a peak attributed to O-W-0 bonds, an 

effect related to the condensation of reactive groups on the precursor molecule. 

Shrinkage of the fired films was also observed to plateau at roughly 140°C, promoting the 

argument that the film was being strengthened by oxide formation up to this temperature, 

at which time the film was sufficiently strong to resist collapse of its structure due to 

increasing amounts of solvent removal. The elecurochromic properties of films fired to 

different temperatures revealed that films fired to 140°C and higher were stable to 
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electrochemical intercalation of lithium and modulated light at 5S0 nm better than films 

fired to lower temperatures. Films fired to higher temperatures were also observed to 

have less side reactions upon coloration. This is translated to a greater coloration 

efficiency, where larger ratios of the current passed through a film are related to the 

optical response, rather than to decomposition of the electrolyte and other undesirable 

reactions. 

Crack-fi-ee films of up to one micron (after firing to 250°C) were deposited 

utilizing a combination of a humid pre-firing heat treatment and oxalic acid dihydrate 

addition to the precursor solution. Without both of these modifications, crack-fi-ee films 

of only 300 nm were possible. This discovery means that EC windows can be assembled 

with a thick electrochromic layer which will color deeper without the optical nuisances of 

visible cracks. This increase in the cracking thickness was attributed to the solvating 

effect that water has on the film. The presence of OAD, which is a drying control 

additive, does not allow water to evaporate as quickly, allowing the film to strengthen its 

structure by condensation for longer times before all solvents are removed fi-om the film. 

OAD was also determined to catalyze the formation of crystallites at temperatures lower 

than the accepted crystallization temperature for tungsten oxide (250°C versus 350°C). 

These crystals decreased in size corresponding to increases in OAD concentration. 

Further, the formation of aggregates of increasing size was seen as increasing amounts of 

oxalic acid were added to the precursor solution. This change in the size of the dispersed 

material roughened the surface of films deposited fi-om OAD-modified solutions as 

determined by AFM analysis. 



169 

Voltanunetry of amorphous and crystalline films indicated that increasing 

coloration and bleaching kinetics resulted from the addition of oxalic acid dihydrate to the 

precursor solution and also from the heating of the films to 350°C rather than 250°C. 

Such a result was surprising, as crystalline films (such as those fired to BSO^'C) have long 

been reported to have inferior intercalation kinetics to amorphous films. However, more 

charge was intercalatable into the crystalline films in a given time than into amorphous 

films. Additionally, a crystalline film cast from an OAD-modified solution exhibited 

superior kinetics to all film. The reversibility of the intercalation was also determined to 

be greatest for crystalline films fi-om OAD-modified solutions. This was claimed to be a 

result of the higher surface areas of OAD-modified films, which would increase the area of 

the film/electrolyte interface, where intercalation takes place. In addition, since grain 

boundary diffusion is generally quicker than bulk difiusion, films fi'om OAD-modified 

solutions, with smaller grains (5 nm versus 19.7 nm) would be expected to have quicker 

uptake of lithium ions fi'om the electrolyte, as well as faster diffusion through the film fi'om 

fi-ont to back. 

A small amount of water added to the electrolyte was proven to increase both the 

kinetics of all films' reduction and oxidation reactions as well as the reversibilities of these 

reactions. This result was tied to water uptake by the films fi'om the electrolyte. This 

water was said to either stretch the tungsten oxide lattice and allow faster lithium diffusion 

or to dissociate at an electrode, forming the faster and more reversibly-intercalatable 

proton. Water has been seen by other researchers to allow faster coloration and bleaching 

of films with the related result of a shorter film lifetime. 
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All films with crystalline character, including that with small crystallites in an 

amorphous matrix, exhibited an increased reflectivity of near-infrared light when in the 

colored state. When in the bleached state there was no such difference between 

amorphous and crystalline films. Therefore, it was determined that utilization of 

crystalline films in an electrochromic device would allow modulation of heat radiation as 

well as visible light. This result has also been reported in other literature for tungsten 

oxide deposited by other techniques. 

The synthesis of peroxotungstic ethoxide from such simple materials as tungsten 

metal, hydrogen peroxide, acetic acid and ethyl alcohol, and the subsequent deposition of 

thick, crack-free (1 um) films from this precursor, could be an important discovery in the 

science of thin film oxide deposition. While this technique allowed thick films of 

tungsten oxide with good electrochromic properties to be synthesized, translation of this 

reaction to other metals is possible. Substituting other transition metals for the tungsten, 

such as molybdenum and rhenium, has already been tested by this author and seen to 

produce oxide coatings of similar optical quality. With proper testing of oxalic acid 

dihydrate as an additive and humid pre-firing, it may be possible then to produce metal 

oxide films of variable thickness and up to one micron. Since it was generally thought 

difficult to obtain coatings of thickness greater than 300 nm without cracking unless 

expensive evaporation or sputtering techniques were used, this discovery may be the first 

to allow low-expense wet-chemical coating procedures to be utilized for the same result. 

In addition, control of film microstructure and morphology by oxalic acid dihydrate 
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addition to the precursor solution is a concept which may be used in other metal oxide 

systems to achieve desired optical qualities in the final films. 
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