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This dissertation describes the electrochemical synthesis and 

characterization of molybdenum oxide thin films. In addition to conventional 

ensemble-based spectroscopic and electrochemical investigations, high-resolution 

spectroelectrochemical imaging and scanning probe microscopy techniques are 

implemented to study localized ion/charge transfer reactivity. Chapter 1 provides 

a general overview of the material to be discussed in the dissertation. Chapter 2 

describes investigations regarding the electrochemical synthesis of hydrated, 

amorphous, sub-stoichiometric thin films of molybdenum oxide. 

Chronocoulometry, X-ray photoelectron spectroscopy, spectroelectrochemistry 

and electrochemical quartz crystal microgravimetry are used to establish 

corresponding deposition mechanisms for films grown at different potentials from 

both iso- and peroxo-polymolybdate solutions. Chapter 3 details the effects of 
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post-deposition heat treatment on the physical, electrochemical and spectroscopic 

properties of electrodeposited molybdenum oxide thin films. X-ray diffraction, X-

ray photoelectron spectroscopy, and atomic force microscopy indicate that heat 

treatment at 250 ºC induces a phase transition from an amorphous structure to one 

that is structurally disordered and comprises discrete α-MoO3, β-MoO3 and 

intermixed α-/β-MoO3 domains. These thermally induced structural changes 

strongly influence the ion storage/coloration properties due to changes in film 

morphology and chemical composition. Chapter 4 describes the localized 

measurement of electronic conductivity and chemical composition in 

polymorphous molybdenum oxide using conductive probe atomic force 

microscopy and Raman Microprobe spectroscopy, respectively. From their 

conductivity and spectroscopic signatures chemically distinct phases of 

molybdenum oxide are identified and found to contribute unequally to the overall 

coloration/-insertion response. Chapter 5 introduces a novel optical imaging 

methodology for quantitative measurement of spatially resolved ion/charge 

transfer dynamics in polymorphous molybdenum oxide. Optical imaging coupled 

with chronoamperometry and cyclic voltammetry are used to study the associated 

phase-specific ion/charge transfer reactivity. Lithium diffusion coefficients, 

conductivities and insertion ratios are estimated for each identified phase (e.g., α-

MoO3, β-MoO3, or mixed α-/β-MoO3) in polymorphous molybdenum oxide. A 

detailed derivation of the equation relating the time-dependent optical density 

change to the lithium diffusion coefficient is provided in the Appendix. 
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CHAPTER 1 

 

Structurally Disordered Metal Oxides for use as Energy Storage 
and Electrochromic Materials 

 

1.1 INTRODUCTION 

The demand for portable, lightweight, reliable renewable energy storage 

systems has increased dramatically due to their use in electronics applications 

ranging from cellular telephones and personal digital assistants (PDAs) to more 

complex applications such as navigation systems and vehicle propulsion for the 

United States military.1 Redox-active transition metal oxides, such as V2O5, 

MoO3 and MnO2, have shown considerable promise in meeting the energy and 

power densities required by these applications.2 As shown below for MoO3, the 

basic energy storage mechanism involves the simultaneous electrochemical 

injection of electrons and charge compensating cations (H+ or Li+) to produce a 

colored state, Eq. 1.1, 

 

    MoVIO3 (transparent) + xe- + xLi+ ⇌ LixMoVI
1-xMoV

xO3 (blue)             (1.1) 

 

where the chromic changes result from intervalence-type optical transitions 

between MoVI and MoV sites.3 Incorporation of the injected cation into the 

material also serves to stabilize the mixed-valent oxide bronze.  
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The desire to maximize charge storage and electrochromic performance 

has spurred the development of new classes of structurally disordered, 

mesoporous metal oxides including thin films derived from sol-gel syntheses,4,5,6 

in addition to surfactant7 and colloidal-crystal templating8,9 methodologies. 

Current interest in these materials has arisen not only due to their unique 

structural properties of high surface area and high porosity but also because their 

synthetic preparation allows for improved control of chemical composition and 

mesostructure (e.g., pore size, distribution and orientation). Interestingly, 

disordered metal oxides have been shown to exhibit markedly improved charge 

storage properties and increased stability over numerous charge/discharge cycles 

than their crystalline or coarse-grained analogues.10 For instance, Dunn and co-

workers11 have employed a colloidal crystal templating approach to create highly 

ordered, macroporous V2O5. When used as lithium insertion hosts, templated 

V2O5 materials exhibit higher discharge capacities at faster discharge rates versus 

non-templated analogs. The purposeful tailoring of pore spacing and geometry 

enhances mass transport of intercalate ions through the material by minimizing 

tortuosity and promoting rapid ion mobility, dramatically decreasing ion diffusion 

lengths, and significantly increasing ion diffusion rates. Martin et al.12 have 

utilized similar approaches to prepare nanofibril-structured cathodes and anodes 

based on carbon, SnO2, LiMn2O4 and V2O5 by templating from porous 

polycarbonate or alumina membranes. These battery materials have demonstrated 

exceptional rate capabilities and improved volumetric energy densities. Key 

advances in the development of new materials will result by increasing the 



 3

amount of energy and power stored per unit volume (and mass) through the 

purposeful incorporation of structural disorder.  

With the decrease in feature size and increase in disorder come difficulties 

in accurately characterizing the physical and chemical properties of the material, 

as well as its reactivity. Disordered materials, for instance, are difficult to 

characterize because they do not possess long-range order, contain morphological 

inhomogeneities (e.g., networks, tunnels, and dislocations) and have unique 

compositions and defect chemistry (e.g., mixed-valency, oxygen deficiencies and 

cation vacancies). Traditional techniques such as X-ray diffraction and X-ray 

photoelectron spectroscopy are limited because they are generally biased towards 

characterizing ordered or crystalline materials.13 These techniques also lack the 

necessary spatial resolution to probe localized structural and chemical properties, 

and thus only provide globally averaged information. Furthermore, kinetic 

information regarding ion/charge storage properties is not readily obtainable as in-

situ measurements are often restricted due to the analyzing environment (i.e., 

vacuum) of the measurement technique. Consequently, new measurement tools 

are needed to provide direct measurement of nanoscopic structural, chemical and 

reaction properties.14 The establishment of accurate relationships between film 

structure and reactivity will lead to advances in current energy storage and 

electrochromic material performance.15  

This dissertation encompasses the development of a new analytical 

methodology, involving the use of conductive probe atomic force microscopy, 

Raman microprobe spectroscopy and spectroelectrochemical imaging to more 
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accurately probe structure, electrical conductivity, chemical composition and 

reaction kinetics and energetics in disordered materials. This experimental 

approach is demonstrated using thin films of polymorphous molybdenum oxide as 

a model system. Future application of this methodology will contribute to the 

improved understanding of charge storage processes occurring in more 

technology relevant materials (i.e., conducting polymer/carbon composites, MnO2 

thin films) and foster the development of advanced modeling/simulation 

techniques for extracting and predicting optical, ionic, electronic and mass 

transport properties. 

This dissertation is organized into five chapters, with Chapter 1 serving as 

a general introduction. The remaining four chapters describe the electrochemical 

synthesis and characterization of polymorphous molybdenum oxide thin films 

using conventional ensemble-averaging techniques, as well as high-resolution 

optical, spectroscopic and scanning probe microscopies. The cathodic 

electrodeposition of molybdenum oxide films prepared from aqueous solutions 

containing iso-polymolybdates and peroxo-polymolybdates is discussed in 

Chapter 2. Chronocoulometry, X-ray photoelectron spectroscopy, 

spectroelectrochemistry and electrochemical quartz crystal microgravimetry 

(EQCM) are used to establish deposition mechanisms for films grown at different 

potentials. Electrodeposition from acidified iso-polymolybdate solutions proceeds 

by the reduction of molybdic acid; while deposition from aqueous peroxo-based 

solutions involves the graded reduction of several solution components, primarily 

comprising molybdic acid and higher-order polymolybdate species 
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([Mo2O3(O2)4(H2O)2]2- and [Mo4(O9)(O2)4]2-). Deposition from peroxo-

polymolybdate solution occurs at faster rates and produces more adherent films 

than deposition from iso-polymolybdate solutions.  

In Chapter 3, ensemble based measurement techniques are used to 

evaluate the effect of sintering temperature on the structural, ion insertion and 

electrocoloration properties of films electrochemically deposited from peroxo-

polymolybdate solutions. Based on cyclic voltammetry, chronopotentiometry, 

chronoamperometry and spectroelectrochemical measurements, the anomalous 

electrochemical behavior (Li+ insertion/extraction and coloration) is found to be 

strongly dependent upon thermally-induced changes in micro-/nanocrystallinity. 

Changes in material crystallinity upon sintering are confirmed using X-ray 

photoelectron spectroscopy, X-ray diffraction and atomic force microscopy. 

These structural modifications are found to directly influence measured lithium 

diffusion properties as well as electroinsertion and electrochromic reversibilities.  

In Chapter 4, the structural, electronic and compositional properties of 

electrochemically deposited molybdenum oxide thin films that were sintered at 

250 ºC are characterized using conductive probe atomic force microscopy (CP-

AFM), Raman microscopy and X-ray photoelectron spectroscopy (XPS). CP-

AFM images reveal that the electronic conductivity is non-uniformly distributed 

throughout the film. Complementary Raman microprobe spectroscopy 

measurements indicate that domains that exhibit higher tunneling currents 

comprise monoclinic β-MoO3, while domains that display lower tunneling 

currents consist of orthorhombic α-MoO3. X-ray photoelectron spectra of β-
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MoO3 films exhibit a small defect band just below the Fermi level, indicative of 

an oxygen deficient material. These positively charged defect sites trap excess 

electrons and contribute to the enhanced tunneling currents. 

Chapter 5 describes a new experimental imaging technique, which 

combines electrochemical perturbation with time-lapse transmission optical 

microscopy to directly study heterogeneous electrocoloration/electroinsertion 

behaviors in polymorphous molybdenum oxide. Two variants of 

spectroelectrochemical microscopy are used to assess the kinetics and energetics 

of coloration/insertion for localized regions of distinct chemical composition. 

Cyclovoltoabsorptometric imaging (dOD/dE) measurements reveal that film 

coloration is non-uniform and can be directly correlated with phase-segregated 

domains comprising α-MoO3, β-MoO3 and intermixed α-/β-MoO3. 

Chronoabsorptometric imaging measurements are used to estimate lithium 

diffusion coefficients, total conductivities and lithium insertion ratios for α-

MoO3, β-MoO3 and intermixed α-/β-MoO3 phases. 
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CHAPTER 2 

 

Electrodeposition of Molybdenum Oxide Thin Films* 

 

2.1 INTRODUCTION 

Several methods have been used to prepare metal oxide films such as rf 

sputtering, pulsed laser deposition, chemical vapor deposition and evaporative 

sputtering.1 These physical deposition techniques are high-energy-consuming and 

capital-intensive. In contrast, low temperature electrosynthetic methodologies2 are 

less costly and offer several advantages including: 1) distinct kinetic and 

thermodynamic control by systematic adjustment of the applied current or 

potential; 2) facile and precise regulation over reaction parameters such as 

solution concentration and pH, bath composition, and temperature; and 3) 

amenability to conformal deposition on substrates of complex geometry and 

shape.  

We are particularly interested in using electrochemical deposition 

techniques to prepare mixed-valent metal oxide thin films with interesting ionic 

and electronic transport characteristics to impart improved ion-storage, 

electrochromic and catalytic properties. The degree of non-stoichiometric oxygen 

                                                 
* Some portions of this chapter are currently in print: McEvoy, T. M.; Stevenson, K. J. Anal. 
Chim. Acta, 2003, 496, 39 and others are in press: McEvoy, T. M.; Stevenson, K. J. J. Mater. Res. 
2003. 
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(oxygen vacancies) contained within a mixed-valent metal oxide inherently 

defines the material’s electronic and ionic conductivity.3,4 Currently, we are 

exploring the feasibility of preparing metastable, sub-stoichiometric phases of 

redox-active metal oxides via electrodeposition from solutions containing iso-

polymolybdate and peroxo-polymolybdates. Although several reports have 

recently described oxide films containing molybdenum and tungsten deposited by 

the direct reduction of aqueous molybdate,5,6 peroxo-polymolybdate,7,8 or peroxo-

polytungstate9,10,11,12 precursor solutions, the majority of investigations to date 

have focused on characterization of material properties. Very few reports, 

however, have attempted to understand the mechanistic details of the deposition 

process.9,12 The study conducted by Meulenkamp12 on the electrochemical growth 

of WO3 films from a peroxo-polytungstate solution perhaps describes in most 

detail several aspects that influence the deposition process. Despite this noble 

attempt to define the electrochemical reaction stoichiometry, the actual 

electrodeposition mechanism remains unclear. Meulenkamp’s proposed 

mechanism presumes that film growth occurs from reduction of a single solution 

species to form stoichiometric WO3. However, this scheme fails to explain the 

observations that aqueous solutions of peroxo-polytungtates are complex, 

containing several solution components, and that the deposition process produces 

blue-colored tungsten oxide films. The blue color implies the formation of a non-

stoichiometric hydrogen tungsten bronze of mixed-valent nature (e.g., 

xxxx (OH)OWW 3
VVI

1 −− , 0 < x < 1).13 Non-stoichiometric, mixed-valent tungsten and 

molybdenum oxides share many similarities in terms of their structure and 
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physical properties and can exist in a variety of well-defined phases with 

intermediate oxide compositions (MoxO3x-1, e.g., Mo3O8, Mo4O11, Mo5O14, 

Mo8O23) whose average valences are between those of hexavalent trioxide 

(MoVIO3) and tetravalent dioxide (MoIVO2).3,4 Accordingly, since tungstates and 

molybdates share similar solution chemistries,14 it is anticipated that the 

electrodeposition of tungsten and molybdenum oxides from peroxo-polymetallate 

solutions proceeds by analogous mechanistic pathways. 

In this chapter, we describe the electrochemical deposition of 

molybdenum oxide from acidified iso-polymolybdate and peroxo-polymolybdate 

solutions. Results obtained from chronocoulometry, X-ray photoelectron 

spectroscopy, spectroelectrochemistry and electrochemical quartz crystal 

microgravimetry measurements have enabled us to identify distinct reaction 

conditions for controlled film growth. Corresponding potential-dependent 

deposition mechanisms are proposed for molybdenum oxide grown from both 

acidified iso-polymolybdate and peroxo-polymolybdate solutions. 

 

2.2 EXPERIMENTAL 

2.2.1 Preparation of Molybdenum Oxide Deposition Solutions 

Molybdic acid deposition solutions (0.1 M molybdenum) were prepared 

using ultrapure water (18 MΩ·cm, Barnestead, Nanopure II) and Na2MoO4·2H2O 

(Aldrich, 99.99 %). The pH of the “as prepared” solution was 8.5. While 

deposition from neutral or basic molybdate solutions is feasible,15 previous 

experiments show that the growth is kinetically slow and competes with hydrogen 
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evolution. The pH of sodium molybdate solutions was adjusted by drop-wise 

addition of concentrated HNO3 (Fisher) to a pH of 2 to facilitate 

electrodeposition. Peroxo-polymolybdate deposition solutions were prepared 

following a previously reported procedure.16 Briefly, 1 g of molybdenum foil 

(Alfa Aesar, 99.999 %) was dissolved in 6 mL of aqueous H2O2 (Mallinckrodt, 30 

% v:v). Upon complete dissolution of the molybdenum, excess peroxide was 

decomposed using Pt black. The solution was then diluted to 100 mL with 

ultrapure water ensuing a molybdenum concentration of 0.1 M and a solution pH 

of 2.1. The mole ratio of hydrogen peroxide to molybdenum in the 

electrodeposition solution after catalytic decomposition of excess hydrogen 

peroxide with platinum black was determined by titration and ICP and found to be 

< 1 ([H2O2]:[Mo]). 

2.2.2 Materials Characterization 

Spectroelectrochemical experiments were conducted with a CH 

Instruments bipotentiostat (Model CHI700A) interfaced to an Agilent UV-Vis 

diode-array spectrometer (Model 8453) operated in the 400-1100 nm range with a 

0.5 s integration time. Transparent, conductive indium-tin-oxide (ITO) glass 

substrates (Delta Technologies, LTD., 15 Ω/) were cleaned by immersion for 10 

minutes in a heated (80 °C) aqueous solution of ethanolamine (Aldrich, 30 % by 

volume). The substrates were then rinsed several times with deionized water (18 

MΩ cm) and dried under a stream of nitrogen. The ITO-coated glass substrates, 

served as the working electrode, along with a Ag/AgCl reference electrode (CH 

Instruments, 3 M KCl), and a platinum wire counter electrode. All 
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spectroelectrochemical experiments were conducted at room temperature (25 

±1°C).  

Atomic force microscopy (AFM) was performed using a Digital 

Instruments Multimode Nanoscope IIIa or Digital Instruments Bioscope 

Nanoscope IV. All measurements were obtained in tapping mode with single 

etched silicon (TESP) Nanoprobe SPM tips (Digital Instruments, cantilever length 

125 µm and resonance frequency ~350 kHz). X-ray photoelectron spectra (XPS) 

were acquired using a PHI 5700 ESCA system with an Al K-alpha 

monochromatic (1486.6 eV) source. Instrument calibration was performed against 

the Au 4f7/2, Ag 3d5/3, and Cu 2p3/2 photoelectron binding energies at 83.98, 

368.27 and 932.67 eV, respectively. The XPS curve-fitting program, FITT,17 was 

used for peak de-convolution and assignment of binding energies. A Shirley 

background correction was used during the fitting of all spectra. 

Electrochemical quartz crystal microbalance (EQCM) measurements were 

performed with a CH Instruments potentiostat/galvanostat/EQCM set-up (Model 

CHI440) using 10 MHz AT-cut polished quartz crystals (International Crystal 

Manufacturing, Inc.) deposited with a titanium adhesion underlayer (~10 nm) and 

a Au electrode overlayer (~100 nm). The Au-plated crystal served as the working 

electrode (0.201 cm2 area); Pt wire and Ag/AgCl (CH Instruments, 3 M KCl) 

were employed as the counter and reference electrodes, respectively.  All EQCM 

experiments were conducted at room temperature (25 ± 1 °C) in an insulated, 

home-built Faraday cage. Using the Sauerbrey equation,18 Eq. 2.1, the 

relationship between the estimated interfacial mass change, ∆m (µg), and the 
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measured frequency change, ∆f (Hz), at the EQCM electrode, can be established 

where Cf  is the proportionality constant for the 10 MHz quartz crystal employed 

in this study.  

 
mCf f ∆−=∆                                                     (2.1) 

 

Calibration of the EQCM was performed using the previously established 

procedure of Bruckenstein and Swathirajan19 for silver electrodeposition under 

potentiostatic conditions. Prior to calibration, the working electrode was 

pretreated by immersion in dilute HNO3 (~0.1 M) and subsequently rinsed with 

copious amounts of deionized water (18 MΩ cm). The calibration measurements 

were carried out in a solution containing 1 mM AgNO3 and 0.2 M H2SO4. Five 

different deposition/stripping scans were obtained at a scan rate of 10 mV s-1 and 

plots of frequency change versus mass deposited (calculated from the charge 

passed during deposition) yielded straight lines with an average slope of 0.84 ± 

0.002 Hz/ng (±2.64σ). All correlation coefficients for the calculated slopes were > 

0.99. This proportionality constant, Cf = 0.84 Hz/ng, agrees to within 95% of the 

calculated theoretical value (0.88 Hz/ng) using the Sauerbrey equation; and is in 

accord with the values commonly observed for 10 MHz AT-cut quartz crystals 

(0.8-0.9 Hz/ng).19   
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2.3 RESULTS AND DISCUSSION 

2.3.1 Chemical Equilibria of Molybdate Solutions 

The chemical equilibria existing in aqueous iso- and peroxo-

polymolybdate solutions have been described by Tytko and Glemser,20 Dickman 

and Pope,21,22 Connor and Ebsworth14 and in extensive detail in Gmelin.23 For 

clarity we reiterate some of the concluding aspects as described by these and other 

authors. The chemical equilibria of solutions used in this study are known to be 

greatly influenced by pH and the concentrations of hydrogen peroxide and 

molybdenum. The first of the deposition solutions was prepared by acidification 

of an aqueous 0.1 M Na2MoO4 solution (pH 8.5 as prepared). In solutions of basic 

or neutral pH, the unprotonated molybdate ion (MoO4
2-) is present in the highest 

concentration.23 On acidification, the molybdate ion becomes successively 

protonated giving rise to a mono-protonated species, HMoO4
- followed by the 

formation of a di-protonated species, H2MoO4 (molybdic acid ≡ 

MoO2(OH)2(H2O)2).23 At pH 2, molybdic acid is known to be the major solution 

component when the concentration of molybdenum is quite low (< 10-4 M).20,23,24 

However, at a total molybdenum concentration of ~ 0.1 M, H2MoO4 will 

polymerize to form higher order anionic iso-polymolybdate species. Based on 

chemical equilibria speciation diagrams developed by Tytko and co-workers,24 we 

estimate that for acidified molybdate solutions, with a pH of 2 and total 

molybdenum concentration of 0.1 M, the major solution component is 

octamolybdate, Mo8O26
4- with the mono-protonated form, HMo8O26

3- existing in 

lesser amounts. At higher pH’s (ca. 3-7), the main solution species are 
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heptamolybdate, Mo7O24
6- and mono-protonated heptamolybdate, HMo7O24

5-. At 

pH’s lower than 2, the dominant solution component exists as much larger anionic 

polymeric species, Mo36O112(H2O)16
8-.23 Equation 2.2 shows a reaction scheme for 

the formation of Mo8O26
4- by acidification of a sodium molybdate solution.  

 

                        8MoO4
2- + 12H+ ⇌ Mo8O26

4- + 6H2O                                 (2.2) 

 

However, octamolybdate can rapidly disassociate to form molybdic acid, 

H2MoO4,20
 Eq. 2.3.  

 

                         Mo8O26
4- + 4H+ + 6H2O ⇌ 8H2MoO4                                                  (2.3) 

 

As will be discussed later, since molybdic acid is directly derived from higher 

molecular weight isopolymolybdates, and the interconversion between species is 

rapid23 (seconds or less), we believe that molybdic acid is the principal 

electroactive component in acidified iso-polymolybdate solutions (vide infra). 

A second peroxo-based deposition solution was prepared by dissolving 

solid molybdenum metal in 30 % hydrogen peroxide, where the peroxide acts as 

both an oxidizing and a complexing agent. As illustrated by Eq. 2.4, peroxo-

polymolybdates can be formed by dissolution of molybdenum metal in the 

presence of hydrogen peroxide,21 

 

      2Mo(s)  +  10[H2O2]  ⇌  [Mo2(O)3(O2)4(H2O)2]2-  +  2[H3O+]  +  5H2O     (2.4) 
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where H2O2 acts as both an oxidizing agent and a complexing agent. Early 

investigations have shown that the pH and hydrogen peroxide to molybdenum 

molar ratio heavily influence the solution equilibria.14,25,26 In acidic solutions (pH 

< 5) containing excess peroxide and dilute molybdate concentrations (<10 mM), 

the main species present is the dimeric 2:1 ((O2):Mo) tetraperoxodimolydate 

species ([Mo2(O)3(O2)4(H2O)2]2-).21 As described by Richardson,27 in more acidic 

solutions (pH < 3), with low hydrogen peroxide amounts containing higher 

molybdate concentrations, the dimeric 2:1 species can polymerize to form a 

tetrameric 1:1 tetraperoxotetramolybdate complex, Eq. 2.5.    

  

2[Mo2O3(O2)4(H2O)2]2-  +  2[H3O+]  ⇌  [Mo4(O)9(O2)4]2-  +  4[H2O2]  + 3H2O 

(2.5) 

 

Evaluation of equilibrium data reported for the formation of isopoly and 

peroxo complexes of molybdenum (VI) indicate that our deposition solution, 

prepared as described in the experimental section, comprises ca. 40% molybdic 

acid (H2MoO4)28 with the remaining solution components consisting largely of 

dimeric and tetrameric peroxo-polymolybdates, [Mo2O3(O2)4(H2O)2]2-, 

[Mo4(O)9(O2)4]2-, respectively.32,33,34 Higher oligomeric species such as 

[Mo7O23(O2)]6-, and [Mo7O22(O2)2]6- are also known to exist in acidic solutions 

(pH ~4) with very low peroxide concentrations.29 Based on our solution 

conditions, it is assumed these higher oligomeric species are present in very small 
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amounts. Despite numerous investigations of equilibrium speciation of aqueous 

molybdate solutions, a definitive description of this notoriously complex system 

has not been obtained and still remains an intensely debated issue.23 

 As indicated by others9,12 for the electrodeposition of tungsten oxides from 

peroxo-tungstate solutions and observed by us for molybdenum oxide deposition, 

the electrodeposition efficiency is strongly dependent upon the solution 

composition. Molybdenum oxide deposition solutions containing molar ratios of 

[H2O2]:[Mo] ~1 are found to be most active. Our peroxo-polymolybdate solutions 

are observed to be stable for extended periods of time (> 6 mo) with no noticeable 

color change or precipitation. This observation is in contrast to peroxo-

polytungstate solutions prepared by similar routes,10,12 which are less stable 

requiring the addition of isopropanol to inhibit colloidal precipitation of WO3. 

Presumably, the instability of peroxo-polytungstate solutions is largely due to the 

increased molecular weight of tungsten compounds and hence exhibit a lower 

solubility in water. 

2.3.2 Chronocoulometry Studies of Molybdenum Oxide Deposition 

Molybdenum oxide can be electrodeposited either by potentiostatic or 

galvanostatic methods. Regulation of the applied potential or current during 

deposition can be used to control the amount of deposited material and the overall 

film thickness.30 In this chapter, we discuss the effect of applied potential on the 

growth of molybdenum oxide thin films. Figure 2.1 shows potential-dependent 

chronocoulometric responses recorded during the growth of molybdenum oxide 

films from both acidified molybdate and peroxo-polymolybdate solutions. Figure 
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Figure 2.1. Chronocoulometric responses obtained at (a) –0.02 V and (b) –0.6 V 
vs Ag/AgCl for the electrodeposition of molybdenum oxide at an ITO electrode 
(0.5 cm2) immersed in 0.1 M molybdate, pH 2.0 (solid line) and 0.1 M peroxo-
polymolybdate, pH 2.1 (dashed line) solutions.   
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2.1a shows the charge passed during deposition at –0.02 V in acidified molybdate 

(solid line) and peroxo-polymolybdate (dashed line) solutions. As estimated from 

the slope of the coulometry curves, electrodeposition from peroxo-polymolybdate 

solutions occurs at much faster rates (ca. 3-4x greater) than when carried out in 

acidified molybdate solutions suggesting that other species such as 

tetraperoxodimolybdates ([Mo2O3(O2)4(H2O)2]2-) and tetraperoxotetramolybdates 

([Mo4(O9)(O2)4]2-) are electro-active and facilitate film growth. Additionally, 

deposition from peroxo-polymolybdate solutions at low overpotentials (–0.02 V) 

produces more adherent, robust films that do not dissolve when rinsed with de-

ionized water. In contrast, films deposited at the same potential from acidified 

molybdate solutions are readily washed off, presumably due to differences in the 

degree of incorporated water in the deposited films (vide infra). Figure 2.1b 

shows the chronocoulometric responses recorded during film growth at –0.6 V 

from acidified molybdate (solid line) and peroxo-polymolybdate (dashed line) 

solutions. The slopes of both curves are much greater for deposition at –0.6 V 

than at –0.02 V (see Figure 2.1a) suggesting an increased rate of film growth. 

However, at more negative potentials a portion of the measured charge is most 

likely associated with the electrolysis of protons and/or solvent. As we 

demonstrate below, the observed faster film growth from peroxo-polymolybdate 

solutions mainly reflects differences in cathodic reduction efficiency and in the 

overall reaction pathway. 

The freshly as-deposited film thickness could be directly correlated with 

both the charge passed during electrodeposition and the film absorbance. For 
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instance, Figure 2.2 shows a plot of film thickness, d versus charge, Q and 

absorbance, A, for molybdenum oxide thin films deposited from peroxo-

polymolybdate solutions. Since a linear relationship is observed the films are most 

likely homogeneous with regard to film density and optical density (index of 

refraction). For all studies in Chapters 3-5, freshly deposited films were 

maintained at a constant thickness between 100-200 nm by ceasing deposition 

when the observed charge density reached ~ 0.10 C/cm2. 

Films deposited from all solutions at –0.02 V exhibit a blue color, while 

those deposited at –0.6 V have a brown-violet hue, suggesting the formation of 

mixed-valent compounds with different stoichiometries. X-ray photoelectron 

spectroscopy (XPS) performed on films deposited at –0.02 and –0.6 V from both 

acidified molybdate and peroxo-polymolybdate solutions reveals differences in 

the deposited film composition. The XPS binding energies for the Mo 3d3/2 and 

Mo 3d5/2 core electronic transitions are shown in Table 2.1. Peak fitting of the 

XPS spectra confirm that films deposited from both solutions at –0.02 V are 

mixed-valent, comprising 63 % MoVI and 37 % MoV for films deposited from 

acidified molybdate solutions and 68 % MoVI and 32 % MoV from peroxo-

polymolybdate solutions, consistent with reports by Guerfi and co-workers.7,8 

Spectra obtained from brown-violet colored films deposited at –0.6 V from both 

acidified molybdate and peroxo-polymolybdate solutions have six component 

spectra with three pairs of peaks consistent with the formation of more reduced 

molybdenum oxide bronzes with stoichiometries comprising MoVI, MoV and 

MoIV.31 Films deposited from acidified molybdate solutions consist of ca. 30 %  
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Figure 2.2.  Plot of deposition charge density for the electrodeposition of MoO3 
on ITO from peroxo-polymolybdate solutions versus AFM-measured film 
thickness, d, and UV-vis-measured absorbance (λ = 780 nm).   
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Table 2.1. X-ray photoelectron spectroscopy binding energies (eV) for 
molybdenum oxide films deposited at –0.02 and –0.6 V from acidified molybdate 
and peroxo-polymolybdate solutions. 

   Mo 3d3/2  Mo 3d5/2 
  

Eapp /   
V  MoVI MoV MoIV  MoVI MoV MoIV 

 
Acidified 

Molybdate 

  
−0.02 

  
236.2(27) 

 
235.1(15) 

 
− 

  
233.1(36) 

 
232.2(22) 

 
− 

 
Peroxo-

polymolybdate 

  
−0.02 

  
236.0(26) 

 
235.7(13) 

 
− 

  
232.9(42) 

 
232.6(19) 

 
− 

 
 

Acidified 
Molybdate 

  
 

−0.6 

  
 

236.1(10) 

 
 

235.3(18) 

 
 

234.2(14) 

  
 

232.9(20) 

 
 

232.0(22) 

 
 

231.1(16) 

 
Peroxo-

polymolybdate 

  
−0.6 

  
236.8(5) 

 
236.0(15) 

 
235.0(21) 

  
233.6(12) 

 
232.8(19) 

 
231.8(28) 

 
 

( ) = area percent  
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MoVI, 40 % MoV and 30 % MoIV, while those deposited from peroxo-

polymolybdate solutions are slightly more reduced, comprising 17 % MoVI, 34 % 

MoV and 49 % MoIV. 

2.3.3 Spectroelectrochemical Studies of Molybdenum Oxide Deposition 

Since deposition from acidified molybdate and peroxo-polymolybdate 

solutions results in the formation of colored films, spectroelectrochemistry was 

used to study film growth. Results from in-situ optical absorption measurements 

carried out during film deposition from acidified molybdate solutions are shown 

in Figure 2.3. Figure 2.3a shows a plot of the current response, (I) and differential 

absorbance, (δA/δE) measured at the absorbance maximum as the electrode 

potential was scanned from +0.4 to –0.6 V vs Ag/AgCl. No appreciable current or 

change in absorbance is observed until the potential reaches +0.1 V where slight 

increases in current and differential absorbance indicate the onset of film growth. 

As the potential is scanned to more cathodic potentials, the current and 

differential absorbance both exhibit monotonic increases until leveling off at  ~ –

0.2 V. The curves diverge at more negative potentials with the current increasing 

sharply beyond –0.3 V, while the differential absorbance decreases slightly. The 

large increase in current beginning at –0.3 V suggests either an increase in film 

growth or that proton reduction is occurring as this potential is close to the 

theoretical value for hydrogen evolution.32 Several explanations can be given for 

the observed absorbance decrease including: (1) the formation of a species with a 

different absorption profile leading to a change in the absorbance spectrum of the 

deposited material, (2) a change in the current-overpotential relationship from an 
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Figure 2.3. Spectroelectrochemical response of an ITO electrode immersed in an 
acidified (pH = 2) 0.1 M molybdate solution.  (a) Differential absorbance (δA/δE) 
at 800 nm (solid circles, with dashed line drawn for visual clarity) and current 
response (solid line) vs applied potential. (b) Absorbance spectrum vs applied 
potential.  Background-subtracted spectra were collected every 10 s with an 
exposure time of 0.5 s as the potential was scanned at 10 mV/s. 
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 activation controlled process to one of diffusion limited control which changes 

the concentration profile of the reactants within the reaction zone, and (3) a 

decrease in the faradaic efficiency of the electrodeposition reaction resulting from 

competitive side reactions associated with hydrogen evolution and proton 

insertion. Each of these factors contributes to an effective deviation from Beer’s 

law resulting from a change in the mechanism of film growth. 

Figure 2.3b shows potential-dependent optical absorption spectra acquired 

during the deposition of a molybdenum oxide thin film from acidified molybdate 

solution. A large broad peak is observed centered at ~800 nm, while a less intense 

peak at ~470 nm can also be seen. The near-IR band at ~800 nm has been 

attributed to the intervalence charge transfer between MoV and MoVI sites,33 while 

the lower intensity band at ~470 nm has been attributed to MoV d-d ligand field 

transitions associated with a structurally disordered, oxygen deficient material.34 

A continuous increase in the measured absorbance is observed as the potential is 

scanned to –0.2 V, after which the difference in peak intensity between successive 

spectra becomes nearly constant. The absorption band centered at 800 nm also 

exhibits a slight blue shift (10-15 nm) during the course of the deposition process. 

Mestl35 has shown that a blue shift in the band position is indicative of the 

formation of a more reduced oxide. Consequently, the blue shift observed during 

film deposition implies that the pre-deposited film is electro-active and is being 

reduced from MoVI to MoV. 

Molybdenum oxide thin films were also deposited from aqueous peroxo-

polymolybdate solutions and studied using analogous spectroelectrochemical 
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methods, Figure 2.4. A plot of the differential absorbance change, δA/δE (solid 

circles), measured at λ = 770 nm, and the current response versus applied 

potential obtained during a linear cathodic sweep from +0.4 to –0.6 V is shown in 

Figure 2.4a. The onset of film growth (ca. +0.18 V) is characterized by the visual 

appearance of a blue-colored film along with the observation of the simultaneous 

increase in both the current and absorbance responses. Interestingly, this onset 

potential is in rough agreement with values reported for the cathodic reduction of 

free H2O2 dissolved in acidic electrolytes at silver (~ +0.08 V vs Ag/AgCl)36 and 

gold (~ −0.25 V)37 electrodes, suggesting that the electrochemical reduction of 

peroxo-polymolydate complexes occur by similar electrochemical routes, i.e., the 

direct reduction of a peroxo group.38 As the potential is scanned more negative, 

both the current and absorbance responses track each other, rising sharply until 

they both level off at ca. –0.2 V.  At more negative potentials, the current and 

absorbance responses diverge considerably, where the current dips slightly at –0.4 

V and then increases rapidly; while the absorbance decreases continuously as the 

potential is scanned to –0.6 V. The large increase in current at potentials more 

negative than –0.4 V is characteristic of an electrolysis reaction and is most likely 

associated with the formation of molecular hydrogen since this potential is close 

to predicted values. 

Figure 2.4b shows potential-dependent optical absorption spectra acquired 

during the deposition from a peroxo-polymolybdate solution. The family of 

spectra closely resembles those acquired during deposition from acidified 

molybdate solutions (Figure 2.2b), however, the intense near-IR peak is located at  
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Figure 2.4. Spectroelectrochemical response of an ITO electrode immersed in a 
peroxo-polymolybdate solution.  (a) Differential absorbance (δA/δE) at 770 nm 
(solid circles, with dashed line drawn for visual clarity) and current response 
(solid line) vs applied potential. (b) Absorbance spectrum vs applied potential.  
Background-subtracted spectra were collected every 10 s with an exposure time 
of 0.5 s as the potential was scanned at 10 mV/s. 
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~ 770 nm rather than 800 nm. The large near-IR peak also slightly blue-shifts (10-

15 nm) as the potential is scanned to more negative values suggesting, once again, 

the conversion of MoVI within the film to MoV.35 A continuous increase in peak 

intensity is observed up until ~ −0.2 V, after which the intensity becomes nearly 

constant. As with deposition from acidified sodium molybdate solutions, a broad, 

less intense MoV d-d ligand field band at ~470 nm also is also seen. 

The spectroelectrochemical and XPS results indicate that the deposition of 

molybdenum oxide from acidified molybdate and peroxo-polymolybdate 

solutions is potential-dependent where more stoichiometrically-pure molybdenum 

oxide films (MoVI/VO3-x) can be prepared at low cathodic overpotentials whereas 

more sub-stoichiometric mixed-valent molybdenum bronzes (MoVI/V/IVO3-x(OH)x) 

are formed at more cathodic overpotentials. Although the spectroelectrochemical 

responses are qualitatively similar, differences are observed which imply that the 

electrodeposition mechanisms from each of the solutions are slightly different. 

2.3.4 EQCM Studies of Molybdenum Oxide Deposition 

With simple electrodeposition systems, the charge measured during 

deposition can be directly related to the mass of the deposit using Faraday’s law 

(e.g., ∆Q = nF∆m/MW). This is only applicable if the exact reaction stoichiometry 

is known and assumptions can be made with respect to the chemical composition 

of the deposited material (i.e., molecular weight). However, for molybdenum 

oxide, the exact chemical composition and reaction stoichiometry are difficult to 

determine since several well-defined phases possessing intermediate oxide 

compositions exist (MoxO3x-1, e.g., Mo3O8, Mo4O11, Mo8O23).23 Current 
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contributions from faradaic (electron transfer) and non-faradaic (double layer 

charging) processes are often difficult to differentiate leading to erroneous mass 

determinations. Moreover, competing side reactions such as hydrogen evolution 

and proton insertion also interfere with accurate mass measurements. Fortunately, 

the EQCM provides a means to distinguish between faradaic and non-faradaic 

processes since the potential, current, charge and mass of the deposited material 

can be simultaneously monitored.39 

The electrodeposition from acidic sodium molybdate solutions proceeds as 

illustrated in Figure 2.5 where simultaneously recorded current and frequency 

changes are shown as a function of electrode potential. The voltammetric 

behavior of a Au-coated QCM electrode immersed in an acidified sodium 

molybdate solution (pH 2, 0.1 M molybdenum) is shown in Figure 2.5a. The 

voltammetric response for the cathodic cycle is characterized by the presence of 

broad peak with a maximum at ~ –0.15 V and an electrolysis peak presumably 

related to proton reduction beginning at –0.35 V. As shown in Figure 2.5b, a 

simultaneous decrease in the frequency response is observed during the reduction 

cycle, which is in accord with a mass increase due to film growth. However, the 

absence of an appreciable anodic current and the existence of a permanent 

frequency decrease (mass gain) during the reverse oxidation cycle, indicates that 

film formation is irreversible and that either the deposited molybdenum oxide 

film cannot be oxidized back to its precursor form or that the oxidation process is 

kinetically slow. 
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Figure 2.5.  Simultaneously recorded (a) voltammetric and (b) frequency 
responses of an EQCM electrode cycled between +0.4 and –0.6 V in an acidified 
0.1 M molybdate solution at a scan rate of 10 mV/s. (c) Plot of mass change (∆m) 
vs deposition charge (Q). 
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The voltammetric response observed when scanning to cathodic potentials is 

characteristic of a faradaic electron transfer process where the charge required for 

carrying out an electrode process is dependent upon the applied potential. This 

type of behavior is typical of systems in which there is a progressive occupation 

of surface sites (e.g., 2D electrosorption processes such as underpotential 

deposition) or where the potential is a function of the ratio of activities of the 

oxidant to reductant in a redox system. These electrochemical systems are 

manifested by a redox pseudocapacitance, Cφ,
40 Eq. 2.6,  

                          
                                     dVqdC /)(∆=φ                                                (2.6) 

 

where a faradaic electron transfer process leads to the passage of charge, ∆q, that 

varies with potential, V. A modified Nernst equation, Eq. 2.7 can be written to 

describe redox pseudocapacitance, where the concentrations or activities of the 

oxidized and reduced species are represented as fractions, ℜ = [Ox]/([Ox] + 

[Red]).  

 

                                           
ℜ−

ℜ






+=

1
ln

nF
RTEE o                                          (2.7) 

 

Electroactive films of RuO2 serve as the best example of metal oxide systems that 

exhibit pseudocapacitance behavior.41 Several varieties of anodically-grown films 

including those of WO3 and MoO3 are reported to show redox capacitance 

behavior.42 Pseudocapacitance arises when the following criteria are met: 1) when 
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the oxide is electronically conductive; 2) when the material is mixed-valent 

(exists in two or more oxidation states); and 3) when protons can be freely 

intercalated into the oxide lattice.43 Clearly we have presented strong evidence 

that the electrodeposition of molybdenum oxide from iso-polymolybdate solution 

involves all three of these conditions. Therefore, the voltammogram shown in 

Figure 2.5a can be used as a exact measure of the pseudocapacitive response since 

the voltammetric current (i=Cφ(dV/dt) is directly proportional to the capacitive 

charge (∆q=Cφ∆V) which is equivalent to the total concentration of [Ox] and 

[Red]. Due to the complex solution equilibria involved, we believe that the 

observed redox pseudocapacitance arises from the existence of a series of 

overlapping redox processes giving rise to a pseudocapacitive behavior that 

extends over a broad potential range. As described earlier, fast interconversion 

between solution species and the rapid rate of film growth suggest the possibility 

that all solution elements could be electro-active or that at least one electro-active 

element is involved (e.g., H2MoO4) that is directly derived from the main solution 

components. Each of these solution species and the deposited film can possess 

closely associated reduction potentials, leading to the observed pseudocapacitive 

behavior. 

 We hypothesize that the electrodeposition mechanism involves the graded 

reduction of several solution species, each having varied but closely associated 

reduction potentials, which are exhibited by pseudocapacitive behavior. We also 

assume that film growth can proceed by a potential-dependent stepwise 

mechanism including both electrochemical and chemical steps (EC mechanism) 
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where an electrochemical product (deposited film) can react with a chemical 

component, solution-borne or generated by electrolysis, to form a derived product 

with a different composition. The gathered evidence enables us to propose a new 

electrodeposition mechanism that accounts for several factors: 1) varied film 

composition (molecular weight) as a function of deposition potential; 2) the 

deposition of hydrated films containing various amounts of associated water and 

protons; and 3) the formation of non-stoichiometric oxides and bronzes with 

differing degrees of mixed-valency. 

Quantitative assessment of this hypothesis is supported by EQCM studies 

obtained by monitoring simultaneously, the acquired mass and current responses, 

Figure 2.5c. Using Eq. 2.8, the charge passed during deposition, ∆Q, can be 

directly correlated to a change in mass, ∆m, where n is the number of electrons 

involved in the reduction and F is the Faraday.  

 

                                               FQmnMW )/(/ ∆∆=                                          (2.8) 

 

The associated mass vs charge plot allows for the estimation of equivalent 

molecular weights (MW/n) for the deposited material. The data in each region is 

fit to a linear relationship (R2 values > 0.98) and the resulting slopes can be used 

to estimate MW/n. The equivalent molecular weight values reported herein, 

account for the total number of electrons, n, involved in the reduction and hence 

these values only represent an effective molecular weight and not the exact 

molecular composition of the material being deposited. From Figure 2.5c, three 
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distinct regions can be identified, denoted as I, II, and III, where film growth 

proceeds by different routes. Table 2.2 shows a series of proposed reaction steps 

for the potential-dependent deposition of molybdenum oxide. 

Deposition at low overpotentials (Region I), yields an equivalent 

molecular weight of 163.9 ± 0.3 g mol-1 eq-1 consistent with the reduction of two 

equivalents of molybdic acid and the formation of Mo2O5·3H2O, Eq. 2.9.  

 

           2[H2MoO4]  +  2[H3O+]  +  2e-  ⇌  Mo2O5·3H2O (s)  +  2H2O         (2.9) 

 

In Region II, an increase in the charge-to-mass slope is observed suggesting either 

a decrease in the measured equivalent molecular weight or that more charge is 

required for film growth during the reduction. A fit of the data in Region II results 

in an equivalent molecular weight of 90.4 ± 0.2 g mol-1 eq-1. Equation 2.10 is 

proposed, corresponding to the reduction of three equivalents of molybdic acid to 

form a more hydrated oxide, Mo3O8·6H2O.  

 

3[H2MoO4]  +  2[H3O+]  +  6e-  ⇌  Mo3O8·6H2O (s)                            (2.10) 

 

A large increase in current is also evident as the potential is cycled to more 

cathodic potentials, < −0.35 V, (Region III), presumably due to the electrolysis of 

protons to form molecular hydrogen. If the measured current in this region were 

simply due to hydrogen evolution alone, no mass increase would be measured. 

However, Region III yields an estimated equivalent molecular weight of 17.58 ±  
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Table 2.2.  Electrodeposition schemes for reduction of molybdic acid from 
acidified isopolymolybdate solutions. 

 
Region 

 
Reaction mechanism 

 
Experimental 

MW/n 
(g mol-1eq-1) 

 
Theoretical 

MW/n 
(g mol-1eq-1) 

 

 
Eq. 

 
I 

 
2[H2MoO4] + 2[H3O+] +  2e-  ⇌  Mo2O5·3H2O(s)  +  2H2O 

 
163.9 

 
162.9 

 
2.9 

     
II 3[H2MoO4]  +  2[H3O+]  +  6e-  ⇌  Mo3O8·6H2O (s) 90.4 87.3 2.10 
     

III Mo3O8 (s)  + [H3O+]  +  e-  ⇌   Mo3O8 (OH)·H2O (s) 17.6 19.0 
 

2.11 
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0.04 g mol-1 eq-1 corresponding to a faradaic process that results in a mass gain. 

Knowing the molybdenum bronzes act as good proton insertion materials we 

believe that the observed mass gain is due to the simultaneous double injection of 

one electron and one H3O+ into the pre-deposited molybdenum oxide film,44 Eq. 

2.11. 

 

Mo3O8 (s)  + [H3O+]  +  e-  ⇌   Mo3O8 (OH)·H2O (s)                        (2.11) 

 

The electrodeposition of molybdenum oxide from aqueous peroxo-

polymolybdate solutions was also studied using the EQCM. Shown in Figure 2.6 

are the simultaneously acquired current and frequency (mass) changes measured 

during the EQCM experiment as the potential was scanned between +0.4 and –0.6 

V vs Ag/AgCl. The voltammetric response (Figure 2.6a) is similar to that 

presented above where a broad cathodic peak centered at ~ –0.15 V is observed in 

addition to a large electrolysis peak beginning at ~ –0.4 V. Additionally, no 

anodic current is seen and very little mass loss (e.g. permanent frequency decrease 

in Figure 2.6b) occurs upon cycling back to more anodic potentials indicating 

irreversible film deposition. 

Similar to the data presented above, analysis of the EQCM data reveals 

four distinct zones for film growth, denoted I, II, III and IV. Lines of best fit were 

drawn for each of the four regions depicted in Figure 2.6c and equivalent 

molecular weights of the deposited oxide species were determined. Table 2.3 

shows proposed reaction schemes written to account for the observed potential- 
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Figure 2.6.  Simultaneously recorded (a) voltammetric and (b) frequency 
responses of an EQCM electrode cycled between +0.4 and −0.6 V in a peroxo-
polymolybdate solution at a scan rate of 10 mV/s. (c) Plot of mass change (∆m) vs 
deposition charge (Q). 
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Table 2.3.  Electrodeposition schemes for reduction of molybdic acid and peroxo-
polymolybdates from peroxo-polymolybdate solutions. 

 

 

 
Region 

 
Reaction mechanism 

 
Experimental 

MW/n 
(g mol-1eq-1) 

 
Theoretical 

MW/n 
(g mol-1eq-1) 

 
Eq. 

 
I 

 
2[H2MoO4] + 2[H3O+] + 2e- ⇌ Mo2O5·3H2O (s) + 2H2O 

 
162.4 

 
162.9 

 
2.12 

     
II [Mo4(O)9(O2)4]2- + 2[H2MoO4] + 14[H3O+] + 12e- ⇌ 

Mo6O16·2H2O (s) + 21H2O 
72.0 72.3 2.13 

     
III [Mo2(O)3(O2)4(H2O)2]2- + [H2MoO4] + 12[H3O+] + 10e- ⇌ 

Mo3O8 (s) + 21H2O 
42.5 41.6 2.14 

     
IV Mo3O8 (s) + [H3O+] + e- ⇌ Mo3O8 (OH) ·H2O (s) 19.0 19.0 

 
2.15 



 40

dependent mass variations occurring for each of the identified regions. The 

estimated equivalent molecular weight for Region I, 162.4 ± 0.3 g mol-1 eq-1, can 

be correlated to the direct reduction of two equivalents of molybdic acid, 

H2MoO4, resulting in the formation of a film comprising Mo2O5·3H2O, Eq. 2.12.  

 

2[H2MoO4]  +  2[H3O+]  +  2e-  ⇌  Mo2O5 (s)  +  5H2O       (2.12) 

 

Equation 2.13 is proposed for Region II, corresponding to the simultaneous 

reduction of tetraperoxotetramolybdates, [Mo4(O)9(O2)4]2-, along with molybdic 

acid, H2MoO4.  

 

[Mo4(O)9(O2)4]2- +  2[H2MoO4]  +  14[H3O+]  + 12e- ⇌ 2Mo3O8(s) + 23H2O (2.13)  

 

The calculated molecular weight equivalent for this region is 72.0 ± 0.1 g mol-1 

eq-1, which is consistent with a composition of Mo6O16·2H2O, corresponding to 

the eight electron reduction of the peroxo bridges of [Mo4(O)9(O2)4]2-, along with 

the concerted four electron reduction of two equivalents of molybdic acid. Note 

that Mo6O16·2H2O, can also be written in terms of other equivalent species, e.g., 

Mo6O16·2H2O ≡ 2(Mo3O8·H2O) ≡ Mo4O11Mo2O5·2H2O ≡ 

MoO2(MoO3)3Mo2O5·2H2O. For Region III, we propose the simultaneous 

reduction of both [Mo2O3(O2)4(H2O)2]2- and H2MoO4, consistent with the eight 

electron reduction of the peroxo-polymolybdate species and a concurrent two 

electron reduction of molybdic acid, Eq. 2.14.  
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[Mo2(O)3(O2)4(H2O)2]2- + [H2MoO4] + 12[H3O+] + 10e- ⇌ Mo3O8 (s) + 21H2O 

(2.14) 
 

The estimated equivalent molecular weight for Region III is 42.5 ± 0.1 g mol-1 eq-

1, in agreement with the deposition of a more dehydrated material comprising 

Mo3O8. Similar to deposition from acidified molybdate solutions, an equivalent 

molecular weight of 19.00 ± 0.04 g mol-1 eq-1 was estimated for Region IV, which 

is consistent with the double injection of a proton and an electron into the pre-

deposited molybdenum oxide film resulting in the formation more highly reduced 

molybdenum bronze, Eq. 2.15. 

 

Mo3O8 (s)  +  x[H3O+]  +  xe-  ⇌  Mo3O8-x (OH)x ·xH2O           (2.15) 

 

We observe that deposition performed at potentials more negative than –

0.4 V always produces strongly-adherent molybdenum oxide thin films even after 

the film is cycled to more oxidizing potentials, as evidenced by the irreversible 

frequency change (mass increase) seen in Figure 2.7. Remarkably, if the 

deposition potential is reversed prior to –0.4 V, the measured electrochemical and 

frequency responses for the oxidation cycle are quite different. Figure 2.7 shows 

the voltammetric, frequency, charge and mass responses as the potential is cycled 

between +0.4 V to –0.2 V in a peroxo-polymolybdate solution.  The voltammetric 

and frequency responses seen during the reductive cycle are similar to the 

responses shown in Figures 2.6a and 2.6b. Correspondingly, two different regions 

are identified and the estimated equivalent molecular weights for Region I and II  
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Figure 2.7.  (a) Voltammetric response of an EQCM electrode cycled between 
+0.4 and –0.2 V in a peroxo-polymolybdate solution. Scan rate: 10 mV/s. (b) 
Frequency response recorded concurrently with cyclic voltammogram.  (c) Plot of 
mass change (∆ Mass) vs. deposition charge.  The calculated molecular weight 
equivalents for regions I and II are 158.0 ± 0.3 g mol-1eq-1 and 71.5 ± 0.1 g mol-

1eq-1, respectively. 
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are 158.0 ± 0.3 g mol-1eq-1 and 71.5 ± 0.1 g mol-1eq-1, respectively, consistent 

with data obtained above and the proposed growth mechanisms. In contrast, a 

small anodic peak, centered at ~+0.2 V, is noticeable during the oxidation cycle. 

However, a large disparity is seen in the frequency response, where a sudden 

frequency increase (mass loss) occurs when the electrode is cycled to potentials > 

+0.2 V. This behavior is suggestive of an electric-field-induced film desorption or 

dissolution process resulting from coupled water expulsion and electrostatic 

charge repulsion effects occurring between the film and the similarly charged 

electrode surface. For instance, the oxidation of surface hydroxyls to oxide groups 

in the molybdenum oxide lattice (OH- → O2- + H+) could result in proton/water 

expulsion from the film via efflux of solvated ions where H+ moves out of the 

film in various solvated forms (H3O+, H7O3
+, H9O4

+).  Alternatively, at low 

cathodic overpotentials the sub-stoichiometric molybdenum oxide may actually 

possess a net positive charge due to the presence of excess cationic groups of 

MoVO2
+ produced by incomplete reduction of molybdic acid and peroxo-

polymolybdate precursors. Both of these aspects imply that the composition of 

electrodeposited molybdenum oxide actually exist as a cationic-anionic polymer 

or salt consisting of molybdenyl-molybdates. For instance, Mo3O8 may comprise 

(MoVO2
+)2(MoVIO4

2-)(s) and contain additional incorporated water and protons. 

This observation is in agreement with the recent reports of Müller et al.,45,46,47 

which have described the assembly of large anionic-cationic molybdenum blue 

clusters by chemical reduction of acidified polyoxomolybdate solutions. They 

have isolated several anionic structures that are hypothesized to represent the 
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basic or essential structural components for the whole class of amorphous 

molybdenum blues. For example, a large ring-shaped cluster anion, consisting of 

linked chains of 140 MoO6 octahedra and 14 pentagonal MoO7 bipyramids, can 

be formulated as [{MoVI
2O5(H2O)2)}2+

14 {MoVI/V
8O26-(µ3-O)2H(H2O3MoVI/V}3-

14](16)-.45 These proposed structures are in accord with the proposed anionic-

cationic structures above.  A more detailed account of the structural and physical 

properties of electrodeposited molybdenum oxide films as a function of sintering 

temperature will be presented in Chapter 3. 

The spectroelectrochemical, XPS and EQCM data shown here enables us 

to propose a new electrodeposition scheme that accounts for several factors:  (1) 

potential-dependent growth of films with varied chemical composition (i.e., 

effective molecular weight), (2) the deposition of oxide films containing various 

amounts of water and protons, and (3) the growth of sub-stoichiometric 

oxides/bronzes with differing degrees of mixed valency. 

 

2.4 CONCLUSIONS 

 The cathodic electrodeposition of molybdenum oxide thin films prepared 

from aqueous solutions containing iso-polymolybdates and peroxo-

polymolybdates was studied. Chronocoulometry, X-ray photoelectron 

spectroscopy, spectroelectrochemistry and electrochemical quartz crystal 

microgravimetry (EQCM) were used to establish corresponding reaction 

mechanisms for films grown at different deposition potentials.  Electrodeposition 

from acidified iso-polymolybdate solutions proceeds by the reduction of molybdic 
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acid; whilst deposition from aqueous peroxo-based solutions involves the graded 

reduction of several solution components, primarily comprising molybdic acid, 

tetraperoxodimolybdate ([Mo2O3(O2)4(H2O)2]2-) and tetraperoxotetramolybdate 

([Mo4(O9)(O2)4]2-). Careful regulation of the deposition potential allows for 

controlled growth of distinct molybdenum oxide compositions producing films 

with varied water content and valency.  
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CHAPTER 3 

 

Electrochemical Preparation of Molybdenum Trioxide Thin 
Films: Effect of Sintering on Electrocoloration and 

Electroinsertion Properties* 

 

3.1 INTRODUCTION 

In Chapter 2, the cathodic electrodeposition of MoO3 thin films from 

aqueous peroxo-polymolybdate solutions was described. Through judicious 

regulation of the deposition potential, sub-stoichiometric molybdenum oxide thin 

films with varying water content and valency can be prepared.1 Post-deposition 

processing techniques (e.g., sintering at elevated temperatures under exposure to 

gaseous reductants or oxidants) of electrodeposited films allow for further tuning 

of materials properties by modification of the metal oxidation state, water content 

and defect concentration (oxygen deficiencies and cation vacancies).2,3 While 

others4,5,6 have briefly discussed the influence of sintering temperature on 

structural features and electroinsertion properties of electrodeposited MoO3 thin 

films, to our knowledge no detailed investigations concerning the effect of film 

microstructure, metal oxidation state and water content on the electrochromic and 

ion storage behaviors have been reported.  

                                                 
* This chapter is published in McEvoy, T. M.; Stevenson, K. J. Langmuir, 2003, 19, 4316. 
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In this chapter, the structural, compositional and 

electrocoloration/electroinsertion properties of electrochemically deposited 

molybdenum oxide thin films are studied as a function of sintering temperature 

(25 to 450 °C). X-ray photoelectron spectroscopy, X-ray diffraction, and atomic 

force microscopy are used to assess structural changes, while cyclic voltammetry, 

chronopotentiometry, chronoamperometry and spectroelectrochemical 

measurements performed with MoO3 thin films in 1 M LiClO4/propylene 

carbonate are implemented to study the electrochemical behavior (Li+ 

insertion/extraction and coloration). Results obtained from these techniques will 

aid in the understanding of how the electrochemical properties (e.g., ion storage 

capacity, coloration efficiency and reversibility) are influenced by changes in 

structure and chemical composition (water content and valency).  

 

3.2 EXPERIMENTAL 

3.2.1 MoO3 Thin Film Preparation  

The electrodeposition of MoO3 from acidic peroxo-polymolybdate 

solutions was carried out using a constant potential of –0.02 V and a standard 

three-electrode cell consisting of Pt-wire auxiliary, Ag/AgCl reference and 

indium-tin-oxide-coated glass working electrodes. As described in Chapter 2, 

EQCM and XPS studies indicate that deposition at this potential is consistent with 

the formation of a mixed-valent substoichiometric molybdenum oxide, 

comprising MoVI/MoV, with a chemical composition of ~ MoO2.7·2H2O. 

Following deposition, the films were rinsed copiously with ultrapure water, and 
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then placed in a desiccator for 12 h prior to sintering. Post-deposition heat 

treatment without this step resulted in numerous stress-induced cracks in the films 

as water was removed too rapidly from the material. The electrodeposited films 

were sintered in air using a Cress (model C401H/942) programmable electric 

furnace. The temperature was ramped from room temperature (~25 °C) to a final 

temperature of 100 °C, 250 °C, 350 °C or 450 °C at a rate of 100 ºC/h, whereupon 

the temperature was held for 3 h. After 3 h, the films were immediately removed 

from the furnace, allowed to cool, and stored in a desiccator. As shown in Figure 

3.1, heat treatment in air at temperatures ≥ 250 °C leads to film dehydration and 

densification resulting in ~35 % decrease in film thickness. Others7 have reported 

a similar decrease in film thickness (~28%) for thermally evaporated MoO3 thin 

films heated to 180 °C. A 24 % increase in (RMS) surface roughness was also 

observed by AFM. A two-step dehydration process has been previously reported 

for bulk molybdenum oxide samples prepared by acidification of Na2MoO4
8,9,10 

and for thin films prepared from peroxo-polymolybdate solution.11,12 Loss of 

interlamellar water occurred by 100 ºC producing a material consisting of sheets 

of disordered, corner sharing MoO5(H2O) octahedra. A second dehydration step at 

~250 ºC resulted from loss of closely coordinated water causing a topotactic shift 

along the a-axis to form a bi-layer structure comprised of sheets MoO6 octahedra 

that share bonds along octahedral edges. This two-step dehydration is observed in 

Figure 3.1, where a reduction in film thickness of 10% occurs when films are 

heated to 100 °C and a 33% decrease is observed when films are heated to 250  
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Figure 3.1.  Plot of percent decrease in film thickness versus sintering 
temperature.  The line is drawn for visual reference. 
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°C. Heat treatments above 450 °C were not attempted due to deformation/melting 

of the aluminosilicate/ ITO substrates above this temperature. 

3.2.2 Structural Characterization 

Atomic force microscopy was performed using a Digital Instruments 

Multimode Nanoscope IIIa or Digital Instruments Bioscope Nanoscope IV. All 

measurements were obtained in tapping mode with single etched silicon (TESP) 

Nanoprobe SPM tips (Digital Instruments, cantilever length 125 µm and 

resonance frequency ~350 kHz). X-ray photoelectron spectra were acquired using 

a PHI 5700 ESCA system equipped with two x-ray sources. Incident x-rays for 

sample analysis were acquired using the Al K-alpha monochromatic (1486.6 eV) 

source.  X-ray diffraction analysis was performed using a Rigaku Geigerflex X-

ray diffractometer that employed a Cu Kα1 line source. ITO/MoO3 samples were 

mounted on a fixed sample holder, and scattering intensity data were obtained in a 

θ/2θ geometry with a rotating detector. The data were acquired between 5° and 

40°.  Data acquisition was performed every 0.2° with an integration time of 4 s. 

3.2.3 Electrochemical Characterization 

LiClO4 (Aldrich) and anhydrous propylene carbonate (PC, Aldrich, 

99.7%) were reagent grade and used as received. A conventional one-

compartment, three-electrode Teflon cell, fitted with a Viton o-ring to provide a 

constant electrochemical area (0.5 cm2), was used for all electrochemical 

measurements unless otherwise noted. Platinum wire (Aldrich) and Ag/AgCl (CH 

Instruments, 3 M KCl) electrodes were employed as the counter and reference 
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electrodes, respectively, while the MoO3 thin film served as the working 

electrode. The cell temperature was 25 ± 2 °C. Cyclic voltammetry and 

chronoamperometry were performed using a CH Instruments potentiostat (Model 

CHI700A) interfaced to a personal computer. Cyclic voltammetry experiments 

were performed in a potential range from +0.4 V to –0.8 V to avoid irreversible 

reduction of MoO3 as well as to prevent solvent reduction/degradation. 

Chronoamperometry experiments were conducted using a 20 s potential step from 

+0.4 V, an initial potential where negligible current flows, to –0.8 V, a final value 

well beyond the thermodynamic reduction potential for MoO3. Galvanostatic 

discharge/charge experiments were conducted using a CH Instruments (Model 

440) galvanostat/potentiostat interfaced to a personal computer. A current density 

of 10 µA/cm2 was used for both discharging and charging MoO3 thin films in 1 M 

LiClO4/PC. Spectroelectrochemical characterization was carried out using a 

StellarNet EPP2000 Fiber optic CCD UV-Visible spectrometer coupled to a CH 

Instruments potentiostat (CHI700A). A standard spectroelectrochemical cell, 

consisting of a quartz cuvette and the three-electrode setup as described earlier, 

was used for all measurements. Optical absorption spectra were recorded every 2 

s as the potential was scanned at 10 mV/s between +0.4 V and –0.8 V vs. 

Ag/AgCl.   
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3.3 RESULTS AND DISCUSSION 

3.3.1 Structural Characterization 

Figure 3.2 shows representative AFM images of films sintered from 100-

450 ºC. Examination of the AFM images shows that heat treatment at elevated 

temperatures produces changes in surface morphology. The AFM images indicate 

that the surfaces of films sintered at 100 ºC consist of smooth, spherical shaped 

grains ranging from ~40 to 100 nm in diameter. However, films sintered at 250 ºC 

appear to be composed of at least two components, one being randomly oriented 

microcrystalline domains formed from chains of aggregated MoO3 particles and 

another which appears to be amorphous, or possibly nanocrystalline, in nature. 

Depending upon sintering conditions, the microcrystalline domains range in size 

from a few microns up to 10-15 µm in length. A higher resolution 1 x 1 µm2 AFM 

image illustrating the formation of this layered phase is shown in Figure 3.3. 

Chains of small MoO3 particles begin to coalesce at 250 ºC (Figure 3.3a) to form 

larger, more crystalline, domains surrounded by regions of disordered MoO3.  As 

the sintering temperature is increased, larger crystalline domains emerge and by 

450 ºC (Figure 3.3b) it appears that the entire surface is composed of randomly 

oriented, crystalline domains of layered MoO3. 

To examine the effect of sintering on Mo oxidation state, XPS spectra 

were obtained for a film deposited on a Au substrate both before and after 

sintering at 250 °C for 3 h.  The XPS spectra for the Mo 3d3/2, Mo 3d5/2 and O 1s 

core electronic transitions are shown in Figure 3.4. The XPS spectrum obtained 

from a blue colored, as-deposited film, shown in Figure 3.4a, exhibits the  
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Figure 3.2.  Representative AFM images (10 x 10 µm2) of MoO3 films sintered at 
(a) 100 °C,  (b) 250 °C,  (c) 350 °C, and  (d) 450 °C. Height scale for all images is 
0.0 to 250.0 nm. 

(a) 

(b) (d) 

(c) 
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Figure 3.3.  High-resolution AFM images (1 x 1 µm2) of MoO3 films sintered at 
(a) 250 °C and (b) 450 °C showing presence of microcrystallites and crystalline 
planes, respectively.    
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Figure 3.4.  X-ray photoelectron spectra for a MoO3 film (a) as deposited (solid 
line) and (b) sintered at 250 ºC (dashed line). Results are shown for (a) Mo 3d3/2 
and 3d5/2 (b) O 1s. 
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characteristic 3d3/2 and 3d5/2 doublet of peaks at 235.9 eV and 232.8 eV, as is 

expected for a film comprised of MoVI. 13 However, the area ratio between the two 

peaks (3d5/2:3d3/2) was 5:4, which was not equal to the expected ratio of 3:2, as 

would be derived from the ratio of the peak degeneracies.14 Since the peaks are 

wider than those of pure MoVIO3, this implies that the film is composed of MoVI 

and a molybdenum species of lower oxidation state – presumably MoV. Upon 

sintering in air at 250 ºC, a slight shift to higher binding energies is observed with 

the peak positions now located at 236.3 eV (3d3/2) and 233.1 eV (3d5/2).  A slight 

shift of the same magnitude to higher energies was also found in the XPS core 

spectra of the O 1s electron as shown in Figure 3.4b. The ratio between the 3d5/2 

and 3d3/2 peak areas after sintering is 4:3, indicating there is a conversion of the 

mixed-valent MoVI/VO3-x film to more stoichiometrically-pure MoVIO3 film. A 

narrowing of both Mo 3d peaks as well as the O 1s peak is observed indicating an 

increase in overall film crystallinity.11 

X-ray diffraction patterns showing the evolution from amorphous to 

crystalline MoO3 thin films are shown in Figure 3.5. Sintering in air for 3 h at 25 

ºC and 100 °C produces films that are amorphous to X-rays with the only 

noticeable diffraction peaks being the reflections from the ITO substrate. Upon 

heating to 250 °C, peaks emerge which are attributed to the (020) and (040) 

reflections of a layered, orthorhombic α-MoO3 with a third peak that can be 

assigned to reflections from either the (011) plane of α- MoO3 or the (110) plane 

of the monoclinic, metastable β-MoO3. The presence of the β-phase of 

molybdenum oxide at this temperature is supported by Kuzmin10 and Julien15 who  
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Figure 3.5.  X-ray diffraction of a MoO3 thin film (a) as deposited and 
subsequently sintered for 1 h at (b) 100 °C, (c) 250 °C, (d) 350 °C and (e) 450 °C.  
* denotes ITO peaks. 
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have shown that sintering in air of hydrated, amorphous molybdenum oxide at 

relatively low temperatures produces a morphological change from an amorphous 

phase to a metastable, monoclinic β-MoO3. Strict identification of β-MoO3 is not 

possible, most likely because the average β-MoO3 domain size is much less than 

cross sectional area of the X-ray probe beam and that the β-MoO3 exists as a 

nanocrystalline phase16 and is too small to diffract the incident X-rays. To our 

knowledge this is the first report of the identification of β-MoO3 in heat-treated 

thin films prepared by electrochemical deposition. To date, all other film 

preparation methods that are known to produce films comprising β-MoO3, utilize 

spray pyrolysis or chemical vapor deposition techniques. Fabrication of films 

containing β-MoO3 is quite interesting in that this phase has been found to be 

more catalytically active towards methanol oxidation than α-MoO3.17 Sintering 

for shorter times (i.e., 1 h) does not provide enough thermal energy to facilitate 

the conversion of the hydrated amorphous material to the more 

thermodynamically stable de-hydrated α-MoO3 phase or to the metastable β-

MoO3 phase. Sintering for longer times (> 3 h) at elevated temperatures (> 250 

°C) produces crystalline films comprising purely α-MoO3.  Further heat treatment 

to 350 °C produces more crystalline films with sharper (020) and (040) peaks.  

Additionally, a new diffraction peak from the (021) plane of the α-phase appears, 

as well as, other higher index reflections [(101), (111), and (060)]. Heating to 450 

ºC produces no further significant changes to the diffraction pattern, which 

suggests that the film has been fully converted to α-MoO3 by sintering at 350 ºC 

for 3 h. Preferential growth along one axis during sintering is not observed, as 
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evidenced by the presence of nearly equal intensities for all index reflections (i.e., 

h00 vs. 0k0 reflections). X-ray diffraction measurements presented here, in 

addition to the morphological changes observed using AFM are consistent with 

previously published reports,18 which indicate that extended sintering at 250 °C 

and above can induce a phase transition from an amorphous structure to a more 

thermodynamically stable, layered orthorhombic structure through water loss and 

film densification. As discussed in the following section, these structural changes 

significantly alter the ion insertion/expulsion kinetics due to changes in film 

structure, porosity and active surface area. 

3.3.2 Electrochemical Characterization 

Qualitative analysis of the effects of sintering on the electroinsertion 

properties of MoO3 thin films was carried out by performing cyclic voltammetry 

in propylene carbonate solutions containing 1 M LiClO4. We have shown earlier 

that film deposition at –0.02 V vs. Ag/AgCl produces a hydrated sub-oxide of 

molybdenum where the composition can be written as MoO2.7·2H2O (see Chapter 

2). As illustrated by the XPS and XRD data, post-deposition sintering of these 

films in air at elevated temperatures between 350-450 °C produces dehydrated, 

crystalline films comprising predominantly stoichiometric α-MoO3. However, 

sintering at intermediate temperatures around 250 °C produces disordered mixed-

phase films that are composed of a combination of amorphous MoO3, 

nanocrystalline β-MoO3 and microcrystalline α-MoO3. The microcrystalline 

phase of α-MoO3 present in films sintered at 250 °C, and above, is reported to 

consist of edge-sharing MoO3 octahedra that form a layered structure with a 
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spacing of about 6.9 Å between layers.6 Presumably lithium transport is 

influenced by the formation of channels between these layers, which may provide 

facile ionic conduction pathways within the oxide film. These channels do not 

exist in films sintered at lower temperatures (25 °C and 100 °C). Figure 3.6 

displays cyclic voltammograms acquired for films sintered in air for 3 h at (a) 100 

°C, (b) 250 °C,  (c) 350 °C, and (d) 450 ºC. Upon heating to 100 °C (Figure 3.6a), 

the observed voltammetric response exhibits two very broad, ill-defined peaks, 

one centered at ~ +0.04 V and the other at –0.6 V. On cycling a second time, the 

small peaks observed during the first insertion cycle disappear and the 

voltammetric response becomes even less resolved. A slight decrease in insertion 

capacity is also observed, but subsequent cycles are relatively constant after the 

second voltammetric cycle. 

In contrast, the electrochemical responses for films sintered at higher 

temperatures (≥ 250 ºC) are quite different (Figures 3.6b,c,d). The current 

responses for these films measured during the first voltammetric cycle (solid 

curves), exhibit at least three sets of distinguishable reduction and oxidation 

peaks. The presence of multiple peaks, as shown in Figure 3.6b, suggests the 

possibility that Li+ insertion is occurring at energetically distinct reaction sites 

within the molybdenum oxide film. Further examination of voltammetric data 

shows that the first peak, centered at ~ –0.4 V is large on the first scan and 

decreases considerably on the second scan by nearly 75%.  This type of response 

is most likely due to a combination of two factors: 1) faradaic electron transfer  



 65

Figure 3.6.  Voltammetric response (solid trace – first scan, dashed trace – second 
scan) of MoO3 thin film electrodes immersed 1 M LiClO4/PC as a function of 
sintering temperature.  Traces plotted are for MoO3 sintered for 3 h at (a) 100 °C,  
(b) 250 °C,  (c) 350 °C, (d) 450 °C.  Scan rate was 10 mV/s. 
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from the substrate to the MoO3 film with concomitant Li+ ion insertion, and 2) a 

large capacitive charge arising from an electrochemically-induced structural phase 

transition during Li+ insertion.19,20 Others have reported using XRD that the lattice 

spacing increases between 6.9 Å to 12.0 Å during the insertion process depending 

on the degree of Li+ and solvent co-insertion.6 Obviously, this electrochemically-

induced phase transition produces a significant alteration of the film structure. 

Integration of the cathodic and anodic peaks in Figure 3.6b after the first cycle 

indicates that the anodic peak area, associated with Li+ deinsertion, is ca. 40% 

smaller, suggesting that the insertion/deinsertion process is only 60% reversible. 

This discrepancy cannot be due solely to slow diffusion of Li+ during deinsertion; 

rather it is more likely due to some fraction of Li+ becoming trapped in the film 

due to irreversible formation of a molybdenum bronze (i.e., Lix+2MoVI
1-xMoV

x-

zMoIV
zO3-y-z) and/or due to solvent reduction/decomposition processes. This 

irreversible insertion is observed to an even greater extent with the insertion of 

larger cations such as Na+ and Mg2+.21 Further, the inability to remove all the Li+ 

stored in the film remains even if the potential is held at oxidizing potentials (i.e., 

+0.4 V vs. Ag/AgCl) for extended lengths of time. Continued cycling of the 

potential (Figures 3.6b,c,d, dashed curves, second scan) shows the first reduction 

peak originally located at –0.4 V shifts to a more positive reduction potential and 

exhibits a large decrease in peak height, as well as, peak broadening. This 

suggests that Li+ insertion is energetically more facile for MoO3 films that possess 

some degree of inherent structural disorder. Dunn and coworkers22 have reported 

similar findings for molybdenum oxide aerogels consisting of both amorphous 
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and crystalline phases. Similar to our findings, a large activation peak appears on 

the initial insertion scan, which they have attributed to large structural changes in 

the aerogel upon Li+ insertion. Consistent with Dunn, et al., we also observe that 

the overall Li+ insertion capacity slightly decreases (ca., 10%) upon repeated 

cycling (3-5 cycles). This is also in agreement with other reports that have 

attributed this behavior to Li+ accumulation at the MoO3/ITO interface23 and/or to 

film degradation processes.24 We believe the observed loss in capacity is 

predominantly due to electrochemically-induced structural changes during the 

initial reduction cycle. Consequently, mechanical material failure accompanying 

this electrochemically-stimulated phase change results in active electrode area 

loss upon extended cycling. Figure 3.6c,d show representative voltammetric 

responses for films annealed at (c) 350 °C and (d) 450 °C. The voltammetric 

response is comparable to those films sintered at 250 °C, however, these films are 

rather unstable towards extended insertion/deinsertion cycling, as indicated by 

large portions of the films de-laminating from the substrate, thus permanently de-

activating these portions for further electroinsertion activity. 

In contrast to our cyclic voltammetry results and those of Dunn and co 

workers,22 Dao and co-workers have reported that Li+ insertion/deinsertion into 

electrochemically-deposited MoO3 is characterized by a voltammetric response 

devoid of any well-defined reduction peaks,11,25 However, in their experiments the 

potential was only scanned as far negative as –0.5 V vs. Ag/AgCl, a potential 

range that coincides with the peak potential involving only the first reduction 

peak. In addition, measurements made by Maruyama and Kanagawa26 on 
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crystalline MoO3 prepared by chemical vapor deposition using a potential sweep 

rate of 100 mV/s showed that there was an absence of defined reduction peaks 

during electrochemical Li+ insertion even when the potential was scanned as far 

negative as –1.0 V vs. SCE. Most likely their observed voltammetric responses 

are dominated solely by resistive charging processes (“IR-drop”) due to sluggish 

ion transport as the scan rate exceeds the diffusive component to solid-state 

diffusion of Li+ within the MoO3 film. We observe a definitive scan rate 

dependence on the voltammetric response recorded during potential sweep 

experiments. For example, Figure 3.7 demonstrates the influence of scan rate on 

the measured voltammetric response. If a scan rate of 10 mV/s is used (solid 

curve) multiple reduction and oxidation peaks are observed for MoO3 thin film 

electrodes sintered at 250 ºC on both reduction and oxidation cycles. However, if 

the scan rate is increased to 100 mV/s (dashed curve) the observed voltammetric 

response for a film prepared in the same manner exhibits only a large, sloping 

cathodic current beginning at –0.2 V that continues to –0.8 V. Additionally, two 

small anodic peaks located at –0.2 V and +0.1 V are observed during the return 

wave. The faster scan rate response is similar to that reported by Dao11,25 and by 

Maruyama and Kanagawa26 where their results showed a single ill-defined 

cathodic peak and two barely discernable anodic peaks. “Fast” scan rate studies (ν 

≥ 100 mV/s) are suitable for investigations involving solution phase redox 

chemistry, where the ionic diffusion coefficient is on the order of 10-5 cm2/s, but 

not for electroinsertion experiments where solid state ionic diffusion coefficients 

are expected to be about 3 to 8 orders of magnitude lower. 
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Figure 3.7.  Voltammetric response for MoO3 thin film electrodes immersed in 
1M LiClO4/PC obtained using a sweep rate of 10 mV/s (solid trace) and 100 mV/s 
(dashed trace). 
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  Galvanostatic discharge curves were also carried out to determine the 

insertion capacity for Li+ in films sintered at each of these different temperatures. 

Figure 3.8 shows typical discharge curves obtained from MoO3 films sintered in 

air for 3 h at 100 °C, 250 °C, 350 °C, and 450 ºC. The film sintered at 100 °C 

exhibited nearly monotonic, sloping cell voltage decays, whereas more 

dehydrated films (≥ 250 °C) exhibited voltage decays possessing both sloping 

and flat regions (Figure 3.8a).  In general, discharge curves possessing features 

characterized by sloping decay responses are indicative of insertion into a host 

material comprising a single phase; whereas discharge curves possessing flat 

regions of near constant cell voltage (i.e., plateaus) imply that the host material is 

composed of at least two chemically-distinct phases. Two plateaus are evident in 

the discharge curves for films sintered at higher temperatures (≥ 250 °C) within 

the capacity ranges of 0-50 mAh/g and 100-150 mAh/g. A very sharp initial 

decrease in cell voltage is also observed for the higher temperature sintered films 

upon commencement of the galvanostatic experiment, which is consistent with 

our voltammetric results presented above, and suggestive of the influence of 

electrochemically-induced structural changes. As reported by Julien and co-

workers,27,28,29 when discharge curves are carried out on hydrated molybdenum 

oxides from open circuit potential down to –0.77 V vs. Ag/AgCl (2.5 V vs. 

Li/Li+), dehydrated films show a higher insertion capacity than hydrated oxide 

films. This general trend is observed in the data shown in Figure 3.8b for films 

discharged down to –0.77 V. Films sintered at 100 ºC exhibit a lower ion storage 

capacity (154 mAh/g) compared to films prepared at higher temperatures (250 ºC,  
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Figure 3.8. (a) Discharge curves obtained in 1 M LiClO4/PC solution, using 
MoO3 thin film electrodes sintered at 100 °C, 250 °C, 350 °C, and 450 °C. (b) 
Magnification showing discharge capacity for intermediate values (0.5-1.3) of the 
mole fraction of Li+ (in LixMoO3-x). The applied current density was 10 µA/cm2. 
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173 mAh/g; 350 ºC, 175 mAh/g; 450 ºC, 155 mAh/g). These capacity values 

correspond to Li:Mo mole fractions (x in LixMoVI
1-xMoV

xO3-x) of 0.93, 0.94, 0.95, 

and 0.85 for films sintered at 100 °C, 250 °C, 350 °C, and 450 ºC, respectively.  

In contrast, the insertion capacity trend is reversed when the films are subjected to 

deep discharge conditions (~ –1.8 V vs. Ag/AgCl or ~1.5 V vs. Li/Li+). Under 

these conditions, the films that are more amorphous and presumably contain more 

water and oxygen deficiencies (i.e., sintered at 100 ºC) exhibit a much larger 

insertion capacity than those films that are more crystalline and dehydrated. The 

experimentally determined capacities and corresponding Li+:Mo mole fractions 

for films sintered at 100 °C, 250 °C, 350 °C, and 450 ºC were found to be 426 

mAh/g (2.6 Li:Mo), 268 mAh/g (1.5 Li:Mo), 264 mAh/g (1.4 Li:Mo), and 244 

mAh/g (1.3 Li:Mo), respectively, under deep discharge conditions. Similar 

lithium insertion capacities have been reported by Dunn, et al.,22 for aerogels of 

amorphous and crystalline MoO3, although we found a much higher capacity for 

amorphous films of MoO3. We observe that for all of these films studied, 

independent of the sintering temperature, the charge capacity (deinsertion) was 

~50% less than the discharge capacity (insertion), suggesting that irreversible film 

reduction occurred during deep discharge conditions. This irreversible insertion 

behavior is most likely a result of potential-induced structural deformation 

processes and to the formation of electrochemically-inactive reduction products 

(e.g., reduced lithium bronze phase). Both of these effects contribute to redox 

deactivation and mechanical failure of MoO3, thus preventing the reversible re-

oxidation of some portions of the cathode material. It is also likely that deep 
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discharge conditions lead to the formation of solid electrolyte interphase (SEI) 

layers that consist of electrolyte decomposition products (e.g., polymeric 

compounds, lithium alkyl carbonates and lithium oxide).30 SEI layers in effect act 

to passivate and deactivate portions of the MoO3 film. 

3.3.3 Spectroelectrochemical Characterization 

Figure 3.9 shows absorption spectra of sintered MoO3 films that were 

acquired during a voltammetric sweep (v = 10 mV/s) from +0.4 V to –0.8 V. In 

Figure 3.9a, potential-dependent absorption spectra are displayed for a MoO3 film 

sintered at 100 ºC. For clarity, only 5 of the 120 spectra collected during the 

experiment are shown. At the start of the experiment, the film has a slight blue 

color indicated by a broad near-IR absorption in the UV-vis spectrum. As the 

potential is scanned to negative values, an increase in near-IR absorbance is seen, 

as expected, due to the reduction of MoO3 and formation of a LixMoVI
1-xMoV

xO3-x 

bronze. After reaching the switching potential at –0.8 V, the absorbance in the 

near-IR begins to decrease. The absorbance spectrum of the re-oxidized film 

closely resembles that of the film in its original oxidized state. A more illustrative 

example of the reversibility of the potential-dependent absorbance is shown in 

Figure 3.9b. Both the voltammetric response (Figure 3.6a) and the optical 

absorbance steadily increase immediately after commencement of the potential 

scan. This indicates that low overpotentials can be used to effectively reduce MoVI 

to MoV when the MoO3 film is structurally amorphous, hydrated and chemically 

mixed-valent.  
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Figure 3.9.  Spectroelectrochemical response in 1 M LiClO4/PC solution of a 
MoO3 thin film electrode sintered at 100 ºC for 3 h.  (a) Optical absorption spectra 
obtained during a potential sweep (v = 10 mV/s). (b) Plot of absorbance at 633 nm 
vs. potential for the spectroelectrochemical experiment in (a).   
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When the applied potential reaches ~ –0.4 V the absorbance becomes constant, 

most likely due to a filling of available insertion sites within the film. A slight 

decrease in absorbance is observed as the potential reaches –0.8 V. This decrease 

could be due to either film dissolution or to the formation of a lower sub-oxide of 

molybdenum (i.e., Lix+2MoVI
1-xMoV

x-zMoIV
zO3-y-z) resulting in a change in the 

molar absorptivity of the film. The coloration efficiency (∆OD/Q) for the forward 

coloration sweep was calculated to be 6.3 cm2/C. Scanning back to +0.4 V causes 

re-oxidation of the film (Li+ expulsion) and a nearly linear decrease in absorbance 

is observed. Presumably, re-oxidation of the film causes lithium to deinsert at 

potentials more negative than where it originally inserted because lithium is being 

extracted from two chemically distinct molybdenum oxides each of which 

exhibits markedly different oxidation potentials. It should also be noted that the 

coloration process is almost completely reversible with an overall coloration 

reversibility estimated to be ~93.4%. 

In comparison, Figure 3.10 shows the results from a 

spectroelectrochemical experiment using MoO3 thin films sintered at 250 ºC. 

Figure 3.10a shows spectra acquired during a voltammetric sweep (v = 10 mV/s) 

from +0.4 V to –0.8 V. Initially, the film at +0.4 V is slightly yellow in color as 

indicated by the small absorption band at 450 nm. When the potential is scanned 

more negative, a slight increase in near-IR absorbance is observed near –0.2 V, 

whereupon further scanning to more negative potentials causes the film to 

develop a deep blue color which is attributed to the formation of a mixed-valent 

LixMoVI
1-xMoV

xO3-x bronze. Reversal of the voltammetric sweep direction results  



 76

Figure 3.10.  Spectroelectrochemical response in 1 M LiClO4/PC solution of a 
MoO3 thin film electrode sintered at 250 ºC for 3 h.  (a) Optical absorption spectra 
obtained during a potential sweep (v = 10 mV/s). (b) Plot of absorbance at 633 nm 
vs. potential for the spectroelectrochemical experiment in (a).   
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in film decoloration as evidenced by the observed decrease in absorbance. When 

the potential reaches +0.4 V the resulting absorption spectrum is quite different 

compared to the spectrum prior to insertion, as signified by the retention of a 

significant near-IR absorbance even at very oxidizing potentials. Figure 3.10b 

illustrates the coloration behavior in a different fashion, where the potential-

dependent absorbance at 633 nm, is plotted as a function of the applied potential. 

The shape of the absorbance vs. potential plot during reduction resembles that of 

the current response (see Figure 3.6b) where negligible change in absorbance, or 

current, is observed until the potential reaches ~ –0.2 V. When this potential is 

reached, steep increases in both absorbance and current are observed with the 

absorbance growing until the potential reaches –0.6 V, after which it begins level 

off. As the potential is scanned positive towards more oxidizing potentials, the 

absorbance remains nearly constant until about –0.3 V, after which there is a slow 

decrease. This behavior suggests that the decoloration (deinsertion) process is 

kinetically slower and thermodynamically hindered, in contrast to decoloration 

(deinsertion) of an amorphous MoO3 thin film (refer to Figure 3.9). Comparison 

of the curves in Figure 3.9b and 3.10b shows that MoO3 films sintered at 250 ºC 

exhibit a larger optical modulation albeit with the sacrifice of optical and 

electrochemical reversibility. The coloration efficiency calculated for films 

sintered at this temperature is ~15.8 cm2/C – twice as large as that measured for 

amorphous films. However, the resulting electrochromic reversibility was also 

significantly less than that of the amorphous MoO3 thin film (c.f., 67.2 % vs. 93.4 

%). 
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A more quantitative electrochemical approach to study the effects of 

sintering conditions on the electroinsertion properties involved the use of 

chronoamperometry. Under conditions of solid-state semi-infinite linear 

diffusion,31 analysis of current transients measured during a potential step32 to 

reducing potentials allows for the determination of apparent Li+ diffusion 

coefficients (DLi+) within MoO3 thin films. A representative set of 

chronoamperometry data for MoO3 thin films sintered at 100 ºC and 250 ºC, each 

for 3 h, is shown in Figure 3.11. The chronoamperometric response (solid circles) 

for a MoO3 thin film sintered at 100 ºC during a potential step to –0.8 V (Li+ 

insertion) is shown in Figure 3.11a. The data fit (dashed line), is excellent with an 

R2 value > 0.99.  DLi+ was calculated to be 4.9 x 10-12 cm2/s, which is in good 

agreement with other values for reported amorphous MoO3 films. For easy 

comparison, literature values for DLi+ in MoO3 using optical and electrochemical 

techniques are compiled in Table 3.1. In contrast, the current response for a film 

sintered at 250 ºC, shown in Figure 3.11b, does not exhibit classical Cottrell 

behavior (t-1/2 current decay). Therefore, the fit (dashed line) is somewhat 

erroneous, considering the experimental transient response (solid circles) is 

actually composed of two components – a small region from 0 to ~2 s and a larger 

region from ~2 to 20 s. Although the fit is very poor, DLi
+ was estimated to be ~2 

x 10-12 cm2/s. While the estimated DLi+ for polycrystalline MoO3 agrees with 

reported values for lithium diffusion found using chronoamperometry, (see Table 

3.1) quantitative interpretation of the data proves to be somewhat complicated due 

to the difficulty in interpreting the non-Cottrell type transient response. Cottrell  
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Figure 3.11.  Current response recorded during a potential step from +0.4 V to –
0.8 V for MoO3 thin film electrodes sintered at (a) 100 °C and (b) 250 °C 
immersed 1 M LiClO4/PC.  Solid circles and dashed curve represent experimental 
data and calculated fits, respectively.  
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Table 3.1.  Reported literature values of optical and electrochemically determined 
lithium diffusion coefficients for different forms of molybdenum oxide. 

Ref. Method of 
Preparation 

Phase Doptical 
cm2/s 

Delectrochemical 
cm2/s 

Technique 

33 Flash evaporation Amorphous 
(film) 

 

1.2-2.3 x 10-11  
 

CA 

12 Spin coating 
peroxopolymolybdate 

solution 
 

Amorphous 
(film) 

 7.0 x 10-13 CA 

34 Heating a mixture of 
molybdic acid, 

polymeric binder and 
carbon black 

Amorphous 
(bulk/film) 

Crystalline (α) 
(bulk/film) 

 

 10-10 – 10-9 
10-10 – 10-8 

GITT 

35 Evaporation Crystalline (α) 
(film) 

 

 1.2 x 10-11 CP 

36 Heating of molybdic 
acid 

 

Crystalline (α)  6 x 10-11 – 1 x 
10-9 

(1.2 ≥ x ≥ 0.2) 

GITT 

28 Precipitation of 
acidified Na2MoO4 

solution 
 

Polycrystalline 
(bulk) 

Amorphous 
(bulk) 

 

 1 x 10-9
 

3 x 10-9 
GITT 

37 Electrodeposition Amorphous 
(film) 

 

 1.12 x 10-8 CV 

38 Flash evaporation Crystalline 
(bulk) 

Amorphous 
(film) 

Polycrystalline 
(film) 

 

 1 x 10-9 
4 x 10-12 
5 x 10-11 

GITT 

39 MoO3 powder 
pressed into Pt gauze 

Bulk 
crystalline 

 10-11 – 10-10 GITT 

CA = Chronoamperometry, GITT = Galvanostatic Intermittent Titration 

Technique, CP = Chronopotentiometry, CV = Cyclic Voltammetry 
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conditions do not account for microscopic variations in surface topography nor do 

they include the possibility of varied ionic diffusion rates at an electrode surface 

composed of multiple phases with energetically distinct reaction sites. These two 

contributing factors must be considered in light of the AFM analysis presented in 

Figures 3.2 and 3.3, which show that MoO3 thin films sintered at 250 ºC are 

actually composed of a mixture of amorphous, nanocrystalline and randomly 

oriented crystalline domains. MoO3 has been known to exist in several phases, 

each with different electronic conductivities, which have been reported to differ 

over seven orders of magnitude.40 Over the studied temperature range of 25-250 

ºC, the three most dominant phases of MoO3 are a hydrated amorphous phase, a 

metastable, rhenium oxide like phase denoted as β-MoO3, and a layered, 

thermodynamically stable phase, indicated as α-MoO3.  The observed anomalous 

electrochemical behavior in the MoO3 thin films (250 ºC) is due in part, to a 

coupling of the chemical reactivity of different phases of molybdenum oxide (i.e., 

β- and α-MoO3) giving rise to multiple peaks in the cyclic voltammogram. The 

key aspect is that the ensemble response is not simply equal to the average of the 

responses from all individual domains. Instead, isolated domains of the mixed-

phase material exhibit unique and diversely different time-dependent behaviors. 

Some authors have reported that chemical diffusion coefficients for 

species in the solution phase41 and in the solid-state42,43 can be determined using 

chronoamperometry coupled with optical absorption measurements. The major 

drawback to spectroelectrochemical characterization using potential sweep (CV) 

or potential step (CA, CC) experiments coupled to conventional UV-visible 
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spectroscopy is that both measurements (optical and electrochemical) are based 

on the measurement of an ensemble response. If films are heterogeneous 

structurally and/or chemically on a microscopic size scale, difficulty arises in the 

ability to resolve contributions from individual domains to the overall 

electrochemical/electrochromic response. Relying on the coloration response as a 

reporter of the lithium insertion reaction we have developed high-resolution 

interfacial spectroelectrochemcial imaging techniques, that when coupled with 

conductive probe atomic force microscopy and Raman microprobe spectroscopy, 

allow for the quantitative measurement of electrochemical reactivity at individual 

domains of distinct crystallinity and chemical composition. A thorough 

description of this experimental approach and results obtained using this novel 

methodology will be reported in Chapters 4 and 5. 

 

3.4 CONCLUSIONS. 

In this work we have shown that sintering of MoO3 thin films in air at 

different temperatures directly influences the observed electrocoloration and 

electroinsertion characteristics through modification of film micro/nanostructure. 

Films sintered at relatively low temperatures (100 ºC) are mixed valent (MoVI/V), 

amorphous, contain a significant amount of water and exhibit facile optical and 

electrochemical reversibility. On the other hand, more dehydrated, 

stoichiometrically pure MoVIO3 can be prepared by sintering at temperatures 

greater than 250 ºC. We also found that sintering of MoO3 thin films at 250 ºC 

produces a mixed-phase material that provides a larger optical modulation than 
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for MoO3 thin films sintered at 100 ºC, with the sacrifice of electroinsertion 

reversibility. 
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CHAPTER 4 

 

Spatially Resolved Imaging of Structural, Electronic and 
Chemical Properties in Polymorphous Molybdenum Oxide* 

 

4.1 INTRODUCTION 

The capability to characterize localized structural and electronic properties 

in disordered materials has been greatly enhanced by the development of the 

scanning probe microscopies [(scanning tunneling microscopy (STM) and atomic 

force microscopy (AFM)]. A great deal of information regarding these properties 

can be obtained from STM experiments; however, the use of STM necessitates an 

electronically conducting sample. This requirement limits the number of materials 

that can be studied by STM. Atomic force microscopy, on the other hand, can be 

used to study the morphological characteristics of both conductors and insulators. 

Additionally, variants of standard AFM, including electrostatic force microscopy 

(EFM),1 scanning surface potential microscopy (SSPM)2 and conductive probe 

atomic force microscopy (CP-AFM)3,4,5 have proven useful for the study of the 

nanoscale electrical properties of numerous materials including conducting 

polymers,6,7 metal-insulator composites,8,9 semiconductors10 and even biological 

materials such as DNA.11,12 Equally significant are modern advents of Raman 

microprobe microscopy,13,14,15 where spatially resolved measurement of material 

                                                 
* Portions of this chapter will be submitted for publication in J. Phys. Chem. B. 
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properties such as chemical composition, crystallinity and defect structure can be 

achieved. An example of this is shown in the work of Cazzanelli and co-

workers,15 where Raman microscopy was used to identify regions within 

sputtered films of WO3 that exhibited differing degrees of crystallinity. By 

comparison, these variations in crystallinity were largely unidentifiable by 

standard optical characterization techniques. 

We are particularly interested in the development of integrated surface 

analytical methodologies that merge atomic force and optical microscopies with 

Raman microprobe spectroscopy and electrochemical techniques. This approach 

allows for the study of the localized associations between structure, chemical 

composition and ion/charge transfer reactivity in heterogeneous materials. 

Specifically, we have employed high-resolution conductive probe atomic force 

microscopy (CP-AFM) and Raman microprobe spectroscopy to study 

heterogeneous redox-active metal oxides. In initial characterization studies 

detailed in Chapter 3, we observed anomalous electrochemical behavior for MoO3 

films sintered at 250 ºC. These films were not only heterogeneous structurally, but 

also exhibited non-uniform electrocoloration and inhomogeneous lithium 

insertion. Previously, we were unable to fully evaluate these materials due to 

restrictions imposed by characterization techniques employed since they 

measured only ensemble-averaged material properties. In attempt to gain a more 

in depth understanding of these materials, we now employ imaging methods 

better suited for studying structural, electronic and chemical properties of 

heterogeneous materials. As detailed in this chapter, we have used these high-
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resolution spatially resolved techniques to establish direct relationships between 

the structural features, electronic properties and localized chemical compositions 

in polymorphous MoO3. 

 

4.2 EXPERIMENTAL 

4.2.1 Electrodeposition of Molybdenum Oxide 

Molybdenum oxide thin films were electrochemically deposited onto pre-

cleaned transparent conductive indium-tin-oxide (ITO) coated glass substrates 

(Delta Technologies, LTD., 15 Ω/□) from acidic peroxo-polymolybdate solutions 

as described in Chapter 2 and in reference 16.  As detailed in Chapter 3, post-

deposition sintering allows for tuning of the desired film properties (e.g., 

crystallinity, film thickness, water content and valency). In this study, we 

employed three different post deposition heat treatments to prepare MoO3 films of 

varying composition and crystallinity. Method 1 was used to prepare 

polycrystalline films comprising mixtures of α- and β-MoO3 with < 20 % β-

MoO3 present. Briefly, freshly electrodeposited MoO3 films were dried overnight 

(12 h) at ambient temperature (25 ºC) in a desiccator, followed by sintering in air 

at 250 ºC for 3 h using a programmable electric furnace (Cress, model 

C401H/942).  Method 2 was used to produce polycrystalline α- and β-MoO3 films 

comprising ≥ 75% β-MoO3. Similar to Method 1, freshly deposited films were 

allowed to dry for 30 min under ambient conditions on the laboratory bench. The 

films were transferred to a vacuum oven (Lab-Line, vacuum > 30 in Hg) and 

sintered at 200 °C for 1 h. These films were then placed in a tube furnace 
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(Thermcraft, Inc.) and sintered in flowing O2 (40 mL/min) for 1 h at 300 °C. 

Method 3 was employed to prepare crystalline films comprising ~100 % α-MoO3. 

This method followed the same steps as employed in Method 1; however, the 

sintering temperature was raised to 450 °C. 

4.2.2 Structural and Electronic Characterization 

Topographic and conductivity maps of molybdenum oxide thin films were 

obtained using a Digital Instruments Bioscope AFM scan head fitted with an 

ultralow current sensing preamplier (TUNA module, Digital Instruments) 

interfaced to a Nanoscope IV controller. CP-AFM studies were performed in 

contact mode with Pt-coated, silicon cantilevers (MikroMasch, Ultrasharp 

cantilevers, length 125 µm, resonance frequency ~160 kHz, tip radius < 35 nm). 

The bias voltage was applied between the sample and the tip with the sample held 

positive with respect to the grounded AFM tip. All images were acquired at a scan 

rate of 0.3 Hz and a line density of 512 x 512. Tunneling spectroscopy studies 

were conducted at localized domains by holding the position the conductive AFM 

tip over the feature of interest at a constant contact force of ~ 25 nN.17 The current 

response (I-V curve) was then recorded as the sample bias was swept from 

negative to positive potentials at a sweep rate of 40 mV/s. 

4.2.3 Spectroscopy Characterization 

Raman spectra were acquired in backscattering mode using a Renishaw 

RM2000 Raman spectrometer coupled to a Leica INM200 optical microscope 

fitted with a computer-controlled XY-stage (Prior Scientific). A 488.0 nm Ar 
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laser (Coherent) serving as the excitation source, was focused onto the sample 

through a Leica 50X 0.8NA HC PL Fluotar objective resulting in a laser spot size 

of ca. 1 µm. The laser power was adjusted to 6 mW by use of an optical power 

meter (Newport, Model 840 with Wand Detector, Model 818-ST) prior to 

calibration (versus p-type silicon) and sample examination. The Raman 

spectrometer was equipped with a thermoelectrically cooled CCD camera (Wright 

Instruments, Ltd.) for spectra acquisition and the optical microscope was fitted 

with a Sony DXC-970MD color CCD camera for general sample viewing. 

X-ray photoelectron spectroscopy was carried out using a PHI 5700 ESCA 

system with an Al K-alpha monochromatic (1486.6 eV) source. Prior to sample 

examination, instrument calibration was performed against the Au 4f7/2, Ag 3d5/3, 

and Cu 2p3/2 photoelectron binding energies at 83.98, 368.27 and 932.67 eV, 

respectively. Because of the low photoelectron cross-section for the O 2p valence 

band, spectra were collected and averaged over 5 scans. 

4.2.4 Spectroelectrochemical Microscopy 

A home-built, one-compartment, three-electrode Teflon cell was used for 

all spectroelectrochemical measurements. MoO3 thin films served as the working 

electrodes, with a Ag/AgCl (3M KCl) and a Pt wire employed as reference and 

counter electrodes, respectively. A small set screw was used to make electrical 

contact to the uncoated portion of the ITO. Electrochemical measurements were 

performed using a CH Instruments potentiostat (Model CHI700A) interfaced to a 

PC. Chronoamperometry experiments were conducted by performing potential 

steps lasting for 20 s from an initial potential of +0.4 V to a reducing potential of 
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–0.8 V. Transmitted-light optical images of the film during lithium insertion/-

coloration were acquired as previously described.18 Briefly, however, the 

spectroelectrochemical cell was positioned on the microscope stage of a Nikon 

Eclipse TE300 inverted optical microscope where light from the microscope 

illumination tower (100 W Tungsten halogen lamp) was allowed to pass through 

the cell into the collection optics (Nikon 40X ELWD objective, 0.60 NA). A 630 

± 60 nm bandpass filter was placed between the light source and optics to isolate 

the light collected to a wavelength associated with the near-IR absorption of the 

reduced film. Time-lapsed optical images were acquired (100 ms exposure and 20 

MHz readout rate) using a Roper Scientific CoolSNAP HQ CCD camera 

controlled with Metamorph imaging software (Universal Imaging Corporation, v. 

5.0r4). To reduce file size, the CCD pixels were binned 2 x 2 and only a small 

region of interest (ROI, 75 µm x 75 µm) selected and read out for the CCD using 

software control. Collection of the current response and optical images were 

obtained simultaneously, via triggering of the potentiostat with a TTL pulse 

through the software/PC interface. 

 

4.3 RESULTS AND DISCUSSION 

Figure 4.1 shows a representative, large-scale, 75 x 75 µm2 CP-AFM 

image of a MoO3 film prepared by electrodeposition and sintered at 250 ºC in air. 

Consistent with data presented in Chapter 3, these films appear to contain at least 

two structurally distinct features, with some regions consisting of randomly 

oriented microcrystalline domains, and other areas that appear more disordered  
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Figure 4.1. Simultaneously acquired (a) topography and (b) current images (75 x 
75 µm2) of a polymorphous MoO3 thin film. Three points of interest 
corresponding to a microcrystalline region (Point A), a nanocrystalline region 
(Point B), and to a mixed phase region (Point C) are highlighted. Shown in (c) is 
the composite image where the current map is overlaid on the topography.   
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and possibly nanocrystalline in nature. Overall the films are fairly smooth, 

exhibiting a measured root-mean-square (RMS) surface roughness of ca. 10 nm, 

which is representative of numerous other films prepared under the same 

conditions (Method 1).  As detailed in Chapter 3, we observed that extended 

sintering at temperatures > 250 ºC, induces a gradual phase transition through 

water loss and film densification to produce microcrystalline domains of α-MoO3 

ranging in size from a few microns up to 10-15 µm in length. However, sintering 

at intermediate temperatures around 250 °C produces disordered polymorphous 

films with the coexistence of α-MoO3 domains and a nanocrystalline phase that is 

amorphous to X-rays. Figure 4.1 also shows the simultaneously obtained current 

image acquired under low potential bias (+0.5 V). Clearly, the current distribution 

is non-uniform, where the brighter areas depicted correspond to regions that 

exhibit higher tunneling current responses due to more facile conduction of 

electrons. We observe that the current contrast is a function of the applied bias 

voltage and increased tunneling currents are seen when the larger bias voltages 

are employed. At the low 0.5 V bias applied for films shown in Figure 4.1, we 

estimate that that ~26.7% of the film area is highly conductive (> 50 pA tunneling 

currents) while ~73.3% behaves as though it was nearly electronically insulating. 

Low bias voltages are applied in these characterization studies to emphasize 

differences in measured currents between the distinct structural phases. As we 

demonstrate below, the current response can be used to exclusively identify 

specific MoO3 polymorphs. Figure 4.1c shows a composite image of Figure 4.1a 

and 4.1b where the conductivity image is superimposed on top of the topography 
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image. Visibly, the areas that exhibit higher conductivity correlate well with the 

more nanocrystalline domains.  From a purely structural standpoint, this 

observation seems counter-intuitive as higher tunneling currents are typically seen 

at crystalline grain boundaries where fast electronic diffusion often dominates the 

conduction process over bulk transport routes.19 

To better assess the spatially distinct electronic properties of these 

materials, we performed localized, point-contact current-voltage (I-V) 

measurements at specific structural domains corresponding to the microcrystalline 

regions and to those associated with the nanocrystalline areas. Figure 4.2 shows 

the I-V response acquired at a microcrystalline domain (open circles) presumably 

associated α-MoO3, as this is the known thermodynamically stable phase. These 

microcrystalline regions exhibit n-type semiconducting behavior with turn on 

voltages seen for positive sample biases ca.  +1.5 V and negative sample biases 

ca. −3.5 V. In comparison, the I-V response measured at a nanocrystalline region 

(open triangles) is characterized by lower turn on voltages of about +0.20 V for 

positive sample biases, and −0.30 V for negative sample biases. The I-V behavior 

for these nanocrystalline regions is more easily seen in Figure 4.2b. Both areas 

exhibit asymmetric semiconducting I-V responses where larger currents are 

measured at positive sample bias voltages than at negative voltages. We also 

attempted to acquire I-V responses for intermixed α-/β-MoO3 domains (data not 

shown). For these regions, the measured I-V responses were identical to domains 

comprising purely microcrystalline α-MoO3 suggesting that α-MoO3 dominates 

the I-V response. These asymmetric I-V responses are most likely due to factors 
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Figure 4.2. Localized I-V spectra obtained at structurally distinct areas 
comprising (a) a microcrystalline domain (open circles) and a nanocrystalline area 
(open triangles). (b) Magnification of the I-V curve obtained at the 
nanocrystalline region.  
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 associated with differences between sample composition and AFM tip material 

and the geometric properties of the tip and sample,20,21 rather than band bending22 

effects associated with the ambient characterization environment. This finding is 

consistent with the reports of Lucas and co-workers,20 where asymmetric I-V 

responses are seen when electron tunneling between two dissimilar materials is 

different in forward bias (sample positive) direction than in reverse bias (sample 

negative). Geometric differences between tip and sample (conical vs planar) are 

also known to influence the shape of the tunneling barrier since the electric field 

is highest at the curved AFM tip. As a result, the tunneling barrier tends to bend 

inward for positive sample bias and bend outward for negative sample bias and 

effectively produces a lower tunneling barrier in the positive bias direction. It is 

also highly possible that thermally induced electron population broadening is a 

contributing factor which in effect acts to smear out the electron distribution in 

the tip states and thereby increases the current measured in the positive bias 

direction. The significantly lower turn on voltages exhibited by the 

nanocrystalline domains implies that the tunneling barrier is smaller as a result of 

differences in molybdenum:oxygen coordination environment and oxygen 

stoichiometry since these characteristics inherently influence molybdenum oxide 

electronic properties. 

In an effort to more fully correlate the observed non-uniform current 

response with compositional differences, we employed Raman microprobe 

spectroscopy to utilize its excellent mapping ability at high spatial resolution 

(~1µm diameter sampling size). By creating reference registry marks on the 
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MoO3 films, we were able to obtain localized Raman spectra at specific areas 

previously imaged by CP-AFM (such as those shown in Figure 4.1). This 

approach allowed us to directly correlate structural, electronic and chemical 

properties measured at identical regions in the sample. Figure 4.3 shows Raman 

signature spectra acquired at three unique morphological areas from the same film 

that was first interrogated by CP-AFM (correspondingly labeled as Points A, B 

and C in Figures 4.1 and 4.3).  Unique Raman spectra are observed at each area, 

where the spectra acquired at Point A, corresponding to the microcrystalline 

domain displayed in Figure 4.1, is consistent with that of α-MoO3. Spectra taken 

at Point B associated with the nanocrystalline morphology is characteristic of β-

MoO3.23,24,25 Spectra obtained at Point C exhibited spectral features indicative 

with the co-existence of intermixed nanocrystalline phases comprising both α-

MoO3 and β-MoO3. The signature Raman spectra for each polymorph were 

corroborated by comparison of Raman spectra with previous reports of Julien and 

Nazri26 and by McCarron and co-workers.23,24 The particular spectral assignments 

for the different structures are presented in Table 4.1 along with a comparative 

summary of Raman spectra reported in the literature. Pictorial representations of 

the crystal structures of α-MoO3 and β-MoO3 polymorphs27 are also shown in 

Figure 4.3. The unit cell dimensions and atomic parameters used to reconstruct α-

MoO3 and β-MoO3 and were taken from Andersson and Magneli28 and from 

McCarron,29 respectively, with both structures based on Pbnm symmetry. 

Orthorhombic α-MoO3 adopts a unique layered structure in which linked 

distorted MoO6 octahedra share both corners and edges. As a consequence, in  
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Figure 4.3. Raman microprobe spectra of acquired at the points of interest noted 
in Figure 1; (a), Point A, (b) Point B, and (c) Point C, which are indicative of  α-
MoO3, β-MoO3, and intermixed α-/β-MoO3 phases, respectively.  Insets in (a) and 
(b) are pictorial representations of the crystal structures for the α-MoO3 and β-
MoO3 polymorphs. 
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Table 4.1.  Raman frequencies and assignments for α-MoO3 and β-MoO3. 

α-MoO3 β-MoO3 Point A Point B Point C Assignment26, b 
Nazri / 
Julien26 

McCarron23 This work This work This work  

  1009vw  1010vw  
993sa  995s  998m Ag - ν(OMo) 
 904m  903vw   
 850vs  850vs 850m Mo-O stretch 
817vs  820vs  818m B1g - ν(OMo2) 
 776s  776vs 776w Mo-O stretch 
664w  666w  663w B3g - ν(OMo3) 
468w  458wbr  463wbr B1g - ν(OMo3) 
 414w  418w   
 391vw  393vw  O-Mo-O 

deformation 
 349m  353m  O-Mo-O 

deformation 
335m  337m  337w Ag - δ(OMo3) 
 310w  313w  O-Mo-O 

deformation 
      
282m 283w 289m 284vw 283m B3g - δ(OMo) 
 237w     
  245w  244w  
215w     Ag - δ(OMo2) 
196w 194wbr 198vw 202vwbr  B2g - τ(O=Mo=O 

twist)c 
 176wsh     
156m  160vw   Ag - δ(O2Mo2)n 
127w     B3g - (translational 

rigid MoO4 chain 
mode)c 

 130w     
114m     B2g  - lattice modes 
 91sh     
80s     Ag - Mo-Mo mode 
 76s     
a The terms vw, w, m, s, and vs correspond to very weak, weak, medium, strong, and very strong 
Raman shifts, while br and sh correspond to peaks that are broad or appear as a shoulder.   
b Assignments for β-MoO3 are from References 30 and 31.   
c Assignment from Reference 32. 
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each octahedron, one oxygen is unshared while the two oxygen atoms share 

common octahedra and three other oxygens are partly shared and common to 

three octahedra. In contrast, β-MoO3 has monoclinic structure similar to ReO3 

formed by corner sharing distorted MoO6 octahedra, where no oxygen atoms 

singly coordinated. 

As illustrated in Figure 4.3a, α-MoO3, possesses Oh symmetry, with six 

normal vibrational modes. From the six, only three modes, ν1, ν2, and ν5 are 

Raman-active modes whereas ν3 and ν4 are infrared-active modes.33 The sixth 

mode, ν6 is neither Raman nor infrared-active. Accordingly, using the reported 

space group D2h for the unit cell,26 the expected Raman-active vibrational modes 

are Ag, B1g, and B3g. The remaining modes, B1u, B2u and B3u are infrared-active, 

while Au is inactive.34 These symmetry operations are included in the last column 

of Table 4.1 along with suggested physical descriptions of each stretch. The 

characteristic spectra for α-MoO3 (Figure 4.3a) shows intense, unique Raman 

shifts at 995 and 820 cm-1, while less intense peaks are found at 666, 337 and 289 

cm-1. The peak located at 995 cm-1 is indicative of a stretch between molybdenum 

and a doubly bonded oxygen (Mo=O, designated as νOMo). The most intense 

peak of the α-MoO3 spectrum is located at 820 cm-1 and is associated with a 

stretching vibration involving two molybdenum atoms bonded to one oxygen 

atom (νOMo2). A weak, somewhat broad peak also is observed at 667 cm-1, 

indicative of a Mo-O bond vibration where the oxygen is coordinated to three 

molybdenum atoms (νOMo3). Characteristic Raman shifts for α-MoO3 also 

10 µ10 
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appear at lower wavenumbers and are associated with the Ag, B1g, and B3g 

bending modes (denoted δOMo1, 2 or 3).  

Raman spectra acquired at Point B (Figure 4.3b), shows unique Raman 

shifts at 903, 850, 776, and 353 cm-1 characteristic of monoclinic β-MoO3. For the 

β-MoO3 spectrum no peak is observed at 995 cm-1; a vibration that is uniquely 

characteristic of the presence of a double bond Mo-O stretch (molybdenum and a 

singly coordinated oxygen). The absence of this peak is also one of the clearest 

indications that a non-layered phase exists within these regions. An exhaustive 

search of the literature reveals no spectral assignments to support the observed 

Raman peaks for β-MoO3. However, since the structure of β-MoO3 is 

crystallographically equivalent to that of WO3, generalized structural assignments 

can be made on the basis of previously reported Raman spectral assignments for 

WO3.30,31 In Table 4.1 we have grouped spectral assignments into modes 

corresponding to bond stretches and deformations. In accordance with the spectral 

interpretations made for WO3, the Raman shifts located at 850 and 776 cm-1 are 

attributed to Mo-O stretches, while the shifts at 418, 393, 353 and 313 cm-1 are 

attributed to O-Mo-O deformations. Although, the small peak located at 903 cm-1 

cannot be assigned on the basis of a WO3 crystal structure, the presence this peak 

has been previously identified in β-MoO3 by McCarron23,24,29 and by Kim.35 Since 

this stretch is found at high wavenumbers, it also most likely originates from a 

Mo-O stretch.  

Mestl32 has reported that the degree of non-stoichiometry 

(oxygen:molybdenum ratio) can be estimated from the ratio of the intensity of the 
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bending modes located at 285 and 295 cm-1 provided that the ratio is between 

2.94 and 3.00, since for ratios smaller than 2.94, the two peaks are 

indistinguishable. As seen for the data presented above for our films, these two 

Raman bands are not clearly resolved for domains consisting of α-MoO3, β-

MoO3, or mixed α-/β-MoO3 suggesting that the O:Mo ratio is smaller than 2.94. 

This observation is consistent with our previous characterization studies detailed 

in Chapter 2 where the chemical composition of freshly deposited, unsintered 

molybdenum oxide films had O:Mo ratio of ~2.67. As a whole, we broadly 

estimate, from XPS data presented below (vide infra), that the O:Mo ratio for 

films sintered at 250 ºC, falls between 2.7 and 2.8 as heat treatment in air acts to 

reduce the defect concentration by incorporating oxygen into the lattice.32  

To study the association between the measured tunneling current and 

differences in O:Mo stoichiometry, the electronic (valence band) structure of 

MoO3 was examined using X-ray photoelectron spectroscopy (XPS). Colton and 

co-workers36,37 have previously used XPS to identify the presence of a defect 

band located at slightly lower binding energies than the O 2p band in 

substoichiometric MoO3, WO3 and V2O5. Accordingly, we also obtained valance 

band photoelectron spectra for the O 2p band for two different films with one 

comprising ~100% α-MoO3 (prepared via Method 3) and the other containing 

~90% β-MoO3 (prepared via Method 2), as determined by Raman spectroscopy. 

Figure 4.4, presents O 2p valence band spectra for both α-MoO3 and β-MoO3 

films. The figure shows broad principle valance bands for both polymorphs 

extending from ~ 3 eV to 11 eV. An additional small peak immediately below the  
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Figure 4.4. Valence band X-ray photoelectron spectra of the O 2p band for a film 
comprising (a) ~100 % α-MoO3 and (b) ~75 % β-MoO3 and 25 % α-MoO3. 
Insets: Magnifications of (a) and (b) showing spectra from 0 to 2.5 eV. (c) Energy 
level diagram for MoO3. The valence band (VB), conduction band (CB), and 
defect band (DB) regions are denoted. 
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Fermi level at ~ 1.5 eV is present for the β-MoO3 polymorph (see inset Figure 

4.4b). In accordance with previous reports,36,37 this peak was assigned to the 

existence of an appreciable defect band due to anion vacancies (missing oxygen 

atoms) which act as electron accumulation sites. Interestingly, the observed peak 

near the Fermi edge in valence band spectra is clearly related to the magnitude of 

the turn on voltage observed in I-V response of β-MoO3 (see inset Figure 4.2).38 

No similar peak close to the Fermi level is seen for α-MoO3 (see inset Figure 

4.4a). This indicates that β-MoO3 most likely contains a higher amount of oxygen 

defects than α-MoO3. Due to sensitivity issues and large sampling spot size (ca. 1 

mm) associated with the XPS analysis, we are unable to quantitatively determine 

the exact O:Mo stoichiometry for distinct MoO3 domains. However, bulk XPS 

analysis of films comprising α-MoO3 and β-MoO3 exhibit a O:Mo ratio ranging 

from 2.7 to 2.8. 

Schematically, the band structure of MoO3 can be represented by 

construction of a simple energy level diagram (Figure 4.4c). Following the 

constructs of Goodenough,39 the valence band (VB) for MoO3 consists of O 2p 

states, while Mo 3d and 4s states dominate the conduction band (CB). For 

stoichiometrically-pure α-MoO3 and β-MoO3 the band gaps are estimated to be 

~3.1, and ~2.9 eV, respectively whereas, sub-stoichiometric MoO3-x, 

compositions have a narrowed band gap and the localization of electrons at 

oxygen vacancies produce a defect band lying ~0.5 to 1.0 eV below the 

conduction band.40 Collectively, the Raman and XPS results strongly suggest that 

the β-MoO3 polymorph is more electronically conductive due to missing lattice 
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oxygen and not solely dominated by differences in molybdenum-oxygen 

coordination environment. This interpretation is consistent with reports of Gillet 

and co-workers,41 on tungsten oxide films where they found that 

substoichiometric WO3-x was significantly more conductive due to the formation 

of a donor level within the band gap. 

The knowledge gained from these studies has allowed us to systematically 

tune the amount of β-MoO3 contained within MoO3 films through modification of 

the post-deposition sintering parameters (i.e., raising/lowering the sintering 

temperature, or increasing/decreasing the time in vacuum and oxygen 

atmospheres). Following an analogous procedure outlined initially by McCarron23 

for spray-deposited MoO3 films, we have prepared electrochemically-deposited 

films consisting up to 95 % β-MoO3 as determined by Raman and CP-AFM 

measurements. In particular, we find that CP-AFM is exceptionally useful for 

directly evaluating resultant film compositions and distributions even when the 

material appears topographically homogeneous. For example, representative CP-

AFM images are shown in Figure 4.5 for a MoO3 film prepared via a modified 

sintering approach (Method 2).42 In contrast to polymorphous films prepared by 

sintering in air at 250 °C (Figure 4.1), no distinguishing morphological features 

are seen (e.g., microcrystallites) and the films are significantly more uniform and 

smoother (RMS roughness = 4.3 nm). Although only slight morphological 

differences are observed, clear distinction between α- and β-MoO3 polymorphs 

can be made from the current image (Figure 4.5b). In the upper and lower right 

portions of this image, the measured current is appreciable (> 20 pA) and nearly  
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Figure 4.5. Simultaneously acquired (a) topography and (b) current images (12.5 
x 12.5 µm2) of a MoO3 thin film prepared by sintering an as-deposited film in 
vacuum at 200 °C for 1 h, followed by sintering in flowing O2 (40 mL/min) at 300 
°C for 1 h. The images were obtained using a scan rate of 0.3 Hz and a sample 
bias of +0.5 V. 
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uniform suggesting the presence of the conductive nanocrystalline β-MoO3 phase. 

Raman microprobe measurements confirm that these regions indeed comprise β-

MoO3 (data not shown). In the remainder of the current image, one can see the 

outline of several fan-shaped microcrystallites with lowered conductivity. These 

regions are not completely insulating, as measurable amounts of current are 

observed to flow at the edges of the grain boundaries that make up these 

crystallites. Closer inspection of this image reveals that the small particles within 

these regions are arranged in aligned, layered structures, characteristic of α-

MoO3. Raman microprobe studies of these crystallites substantiate the existence 

of α-MoO3 within these domains (data not shown). 

Historically, others investigating these materials inconclusively 

established relationships between electrochromic and electroinsertion behaviors 

and specific phases since the characterization techniques used only evaluated their 

ensemble-averaged properties. As detailed in Chapter 3, cyclic voltammograms 

(CV) obtained at MoO3 electrodes in 1 M LiClO4/PC display multiple Li+ 

insertion/de-insertion peaks, which is suggestive of energetically distinct, domain-

specific reactivity. To more directly evaluate structural and chemical 

inhomogeneities we developed new spectroelectrochemical imaging methodology 

fully detailed in Chapter 5, to probe localized electrochemical reaction kinetics 

and monitor morphological changes. Since the charge transfer reaction involves a 

simultaneous visible change in the optical density of the material, the 

electrochromic response is used to monitor the lithium insertion behavior. The 

electrochromic response results from intervalence charge transfer optical 
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transitions between MoVI and MoV sites formed during the electrochemical 

reduction and injection of a charge compensating cation into the lattice (MoVIO3 

transparent + xe- + xLi+ ⇌ LixMoVI
1-xMoV

xO3 blue).43 

To better understand the relationship between structure, tunneling current 

and electrocoloration behavior, a random area of a polymorphous MoO3 film was 

imaged using CP-AFM, and then the same area was subsequently studied using 

spectroelectrochemical microscopy. The results of such an experiment are shown 

in Figure 4.6. Representative CP-AFM images of a polymorphous MoO3 thin film 

prepared as described above (Method 1) of the topography (Figure 4.6a) and 

current (Figure 4.6b). Similar topographic features displaying microcrystalline α-

MoO3 and nanocrystalline β-MoO3 domains are observed. The current image is 

also non-uniform with the nanocrystalline regions exhibiting the highest current 

response. Figure 4.6c shows an optical microscopy image of the identical area of 

the film that was first interrogated by CP-AFM and then mounted in the 

electrochemical cell and poised at an oxidizing potential (+0.4 V vs. Ag/AgCl, de-

inserted state) prior to insertion. Images for pristine polymorphous MoO3 films 

prior to insertion are transparent and consist of randomly oriented grains of 

dispersed size, orientation, and crystallinity (Fig. 4.6c). Following application of a 

potential step from +0.4 V to a subsequent reducing potential (−0.8 V, insertion 

state) time-lapsed transmitted light images (λ = 633 nm) were collected as a 

function of time. For better visualization, a movie of this imaging experiment can 

be viewed by accessing our Internet website.44 Images of reduced films (Fig. 

4.1b) exhibit variegated behavior indicative of inhomogeneous 
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Figure 4.6. Simultaneously acquired (a) topography and (b) current images (75 x 
75 µm2, Current scale: 0.0 fA to 30.0 pA) of a polymorphous MoO3 thin film. The 
scan rate was 0.3 Hz and the sample bias was +1.5 V. Chronoabsorptometric 
imaging experiment carried out on the same area of the film shown in (a) and (b) 
while immersed in a 1 M LiClO4/PC solution. The images shown are for the film 
in (c) an oxidized state (+0.4 V vs Ag/AgCl, 0 s) and in (d) a reduced state (–0.8 
V, 20 s). 
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coloration/insertion at phase-segregated domains. CP-AFM and Raman 

microprobe spectroscopy experiments (data not shown) performed prior to these 

optical imaging studies indicate that regions that appear the most transmissive 

(i.e., those areas that are the least colored) consist primarily of nanocrystalline 

monoclinic β-MoO3; whereas the domains that are least transmissive (i.e., those 

undergo the largest coloration) comprise predominantly orthorhombic α-MoO3. 

Regions characterized by an intermediate degree of coloration, are characteristic 

of mixtures of nanocrystalline α- and β-MoO3. The correlation of the domain 

specific chemical composition with localized electrochromic behavior enables us 

to directly estimate the relative contributions of each identified phase by simply 

thresholding pixel intensities of the images at desired coloration levels. The 

estimated electroactive areas for coloration/insertion of these distinguished phases 

were estimated to be: 17.4, 15.8, and 66.8 % for α-MoO3, β-MoO3, and mixed-

phase α/β-MoO3 domains, respectively. 

It is clear that the degree of coloration/insertion is dependent upon the 

localized chemical composition. The various grayscale intensities observed in 

distinct regions are indicative of different degrees of coloration and consequently 

suggest differing degrees of Li+ insertion. Normally, when the equivalent 

spectroelectrochemical experiment is conducted using a conventional UV-vis 

spectrometer, it is assumed that the material responds optically and 

electrochemically in a homogeneous manner. Clearly, this is not the case for thin 

films prepared at this sintering temperature. This may help explain the large 

variation in reported behaviors for MoO3 prepared by various methods and 
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procedures (see Chapter 3). These films are not only heterogeneous structurally, 

but also exhibit inhomogeneous ion/charge transfer reactivity towards lithium 

insertion. A more detailed description of this spectroelectrochemical imaging 

approach and results obtained using this new methodology in the study of 

coloration/insertion in thin films of MoO3 will be discussed in Chapter 5.  

 

4.4 CONCLUSIONS 

The structural, electronic and compositional properties of molybdenum 

oxide thin films sintered at 250 ºC were measured using conductive probe atomic 

force microscopy (CP-AFM), Raman microscopy and X-ray photoelectron 

spectroscopy (XPS). Localized Raman microprobe spectroscopy studies reveal 

that MoO3 films are polymorphous and phase segregated into domains comprising 

orthorhombic α-MoO3, monoclinic β-MoO3 and intermixed α-/β-MoO3. CP-AFM 

studies conducted in concert with Raman microprobe spectroscopy allowed for 

spatial distinction between particular MoO3 domains and tunneling spectroscopy 

was used to probe localized electronic properties at chemically distinct sites. All 

phases show semiconducting current-voltage behavior with β-MoO3 domains 

exhibiting higher tunneling currents than intermixed α-/β-MoO3 or 

microcrystalline α-MoO3 phases. XPS valence band spectra of β-MoO3 films 

exhibit a small structured band near the Fermi level, indicative of an increased 

concentration of oxygen vacancies. The presence of this defect band accounts for 

the greatly enhanced electronic conductivity of β-MoO3 as these positively 

charged cationic defects (anion vacancies) act to trap excess electrons.  
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CHAPTER 5 

 

Measurement of Localized Coloration/Insertion Properties Using 
Spectroelectrochemical Microscopy* 

 

5.1 INTRODUCTION 

Knowledge of intercalate diffusion coefficients in metal oxide based 

energy storage and electrochromic technologies is crucial for understanding 

coloration and charge transfer behavior since the kinetics of the electrochemical 

redox change are typically dictated by the rate of ion transport. Substantial efforts 

have been made to estimate kinetic parameters (i.e., intercalate diffusion 

coefficients) using electrochemical methods such as cyclic voltammetry, 

chronoamperometry, potentiostatic intermittent titration technique (PITT) and 

electrochemical impedance spectroscopy (EIS).1,2 Pioneering work by Bohnke3 

has also shown that the associated electrochromic response can be used to 

estimate apparent diffusion coefficients. Nonetheless, a main drawback of these 

experimental approaches is that they merely provide an ensemble-averaged 

estimation of the ion transport kinetics as the measurement reports on the 

integrated responses from redox sites distributed throughout the material. In order 

to more accurately characterize ion transport processes in disordered and phase-

                                                 
* Portions of this chapter are currently in print: McEvoy, T. M.; Stevenson, K. J. J. Am. Chem. 
Soc. 2003, 125, 8438 and others are in preparation for submission to J. Phys. Chem. B. 
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segregated heterogeneous materials it is imperative that new analytical 

methodologies be developed that allow for the interrogation of localized 

electrochromic and electroinsertion behavior on microscopic to nanoscopic size 

scales. 

A few research groups have attempted to develop new experimental 

methodologies to more accurately characterize the intrinsic electrochemical, 

structural and spectroscopic properties of disordered heterogeneous systems. 

Notably, the groups of Uchida and Scherson have developed new methods for 

studying the intrinsic electrochemical and/or electrochromic properties of isolated 

single particles with the added benefit of avoiding contributions from additives 

such as polymeric binders and matrix conductivity enhancers. For instance, 

Uchida and co-workers4,5,6 have developed a technique that allows for the 

electrochemical characterization of single geometrically confined particles of 

LiMn2O4 that are less than 20 µm in diameter. Scherson and co-workers7,8,9 have 

used Raman microprobe spectroscopy coupled with electrochemical perturbation 

to measure the spectroscopic and electrochemical properties for single, micron-

size particles of LiMn2O4, graphite and nickel oxide as a function of applied 

potential. Although these techniques offer great promise for characterizing 

fundamental material properties, they are limited to studies involving single 

particle electrodes. As a compliment to these techniques, new methods are 

required to study more complex materials such as disordered composites, 

heterogeneous films and collective ensembles of particles. 
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In Chapter 4 we provided a detailed study of the structural, electronic and 

chemical properties of structurally and chemically heterogeneous molybdenum 

oxide thin films. A combination of high resolution scanning probe and 

spectroscopic techniques (conductive probe atomic force microscopy (CP-AFM) 

and Raman microprobe spectroscopy) was implemented to resolve topographic, 

electronic and chemical properties for distinct domains within polymorphous 

MoO3. In this chapter, complimentary high-resolution spectroelectrochemical 

imaging methods are employed to explore the association between the spatially 

distinct structural, electronic and chemical properties and the localized 

electrocoloration and ion storage properties. 

As briefly introduced in a previous report,10 we developed a 

complimentary technique that combines transmission optical microscopy with 

electrochemical techniques to resolve spatially distinct charge transfer behavior in 

thin films of polymorphous MoO3. Because the charge transfer reaction involves a 

simultaneous visible change in the optical density of the material, the 

electrocoloration response acts as a reporter of the associated lithium insertion 

behavior. The key feature of this imaging technique is that measurements can be 

performed, not only with a high degree of spatial resolution, but simultaneously 

on a large number of discrete reaction sites each of which may exhibit unique 

time-dependent electrochemical and optical behavior. Simultaneous measurement 

of spatially resolved lithium diffusion coefficients, conductivities and lithium 

insertion/deinsertion ratios for localized regions comprising unique chemical 

composition will be demonstrated. 
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5.2 EXPERIMENTAL 

Electrodeposition of molybdenum oxide thin films onto transparent 

conductive substrates (indium-tin-oxide, Delta Technologies, LTD., 15 Ω/□) 

from acidic peroxo-polymolybdate solutions was carried out as described in 

Chapter 3. Following deposition, the films were dried for 12 h in a desiccator then 

sintered in air for 3 h at 250 ºC. Film thicknesses for sintered films were measured 

using atomic force microscopy (AFM), (Digital Instruments Bioscope). 

Spectrolectrochemical characterization of sintered MoO3 thin films was 

conducted in a home-built one-compartment, three-electrode Teflon cell fitted 

with a Viton o-ring to provide a constant electrochemical area (0.5 cm2). Pt wire 

(Aldrich), Ag/AgCl (CH Instruments, 3 M KCl), and a MoO3 film deposited onto 

ITO/glass served as the auxiliary, reference and working electrodes, respectively. 

Cyclic voltammetry (CV) and chronoamperometry (CA) were performed using a 

CH Instruments bi-potentiostat (Model CHI700A) interfaced to a personal 

computer.  CV experiments were performed in a potential range from +0.2 V to –

0.8 V using a sweep rate of 5 mV/s, while CA experiments were conducted using 

a potential steps between +0.4 V and –0.8V each lasting for 20 s. All 

electrochemical measurements were carried out in propylene carbonate (Aldrich, 

97 %, anhydrous) solutions containing 1 M LiClO4 (Aldrich, 99.99 %). 

Optical microscopy images were acquired using a Roper Scientific 

CoolSNAP HQ CCD camera (12-bit digitization, 1392 x 1040 pixel imaging 

array, thermoelectrically cooled to –35 °C) mounted on a Nikon Eclipse TE300 
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inverted optical microscope fitted with a Nikon 40X ELWD objective (NA = 0.6). 

Optical images were acquired with a 100 ms exposure time and a 20 MHz 

readout-rate using Universal Imaging Corporation’s Metamorph software (version 

5.0r4). Simultaneous acquisition of electrochemical and optical data was achieved 

via synchronized triggering through the Metamorph software interface. Due to the 

large file size and slower acquisition rates, full frame CCD images were not 

acquired. Instead, a smaller area of the CCD was defined and only this area read 

out (460 x 460 pixels, 2 x 2 binning, corresponding to a 75 x 75 µm2 real area 

image).  The home-built electrochemical cell described above was placed on the 

microscope stage and positioned so that light from a 100 W Tungsten halogen 

lamp could pass through the film and into the collection optics. Transmitted light 

microscopy was performed using Kohler illumination conditions with the aid of 

an Abbe condenser (NA = 0.9).  The light collected was isolated to a wavelength 

coinciding with the optical absorption of the molybdenum bronze11 by placing a 

630 ± 60 nm bandpass filter (Chroma Technology Corp) between the light source 

and optics. The theoretical resolution for transmitted light microscopy can be 

estimated using the Raleigh criterion,12 R = 1.22λ/(NAobj+NAcond), where λ is the 

wavelength of light, and NAobj and NAcond are the numerical apertures of the 

objective and condenser, respectively. Substitution of our experimental 

parameters gives a theoretical microscope resolution of ca. 560 nm (estimated 

using λ = 690 nm). To achieve maximum spatial resolution in microscope/CCD 

imaging systems, the microscope and CCD resolutions must be matched. As 

defined by the Nyquist limit,13 to maximize the system resolution, while not 
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producing aliasing between pixels, the diffraction-limited resolution of the 

microscope must be matched to at least the size of 2 pixels on the CCD. The 

required optical magnification to satisfy the Nyquist limit can be expressed by M 

= 2P(NAobj + NAcond)/1.22 λ, where P is the pixel width.13 Since our CCD camera 

has pixels widths of 6.45 µm, the magnification required to meet the Nyquist limit 

is 23X. For our imaging experiments, a 40X objective is used to ensure that the 

analysis of intensity, position and distance is performed quantitatively. Image 

processing was also performed with Metamorph imaging software using standard 

metamorphic analysis procedures. Quantitative analysis of images was performed 

by inclusive thresholding of the images at defined pixel intensity levels 

corresponding to specific coloration (optical density) ranges. Thresholding 

provides a means of segmenting the image on the basis of specific pixel intensity 

ranges. The use of a 12-bit CCD camera enables 212, or 4096 pixel intensity 

values (or shades of gray), to be measured, where maximum transmission is 

represented as 4095 and minimum transmission is represented as 0. To analyze all 

of the images acquired during an experiment, one image was chosen, usually at a 

point of highest optical density, and thresholded for three regions of distinct 

optical density corresponding to specific pixel intensity ranges (e.g. high, 1355-

4095; low, 0-760; and intermediate, 761-1354). From the areas defined by the 

three different thresholds, the average pixel intensity within these regions was 

determined on a per image basis. These time-dependent intensity values were then 

converted to optical densities, OD using Eq. 5.1, 
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qI
I

OD 0log=                                                    (5.1) 

 

where I0 and Iq are the initial and time-dependent pixel intensities, respectively. 

The accuracy of the optical density calculation was verified by testing the 

linearity of the CCD using a calibrated stepped optical density filter (Edmund 

Optics). The calibration filter has OD values ranging between 0.04 and 1.0, in 

increments of 0.1. A plot of measured pixel intensity versus known OD (log 

intensity vs OD) was linear with a correlation coefficient (R2) > 0.99. 

 

5.3 RESULTS AND DISCUSSION 

As detailed in Chapter 3, AFM, XRD and Raman microscopy indicates 

that MoO3 films sintered in air at 250 °C for 3 h are polymorphous with phase-

segregated domains of α-MoO3, β-MoO3 and α-/β-MoO3. As shown in Figure 

5.1, the voltammetric response observed for a MoO3 electrode immersed in 1 M 

LiClO4/PC is quite complex, exhibiting at least three sets of reduction and 

oxidation peaks (labeled A/A’, B/B’, and C/C’). The presence of the multiple 

reduction and oxidation peaks is suggestive of energetically distinct, domain-

specific reactivity. The first peak, A is seen to decrease by ~ 67 % between scans 

the first and second scans. Previously we attributed this behavior to an irreversible 

electrochemically-induced lattice expansion (see Chapter 3). The first peak, A is 

observed to shift slightly to more positive potentials and to broaden indicating that 

Li+ insertion becomes more energetically facile after the first scan and that the  
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Figure 5.1. Voltammetric responses for three insertion/deinsertion cycles for a 
polymorphous MoO3 electrode immersed in 1 M LiClO4/PC obtained using a 
sweep rate of 5 mV/s (solid line, scan 1; dashed line, scan 2; dash-dot-dot line, 
scan 3). 
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film has become more structurally disordered. The voltammograms become 

nearly constant after the second scan suggesting that Li+ insertion/-deinsertion in 

MoO3 becomes more reversible as it is cycled in a quasiamorphous state. 

To better understand this complicated voltammetric response, we 

developed a spectroelectrochemical imaging technique that allows for the 

measurement of localized coloration dynamics and structural changes. An 

illustration of the data acquired using this approach is easily accessible via our 

Internet website in the form of a movie.14 Since the charge transfer reaction 

simultaneously creates a visible change in the optical density of the material, the 

optical coloration response is used to study the associated ion transport dynamics. 

The observed chromic changes in MoO3 are a result of intervalence charge 

transfer optical transitions between MoVI and MoV sites formed during the 

simultaneous injection of electrons and charge compensating cations [e.g. MoVIO3 

(transparent) + xe− + xLi+ ⇌ LixMoVI
1-xMoV

xO3 (blue)].15 Figure 5.2 shows the 

cyclovoltoabsorptometric response of a MoO3 electrode as the potential is swept 

between +0.2 V and –0.8 V at a scan rate of 5 mV/s. Prior to insertion of Li+, the 

MoO3 films are transparent and consist of randomly oriented domains of varying 

size, orientation and degree of crystallinity (Figure 5.2a). Upon scanning to –0.8 

V, the film exhibits non-uniform coloration behavior (Figure 5.2b). Comparison 

of Figures 5.2a and 5.2b reveals that structural changes occur during initial Li+ 

insertion, which is in accordance with our interpretation of the voltammetric 

response above. Scanning back to oxidizing potentials (+0.4 V) results in film 

decoloration as shown in Figure 5.2c, although some regions of the film remain 
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Figure 5.2. Cyclovoltoabsorptometric imaging for a polymorphous MoO3 
electrode immersed in 1 M LiClO4/PC. Optical micrographs (75 x 75 µm2) 
obtained at (a) an initial oxidized state (+0.2 V vs Ag/AgCl), (b) a reduced state 
(−0.8 V) and (c) a re-oxidized state (+0.2 V). The image in (b) is segmented into 
three regions of distinct chemical composition by inclusively thresholding for (d) 
β-MoO3, (e) α-MoO3 and (f) a mixed α-/β-MoO3.  

 

+0.2 V −0.8 V +0.2 V(a)

(f)(e)(d)

(c)(b)+0.2 V −0.8 V +0.2 V(a)

(f)(e)(d)

(c)(b)
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darker (more absorptive) than they were originally (see Figure 5.2a), suggesting 

that the formation of the lithium bronze within these domains is not a completely 

reversible process. Additionally, it is clear that a large degree of structural 

disorder remains within the film after re-oxidation of the film. 

The coloration response from all similarly reacting domains can be 

obtained through use of an inclusive thresholding routine as outlined in the 

experimental section. Figures 5.2d-f all show an optical image identical to that 

shown in Figure 5.2b, but they have been inclusively thresholded for domains that 

exhibit three distinct coloration behaviors. The red overlay in Figures 5.2d-f 

signifies regions that have been inclusively thresholded for each pixel intensity 

range. Regions thresholded by high (Figure 5.2d), low (Figure 5.2e), and 

intermediate (Figure 5.2f) pixel intensities have been previously correlated to 

unique chemical compositions corresponding to β-MoO3, α-MoO3 and a mixture 

of α-MoO3 and β-MoO3, respectively (see Chapter 4). The estimated area 

percentages for domains comprising β-MoO3, α-MoO3 and α-/β-MoO3 were 

found to be 13.8, 28.8 and 57.4 %, respectively.  

After converting the measured pixel intensities to optical density, OD 

using Eq. 5.1, the OD for each specific phase may be displayed in terms of OD 

versus time. However, a more illustrative way of plotting the electrocoloration 

data is to plot the differential change in optical density versus potential, (dOD/dE 

vs E) as demonstrated by Bancroft, et al.16 This is termed derivative cyclic 

voltabsorptometry16,17 and produces a curve that is analogous to a voltammetric (I 

vs E) curve. Figure 5.3 shows the current and optical responses  
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Figure 5.3. Derivative cyclovoltoabsorptometric imaging response, dOD/dE, 
recorded at a polymorphous MoO3 electrode immersed in 1 M LiClO4/PC as the 
potential was scanned from +0.2 to –0.8 V at 5 mV/s. Plots shown are for the first 
cycle and illustrate the simultaneously acquired potential dependent optical 
density changes measured for (a) the full frame average (dashed line), and regions 
comprising (b) β-MoO3, (c) α-MoO3 and (d) mixed α-/β-MoO3. The 
electrochemical response (solid line) is also shown in (a). 
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for each domain type (β-MoO3, α-MoO3 and mixed α-/β-MoO3) derived from the 

thresholded areas defined in Figure 5.2. Shown in Figure 5.3a is the OD change 

averaged over the entire image (full frame average) plotted in the form dOD/dE 

vs E (solid line) for the first insertion/deinsertion cycle. Also plotted in Figure 

5.3a is the simultaneously measured voltammetric response (dashed line). Figures 

5.3b-d show the simultaneously measured potential dependent optical densities 

acquired during the first potential scan for regions consisting of β-MoO3 (Figure 

5.3b), α-MoO3 (Figure 5.3c) and mixed α-/β-MoO3 (Figure 5.3d). The data in 

Figure 5.3 indicates that the coloration behavior is phase specific with the onset of 

coloration for all domains regions coinciding with the initial current increase 

(Peak A). Comparison of the data shown in Figure 5.3 indicates that the 

coloration is non-uniform, where domains comprising α-MoO3 exhibit the highest 

change in optical density, while domains consisting of β-MoO3 display the least 

optical density change. Close examination of the optical images corresponding to 

the data in Figure 5.2 reveals that large structural changes are seen as the potential 

reaches the onset of the first reduction peak.14 This observation supports our 

initial assessment that along with film coloration, an irreversible lattice expansion 

occurs during the initial insertion of the lithium ion. Further scanning to more 

cathodic potentials results in a second reduction peak centered at ~ –0.5 V (Figure 

5.3a, peak B). At this same potential, a single peak also appears only in the 

differential optical density plot corresponding to α-MoO3 (Figure 5.3c). Domains 

consisting of β-MoO3 (Figure 5.3b) or mixed α-/β-MoO3 (Figure 5.3d) do not 

undergo coloration in this potential regime. Scanning to more cathodic potentials 
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produces a third voltammetric signal centered at –0.7 V (peak C) and domains 

consisting of mixed α-/β-MoO3 and β-MoO3 are seen to undergo coloration. 

Scanning to more oxidizing potentials results in relatively intense, broad anodic 

peak centered at ~ −0.35 V (labeled as B’,C’) where all domains are observed to 

bleach. Two small peaks also appear as the potential is scanned to more anodic 

potentials. These peaks (labeled as A’) encompass the potential range from –0.2 

to +0.2 V and most likely correspond to the oxidation of the species formed 

during reduction at –0.2 V. Domains comprising α-MoO3 and mixed α-/β-MoO3 

are observed to bleach within the potential region from –0.2 to +0.2 V, whereas 

regions comprising β-MoO3 exhibit very little electrochemical or optical activity. 

Figure 5.4 shows the spectroelectrochemical response measured for the 

second insertion/deinsertion cycle. The associated electrochemical and coloration 

responses are shown in Figures 5.4a-d. The overall shape of each dOD/dE vs E 

curve is similar to that observed during the first scan. However, the current 

response of each curve is lower, suggesting that electrochemically induced 

structural changes lead to a loss in insertion capacity on subsequent scans. 

Furthermore, there is an immediate sloping increase for each dOD/dE vs E curve. 

This behavior is different than the response observed on the first scan where the 

dOD/dE vs E curve remains essentially constant until the potential reaches ~ –

0.15 V. This suggests that Li+ can be inserted into the film at slightly more 

positive redox potentials, presumably a result of the increased structural disorder. 

Figure 5.5 shows the observed voltammetric and potential dependent 

optical density responses as the potential was scanned to less reducing potentials.  
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Figure 5.4. Derivative cyclovoltoabsorptometric imaging response, dOD/dE, 
recorded at a polymorphous MoO3 electrode immersed in 1 M LiClO4/PC as the 
potential was scanned from +0.2 to –0.8 V at 5 mV/s. Plots shown are for the 
second cycle and illustrate the simultaneously acquired potential dependent 
optical density changes measured for (a) the full frame average (dashed line), and 
regions comprising (b) β-MoO3, (c) α-MoO3 and (d) mixed α-/β-MoO3. The 
electrochemical response (solid line) is also shown in (a). 
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Figure 5.5. Derivative cyclovoltoabsorptometric imaging response, dOD/dE, 
recorded at a polymorphous MoO3 electrode immersed in 1 M LiClO4/PC as the 
potential was scanned from +0.2 to –0.6 V at 5 mV/s. Plots shown are for the first 
cycle and illustrate the simultaneously acquired potential dependent optical 
density changes measured for (a) the full frame average (dashed line), and regions 
comprising (b) β-MoO3, (c) α-MoO3 and (d) mixed α-/β-MoO3. The 
electrochemical response (solid line) is also shown in (a). 
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Although, the observed voltammetric and optical responses are similar to those 

reported in Figures 5.3 and 5.4 up to –0.6 V, when scanning back to oxidizing 

potentials, the intense, broad anodic peak (peak B’,C’) originally seen in Figures 

5.3a and 5.4a is absent. Only a small, anodic peak located at –0.35 V is observed 

consistent with the oxidation of the species formed at the cathodic potential of –

0.5 V. Comparison of the dOD/dE vs E curves in Figures 5.5b-d indicates that 

only domains comprising α-MoO3 undergo coloration/bleaching at potentials 

corresponding to the B/B’ redox couple. Coloration does not occur in domains 

comprising either α-MoO3 or mixed α-/β-MoO3. Consequently, the large 

oxidative peak (labeled as B’,C’) observed when scanning to –0.8 V (see Figure 

5.3) is actually an overlap of two processes corresponding to the oxidations of the 

species formed during the cathodic scan at –0.5 V and –0.7 V. Comparison of the 

data in Figures 5.3 and 5.5 reveals that the voltammetric peak located at –0.7 V is 

connected with Li+ insertion in domains consisting of β-MoO3, as well as 

domains consisting of mixed α-/β-MoO3. 

Similar multi-peaked voltammetric responses have been observed during 

the cycling of graphite in non-aqueous electrolytes containing Li+. The 

appearance of multiple redox peaks was attributed to a staging process18,19 where 

Li+ was inserted between graphene layers in successive stages producing a series 

of Li+ intercalated layers separated by layers unoccupied by Li+. A similar two-

stage (or two-phase) process for Li+ insertion reaction into α-MoO3 has been 

previously reported based on X-ray diffraction and transmission electron 

microscopy measurements.20 Iriyama and co-workers found that initially Li+ is 
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preferentially inserted into select sites, resulting in the formation of a disordered 

phase. Continued Li+ insertion occurs in a second step, where lithium ions are 

inserted into those sites where ion insertion had not previously occurred during 

the first stage. In accordance with these results, we also propose an analogous 

staging process for Li+ insertion in polymorphous MoO3. As shown in Figure 5.3, 

Li+ insertion occurs in all phases at potentials corresponding to the first 

voltammetric peak (peak A). This potential regime is denoted as Stage 1. Lithium 

insertion occurring at potentials between –0.5 V and –0.7 V (peaks B and C) is 

assigned to insertion Stage 2, for domains comprising α-MoO3 and β-MoO3, 

respectively. Although both α-MoO3 and β-MoO3 exhibit two-stage insertion 

processes, the reduction potentials at which the second stage occurs are slightly 

different. For the second stage, the reduction potential of α-MoO3 is ~ 0.2 V more 

positive than that of β-MoO3, suggesting that it is thermodynamically more facile 

for Li+ to be inserted into α-MoO3 sites than β-MoO3. 

When examining the data in Figures 5.3-5.5 one might first be inclined to 

assign the peaks to a series of successive reductions of molybdenum oxide with 

the first cathodic peak corresponding to the reduction of MoVI  MoV in α-MoO3, 

β-MoO3 and α-/β-MoO3, and the second cathodic peak associated with the 

reduction of MoV  MoIV in α-MoO3. The third cathodic peak would then 

correspond to the reduction of MoV  MoIV in both β-MoO3 and α-/β-MoO3. 

XPS and conventional UV-vis spectroelectrochemical results suggest that these 

concerted reactions do not occur, as no spectral evidence exists to support the 

presence of MoIV (e.g. MoO2) in films cycled to potentials ≥ –0.8 V.21  
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In the qualitative analysis presented above, we have been able to establish 

that individual domains comprising dissimilar chemical compositions (i.e., α-

MoO3, β-MoO3, and mixed α-/β-MoO3) exhibit unique coloration dynamics at 

specific reduction potentials. A more quantitative analysis of the 

electrocoloration/-insertion processes occurring in polymorphous MoO3 can be 

carried out using chronoamperometry coupled with our transmitted-light optical 

imaging technique (referred to herein as chronoabsorptometric imaging). Shown 

in Figure 5.6 are the current responses measured for the first three 

insertion/deinsertion cycles upon stepping the potential from +0.4 V to –0.8 V 

and back. A complete insertion/deinsertion cycle corresponds to a potential step to 

reducing potentials (−0.8 V for 20 s), followed by a potential step back to 

oxidizing potentials (+0.4 V for 20 s). Figure 5.6a shows the current response for 

three consecutive insertion steps plotted in the form of It1/2 vs t. When displayed 

as It1/2 vs t, the different diffusion time regimes (ultrashort, short, and long) are 

clearly delineated.22,23,24 The initial time regime, referred to as the ultrashort 

regime, extends from the beginning of the potential step to ~ 2 s. Processes 

occurring within this time region are associated with the interfacial charging of 

the ITO/MoO3 and MoO3/electrolyte interfaces. The short time regime exhibits 

constant values of It1/2 vs t. Within this stage, referred to as the Cottrell region, 

solid-state Li+ transport in MoO3 is controlled by semi-infinite linear diffusion. 

The long time regime, occurring at times longer than ~ 5 s, represents diffusive 

behavior where Li+ insertion becomes hindered because of the finite-space effect. 

Each curve shown in Figure 5.6a is qualitatively similar with the current transient 
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Figure 5.6. It1/2 vs log t plot for Li+ (a) insertion, +0.4  −0.8 V, and (b) 
deinsertion, −0.8  +0.4 V, for three potential step cycles performed in 1 M 
LiClO4/PC. 

t  (s)

0.1 1 10

It1/
2  (m

A
 s1/

2 )

0.0

0.5

1.0

1.5

2.0

2.5
Step 1

Step 3

(a)

t (s)

0.1 1 10

It1/
2  (m

A
 s1/

2 )

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

Step 1

Step 3

(b)



 138

beginning at small It1/2 values, continuing to a maximum, and then decaying back 

to smaller It1/2 values. The peak positions (e.g., time values) of the It1/2 vs t plot 

for potential steps 2 and 3 are nearly equal and are both slightly less than that 

observed during the initial potential step. This suggests that the characteristic 

diffusion times for potential steps 2 and 3 are slightly less than for potential step 

1. This is most likely due to “breaking-in” of the MoO3 electrode where structural 

changes occur upon the initial insertion of Li+. After this break-in period the 

characteristic diffusion times become nearly constant as the film is cycled 

reversibly in a quasi-amorphous state. Additionally, the It1/2 value associated with 

the plateau decreases slightly with subsequent potential steps. 

Apparent Li+ diffusion coefficients, DLi+ can be obtained by calculating 

the It1/2 value from the plateau of the It1/2 vs log t plot for times corresponding to 

the Cottrell region. The total charge passed during the potential step (∆Q) can be 

estimated by integrating the I-t response. These values can then be used along 

with the measured film thickness, L (140 ± 15 nm in this case) to estimate the 

diffusion coefficient, DLi+ from Eq. 5.2.24 
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For the data shown in Figure 5.6, the estimated DLi+ values for insertion steps 1-3 

were 2.07 x 10-11, 1.90 x 10-11, and 1.74 x 10-11 cm2/s, respectively. Figure 5.6b 

shows the measured current response for three deinsertion steps. These curves are 

also qualitatively similar although the position of the maximium is nearly 
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constant. In this plot, a more negative It1/2 value corresponds to the anodic current 

where the It1/2 vs t plot is at a maximum. Additionally, little difference is observed 

between the It1/2 maximum values indicating that the Li+ diffusion during 

deinsertion is nearly equivalent among all three deinsertion steps. The estimated 

DLi+’s were found to be 3.71 x 10-11, 4.00 x 10-11, and 4.21 x 10-11 cm2/s for the 

three subsequent deinsertion steps. When comparing the magnitude of DLi+ 

between insertion/deinsertion experiments, slightly larger DLi+ values are 

observed for each deinsertion step compared to the associated insertion step 

implying that Li+ egress occurs more readily than Li+ ingress. 

Although, estimates of the Li+ diffusion coefficient can be obtained from 

the electrochemical response, the measured current response provides only an 

ensemble-averaged estimation of the transport kinetics since the measured 

response is proportional to the integrated concentration of redox sites. However, 

our spatially resolved imaging approach is amenable to the simultaneous 

measurement of diffusion coefficients in localized regions throughout the film. 

All similarly reacting regions (e.g., domains comprising α-MoO3, β-MoO3 and α-

/β-MoO3) were defined through use of an inclusive thresholding routine as 

described above. This thresholding approach allows for the direct measurement of 

an average diffusion coefficient for each phase identified in the polymorphous 

film. For instance, Figure 5.7 shows the time-dependent optical density changes 

for all regions comprising α-MoO3, β-MoO3 and mixed α-/β-MoO3 measured 

during the first insertion/deinsertion cycle for a MoO3 film immersed in 1 M 

LiClO4/PC. The estimated electroactive areas encompassed by β-MoO3, α-MoO3  
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Figure 5.7. OD(t)t-1/2 vs log t plot during (a) Li+ insertion and (b) Li+ expulsion for 
thresholded areas comprising β-MoO3 (circles), α-MoO3 (upside down triangles) 
and mixed α-/β-MoO3 (square) domains within the film. Also shown is the 
ensemble-averaged response from the entire optical image (diamonds). 
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and mixed α-/β-MoO3 were found to be 11.7, 28.7 and 59.6 %, respectively. For 

brevity, we discuss the time-dependent optical density changes for only the initial 

insertion/deinsertion cycle, although we show data for three consecutive cycles in 

tabular format (Table 5.1). Note that the overall shape of each curve in Figure 5.7 

is similar to the data in Figure 5.6, where three distinct diffusional regimes are 

clearly discernable corresponding to ultrashort, short and long times. An 

expression analogous to the Cottrell Equation shown in Eq. 5.2 can be derived 

(see Appendix A), to estimate Li+ diffusion coefficients based on the time-

dependent change in the material’s optical density, Eq. 5.3,25,26
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where ∆OD is the overall optical density change within each identified domain 

(e.g., α-MoO3, β-MoO3 and mixed α-/β-MoO3) and L is the thickness of the 

MoO3 film.  The diffusion coefficient derived from optical methods is denoted 

DOD to differentiate it from electrochemically-determined diffusion coefficients 

denoted above as, DLi+. Figure 5.7a shows the time-dependent OD change for the 

distinguished phases of MoO3, in addition to the OD change averaged over the 

entire image (full frame average) during the first potential step to –0.8 V (Li+ 

insertion). The estimated DOD values during Li+ insertion for each corresponding 

phase were found to be 8.10 x 10-12, 1.76 x 10-11, 2.49 x 10-11 and 1.97 x 10-11 cm2/s 

for β-MoO3, α-MoO3, mixed-phase α-/β-MoO3 and the full frame average, 

respectively. Overall, the optically determined Li+ diffusion coefficients are in  
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Table 5.1. Optically and Electrochemically Determined Lithium Diffusion 
Coefficients (cm2/s) using Double Potential Step Chronoamperometry. 

 
Insertion 

β-MoO3 α-MoO3 α-/β-MoO3 Full Frame Electrochemical 
 

Step 1 8.10 x 10-12 1.76 x 10-11 2.49 x 10-11 1.97 x 10-11 2.07 x 10-11 
Step 2 8.47 x 10-12 2.31 x 10-11 3.62 x 10-11 2.65 x 10-11 1.90 x 10-11 
Step 3 9.38 x 10-12 2.73 x 10-11 4.13 x 10-11 3.04 x 10-11 

 
1.74 x 10-11 

Deinsertion      
Step 1 3.03 x 10-11 1.50 x 10-11 1.09 x 10-11 1.26 x 10-11 3.71 x 10-11 
Step 2 2.25 x 10-11 1.55 x 10-11 1.21 x 10-11 1.36 x 10-11 4.00 x 10-11 
Step 3 2.04 x 10-11 1.60 x 10-11 1.28 x 10-11 1.43 x 10-11 4.21 x 10-11 

 



 143

agreement with the broad range of diffusion coefficients cited in the literature for 

Li+ insertion into mixed-phase polycrystalline27,28 and crystalline α-MoO3
29 as 

estimated from electrochemical measurements (see also Table 3.1). Lithium 

diffusion is seen to be slower in regions comprising β-MoO3 than in regions 

comprising α-MoO3. Diffusion within mixed-phase α-/β-MoO3 regions is slightly 

higher than in pure α-MoO3 regions suggesting that the measured ionic flux is 

facilitated by the inherent structural disorder within the intermixed domains. 

 Figure 5.7b shows the time-dependent optical densities for each phase, as 

the potential was stepped anodically to +0.4 V, simultaneously causing film 

oxidation and Li+ expulsion (deinsertion). The curves appear similar in shape to 

those measured during Li+ insertion. However, the OD(t)t-1/2 plateau (or Cottrell 

region) occurs at much longer times. Additionally, the magnitude of the OD(t)t-1/2 

value corresponding to the Cottrell region is slightly smaller than the associated 

insertion step. For initial deinsertion, the DOD values for the corresponding phases 

were found to be 3.03 x 10-11, 1.50 x 10-11, 1.09 x 10-11 and 1.26 x 10-11 cm2/s for β-

MoO3, α-MoO3, intermixed α-/β-MoO3 and the full frame average, respectively. 

The corresponding DOD values for Li+ insertion/deinsertion cycles 1-3 are 

compiled in Table 5.1 along with the electrochemically-determined DLi+. 

As detailed by Weppner and Huggins,30 and by Julien and Nazri,31 when 

ions are inserted into a cathode material, such as MoO3, the diffusion coefficient 

may vary with respect to the concentration of Li+ inserted (cLi+). The extent to 

which the diffusion coefficient is affected is referred to as the thermodynamic 
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enhancement factor, W and can expressed as a ratio of the change in Li+ activity 

to the change in Li+ concentration, Eq. 5.4 
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where te is the transference number of the electron. Consequently, the measured 

diffusion coefficient, D (representing DLi+ or DOD) becomes a product of the 

component diffusion coefficient, Do and the enhancement factor, W Eq. 5.5. 
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It is important to note that the measured diffusion coefficients reported in Table 

5.1 are representative of the chemical diffusion coefficient and not the component 

diffusion coefficient. In order to determine the component diffusion coefficient, 

additional, independent measurements of W are required.  

If a material is predominantly an electronic conductor, then te approaches 

1 (te = 1 - tLi+, where tLi+ is the transference number of the lithium ion) and Eq. 5.5 

reduces to 
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However, if the material is primarily an ionic conductor where tLi+ > te the 

enhancement factor becomes,  
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where σe and σLi+ are the conductivity of the electron and lithium ion, 

respectively. The diffusion coefficient can be expressed as shown in Eq. 5.8. 
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Comparison of Eqs. 5.6 and 5.8 reveals that, in the case of electronic conductors, 

the measured diffusion coefficient is dependent upon the component diffusion, 

Do. On the other hand, in the case of ionic conductors, the measured diffusion 

coefficient is dependent upon the electron diffusion, De. Since the electron 

diffusion rate (~ 10-4 cm2/s)32,33 is much greater than the component diffusion 

rate, the measured diffusion coefficient in α-MoO3 should be greater than β-

MoO3 as is demonstrated in our data. As shown in Table 5.1, the measured 

diffusion coefficient for intermixed domains comprising α-/β-MoO3 is greater 

than that of α-MoO3 or β-MoO3. This behavior is tentatively explained as mixing 

of the thermodynamic factors from both α-MoO3 and β-MoO3, which results in a 

greater enhancement of the measured diffusion coefficient. Additional factors 

contributing to the increased ionic diffusion rate within mixed α-/β-MoO3 may be 

attributed to an increase in the degree of structural disorder, resulting in more 
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facile ionic transport within in the mixed phase MoO3 as compared to the 

crystalline α-MoO3 and nanocrystalline β-MoO3.  

 Through measurement of localized coloration responses additional kinetic 

parameters, such as the ionic conductivity, can be extracted for each specific 

phase. The ionic conductivity, σ, can be estimated for each distinguished phase 

using optically-determined diffusion coefficients and the Nernst-Einstein 

relation,34 Eq. 5.9, 

 

kT
DNe OD

2

=σ                                                (5.9) 

 

where N is the number of ions per unit volume, e is the charge on the electron, 

DOD is the optically-determined chemical diffusion coefficient, k is the 

Boltzman’s constant, and T is the temperature in Kelvin. During the first insertion 

step the ionic conductivity within each phase was found to be 1.44 x 10-7, 1.29 x 

10-6 and 1.32 x 10-6 S/cm for β-MoO3, α-MoO3, and mixed α-/β-MoO3 domains, 

respectively. The corresponding ionic conductivity measured during deinsertion 

was 1.84 x 10-7, 8.61 x 10-7 and 3.92 x 10-7 S/cm for β-MoO3, α-MoO3, and 

intermixed α-/β-MoO3 domains, respectively. These values along with the 

conductivities measured during insertion/deinsertion cycles 2 and 3 are shown in 

Table 5.2. Examination of the data in Table 5.2 indicates that the ionic 

conductivity measured in each phase is smaller during deinsertion than insertion. 

These results follow closely with the trends in the estimated DOD values presented 

in Table 5.1. The data presented in Table 5.2 also suggests that the Li+ 
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Table 5.2. Optically-determined Ionic Conductivities (S/cm). 

 
Insertion 

β-MoO3 α-MoO3 α-/β-MoO3 
 

Step 1 1.44 x 10-7 1.29 x 10-6 1.32 x 10-6 
Step 2 1.01 x 10-7 1.36 x 10-6 1.46 x 10-6 
Step 3 

 
1.13 x 10-7 1.46 x 10-6 1.56 x 10-6 

Deinsertion    
Step 1 1.84 x 10-7 8.61 x 10-7 3.92 x 10-7 
Step 2 1.82 x 10-7 8.38 x 10-7 4.35 x 10-7 
Step 3 1.91 x 10-7 8.04 x 10-7 4.43 x 10-7 
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insertion/deinsertion process becomes more reversible within increasing number 

of insertion/deinsertion steps as indicated by nearly identical conductivities 

measured for insertion steps two and three, as well as deinsertion steps two and 

three. 

 In addition to kinetic parameters, measurement of the overall optical 

density change within each phase enables the estimation of the degree of lithium 

uptake, or ion insertion ratio, (i.e., x in LixMoVI
1-xMoV

xO3) for regions comprising 

β-MoO3, α-MoO3 and mixed α-/β-MoO3. The ion insertion ratio is defined in 

electrochemical terms by Eq. 5.10, 

 

LF
MQx
ρ
'

=                                                    (5.10) 

 

where Q’ is the measured charge density, M is the molecular weight of the 

insertion host, F is the Faraday, ρ is the density and L the film thickness.35 The 

measured optical density of an electrochromic material can be directly related to 

the charge passed during reduction or oxidation as shown in Eq. 5.11,   

 

 Q
nFA

OD ε
=                                               (5.11) 

 

where, ε is the molar extinction coefficient of LixMoVI
1-xMoV

xO3 (2.2 x 106 

cm2/mol), n is the number of electrons involved in the reduction (here n = 1), and 

A the area occupied by the region, and Q the measured charge.36 Combining Eqs. 



 149

5.9 and 5.10 yields a relationship that can be used to calculate the insertion ratio 

from the overall optical density change, Eq. 5.12. 

 

ερL
ODnMx =                                               (5.12) 

 

Lithium insertion ratios are estimated for regions comprising β-MoO3, α-MoO3, 

and mixed α-/β-MoO3, through spatially resolved measurement of phase-specific 

optical densities. For accurate determination of insertion ratios, the densities of 

each individual phase must be used. In accordance with published values,37 the 

densities of α-MoO3 and β-MoO3 are assumed to be 4.69 g/cm3 and 4.20 g/cm3, 

respectively. The density of the mixed phase (4.45 g/cm3) is estimated by 

averaging of the densities of α-MoO3 and β-MoO3. The calculated insertion ratios 

during the initial insertion step for the three phases identified in Figure 5.6 are 

0.16 (β-MoO3), 0.60 (α-MoO3) and 0.46 (mixed α-/β-MoO3). Using a similar 

approach for the corresponding deinsertion step, we estimated the amount of Li+ 

that remains trapped in domains comprising β-MoO3, α-MoO3 and mixed α-/β-

MoO3 to be 66 %, 22 % and 33 %, respectively. To the naked eye, the film retains 

a slight blue color after the deinsertion step, suggesting that the Li+ is still trapped 

within the film. For insertion/deinsertion cycles 2 and 3, the discrepancy between 

the amounts of Li+ inserted and extracted decreases considerably. For example, 

the data for cycle 2 indicates that 33 %, 8 % and 11 % of the Li+ injected during 

the second insertion step remains irreversibly trapped in phases consisting of β-

MoO3, α-MoO3 and mixed α-/β-MoO3, respectively. These values fall to 22 %, 7 
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% and 9 % for the third insertion cycle. This implies that after the initial “break-

in” period, the Li+ insertion/deinsertion processes become significantly more 

reversible. 

The calculated theoretical volumetric capacities for stoichiometrically 

pure α-MoO3 and β-MoO3 are 187 mAh/cm3 and 178 mAh/cm3, respectively. 

Since the density of β-MoO3 is lower than that of α-MoO3 (4.69 g/cm3 for α-

MoO3 versus 4.20 g/cm3 for β-MoO3), there are a smaller number of Li+ insertion 

sites per unit volume. Theoretically, this leads to a slight (5 %) reduction in the 

insertion capacity for β-MoO3. However, the data shown above for the initial 

insertion step indicates that the lithium insertion ratio for α-MoO3 domains is 

nearly 3.8 times greater than for areas consisting of β-MoO3, and 1.5 times greater 

than for intermixed of α-/β-MoO3 regions. These differences are much greater 

than what theoretical capacity estimates predict and are most likely due to 

differences in the chemical composition of each phase. As described in Chapter 4, 

XPS revealed that a defect band located just below the conduction band was 

present in β-MoO3 films, while films consisting of α-MoO3 did not exhibit an 

appreciable defect band. In accordance with the XPS data, we believe that the 

decreased Li+ capacity for β-MoO3 is primarily due to a lowering of the number 

of available lithium insertion sites as a result of a reduced number of MoVI redox 

centers. Since domains of β-MoO3 contain oxygen vacancies they are essentially 

mixed valent, sub-stoichiometric oxides where a portion of MoVI sites are 

converted to MoV. The situation is completely reversed for α-MoO3 domains, 

where nearly all molybdenum sites are in the +VI oxidation state prior to 
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insertion. Upon electrochemical reduction nearly all of these MoVI sites are 

available, and hence larger coloration ratios are observed for α-MoO3 than β-

MoO3. Intermixed α-/β-MoO3 domains exhibit intermediate coloration ratios 

indicating that the coloration response results from contributions from both the α-

MoO3 and β-MoO3, where β-MoO3 incorporated within the film limits the amount 

of lithium inserted.  

Of the three identified phases (α-MoO3, β-MoO3 and α-/β-MoO3) the 

smallest structural changes are observed for β-MoO3, while the largest changes 

are seen for α-MoO3. Intermixed α-/β-MoO3 domains are observed to undergo 

structural changes intermediate of α- and β-MoO3. Presumably, the presence of β-

MoO3 within the intermixed α-/β-MoO3 domains stabilizes the α-MoO3 structure 

and prevents large structural changes. Since the intermixed α-/β-MoO3 domains 

are more structurally stable, Li+ insertion becomes more reversible; albeit at the 

sacrifice of Li+ storage capacity.  

The spectroelectrochemical imaging technique developed herein enables 

us to (1) observe structural changes, (2) obtain kinetic and thermodynamic 

information and (3) approximate the degree of lithium uptake during 

electrocoloration/-insertion for localized regions of distinct chemical composition. 

It is important to note, that this technique is significantly advantaged for the study 

of disordered materials in comparison to conventional spectroelectrochemical 

techniques since ion insertion/deinsertion behavior is probed on size scales 

equivalent to the average feature size. This allows for establishment of “true” 

structure/property relationships by comparison of structural features with 
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localized coloration/insertion responses. Data obtained using this approach helps 

to answer questions regarding the association between structure and 

electrocoloration/-insertion stability, reversibility and quantity of charge stored. 

 

5.4 CONCLUSIONS 

Two variations of spectroelectrochemical microscopy were implemented 

to study the kinetic and energetic coloration/insertion behavior for localized 

regions of distinct chemical composition within thin films of polymorphous 

MoO3. Cyclovoltoabsorptometric measurements reveal that film coloration is 

non-uniform and can be directly correlated with phase-segregated domains 

comprising α-MoO3, β-MoO3 and intermixed α-/β-MoO3. Coloration/insertion is 

found to proceed by a staging process where each phase displays unique potential-

dependent behavior. Chronoabsorptometric measurements allowed for the 

simultaneous estimation of lithium diffusion coefficients, ionic conductivities and 

lithium insertion ratios for each identified phase. The observed lithium diffusion 

coefficient and total conductivity is largest in domains comprising intermixed α-

/β-MoO3, whereas it is smallest for phases consisting of β-MoO3. The higher 

diffusion coefficient observed for domains consisting of intermixed α-/β-MoO3 is 

most likely due to larger thermodynamic enhancement factors for the mixed phase 

domains than for domains consisting of either α-MoO3 or β-MoO3. Estimation of 

localized lithium insertion ratios (x in LixMoVI
1-xMoV

xO3) reveals that the lithium 

insertion capacity is ca. 4 times greater in α-MoO3 than in β-MoO3. The 

discrepancies between the lithium insertion capacities can be rationalized in terms 
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of lattice oxygen defects, which effectively reduce the number of available 

lithium insertion sites in β-MoO3 as compared to α-MoO3. We observe that 

electrochemically induced structural changes occur to the lowest degree in β-

MoO3 and to the highest degree in α-MoO3.  The presence of β-MoO3 within the 

intermixed α-/β-MoO3 domains improves Li+ insertion reversibility and reduces 

structural changes by stabilizing the α-MoO3 structure.  
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APPENDIX A 

 

Derivation of Time-dependent Optical Density Equation* 

 

A.1 INTRODUCTION 

Presented here is a detailed derivation of the equation relating the time-

dependent optical density, OD(t) and the optically-determined lithium diffusion 

coefficient (DOD). 

  

A.2 DERIVATION 

 Experimentally, an insertion electrode, (MoO3 film on ITO in this case) is 

in contact with a solution containing the inserting ion (for instance Li+). Initially, 

a certain concentration of species A (i.e., Li+), CA, is established within the film. 

When the potential of the electrode is stepped from an initial potential, E1, to 

some new potential, E2, at time t = 0, a new activity of species A is established at 

the electrode/electrolyte interface. Consequently, there is a change in 

concentration at the interface from C0 to Cs with a concentration gradient 

extending into the film. Chemical diffusion of species A will then occur in order 

to establish an equilibrium concentration within the film. If semi-infinite, one-

dimensional diffusion is assumed, the measured current can be related to a change 

                                                 
* This appendix is published as Supporting Information in McEvoy, T. M.; Stevenson, K. J. J. Am. 
Chem. Soc. 2003, 125, 8438. 
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in concentration of species A in the film after the application of a potential step 

using Fick’s second law 

 

x
CD

t
C A

A
A

2

2

∂
∂

=
∂
∂

                                                                                                                    (A.1) 

 

where, CA is the concentration of species A, x the distance into the film from the 

solution/film interface, and DA the chemical diffusion coefficient of species A.  

The appropriate initial and boundary conditions are as follows1 

 

CA = C0     0 ≤ x ≤ L     t = 0          (A.2) 

 

CA = Cs     x = 0     t > 0                              (A.3) 

 

0=
∂
∂

x
CA      x = L     t ≥ 0                                                                                   (A.4) 

 

where, C0 is the initial equilibrium concentration of species A in the film, Cs is the 

new concentration of species A at the electrolyte/electrode interface after the 

potential step, and L is the overall film thickness. Equation A.4 is included to 

satisfy the condition that the film/ITO interface is impenetrable to the diffusing 

ion. Therefore no ionic diffusion occurs through the back of the MoO3 film. 

Solution of Eq. A.1 at short times (i.e., where t << L2/D), using the initial and 
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boundary conditions, leads to a series of equations involving error functions and 

integrals.   
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By neglecting the higher order terms in Eq. A.5, an equation for the concentration 

gradient starting at the electrode/electrolyte interface and extending into the film 

is obtained, Eq. A.11.    
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The time dependent current, I(t), can then related to the concentration gradient, 

∂CA/∂x, by Eq. A.12, where ZA is the charge on species A, F the Faraday, and A 

the electrode area.   
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Substitution of Eq. A.11 into Eq. A.12 results in Eq. A.13. Further simplification 

results in Eq. A.14, a form of the well-known Cottrell equation. 
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2/12/1
0

2/1
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CCFADZI sAA

t π
−
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Equation A.14 can be re-written in terms of total charge passed during the 

potential step, because it often is difficult to know Cs and Co precisely.  Knowing 

that Vm(Cs-Co)=∆Q/ZAFnB, where Vm is the molar volume of the film, ∆Q is the 

overall charge transferred during the potential step obtained by integrating the I 

vs. t plot, and nB the number of moles of MoO3, we obtain Eq. A.15. 

 

BAm

AA
t FnZVt

QFADZI 2/12/1

2/1

)( π
∆

=                                                                                   (A.15) 

 

Equation A.15 can be re-written in terms of film thickness, L, using the 

relationship VmnB/A = L, resulting in Eq. A.16. 

 

L
QDtI A

t 2/1

2/1
2/1

)( π
∆

=                                                                                             (A.16) 

 

As shown by Montella2 and by Levi and co-workers,3,4 creating a plot of It1/2 vs. 

log t allows for one to easily visualize the different diffusion time regimes (ultra-

short, short and long-time). Pure, semi-infinite linear diffusion is present only in 

the short, or Cottrell time region. This region presents itself as a plateau in the It1/2 

vs log t curve. The associated plateau value (It1/2
plateau) is referred to as the Cottrell 

line slope and can be inserted into Eq. A.16 along with L and ∆Q, thus allowing 

for the determination of DA. 
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If we now turn to the determination of the chemical diffusion coefficient 

using optical absorption methods, Eq. A.16 is first integrated to achieve an 

equation describing the time-dependent charge, Q(t). 

 

∫
∞

=
0

)()( dtIQ tt                                                                                                    (A.17) 

 

Substitution of Eq. A.16 into Eq. A.17 produces Eq. A.18, which relates the time-

dependent charge to the chemical diffusion coefficient. 
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Solution of the integral results in Eq. A.19. 
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The film optical density can be related to the time-dependent change in 

concentration of species A as shown in Eqs. A.20 and A.21, where ε is the molar 

extinction coefficient of the molybdenum bronze (LixMoVI
1-xMoV

xO3), F is the 

Faraday, and A is the electrode area.5 

 

∫
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with ∫
∞

=
0

),(
nFA
QdxtxC                                                                                    (A.21) 

 

Using Eqs. A.20 and A.21, equivalent expressions can be written for the time 

dependent optical density, OD(t), Eq. 22, and the overall optical density change 

(∆OD), Eq. A.23. 

 

)()( tt Q
nFA

OD ε
=                                                                                              (A.22) 

 

Q
nFA

OD ∆=∆
ε                                                                                               (A.23) 

 

Finally, substitution of Eqs. A.22 and A.23 into Eq. A.19 results in Eq. A.24, 

relating the measured time-dependent optical density to the optically determined 

chemical diffusion coefficient, DOD. Note:  Here we have chosen to use DOD to 

represent the optically determined chemical diffusion coefficient as opposed to 

DA, the electrochemically determined diffusion coefficient. 

 

L
ODD

t
OD ODt

2/1

2/1

2/1
)( 2

π
∆

=                                                                                         (A.24) 

 

Experimentally measured time-dependent optical density data acquired during a 

potential step are then plotted in the form OD(t)t-1/2 vs. log t (similar to the It1/2 vs. 

log t plot for Eq. A.16). By taking OD(t)t-1/2 as the short-time Cottrell line slope, 
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and substituting it into Eq. A.24, the chemical diffusion coefficient can be 

determined, provided that the overall optical density change (∆OD) and the film 

thickness, L, are known. 
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