
  

 

 

 

 

 

 

 

 

 

Copyright 

by 

Benjamin Phillip Hahn 

2008 

 

 



  

 

The Dissertation Committee for Benjamin Phillip Hahn Certifies that this is 

the approved version of the following dissertation: 

 

 

Electrochemical Synthesis and Characterization of  

Redox-Active Electrode Materials 

 

 

 

 

 
Committee: 
 

Keith J. Stevenson, Supervisor 

Jennifer S. Brodbelt 

David A. Vanden Bout 

Richard A. Jones 

Arumugam Manthiram 

 



  

Electrochemical Synthesis and Characterization  

of Redox-Active Electrode Materials 

 

 

by 

Benjamin Phillip Hahn, B.S.  

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

December 2008 



  

 

 

 

 

Dedication 

 

To M.E.R. 

 



 v 

 

 

 

 

Acknowledgements 

 

I consider myself fortunate and greatly honored to have worked with many 

talented students and faculty members at the University of Texas at Austin.  First 

and foremost I am greatly indebted to my advisor, Keith Stevenson, for his 

encouragement and support.  By advising me to undertake several challenging 

projects and never give up, he has opened many doors of opportunity for me for 

which I am extremely grateful. 

I would also like to thank all of my peers in the Stevenson lab for 

everything they have done for me.  Dr. Stephen Maldonado was an ideal example 

of what a graduate student should be, and I was very fortunate to learn from him 

my first two years at UT. I also would like to acknowledge Dr. Ryan Williams 

and Tim Smith for spending time with me on the AFM being and generally being 

knowledgeable people to go to for advice.  I’d like to thank Lilia Kondrachova 

and Dr. Ganesh Vijayaraghavan for the many wonderful discussions we’ve had 

together and for always being very supportive of me.  R. Alan May performed 

scanning ellipsometry on several of my metal oxide films and asked very intuitive 

questions at my group meetings, and I am grateful for that.  I would also like to 



 vi 

thank Jaclyn Wiggins and Cori Atkinson for their thoughts and advice.  I wish 

everybody continued success. 

I would like to give special recognition to several people outside the lab, 

including Dr. Yangming Sun, Dr. Hugo Celio, and Dr. Bill Lackowski for 

spending a lot of time with me discussing every possible topic related to X-ray 

photoelectron spectroscopy.  To my collaborators, Xiaoping Yang, Bethany 

Auten, Dr. Richard Jones, and Dr. Bert Chandler, I really have enjoyed working 

with you all. 

Finally I would like to say how appreciative I am of my family for 

supporting me in this endeavor, as I would not be where I am today without their 

guidance.  I think sometimes they want this PhD even more than I do, so to them, 

this is your moment as well. And especially to my fiancée Michelle, who has 

always helped me to stay positive and focused, this is for you.   

Last (but certainly not least), I would like to thank Gatorade for always 

bringing a smile to my face when I walk in the door.          



 vii 

Electrochemical Synthesis and Characterization of  

Redox-Active Electrode Materials 

 

Publication No._____________ 

 

 

Benjamin Phillip Hahn, PhD 

The University of Texas at Austin, 2008 

 

Supervisor:  Keith J. Stevenson 

 

This dissertation explores cathodic electrodeposition mechanisms that 

describe the synthesis of redox-active electrode materials.  Several interesting 

elements are known to deposit at negative potentials (e.g., Mo, Re, Se), and by 

extending this work, we can tailor the growth of new binary systems (e.g., 

MoxRe1-xOy, MoxSe1-xOy) that have enhanced optical and electronic properties.  To 

grasp the subtleties of deposition and understand how the growth of a particular 

phase is influenced by other species in solution, several analytical methodologies 

are used to thoroughly characterize film deposition, including chronocoulometry, 

voltammetry, nanogravimetry, UV-Visible spectroelectrochemistry, X-ray 

photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and 

inductively coupled plasma mass spectrometry (ICPMS).  Chapter 1 is a general 

introduction that discusses the growth of redox-active metal oxides and alloys 

with an emphasis on tuning the composition to enhance material performance.  
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Chapter 2 proposes a mechanistic pathway for the deposition of rhenium films 

from an acidic perrhenate (Re
VII

O4
-
) solution containing both metallic and oxide 

components.  Unlike many other metal anions, it was observed that Re
VII

O4
-
 

adsorbs to the electrode surface prior to reduction.  As such, Re
VII

O4
-
 is ideally 

situated to be a redox-active mediator for other electrochemical reactions, and in 

Chapter 3, this dissertation explores how Re
VII

O4
-
 increases the deposition 

efficiency of Mo oxide deposition.   Depth profiling XPS supported by 

electrochemical studies demonstrated that Mo and Re deposit separately to form 

an inhomogeneous material, MoxRe1-xOy (0.6 < x ≤ 1.0).  Over a limited potential 

range from –0.3 V to –0.7 V (vs Ag/AgCl) the rhenium mole fraction increases 

linearly with the applied voltage.  Chapter 4 explores the deposition of MoxSe1-

xOy, and in this case, the incorporation of Mo species in solution shifts the 

deposition of Se
0
 to more positive potentials.  Depending on the applied potential 

used, voltammetry experiments suggest that a small amount of Mo (<5%) reduces 

to the zero-valent phase to yield the photosensitive alloy, MoxSey.  Chapter 5 

discusses future work and presents preliminary data describing the deposition of 

Se
0
 on ITO using adsorbed Re

VII
O4

-
 as a redox mediator.   
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 1 

CHAPTER 1 

Electrochemical Deposition as a Synthetic Approach to Tailor 
Redox Active Metal Oxides 

 

1.1 INTRODUCTION 

Transition metal oxides (e.g., MnO2, TiO2, V2O5) are redox-active 

electrode materials that insert small cations (i.e., H
+
, Li

+
) and charge 

compensating electrons in response to an applied potential.
1-3

 During this charge 

storage mechanism, the transition metal sites undergo a reversible change in 

oxidation state, and consequently, the optical and electronic properties of the 

oxide can be modulated with potential.  As such, several transition metal oxides 

have been explored for use in batteries,
4
 electrochromic devices,

5
 and sensors.

6
 

For example, lithium trivanadate (LiV3O8) xerogels are being researched for 

energy storage devices, because their structures can reversibly intercalate many 

Li
+
 per formula unit (~4) with good cycle reversibility.

7
 In addition to high-

performance charge storage properties, metal oxides are also researched for their 

chromic response to electrochemical cycling.  Transparent systems like tungsten 

oxide (WO3) and molybdenum oxide (MoO3) are candidates for smart windows 

and information displays, because these materials undergo large optical 

modulation in the visible spectrum when reduced in the presence of Li
+
 or H

+
 

(i.e., cathodic electrochromism).
5, 8, 9

  



 2 

Unfortunately, many redox-active electrode materials are not suitable for 

practical applications because they suffer from poor material performance issues, 

including irreversible phase changes,
10

 structural instabilities,
11

 and low 

coloration efficiencies.
12

 One strategy to improve material performance is to 

substitutionally dope cations or anions into the redox active phase to create a 

disordered composition with enhanced chemical and physical properties.  For 

instance, several research publications cite the benefits of doping W into MoO3 to 

prepare the homogeneous composition, Mo1-xWxO3.
13-17

 In small quantities (x < 

0.05) there are no apparent structural changes to the MoO3 lattice, but as W 

replaces Mo in systematically larger mole fractions (0.05 < x < 1), a variety of 

structural and optical properties can be selected
18, 19

 that influence both the band-

gap
17

 and ionic conductivity
16

 of MoO3.  In contrast to the pure MoO3 and WO3 

polymorphs, Mo1-xWxO3 solid-state solutions can promote intervalent charge 

transfer between the two metals (i.e., Mo
V 
→ W

VI
), and this electronic transition 

increases the coloration efficiency (optical density change) of the visible/NIR 

absorbance associated with electrochromic behavior.
20

 Other benefits of W-

doping into MoO3 include improved durability
5
 and a positive shift in the Li

+
 

intercalation potential.
16

 

In general, dopants are chosen with respect to the material properties 

researchers wish to improve or enhance within the host metal oxide.  For 

example, TiO2 and WO3 are wide band-gap photocatalysts with poor solar 

conversion efficiencies, but the substitutional doping of N anions causes a mixing 

of p orbitals that narrows the optical band gap so the metal oxide absorbs more 

photons at longer wavelengths of light.
21, 22

 This improvement in photosensitivity 
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is not observed with all cation and anion dopants, but appears to be specific to 

nitrogen and a few other select p-block (e.g., C, S)
23, 24

 and d-block (e.g., Fe, 

Cr)
25, 26

 elements.  

Thus, a major consideration for preparing mixed metal oxides is the design 

of synthetic strategies that can be used to tailor homogeneous compositions, 

complex architectures, structural modifications, and other physical properties that 

influence material performance.  The traditional approach for preparing solid-state 

solutions is a high-temperature ceramic method, in which one crystalline reactant 

diffuses into another to produce a homogeneous, thermodynamically stable phase.  

Although this type of pathway is favored for the development of several useful 

materials, it is void of kinetically controlled steps that determine the rate of 

reaction.  Consequently, ceramic routes are not amenable to the growth of 

metastable materials (e.g., sol-gels, organic-inorganic nanocomposites, etc.),
27, 28

 

as most convert to thermodynamically stable phases at high temperatures driven 

by thermal sintering processes.  Recognizing these barriers, researchers have 

explored structures using chimie douce (soft chemistry) routes that can be 

controlled through a reaction mechanism.
29

 These chemical pathways have 

directed the growth of several new materials, including aerogels - the stable, low-

density architectures that boast of 75-99% void space.
30

  With phenomenal 

surface areas (300-400 m
2
/g for V2O5),

31
  transition metal oxide aerogels were 

observed to have radical material property enhancements, including substantial 

increases in the H
+
 or Li

+
 content that can be inserted per oxide unit.

32
  Other 

compositions, such as ruthenium-titanium oxide (RuxTi1-xOy), have been prepared 

as mixed-phase aerogels to dramatically enhance the ionic conductivity over their 



 4 

dense counterparts, which are better electronic conductors.
33

  Aerogels are 

developed primarily through supercritical drying, but other chimie douce 

processing routes are used in sol-gel production,
34

 hydrothermal reactions,
35

 ion-

exchange reactions,
36

 sonochemical methodologies,
37

 acid leaching,
38

 and various 

topochemical approaches.
27

  

Alternative low temperature routes include electrochemical synthesis, an 

ambient materials processing strategy that can be utilized to produce complex 

electronic, magnetic, and optical components of all shapes and sizes.
39

  In the 

most basic sense, deposits (i.e., products) are synthesized when a soluble 

precursor is oxidized or reduced to form a solid at the working electrode.  Figure 

1.1 shows two common routes for preparing metal oxides by electrodeposition.
40

 

The simplest pathway is direct electron transfer between the electrode and a metal 

precursor, resulting in a one-step reaction to oxide growth (Figure 1.1a).
16, 41

 

Several elements, including Mo,
41

 W,
16

 Ir,
42

 and Cu
43

 deposit by this route.
40

  

Since the redox active precursor is a metal anion, and not an oxygen-based 

mediator (Figure 1.1b)
40

 like other cathodic pathways (e.g., Zn, Ti),
44-47

  

deposition can often be facilitated from a neat solution without additives.  This 

simplifies both the solution equilibria and the deposition mechanism, because 

physiochemical parameters like “precipitation kinetics” are not an issue.
40

  

Purposeful tailoring of the material properties can be performed in situ by 

adjusting the thermodynamic equilibria of the electrolytic bath (e.g., pH, 

temperature, reactant concentration) or by changing the kinetic parameters that 

influence nucleation and growth (e.g., pulse time, current control).  Many unique 

electrode materials have been prepared using this route, including the bottom-up 
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Figure 1.1: Cartoons illustrating the two primary routes for the cathodic 
deposition of metal oxides, including (a) direct electron reduction (b) the 
precipitation of metal hydroxides prior to dehydration.

40
 Prototypical examples 

shown are Mo and Zn.
41, 66

 

NO3
-
 + H2O 

NO2
-
 + 2OH

- 

2e
- 

Zn
2+
 + 2OH

-
 

Zn(OH)2 

ZnO + H2O 

 2H2MoO4 + 2H
+
 

2e
- 

Mo2O5·3H2O 

(a) 

(b) 
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fabrication of hexagonal, zinc oxide (ZnO) nanotube arrays,
48

 and the synthesis of 

nanocrystalline copper oxide (Cu2O) films for Li
+
 intercalation.

49
 Like other 

chimie douce pathways, electrochemical processing also offers a route for 

preparing homogenous mixed metal oxides (e.g., Mo1-xWxO3),
16

 but very little 

systematic work has been performed to illustrate the deposition mechanisms for 

these materials.    

Therefore, one focus of this research study is to explore cathodic 

electrodeposition routes for tailoring new redox-active metal oxides.  Several 

interesting elements have been reported to deposit at negative potentials (e.g., Mo, 

W, Re, Se),
50-53

 and by extending this work, we can establish pathways to develop 

tailored binary systems (e.g., MoxRe1-xOy, MoxSe1-xOy) that have enhanced optical 

and electronic properties.  For example, numerous metal oxide species are known 

for good ionic conductivity, but relatively poor electronic conductivity (e.g., 

MoO3, WO3, TiO2), so one strategy to address this problem is to “wire” these 

lattice structures with metallic oxides (e.g., RuO2, ReO2, IrO2).  This type of 

substitutional mixing enhances electronic conductivity while preserving structural 

integrity during small cation intercalation.
54, 55

  Swider and coworkers
33

 illustrate 

one example of this with the synthesis of heterogeneous Ti1-xRuxO2 aerogels, in 

which the electronic conductivity is enhanced by oxidizing Ru
III
 defects at the air-

electrode interface.  Although electronic conduction for this mesoporous system is 

uniquely dependent upon surface properties, we propose to develop mixed-valent 

MoxRe1-xOy coatings with increased conduction throughout, due to an 

electrochemically embedded Re
0
/Re

IV
 network.      



 7 

Other strategies for designing mixed metal oxides and alloys is to dope in 

photosensitive elements, such as Se.  Compared to the Re deposition mechanism, 

the cathodic deposition for Se is simple in that an aqueous, acidic solution of 

selenous acid (H2SeO3) almost always reduces to Se
0
 over a large potential range, 

with virtually no oxide growth.
56

  With the right physiochemical conditions, it is 

possible to dope Mo and W oxides with Se using pathways that result in 

homogenous alloys (e.g., MoSe2, WSe2, ReSe2) or heterogeneous doped metal 

oxides (e.g., MoxSe1-xOy, WxSe1-xOy, RexSe1-xOy).
53, 57-59

 Nevertheless, a well-

understood deposition mechanism that elucidates the role of intermediates and 

correctly predicts the film composition under a set of controlled conditions 

remains elusive.  It is possible that the pathways for mixing Se with Mo, W, and 

Re phases are similar to the early “induced codeposition”
60

 pathways for alloying, 

in which Mo reduction was facilitated by the presence of another metal species, 

resulting in the growth of binary metals (e.g., Mo-Fe, Mo-Co, Mo-Ni),
61-63

 and 

that a molar excess of Mo or Se precursors results in mixed phase growth.  

Regardless of the mechanism, the codeposition of Se
0
 with metals offers an 

inexpensive route to prepare redox-active alloys for photovoltaic devices
64

 that is 

less time and energy intensive than more conventional methodologies, as even the 

heterogeneous oxide products can be easily reduced to more valuable selenium-

based alloys with low temperature sintering (~150-300°C) in an inert 

atmosphere.
53

       

This dissertation is organized into five chapters.  Chapter 1 provides a 

general overview of tailoring redox-active metal oxides with an emphasis on 

utilizing dopants to access material properties.  Chapter 2 explores a route for the 
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electrosynthesis of mixed-valent rhenium oxides from an acidic perrhenate 

(Re
VII

O4
-
) solution.  Several electrochemical (chronocoulometry, cyclic 

voltammetry, EQCM) and spectroscopic (UV-Vis spectroelectrochemistry, XPS) 

experiments are presented to elucidate the complexities of thin film growth.  A 

special emphasis is placed on the adsorption of perrhenate anions prior to 

reduction, because the inclusion of co-adsorbing electrolytes in the deposition 

bath has caused researchers to misidentify the onset of rhenium deposition.
65

  In a 

neat perrhenate solution, with no competing side reactions, it is proposed that 

rhenium deposition proceeds through a catalytic disproportionation route to yield 

a mixture of Re
0
 and Re

IV
O2.  At potentials that coincide with the hydrogen 

evolution reaction (HER), spectroscopic studies determined that molecular 

hydrogen directly participates as a reducing agent thereby increasing the fraction 

of Re
0
 in the deposit.                   

Chapter 3 proposes an aqueous, peroxo-based electrochemical pathway to 

synthesize inhomogeneous rhenium doped molybdenum oxides (MoxRe1-xOy, 0.6 

< x < 1.0). Chronocoulometry data supported by atomic force microscope (AFM) 

measurements of deposited film thickness suggest that Re
VII

O4
-
 is a redox 

mediator for peroxo-polymolybdate anions thereby increasing the deposition 

efficiency of molybdenum oxide.  An elemental analysis of the film deposits 

conducted by inductively coupled plasma mass spectrometry (ICPMS) observed 

that the rhenium content increases linearly with the applied voltage from –0.3 V 

to –0.7 V vs. Ag/AgCl.  Interestingly, depth-profiling experiments show that the 

surface (~8 nm) of electrodeposited MoxRe1-xOy films is virtually void of rhenium 

and a concentration gradient is evident as Ar
+
 ions etch into the bulk.  This data is 
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explained as a heterogeneous mechanism in which Re either deposits less 

efficiently or is removed from the surface following deposition.  After considering 

these studies, spectroelectrochemical and electrochemical quartz crystal 

microbalance (EQCM) experiments were used to determine a deposition 

mechanism.   

 Chapter 4 elucidates the cathodic deposition mechanism for MoxSe1-xOy 

film growth from an acidic solution consisting of H2SeO3 and peroxo-

polymolybdate anions in a 1:1 Se:Mo mol ratio.  Using electrochemical 

methodologies (chronocoulometry, voltammetry, UV-Vis 

spectroelectrochemistry, nanogravimetry) supported by ex situ compositional 

analysis (XPS), it was determined that peroxo-polymolybdate anions induce the 

deposition of Se
0
 at positive potentials.  Although we speculate that over 95% of 

deposited films (from the mixed solution) are composites consisting of Se
0
 and 

MoOx, voltammetric data suggests that a small portion of the film may be alloyed 

as MoxSey.  Mixed MoxSe1-xOy films have increased stability compared to pure 

MoOx phases, but when deposited at large overpotentials, proton reduction and 

gas evolution cause void space to be occluded within the film during 

electrochemical film growth, leading to non-uniform depositions.   

Chapter 5 explores the deposition of Se
0
 through a (proposed) redox-

mediated pathway involving the Re
VII

O4
-
/Re

IV
O2 couple. Electrochemical and 

spectroscopic experiments suggest perrhenate anions (Re
VII

O4
-
) shift the onset 

potential for Se
0
 film growth ~350 mV positive compared to the direct reduction 

of H2Se
IV

O3 from a neat solution.  In addition, there is no codeposition of Re 
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phases (from +0.4 V to –0.7 V vs. Ag/AgCl) unless the molar ratio of Re:Se in 

solution is very large.   
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CHAPTER 2 

Cathodic Electrodeposition of Mixed-Valent Rhenium Oxide           
From an Acidic Perrhenate Solution* 

 

2.1 INTRODUCTION 

The electrochemical synthesis of rhenium metals, oxides, and alloys is 

potentially useful for the development of more efficient catalysts,
1, 2

 

microelectronic devices,
3, 4

 and photosensitive materials.
5
  Synthetic routes to 

prepare rhenium thin films also offer promise for the field of medicine, where 

researchers are electrochemically coating stents with radioactive rhenium isotopes 

to prevent restenosis inside the body.
6
  Although the electrodeposition of rhenium 

coatings from aqueous perrhenate (Re
VII

O4
-
) solutions has been previously 

reported, the mechanistic details of Re
VII

O4
-
 reduction are still not well 

understood.
7
  In this study, combined spectroelectrochemical experiments shed 

new insight into the subtleties of film growth as optical transitions report on the 

participation of reactive intermediates and the deposition of mixed-valent states.  

Unlike most of the previous research on perrhenate reduction that utilizes sulfate 

or perchlorate-based solutions for electrochemical analysis, this chapter uses a 

peroxo-based route to eliminate foreign electrolytes from the Re
VII

O4
-
 bath that 

could potentially influence the deposition mechanism. 

                                                 
* Portions of this chapter were published in Hahn, B.P; May, R. A.; Stevenson, K.J. Langmuir 
2007, 23, 10837-10845; and Hahn B. P.; Stevenson K. J. ECS Trans. 2008, 6, 17-26. 
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A critical review describing the electrochemical behavior of rhenium by 

Martins and coworkers summarizes the possible routes to reduce perrhenate 

anions.
7
 At large (more negative) overpotentials, elemental Re

0
 can be reduced 

directly from Re
VII

O4
-
 through the seven-electron reduction written in Eq. 2.1.

8
  

 

                           Re
VII

O4
-
 + 8H

+
 + 7e

-
 → Re

0
 + 4H2O                           (2.1) 

       

Unfortunately, this route coincides with the potential window for hydrogen 

evolution (i.e., 2H
+
 + 2e

-
 → H2), and consequently, the direct reduction of 

metallic rhenium is exceedingly inefficient (<2%)
9
 and difficult to monitor 

electrochemically.  However, different mechanisms have been observed at 

potentials positive to hydrogen electrolysis.  For example, on H-adsorbing metals 

(e.g., Pt, Rh), perrhenate ions generate a Re
III
 intermediate that strongly adsorbs to 

the electrode surface and catalytically disproportionates to yield a mixture of Re
0
 

and Re
IV

O2.
7
  This is a unique pathway, because the only known analogue to this 

route is the catalytic disproportionation of Sn
II
 cations to yield a mixture of Sn

0
 

and Sn
IV

.
10, 11

  Interestingly, experimental evidence supporting the deposition of 

rhenium oxides is lacking on non-H adsorbing electrodes (e.g., Au, C) at 

potentials prior to the hydrogen evolution reaction (HER),
7, 8

 and this discrepancy 

is a major focus of this chapter.     

 In a majority of previously published experiments, supporting electrolytes 

(i.e., SO4
2-
, ClO4

-
) have been added to the deposition bath to increase solution 

conductivity, increase current density, and reduce concentration polarization 

effects in addition to controlling the solution pH.  However, the role of the 
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supporting electrolyte has not been fully evaluated since supporting electrolytes 

like SO4
2-
 and ClO4

-
 are typically assumed to be weakly adsorbing and generally 

non-interfering.  A few reports have discussed the influence of electrolyte anions 

on the electrodeposition of rhenium.
7, 12-17

  HClO4 has been reported to diminish 

the electrodeposition efficiency, because rhenium ad-layers can catalyze the 

reduction of ClO4
-
 to Cl

-
.
7, 12-16

  At Au electrodes, Martins and coworkers 

speculated that the effect of SO4
2-
 and ClO4

-
 ions on the reduction of Re

VII
O4

-
 was 

dominated by a competitive surface reaction between Re
IV

O2 and Re
0
 and not by 

competitive anion adsorption since electrochemical quartz crystal microbalance 

experiments demonstrated that Re
VII

O4
-
 was weakly adsorbed at a low surface 

coverage (~8%) at potentials preceding the HER.
7, 17

  Therefore, it was concluded 

that the reduction of Re
VII

O4
-
 at non-hydrogen adsorbing electrodes involves the 

weak adsorption of Re
VII

O4
-
 via an entropy driven process requiring the 

displacement of six water molecules from the surface.
17

  Adsorbed Re
VII

O4
-
 in 

turn is then reduced to Re
IV

O2 and finally to metallic Re
0 

only at potentials 

coinciding with the electrolysis of molecular hydrogen.
7
 

 In this chapter there is strong evidence that the presence of SO4
2-
 

significantly inhibits the reduction of perrhenate at non-hydrogen adsorbing 

electrodes at potentials positive to the HER.  In the absence of SO4
2-
, Re

VII
O4

-
 is 

strongly adsorbed and gets reduced to Re
IV

O2 and Re
0
 at potentials preceding the 

HER, consistent with the electrodeposition mechanism proposed for hydrogen 

adsorbing working electrodes such as Pt and Rh.
7
  Electrochemical methods along 

with spectroscopic techniques elucidate the subtleties of the cathodic 

electrodeposition of perrhenate at non-H adsorbing electrode materials.     
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2.2 EXPERIMENTAL PROCEDURE 

2.2.1 Preparation of the Perrhenate Deposition Bath 

Perrhenate solutions (0.1 F) were prepared by slowly adding an excess of 

30% H2O2 (Fisher) to 10 mmol of Re
0
 mesh powder (Strem).  This resulted in a 

vigorous exothermic response that yielded soluble perrhenate anions.  After the 

reaction subsided, free peroxide was catalytically decomposed through the 

addition of Pt black.
18

  The perrhenate solution was then diluted up to 100 mL in a 

volumetric flask with nanopure water (18 MΩ⋅cm) and allowed to equilibrate for 

several days.  The pH of the product was recorded to be 1.5 ± 0.1 under ambient 

conditions.  Due to the formation of insoluble byproducts, all perrhenate solutions 

were filtered prior to use (0.22 µm, Millex GP), and the solution composition was 

confirmed by UV spectroscopy.  Using Beer’s Law (A = εbc), a highly absorbing 

electronic transition of perrhenate at 205 nm was monitored by UV spectroscopy 

to estimate the oxidation of Re
0
 to Re

VII
O4

-
 to be approximately ~93% efficient.

19-

21
 

2.2.2 Preparation and Characterization of Mixed-Valent Rhenium 

Mixed-valent rhenium thin films were deposited by ECD using the 0.1 F 

perrhenate deposition bath with no other electrolytes or soluble components added 

to the solution.  All depositions were performed using a CH 440 Electrochemical 

Workstation (CH Instruments) interfaced to a three-electrode cell in which a Pt 

counter, Ag/AgCl (KCl sat’d) reference, and a pre-cleaned indium tin oxide 

(Delta Technologies Ltd., 15Ω/square) working electrode were immersed in the 
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0.1 F perrhenate solution.  The cell was constructed to fix the exposed geometric 

area of the working electrode at 0.45 cm
2
.  In each deposition, the charge was 

monitored over time.  Thin film growth was terminated after 0.04 C (for 

depositions conducted at –0.30V vs Ag/AgCl) and 1.0 C (for depositions 

conducted at –0.70 V vs Ag/AgCl) of charge was measured by the potentiostat.  

The product was adherent, conformal coatings of rhenium on the ITO substrate at 

each deposition potential.  Cyclic voltammograms were carried out in the same 

homemade electrochemical cell (0.45 cm
2
 fixed area) using ITO, Re foil (Alfa 

Aesar), and glassy C (Alfa Aesar) as working electrodes.  Also, cyclic 

voltammograms on a gold disk of known geometric area (0.196 cm
2
) were 

conducted in a separate cell.  Na2SO4 (Mallinckrodt) was added only when 

explicitly indicated to demonstrate the effects of SO4
2-
 on perrhenate adsorption.  

All potentials in this report were referenced to the Ag/AgCl (KCl sat’d) reference 

electrode, and all experiments were conducted under ambient conditions at room 

temperature (25 ± 2°C). 

A homemade spectroelectrochemical cell was interfaced to a CH 700 

Electrochemical Workstation (CH Instruments) and mounted inside the sample 

holder of an Agilent Instruments 8453 UV-Visible spectrometer to observe the 

optical transitions associated with thin film growth.  Inside the 

spectroelectrochemical cell, a transparent ITO substrate was used as the working 

electrode in conjunction with an Ag/AgCl (KCl sat’d) reference and a Pt counter.  

During this experiment, cyclic voltammograms were conducted between +0.20 V 

and –0.70 V at a scan rate of 10 mV/s.  Concurrently, UV-Vis-NIR spectra were 

acquired every 4.5 s (with an integration time of 0.4 s) from 300-1100 nm.   
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Electrochemical quartz crystal microbalance (EQCM) measurements were 

performed using a CH 440 Electrochemical Workstation (CH Instruments) with 

Au-Ti 9.995 MHz AT-cut polished quartz crystals (International Crystal 

Manufacturers, Inc.).  EQCM crystals were used as the working electrode in 

cyclic voltammetry experiments, and each crystal was precisely constructed to 

have a known geometric area (0.201 cm
2
) and electrode composition (~100 nm 

polished Au surface on top of a ~10 nm Ti underlayer).  Before each experiment 

commenced, the EQCM crystal was pre-cleaned with 0.1 M HNO3 followed by 

rinsing in nanopure water (18 MΩ⋅cm).  Using the Sauerbrey equation (Eq. 2.2),
22

 

the proportionality constant (Cf) of the EQCM crystal was determined by 

acquiring five cyclic voltammograms of an acidic 1 mM Ag
+
 solution at 10 

mV/s.
23

   

 

          ∆f = -Cf ∆m                   (2.2) 

  

After Cf was determined, the change in frequency response of the EQCM crystal 

(∆f) could be used to directly calculate the mass deposited (∆m) during an 

electrochemical experiment.  Immediately after calibration, the perrhenate 

solution was placed into the EQCM cell for analysis.  Cyclic voltammograms 

were taken between +0.20 V and –0.70V at a scan rate of 10 mV/s against the 

Ag/AgCl (KCl sat’d) reference and Pt counter electrodes.  All EQCM data was 

acquired in a homebuilt Faraday cage. 

X-ray photoelectron spectroscopy (XPS) measurements of the surface 

oxidation states were acquired on a PHI 5700 X-ray photoelectron spectrometer 
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equipped with a monochromated Al Kα source.  This instrument was calibrated 

against the Au 4f7/2 (83.98 eV), Ag 3d5/2 (368.26 eV), and Cu 2p3/2 (932.67 eV) 

spectral lines using pure materials.
24

  Five high-resolution scans of the Re 4f 

region were averaged together for curve fitting with the freeware FITT program 

(Version 1.2, written by Hyun-Jo Kim, Seoul National University).  During the 

fitting, it was assumed that the theoretical spin-orbit separation for the Re 4f 

doublet  (2.43 eV)
25

 and the theoretical intensity ratio of the 4f7/2 : 4f5/2 peaks (4:3) 

was constant.
26

  Depth profiling was also conducted by XPS using a Kratos Axis 

Ultra X-ray photoelectron spectrometer that was automated to sputter Ar
+
 ions (4 

kV) and acquire data between etch cycles.  The samples for this analysis were 

rhenium thin films deposited at –0.30 V and –0.70 V to a total charge of 0.03 C.  

Twenty high-resolution spectra of the Re 4f region were acquired after 40 s etch 

cycles.  The sputtering rate was approximated from AFM thickness measurements 

to be approximately 3 nm/min. 

 SEM measurements were taken by Dr. Ryan Williams on a Leo 1530 

scanning electron microscope at a working distance of 8 mm.  

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Electrodeposition of Mixed-Valent Rhenium Using Chronocoulometry 

In an aqueous solution, rhenium commonly exists in the form of the 

tetrahedral perrhenate anion, Re
VII

O4
-
, which is highly stable and dominant over a 

wide pH range.
27

  Perrhenate solutions can be easily prepared by dissolving 

rhenium heptoxide, Re
VII

2O7, or salts such as ammonium perrhenate, NH4Re
VI

O4, 



 23 

in water.
27

  Unfortunately, many of these solutions are neutral or basic and require 

the addition of acidic electrolytes to adjust the pH for electrodeposition.  As 

indicated by the Pourbaix diagram in Figure 2.1, rhenium solids are more 

thermodynamically stable at lower pH values, regardless of the applied 

potential.
28

  As a result, strongly acidic perrhenate solutions (pH ≤ 2) are fairly 

standard for electrodeposition, because during the HER (a common potential 

region for deposition), hydrogen ions become consumed at the electrode-solution 

interface, and this raises the pH locally at the working electrode surface.  

Previously Jusys and coworkers proposed that perrhenate anions may adsorb to 

the working electrode surface prior to reduction;
17

 therefore, to properly explore 

the deposition mechanism, an acidic perrhenate solution must be prepared that is 

sufficiently conductive but void of any additives (e.g., pH buffers) which may 

compete for adsorption sites on the working electrode.  As demonstrated 

previously with other metals,
29, 30

 a peroxo-based route is useful for producing 

such solutions while eliminating the need for electrolytes like H2SO4.  Thus for 

this study, elemental rhenium was reacted with H2O2 to yield a pH 1.5 Re
VII

O4
-
 

aqueous precursor.   
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Figure 2.1:  Potential-pH diagram of rhenium.  Thermodynamic equilibria were 
calculated from equations given by Pourbaix.
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Using chronocoulometry, rhenium thin films were electrodeposited from 

these acidic perrhenate solutions.  In an ideal Faradaic reaction, the charge 

deposited, Qd, is directly proportional to the moles of product, n, that are formed 

at the working electrode.  However the electrochemical analysis of perrhenate 

reduction is not ideal, because the deposition mechanism is complicated by the 

pre-adsorption of perrhenate anions, the evolution of hydrogen gas, and the 

catalytic properties of rhenium.  In Figure 2.2, chronocoulometry curves have 

been constructed for films deposited at potentials positive (-0.30 V) and negative 

(-0.70 V) of the HER on Au, ITO, and Re substrate electrodes.  Although films 

cannot be grown to infinite thicknesses, the deposited oxidation states are 

sufficiently conductive to yield a linear charge vs. time slope over several 

minutes.  The data further demonstrates that the choice of substrate affects the 

deposition as the rate of charge transfer at Au electrodes is roughly 3 times faster 

than the rate observed at Re or ITO electrodes, regardless of the deposition 

potential.  This can be explained as a result of the differing conductivities of the 

different electrode materials.  Another observation is that the slope of charge vs. 

time is two orders of magnitude larger when the applied potential coincides with 

the HER.  For instance on ITO, a deposition potential positive of the HER (-0.30 

V) has a deposition rate of 0.15 mC s
-1
 cm

-2
, whereas a potential that overlaps the 

HER (-0.70 V) at the same electrode yields a rate of ~12 mC s
-1
 cm

-2
.  While the 

charge density vs. time slopes are a good indicator for determining the potentials 

at which hydrogen evolves, it is virtually impossible to identify the rhenium 

deposition products with these values alone, because at positive potentials, 

perrhenate adsorption contributes a non-Faradaic response and at negative  
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Figure 2.2: Chronocoulometry of Re
VII

O4
-
 reduced onto Au, Re, and ITO 

substrates.  The applied potential used was –0.30 V (above) and –0.70 V (below). 
Note the difference in the y-axes. 
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potentials molecular hydrogen gas is evolved during the deposition.  Therefore, a 

host of spectroscopic and electrochemical experiments is necessary to elucidate 

the details of perrhenate reduction. 

2.3.2 Microscopic and Spectroscopic Analysis of Rhenium Thin Films 

The HER influences rhenium deposition by occluding hydrogen gas 

within the film.  In addition to catalyzing the reduction of perrhenate to zero-

valent rhenium, trapped molecular hydrogen changes the film morphology and 

creates additional void space.
31

  Scanning electron microscopy images shown in 

Figure 2.3 demonstrate morphological differences between films deposited at –

0.30 V and –0.70V.  Generally, the surface roughness increases as a result of the 

HER, and this is supported by AFM root-mean-square (rms) roughness 

measurements of 3 and 26 nm for films deposited at –0.30 and –0.70 V, 

respectively.  Thickness measurements of the rhenium deposits were also 

determined using the AFM to be between ~120 and 160 nm (on ITO substrates).  

To confirm that the film morphology was not the result of a change in 

composition that varied with thickness, an ellipsometric analysis of films prepared 

at the same deposition potential was conducted (by R. Alan May), demonstrating 

that differences in thickness did not significantly affect the real and imaginary 

refractive index (n and k), which only deviate by ±0.01 and ±0.02, respectively.
9
   

For a quantitative estimate of the rhenium oxidation states and a rough 

approximation of the void space introduced by the HER, films were deposited 

onto ITO at –0.30 V and –0.70 V and given to R. Alan May for analysis by 

variable angle spectroscopic ellipsometry (VASE).  A thorough account of his  
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Figure 2.3:  SEM images of rhenium films deposited at (a) –0.30 V and (b) –0.70 
V.  Scale bars are 1 µm for both. 
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experiments, including the approximations made and a description of the model 

fits, is detailed in a report by Hahn and coworkers.
9
  But to summarize the 

analysis briefly, VASE experiments were used to extract the real and imaginary 

refractive index (n and k, respectively) from 300-1000 nm to.  In general, n values 

were lower for films deposited at –0.70 V than for films deposited at –0.30 V, and 

this suggested that films deposited during the HER contain a larger fraction of 

void space.
9
  Using a Bruggeman Effective Approximation (BEMA) model, it 

was estimated that films deposited at –0.30 V contained about ~2% void space in 

comparison to ~23% void space for films deposited at –0.70 V during the HER.
9
  

This observation is consistent both with the morphology measurements discussed 

vide supra and with ellipsometric studies by Zerbino and coworkers
31

 which first 

proposed that molecular hydrogen gas can become trapped inside rhenium films 

during electrodeposition.   

The imaginary portion of the refractive index, also referred to as the 

extinction coefficient, k, suggested that metallic Re
0
 is present underneath the 

surface layer.
9
  Although other rhenium oxides like Re

IV
O2 and Re

VI
O3 have 

electronic properties similiar to metals,
32, 33

 only Re
0
 has a large, broad 

absorbance from the visible to the near-infrared that accounts for the baseline 

absorbance observed in films electrodeposited from a perrhenate solution.
34

  

Compared to the optical properties of Re
0
 and Re

IV
O2 standards, R. Alan May 

proposed a BEMA model was used to approximate the composition of films 

deposited at different potentials.
9
  For films deposited at –0.30 V, it was estimated 

that the deposits comprise of ~72% Re
IV

O2 and ~28% Re
0
.
9
  But when the 

deposition potential coincides with the HER, at –0.70 V, the film composition is 
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more metallic consisting of ~64% Re
IV

O2 and ~36% Re
0
.
9
  In summary, these 

BEMA models suggest that Re
VII

O4
-
 reduction at a non-H adsorbing electrode 

(e.g., ITO) results in a mixed-valent product similiar to what is observed at Pt, but 

in addition, the analysis implies that hydrogen electrolysis influences rhenium 

deposition by creating a larger fraction of void space and catalyzing the reduction 

of Re
0
. 

The composition of electrodeposited rhenium films was also conducted by 

XPS, considered by many to be “the NMR of solid-state chemistry.”  At the 

surface (<5 nm), it is apparent that freshly deposited films at –0.30 V and –0.70 V 

are both coated with Re
IV

 and negligible quantities of other oxidation states.  In 

Figure, the 4f7/2 and 4f5/2 peaks for rhenium are prominent at 43.3 and 45.7 eV, 

respectively, and this is consistent within ±0.2 eV to measurements reported by 

Shpiro and coworkers
35

 that identify these transitions with Re
IV

O2 standards.  

Over time, Re
IV

O2 decomposes to Re
VI

O3 (Figure 2.4b), and peaks at 45.8 and 

48.3 eV convolute the XPS spectra.
36, 37

  Interestingly, films deposited at –0.70 V 

were shown to be unstable after one week, and the blackish-brown surface layer 

flaked off to expose a white layer of different composition underneath (Figure 

2.4c).  This observation suggested that the surface has a uniquely different 

composition from the bulk, and XPS analysis of the whitish layer, seventeen days 

after deposition, demonstrated that the film composition was primarily Re
VII

 (4f7/2 

peak = 46.4 eV, Figure 2.4c).
37, 38

  Although this observation supported VASE 

measurements by suggesting that this film is mixed-valent, no Re
0
 bands were 

observed thereby prompting further investigations into the bulk film composition 

using depth-profiling XPS.  Immediately following deposition, films deposited at  
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Figure 2.4:  XPS of rhenium films deposited at –0.30 V (top) and –0.70 V 
(bottom).  Spectra were acquired of the same sample after (a) 0 days, (b) 7 days, 
and (c) 17 days of exposure to air.  The oxidation states fitted are Re

IV
, Re

VI
, and 

Re
VII

 which are shaded blue, red, and green respectively. 
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–0.30V and –0.70 V were placed in the XPS for analysis of the Re 4f spectral 

region between automated etching cycles at periodic intervals of 40 s (Figure 2.5).  

The surface layer for both films is consistent with Re
IV

O2 and with the data in 

Figure 2.4.  Once the etching begins, the peak intensity at 40.6 eV increases due 

to the detection of Re
0
.
39

  One possible explanation is that the deposited Re
0
 

particles becomes oxidized to the +7 oxidation state over time thereby explaining 

the data in Figure 2.4c.  Unfortunately depth-profiling is not useful for providing 

a reliable quantitative estimate of the oxidation state concentrations.  Model 

fitting of the data is poor, and it is expected that some percentage of rhenium will 

become reduced during Ar
+
 sputtering.  However, both Re

IV
 and Re

0
 is detected 

for both films after sputtering, suggesting that Re
IV

O2 is definitely a deposition 

product at both potentials and that Re
0
 could be a deposition product at both 

potentials. Furthermore, the ratio of 4f7/2 : 4f5/2 peak intensities is slightly higher 

for the film deposited at –0.70 V after 800 s of etching (1.0 vs. 0.94 for the film 

deposited at –0.30 V), suggesting that slightly more Re
0
 is present in the film 

deposited during the HER (-0.70 V) compared to the film deposited in the absence 

of the HER (-0.30 V).  AFM thickness measurements were used to estimate a 

sputtering rate of ~3 nm/min, and after 800 seconds of etching, it is speculated 

that the XPS was approximately 40 nm into the film. 

2.3.3 Electrochemical Behavior of Perrhenate at Non-H Adsorbing 
Substrates 

Although spectroscopic experiments provide reasonable information about 

the resultant film composition, additional electrochemical studies are required to  
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Figure 2.5:  Depth profile of rhenium films deposited at –0.30 V (top) and –0.70 
V (bottom).  Each plot shows 20 etch cycles with high-resolution spectra taken 
every 40 seconds.  The surface scan is shown as a dashed line with subsequent 
scans plotted as solid lines. 
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establish the deposition mechanism at the two potentials.  Historically, the 

electrochemical reduction of perrhenate has always been carried out in the 

presence of a supporting electrolyte (e.g., SO4
2-
, ClO4

-
), and while many of these 

anions are considered to be weakly adsorbing, their influence should not be 

ignored.  As mentioned previously, the deposition solutions used in this chapter 

were prepared by reacting hydrogen peroxide with Re
0
 metal, so the only ions 

present in the solution are H
+
 and Re

VII
O4

-
.  In contrast to previous reports which 

use SO4
2-
 as an additive,

8, 40
 cyclic voltammetry experiments with neat perrhenate 

solutions (at non-H adsorbing electrodes) demonstrate consistent evidence for 

perrhenate adsorption at potentials positive to the HER.  In Figure 2.6, 

voltammograms of ITO, Au, C, and Re electrodes immersed in 0.1 F Re
VII

O4
-
 are 

shown.  Although the potential onset of electrochemical processes is shifted 

slightly as a function of the substrate electrode, all cyclic voltamograms (CVs) 

show electrochemical behavior with similar qualitative responses.  On ITO during 

the first CV, a small increase in the cathodic current appears near –0.20 V, and a 

much larger increase in current corresponding to hydrogen electrolysis occurs 

around –0.49 V.  Typically, hydrogen electrolysis occurs at more positive 

potentials; however, perrhenate adsorption causes the evolution of molecular 

hydrogen to be kinetically slow and occur at more negative overpotentials.
8
  As 

perrhenate is cycled multiple times, a cathodic peak at –0.15 V and an anodic 

peak near +0.10 V grow in with each successive cycle.  This correlated behavior 

suggests that these two peaks are associated with the reversible adsorption and 

reduction of Re
VII

O4
-
 to form an oxidized layer, which is most likely Re

IV
O2.  

Note that a reversible redox reaction involving Re
0
 is not a consideration here  
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Figure 2.6:  Cyclic voltammograms of ITO, Au, Re, and C immersed in 0.1 F 
Re

VII
O4

-
.  The first voltammogram is depicted by a solid line, and the four 

subsequent voltammograms that are also shown are dotted.  The scan rate was 10 
mV/s for all.  All y- and x-axes are scaled the same, and the substrate electrode 
used is written in the upper left corner of the corresponding voltammograms. 

0

10

20

30

40

E (V vs Ag/AgCl)

-0.6-0.4-0.20.00.2

0

10

20

30

40

0

10

20

30

40

-0.6-0.4-0.20.00.2

C
u
rr
en

t 
D

en
si

ty
 (
m

A
/c

m
2
)

0

10

20

30

40 C

ReITO

Au



 36 

because otherwise a substantially larger anodic current would be apparent at the 

rhenium electrode as the potential sweeps positive.  But it is possible that after the 

working electrode is coated with a mixed valent film, deposited Re
0
 catalyzes the 

reduction of Re
IV

, thus explaining the larger quantities of oxide observed by 

Horányi and Bakos at longer deposition times.
13, 15, 41

  Also in Figure 2.6, a 

gradual increase in the anodic current during the positive sweep begins at ~-0.20 

V, and this is likely related to the sluggish oxidation of Re
IV

O2 to Re
VI

O3 

(suggested by XPS data).  Therefore, an alternative explanation for direct Re
IV

 

reduction during multiple cycles is that oxidized Re
VI

 formed during the positive 

sweep catalyzes that reaction.  Interestingly, the voltammetric behavior in Figure 

2.6 is similar to that seen at strongly H-adsorbing electrodes such as Pt
7
 even 

though Au, ITO, Re, and C electrodes are all considered to be non-H adsorbing 

materials.  This result also suggests that rhenium deposition can occur at 

potentials preceding the HER and that contrary to previous hypotheses,
7
 strongly 

adsorbed hydrogen is not required as a co-reactant to form metallic Re
0
.   

Figure 2.7 shows the voltammetric response of an ITO electrode immersed 

in a neat solution containing just 0.1 F Re
VII

O4
-
 versus a solution that consists of 

0.1 F Re
VII

O4
-
, 0.09 F Na2SO4.  Based on this experiment, the presence of sulfate 

anions significantly interferes with the adsorption of perrhenate at potentials 

proceeding the HER, and consequently, the current density is approximately ~100 

times smaller compared to that observed when only perrhenate anions are present 

under the same conditions.  If Figure 2.7b was zoomed in, it is apparent that there 

are cathodic and anodic currents still present which show a small response at 

potentials close to the reduction and oxidation of rhenium oxide, suggesting that,  
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Figure 2.7:  On the left, cyclic voltammograms of an ITO electrode immersed in 
(a) 0.1 F Re

VII
O4

-
 and (b) 0.1 F Re

VII
O4

-
, 0.09 F Na2SO4 are shown on the same 

scale.  The scan rate was 10 mV/s for both.  To the right, an illustration depicting 
ReO4

-
 adsorption (top) and SO4

2-
 competition with Re

VII
O4

-
 (bottom) is shown.   
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even though SO4
2-
 is inhibiting the adsorption of Re

VII
O4

-
, there remain a small 

fraction of available sites on the electrode surface for Re
VII

O4
-
 to be adsorbed and 

reduced.  Furthermore, this current response is consistent with the submonolayer 

oxide coverage observed by Schrebler and coworkers during the electrochemical 

deposition of rhenium in the presence of SO4
2-
 anions

40
.  Additionally, a small 

increase in the cathodic current at ca. –0.35 V in Figure 2.7b can be attributed to 

the onset of the HER, and it is only evident at this positive potential when SO4
2-
 is 

adsorbed, because the larger Re
VII

O4
-
 anions cannot access the working electrode 

and inhibit H
+
 from accessing the electrode surface.  This observation is also in 

agreement with previous reports of rhenium deposition on Au that suggest 

Re
VII

O4
-
 adsorption causes the HER to occur at more negative potentials.

8
  In 

summary, these experiments suggest that perrhenate must adsorb prior to 

deposition and that sulfate impedes the reduction of perrhenate onto ITO.  Similar 

diminishment of the current density is observed on Au, C, and Re electrodes (data 

not shown).  All of these electrode materials do not strongly adsorb hydrogen and 

are not known to strongly adsorb sulfate anions within this potential window.   

Experiments detailing the scan rate dependence of perrhenate reduction on 

ITO suggest that at least one chemical step exists within the deposition 

mechanism before the final product is produced.  As the applied potential is 

cycled at faster scan rates (Figure 2.8) the cathodic and anodic waves broaden, 

indicative of competition between chemical and electrochemical half-reactions.  

Moreover, when cyclic voltammograms are acquired from +0.20 V to –0.40 V, 

the initial current during the reverse sweep is cathodic, implying that at least one 

of the deposition products is catalyzing the reduction of perrhenate, even as the  
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Figure 2.8:  Cyclic voltammograms of ITO immersed in 0.1 F Re

VII
O4

-
.  The scan 

rates are 1, 10, and 100 mV/s as shown.  The first CV is denoted as a solid line, 
while subsequent CVs are dotted.  
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potential is scanned in the positive direction from –0.40 V.  Although previous 

studies show the nucleation and growth behavior of rhenium deposits is very 

complex,
7, 8

 the data presented herein strongly suggests that mixed-valent rhenium 

films can be deposited in significant quantities without molecular hydrogen 

polarizing the deposition.  Based on a critical review of various studies for 

rhenium deposition
7
 and the experiments shown in this chapter, it is proposed 

here that perrhenate anions can reduce onto non-H adsorbing electrodes at 

potentials positive of the HER through a catalytic disproportionation mechanism 

involving both electrochemical and chemical steps (eqs. 2.3 - 2.5):  

 

                Re
VII

O4
-
 → Re

VII
O4

-
(ads)                                              (2.3) 

         

                  4Re
VII

O4
-
(ads) + 20H

+
 + 16e

-
 → 2Re

III
2O3 + 10H2O                          (2.4)   

 

                      2Re
III

2O3 + 6H2O → Re
0
 + 3(Re

IV
O2⋅2H2O)                                (2.5) 

 

Eq. 2.3 is the pre-adsorption step in which water molecules are expelled from the 

electrode surface for Re
VII

O4
-
 adsorption.  Due to charge transfer effects and/or 

the spontaneous reorientation of water during expulsion, a small amount of non-

Faradaic charge is detected by the potentiostat during this process.
7, 17

  Once 

Re
VII

O4
-
 adsorbs onto the working electrode surface, it can be speculated that an 

electrochemical half-reaction reduces Re
VII

O4
-
 to an unstable Re

III
 intermediate 

(Eq. 2.4). The need for both electrochemical and chemical steps, in an EC type 

mechanism as suggested by Fig 2.8, suggests that an intermediate must participate 
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in the deposition pathway, and considering the literature, Re
III
 is the most likely 

candidate.
7, 42

  Although it is not obvious whether or not Re
III
 participates in a 

solid or aqueous phase, there is no color change in solution, suggesting that the 

red, soluble rhenous ion is not electrochemically generated.
28

  Thermodynamic 

calculations based on Nernst equations of known redox couples support this 

disproportionation mechanism
7
, and the chemical step, Eq. 2.5, was taken directly 

from thermodynamic experiments on Re
III

2O3 by Busey and coworkers
43

.  

Information about rhenium deposition on non-H adsorbing electrodes at potentials 

preceding the HER is scant, but the literature on Au in addition to other substrate 

electrodes suggests that disproportionation is the most plausible pathway.
7, 27, 40, 43

 

The net half-reaction for the chemical and electrochemical steps is written in Eq. 

2.6. 

           

 4Re
VII

O4
-
(ads) + 20H

+
 + 16e

-
 → Re

0
 + 3(Re

IV
O2⋅2H2O) + 4H2O            (2.6) 

 

Considering Eq. 2.6, 75% of the thin film should theoretically consist of Re
IV

O2 

and 25% should be Re
0
, and these numbers are consistent with optical studies by 

R. Alan May discussed earlier, which estimate that films deposited at –0.30 V 

(positive of the HER) contain approximately 72% Re
IV

O2 and 28% Re
0
.
9
  At more 

negative overpotentials, molecular hydrogen participates in the electrochemical 

reduction of perrhenate, and a two-step hydrogen polarization mechanism has 

been put forth previously for this potential window by Martins and coworkers 

(Eqs. 2.7 and 2.8).
7
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                Re
IV

O4
-
(ads) + 2H2 → Re

IV
O2⋅2H2O                            (2.7) 

 

               Re
IV

O2⋅2H2O + H2 + 2H
+
 + 2e

-
 → Re

0
 + 4H2O                      (2.8) 

 

To further differentiate between catalytic disproportionation and hydrogen 

polarization, spectroelectrochemical and EQCM experiments were performed on 

ITO and Au electrodes, respectively.  Figure 2.9a shows a cyclic voltammogram 

and the differential absorbance (λ = 480 nm) of an ITO electrode immersed in a 

0.1 F Re
VII

O4
-
 solution together with an absorbance peak at 480 nm monitored in 

situ (Figure 2.9b) using a photodiode array spectrometer.  (The absorbance at 480 

nm was chosen, because it is associated with the 
4
Ag → 

4
B1g electronic transition

44
 

of Re
IV

 and thus is a good indicator of electrochemical growth.)  From the 

beginning of the voltammogram, the potential sweeps in a negative direction with 

no significant change in the electrochemical or spectroscopic response until ca. –

0.22 V, where the current begins to increase. Interestingly, the absorbance does 

not change until approximately –0.29 V, 70 mV past the onset of the current, 

confirming that Re
VII

O4
-
 adsorbs to the ITO surface prior to reduction and 

generates a non-Faradaic response.  Consistent with the mechanistic steps 

outlined above, the increase in absorbance at 480 nm signals the onset of 

perrhenate reduction to the intermediate sesquioxide, Re
III

2O3, which then quickly 

disproportionates into a mixed-valent film containing Re
IV

O2 and Re
0
.  Optically, 

metallic Re
0
 convolutes the whole visible/NIR spectrum as a broad increase in 

baseline absorbance that occurs throughout the deposition.  At more negative 

potentials coinciding with the HER, (<-0.50 V), the baseline absorbance increases  
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Figure 2.9:  Spectroelectrochemical analysis of an ITO electrode response to a 
cyclic voltammogram in 0.1 F Re

VII
O4

-
.  The cyclic voltammogram and calculated 

differential absorbance at 480 nm are shown in (a).  In (b), the absorbance at 480 
nm is tracked as a function of the applied potential.  Scan rate was 10 mV/s.  
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at a faster rate, and this can be attributed to molecular hydrogen catalyzing the 

reduction of Re
IV

O2 to Re
0
.  The differential absorbance at 480 nm suggests that 

there is a time delay between when the HER starts and when the baseline 

absorbance begins to increase at significantly larger intervals, suggesting that 

some quantity of molecular hydrogen must accumulate within the film before the 

deposition mechanism switches from catalytic disproportionation (Eqs. 2.3-2.6) to 

hydrogen polarization (Eqs. 2.7, 2.8).  In Figure 2.9b, the absorbance at 480 nm 

approaches a local minimum (ca. –0.39 V) in the reverse sweep as a result of 

HER termination.  As the potential continues positive of the HER, film growth at 

the working electrode proceeds via catalytic disproportionation, and this can be 

denoted by the rise in absorbance at 480 nm.  Due to the build-up of mixed-valent 

rhenium on the ITO electrode, sluggish electron transport influences the 

voltammetry and causes the current in the reverse sweep to gradually decrease 

until it becomes anodic. During this time, it is speculated that some Re
IV

O2 

oxidizes to Re
VI

O3.
9
  At +0.10 V, an oxidative current peaks simultaneously with 

the loss of absorbance at 480 nm suggesting that Re
IV

O2 is oxidizing to Re
VII

O4
-
 

(i.e., Re
IV

O2⋅2H2O → Re
VII

O4
-
 + 4H

+
 + 3e

-
).  Again, the voltammetric response 

for the reduction of perrhenate at the rhenium electrode (Figure 2.6) suggests that 

it is difficult to oxidize Re
0
 back to perrhenate within our potential region of 

interest (+0.20 V to –0.70 V) indicated by the lack of a large anodic current, and 

this is confirmed spectroscopically, because a large baseline absorbance detected 

over the visible/NIR (300-1000 nm) remains at the end of the cyclic 

voltammogram.          
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To verify the proposed deposition mechanism, the deposited mass was 

measured simultaneously with the potential, current, and charge through EQCM 

experiments.  Figure 2.10 shows a CV of an Au EQCM crystal immersed in a 0.1 

F Re
VII

O4
-
 solution acquired over a potential range of +0.20 V to -0.70V.  At the 

beginning of the experiment, the applied potential is scanned negatively from 

+0.20 V with a rise in the cathodic current preceding a decrease in frequency at 

the EQCM crystal.  This supports the spectroelectrochemical data presented in 

Figure 2.9 and suggests a non-Faradaic process, such as Re
VII

O4
-
 adsorption, 

occurs at the working electrode before rhenium deposition.  At the beginning of 

region I in Figure 2.10 (-0.25 V), the frequency of the EQCM crystal decreases 

and bulk deposition commences.  Between –0.25 V and –0.49 V, rhenium 

electrodeposition occurs without molecular hydrogen strongly influencing the 

deposition.  By rearranging Faraday’s Law to MW/n = (∆m/∆Q)F, a linear 

regression can be fit to the slope of the mass (∆m)-charge (∆Q) plot in Figure 2.10 

to calculate an experimental molecular weight equivalent (MW/n) of the deposit.  

Compared to the theoretical MW/n value for Eq 2.6 (59.3 g mol
-1
 eq

-1
), an 

experimental value calculated from –0.25 V to –0.49V was extremely close (59.7 

g mol
-1
 eq

-1
).  The correlation coefficient for the fit (R

2
) was > 0.98.   

 Once hydrogen evolution commences, an electrochemical determination 

of the rhenium deposition mechanism becomes more difficult, because the 

electrolysis of gaseous hydrogen increases the charge at the working electrode 

substantially.  This is expressed mathematically by Eq. 2.9, where QT, the charge 

detected by the potentiostat, is the summation of the charge due to rhenium 

deposition (QRe) plus the charge due to the HER (QH).   
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Figure 2.10:  EQCM of a 9.995 MHz Au/Ti electrode immersed in 0.1 F Re

VII
O4

-

.  The cyclic voltammogram (upper left), change in frequency (lower left), and 
mass-charge plot (upper right) are shown. Scan rate was 10 mV/s. 
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QT = QH + QRe                                                    (2.9) 

 

Using the experimentally determined molecular weight equivalent for II in Figure 

2.10 (1.68 g mol
-1
 eq

-1
), the efficiency of rhenium deposition (QRe/QT) can be 

approximated.  Based on the electrochemical step of the hydrogen polarization 

mechanism, Eq. 2.9, QRe can be determined from Eq. 2.10 put forth by Schrebler 

and coworkers where nRe is the number of electrons crossing the interface and wRe 

is the combined molecular weights of the products in Eq. 2.9. 

 

        QRe = ∆mFnRewRe
-1
                                               (2.10)       

 

This analysis estimates the electrodeposition efficiency for rhenium during the 

HER to be ca. 0.013, which is consistent with efficiency values calculated by 

Schrebler and coworkers suggesting that QRe/QT in this region is close to zero. 

 Multiple CVs were acquired during an EQCM experiment to confirm that 

the overpotential required for rhenium deposition decreased, or became more 

positive, after the first voltammogram was taken.  In Figure 2.11, potential 

cycling from +0.20 V to –0.40 V is shown at a Au EQCM electrode immersed in 

0.1 F Re
VII

O4
-
.  During the first CV, a molecular weight equivalent (MW/n) of 

59.0 g mol
-1
 eq

-1
 was calculated from –0.25 V to –0.40 V, and this is very close to 

the value determined in I in Fig 2.10 (59.7 g mol
-1
 eq

-1
).  In support of 

spectroelectrochemical studies (Fig. 2.9), when the potential switches from  
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Figure 2.11:  EQCM of a 9.995 MHz Au-Ti quartz crystal cycled in 0.1 F 
Re

VII
O4

-
 from +0.20 V to –0.70 V.  The first CV (solid) and subsequent CVs 

(dotted) are shown.  Scan rate was 10 mV/s. 

E (V vs Ag/AgCl)

-0.4-0.20.00.2

∆
f 
(k

H
z)

-12.0

-8.0

-4.0

0.0

i 
(m

A
)

-0.2

0.0

0.2



 49 

scanning negative to scanning positive, the current increases cathodically and 

mass continues to deposit onto the working electrode.  Subsequent 

voltammograms after the first show a cathodic current at ca. –0.15 V that is 

purported to be associated with the reduction of Re
IV

O2, and using Faraday’s law, 

the calculated equivalent molecular weight values for subsequent voltammograms 

were observed to be larger (e.g., 74.3 g mol
-1
 eq

-1
 for CV #2) and closer to the 

theoretical molecular weight equivalent value of 84.7 g mol
-1
 eq

-1
 for the direct 

electron reduction of Re
VII

O4
-
 to Re

IV
O2 (i.e., Re

VII
O4

-
 + 4H

+
 + 3e

-
  → 

Re
IV

O2⋅2H2O), thus accounting for the Re
IV

 layer at the surface of deposited films 

detected by XPS measurements.  It is proposed that once a mixture of Re
0
 and 

Re
IV

O2 deposit and coat the electrode surface, the deposition of Re
IV

 directly from 

Re
VII 

is more favorable.  

 

2.4 Conclusion 

 Mixed-valent rhenium films can be deposited from acidic perrhenate 

solutions onto non-H adsorbing electrodes (Au, ITO, C, Re) at potentials positive 

of the HER.  In this deposition mechanism, it is proposed that Re
VII

O4
-
 adsorbs 

onto the working electrode prior to a catalytic disproportionation reaction to yield 

~75% Re
IV

O2 and ~25% Re
0
.  When other electrolytes are present in the solution 

(e.g. SO4
2-
) film growth is inhibited, because Re

VII
O4

-
 is a weakly adsorbing anion 

that must compete for sites on the working electrode surface.  At more negative 

overpotentials, the electrolysis of molecular hydrogen participates in the reduction 

of perrhenate anions, and the deposition of mixed-valent rhenium is defined by a 

hydrogen polarization mechanism.  Occluded hydrogen acts as a reducing agent, 
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and although Re
IV

O2 and Re
0
 are still the primary products, spectroscopic 

measurements suggest that Re
0
 occupies a larger mole fraction of films deposited 

during the HER. 
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CHAPTER 3 

Electrochemical Synthesis and Characterization of Rhenium 
Doped Molybdenum Oxides 

 

3.1 INTRODUCTION 

Molybdenum oxide (MoO3) is a redox active cathode material that is 

being considered for potential use in rechargeable Li-ion batteries, smart 

windows, and information displays.
1
 Optical and electronic properties are 

modulated by application of an external potential bias, which induces a change 

via a redox reaction.  Unfortunately, large volumetric changes occur during 

insertion/extraction of Li
+
 within the host that leads to irreversible capacity loss 

(ICL).
2
 To facilitate a phase transition that minimizes strain, researchers have 

explored cation-mixing with species like Na
+
 to improve the charge storage 

properties of MoO3.
3
 Using this approach, it is possible to increase the 

electrochemical stability of the cathode material while simultaneously enhancing 

other material properties (e.g., optical band gap, Li
+
 insertion rates, etc.).  For 

example, several reports discuss strategies to influence the ionic conductivity and 

coloration efficiency of MoO3 by selectively doping in Ti-, V-, and W- cations.
4-6

 

Similarly, we believe it is possible to improve electron diffusion through MoO3 

by doping in a metallic element, such as Re, to develop a mixed conductor that 

can achieve high rate capabilities characteristic of an excellent electrode 

material.
7
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As a cathode material, a key drawback to MoO3 is that it is a poor semi-

conductor (~10
-10

-10
-11

 S cm
-1
).

8-10
 One common strategy to address this problem 

is to mix MoO3 with a carbon-conducting agent, such as graphite, to develop a 

composite electrode material with mixed conductivity. Aside from the additional 

processing requirements, disadvantages of this approach include an increased 

electrode weight (as much as 50 wt% C)
10

 and a reduction in both the volumetric 

and gravimetric energy density.
11

 Alternatively, the conductivity of MoO3 can be 

increased by wiring the lattice structure with another electronically conducting 

metal oxide that facilitates electron transport.  This route offers the possibility for 

preparing a mixed conductor without necessitating the inclusion of inert additives.  

In the most dramatic example, Chiang and coworkers claimed the electronic 

conductivity of LiFePO4 increased from 10
-9
-10

-10
 S cm

-1
 to >10

-3
 S cm

-1
 by 

substitutionally doping Mg, Al, Ti, Nb, or W cations into the lattice without 

incurring major losses in energy density or Li
+
 storage capacities.

11
 Although 

researchers debate the source of improved conductivity (e.g., impurity phases, 

cation deficiencies),
12

 it is clear that electron transport networks can be enhanced 

by mixing an active electrode material with a separate oxide component.  For 

example, a recent report by Meier and coworkers demonstrates how a poor 

electronically conducting and Li
+
 inactive TiO2 semi-conductor can become an 

promising Li
+
 insertion material by co-mixing with a well-known electronic 

conductor, RuO2.
7
 An extension of this work shows similar kinetic and rate 

capability enhancements in LiFePO4 via a nanoscale RuO2 network.
13

  

Considering these results, we propose it is possible to improve other 

poorly conducting electrode materials, such as MoO3, by mixing in conductive 
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transition metal oxides to optimize material performance.  This chapter explores 

the doping of Re species into MoO3 (i.e., Re
0
, Re

IV
O2, Re

VI
O3) since Re and its 

oxides are very electronically conducting (as high as ~10
4
 S cm

-1
).

14-17
 

Furthermore, since Mo and Re oxides share structural group relationships with the 

BO3 perovskite family, they should form solid solutions of mixed phases
18, 19

 that 

have enhanced electron transport pathways.   

Using electrochemical deposition, we explore the development of MoxRe1-

xOy electrodes over a large phase space (0.6 ≤ x ≤ 1) from aqueous solution.  The 

deposits are grown as conformal coatings with processing options that allow 

researchers the flexibility to tune the material properties that directly influence the 

efficiency of electrochemical charge storage (e.g., composition, stoichiometry, 

structure).  In addition, we detail the unique binary deposition mechanism of 

MoxRe1-xOy, in which the soluble perrhenate anion (Re
VII

O4
-
) acts as a redox 

mediator to facilitate the deposition of Mo oxides at positive potentials.  UV-

Visible spectroelectrochemistry and X-ray photoelectron spectroscopy (XPS) 

demonstrates how our procedure can be used to deposit a variety of mixed-valent 

cathode materials as amorphous thin films, and inductively coupled mass 

spectroscopy (ICPMS) explores trends in the Re dopant concentration as a 

function of the deposition potential.  The simultaneous acquisition of 

voltammetric, coulometric and nanogravimetric data was used to describe the 

deposition mechanism of MoxRe1-xOy, and all proposed half-reactions for 

reduction were fully consistent with the spectroscopic results. 
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3.2 EXPERIMENTAL PROCEDURE 

3.2.1 Preparation of the Peroxo-Based Deposition Solutions 

A detailed procedure for synthesizing perrhenate and peroxo-

polymolybdate solutions (~0.1 F) is discussed in published reports.
20, 21

 Briefly, 

zero-valent Mo and Re metals were reacted with a molar excess of 30% H2O2 

(Fisher) in an exothermic reaction to yield aqueous solutions suitable for 

electrodeposition.  Unreacted H2O2 was decomposed catalytically with high-

surface area Pt black,
22

 and the solutions were diluted with nanopure water (18 

MΩ⋅cm) until a formal concentration of 0.1F was reached.  Due to the 

precipitation of insoluble byproducts, these solutions were filtered with 0.22 µm 

filters (Millex
®
 GP) prior to use.  Mixed metal (peroxo-polymolybdo-perrhenate) 

solutions were prepared by combining the perrhenate and peroxo-polymolybdate 

baths proportionally in a 1:1 volumetric ratio.  Unless stated otherwise, the 

concentration of metal in the perrhenate and peroxo-polymolybdate solutions was 

~0.1 F, and the concentration of metal in the mixed solution was ~0.05 F Mo, 

~0.05 F Re.  The pH of the perrhenate, peroxo-polymolybdate, and peroxo-

polymolybdo-perrhenate solutions was approximately 1.4, 1.9, and 1.6 

respectively, at room temperature (25 ± 2 °C).   

3.2.2 Thin Film Growth and Characterization 

Metal oxides analyzed by inductively coupled plasma mass spectrometry 

(ICPMS) and X-ray photoelectron spectroscopy (XPS) experiments were prepared 

directly from the Mo and Re peroxo-based solutions using chronocoulometry. For 

the deposition, a CH 440 potentiostat/galvanostat (CH Instruments) was 
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interfaced to a homemade electrochemical cell with a fixed working electrode 

area of 0.45 cm
2
. Thin films were grown onto a pre-cleaned

23
 indium tin oxide 

(Delta Technologies Ltd., 15 Ω/square) substrate. The reference and counter 

electrodes were a Ag/AgCl (KCl sat’d, World Precision Instruments) and Pt wire, 

respectively. Chronocoulometry experiments were normalized to charge and 

terminated after 0.03 C was passed during the deposition. Cyclic voltammograms 

(CVs) of the indium tin oxide (ITO) substrates in the deposition solutions were 

carried out in the same homemade electrochemical cell (0.45 cm
2
 fixed area). All 

potentials in this report are referenced to the Ag/AgCl (KCl sat’d) reference 

electrode, and all electrochemical experiments were conducted under ambient 

conditions at room temperature (25 ± 2 °C).  

The Re and Mo fractions in MoxRe1-xOy films were determined using a 

GBC Optimass 8000 ICPMS. Thin films electrochemically deposited between 

+0.1 V and –0.7 V were dissolved in 1.0 mL of concentrated NH4OH followed by 

2.0 mL of concentrated HNO3. By visible examination all of the solid analyte was 

removed from the ITO substrate and made soluble. The analyte solutions were 

then diluted to 25 mL with nanopure water and transferred to Nalgene

 bottles for 

storage. Molybdenum and rhenium standards were prepared from a 1000 ppm 

Specpure

 AAS molybdenum solution (Alfa Aesar) and ammonium perrhenate 

(Strem) precursors using serial dilution.  Linear four-point calibration curves (R
2
 

> 0.99) were constructed for each element, including a blank solution set at zero.  

All dilutions and volumetric measurements were performed with volumetric 

glassware, and all solutions were prepared on the same day as ICPMS analysis.  
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The extraction efficiencies for Mo and Re are estimated at 66% and 42% 

respectively. 

XPS measurements were taken on a Kratos Axis Ultra DLD X-ray 

photoelectron spectrometer equipped with a monochromated Al Kα (1486.7 eV) 

source.  This instrument was calibrated against Au 4f7/2, Ag 3d5/2, and Cu 2p3/2 

spectral lines
24

.  To analyze the surface layer, high resolution scans of the Re 4f, 

Mo 3d, and O 1s regions were taken of all materials.  The Re 4f region was scan 

averaged five times, and the Mo 3d region was scan averaged two times. XPS 

peaks obtained were deconvoluted and fitted with the freeware FITT program 

(Version 1.2, written by Hyun-Jo Kim, Seoul National University) using a 

modified Levenberg-Marquardt peak fit, with respect to the Mo
IV

, Mo
V
, and Mo

VI
 

oxidation states. The Mo 3d fits used a fixed spin-orbit splitting energy of 3.13 

eV
25

, and the area ratio of the 3d5/2 : 3d3/2 peaks was held constant at 1.5
26

. The 

Shirley method
27

 was used for background corrections, and reported binding 

energies were within ± 1.0 eV of reported values
28

. Depth profiling experiments 

were also conducted with the XPS in which MoxRe1-xOy films were Ar
+
 sputtered 

at 4 kV.  Single sweeps of the Re 4f and Mo 3d spectral regions were acquired 

between 20 s etch cycles, and the Mo and Re content was quantified using the 

Kratos Axis Ultra DLD software.  Sample depths were estimated from the 

sputtering rate of an electrodeposited Mo oxide film (~4 nm/min) and thickness 

measurements acquired using atomic force microscopy line scans with a Veeco 

Instruments Bioscope Nanoscope IV.   

Spectroelectrochemical experiments were conducted by interfacing a CH 

700 bipotentiostat (CH Instruments) to an Agilent Instruments 8453 UV-Visible 



 60 

spectrometer with a photodiode array detector. A homemade electrochemical cell 

with an ITO working electrode, Pt counter, and Ag/AgCl (KCl sat’d) reference 

was constructed to mount on the sample stage of the spectrometer. A cathodic 

linear sweep was acquired at a scan rate of 10 mV/s over a range of +0.4 to –0.7 

V while the spectrometer simultaneously acquired spectra every 4.5 seconds. The 

integration time for each spectrum was 0.4 seconds. 

EQCM measurements were performed on a CH 440 

potentiostat/galvanostat using a 9.995 MHz AT-cut polished quartz crystal 

(International Crystal Manufacturers, Inc.) with a ~10 nm Ti adhesion underlayer 

and a ~100 nm Au electrode overlayer. This crystal (0.201 cm
2
 area) served as the 

working electrode, and it was used in conjunction with a Pt counter and a 

Ag/AgCl (KCl sat’d) reference. Prior to experimentation, the QCM crystal was 

cleaned with dilute 0.1 M HNO3 and rinsed with nanopure water. Calibration of 

the EQCM crystal was adapted from an established procedure
29

, where cyclic 

voltammograms of a 10
-3
 M AgNO3, 0.2 M H2SO4 solution were collected in a 

cell purged with argon. Using the Sauerbrey equation
30

, (∆f = -Cf∆m) where ∆f is 

the change in frequency of the EQCM crystal and ∆m is the change in mass, the 

proportionality constant, Cf, was determined based on five Ag
+
 

deposition/stripping cycles taken at 10 mV s
-1
. For the reported EQCM 

experiment, the proportionality constant was 0.825 ± 0.006 Hz/ng. Following 

calibration, a peroxo-polymolybdo-perrhenate solution was examined by the 

EQCM using cyclic voltammetry at a scan rate of 10 mV/s under ambient 

conditions. All EQCM work was performed in a homebuilt Faraday cage. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Electrodeposition of MoxRe1-xOy Using Chronocoulometry 

Rhenium doped molybdenum oxides can be electrochemically deposited 

from peroxo-based solutions using chronocoulometry.  In this experiment, a 

constant negative potential is applied to the working electrode and soluble metal 

species (e.g., Re
VII

O4
-
, H2Mo

VI
O4) are reduced at the electrode surface to form a 

solid.  Plots of charge (Q) vs. time (t) are acquired during electrochemical film 

growth to monitor the reaction.  Assuming the deposition is Faradaic, the charge 

detected by the potentiostat is directly proportional to moles of species reacted (N) 

in accordance with Faraday’s Law (Q = nFN).  In Figure 3.1, the potential of an 

ITO electrode was held at –0.30 V in a mixed (0.05 F Mo, 0.05 F Re) solution.  

The charge density measured by the potentiostat after 45 seconds was 58.8 

mC/cm
2
, and this value is significantly larger compared to readings of 35.6 

mC/cm
2
 and 6.1 mC/cm

2
 obtained during depositions from the neat 0.1 F peroxo-

polymolybdate and the 0.1 F Re
VII

O4
-
 solutions, respectively (under the same 

conditions).  These results suggest that Mo and Re are either co-deposited 

together from the mixed (0.05 F Mo, 0.05 F Re) solution or that the deposition 

efficiency of a single phase is increased.    

The compositional analysis of these films is presented vide infra, but 

assuming there is no co-deposition scheme at –0.30 V, there are only a few 

plausible explanations for film growth.  One possibility is based on work by 

Schrebler and coworkers,
31

  in which seed particles of Re nucleate on the 

electrode surface through underpotential deposition (UPD) and influence the 

deposition efficiency of other species.  To test this theory we deposited Mo oxide  
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Figure 3.1: Constant potential depositions using ITO electrodes immersed in 
perrhenate (0.1 F Re), peroxo-polymolybdate (0.1 F Mo), and peroxo-
polymolybdo-perrhenate (0.05 F Mo, 0.05 F Re) solutions.  The average charge 
vs. time curves over 45 seconds are shown above using an applied potential of –
0.3 V.  The time required to pass 0.03 C over a fixed geometric area of 0.45 cm

2
 

is depicted below with error bars that signify the standard deviation (perrhenate 
not shown). 
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onto Re
0
 foil electrodes from 0.1 F peroxo-polymolybdate solutions, however, the 

chronocoulometric response of the Re
0
 foil did not indicate a substantial increase 

in the deposition efficiency.  Another possibility is that the deposition efficiency 

of Mo oxide increases in the presence of perrhenate anions due to a redox 

mediated process.  If Re
VII

O4
-
 is reduced to Re

IV
O2 and then quickly re-oxidized, 

this redox process could promote the deposition of Mo oxide to be at least 3 times 

faster based on the number of electrons transferred.   

An electrochemical (EC) redox-mediated deposition mechanism can be 

proposed if the product(s) that are electrochemically generated are known.  Let us 

assume that Mo3O8 (a common deposition product from peroxo-polymolybdate 

solutions)
21

 is being formed from the mixed (0.05 F Mo, 0.05 F Re) solution at –

0.30 V by a simple H2Mo
VI

O4/Mo3O8 couple (i.e., 3H2Mo
VI

O4 + 2H
+
 + 2e

-
 → 

Mo3O8 + 4H2O) with a known standard reduction potential of +0.403 V.
32

 Using 

the H2Mo
IV

O4/Mo3O8 and the Re
VII

O4
-
/Re

IV
O2 couples, we can write a half-

reaction for reduction as written in eq. 3.1: 

 

9H2Mo
VI

O4 + 2Re
VII

O4
-
 + 14H

+
 + 12e

-
 → 3Mo3O8 + 2Re

IV
O2 +16H2O           (3.1) 

 

A subsequent chemical step may then occur that facilitates redox-

mediation through the three-electron oxidation of Re
IV

O2 (eq. 3.2). 

 

2Re
IV

O2 + 9H2Mo
VI

O4 → 3Mo3O8 + 2Re
VII

O4
-
 + 2H

+
 + 8H2O             (3.2) 
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Since this reaction has a standard potential of +0.09 V, it is spontaneous and 

consistent with a redox-mediated pathway.   

From the chronocoulometry data, we know that depositions on ITO from 

0.1 F Re
VII

O4
-
 and 0.1 F peroxo-polymolybdate solutions are slow compared 

depositions from the mixed (0.05 F Mo, 0.05 F Re) solution.  A compositional 

analysis of films deposited from the mixed (0.05 F Mo, 0.05 F Re) solution from 

+0.1 V to –0.2 V have a Re mole fraction of <1% (Table 3.1).  This supports the 

redox-mediated deposition scheme proposed above.  Additionally, AFM thickness 

measurements confirm the enhanced growth in Mo oxide, as films deposited from 

the mixed-metal solution in Figure 3.1 can be almost twice as thick compared to 

films deposited from a 0.1 F peroxo-polymolybdate solution under the same 

conditions.  Moreover, at potentials where bulk Re is not known to deposit, such 

as +0.1 V, even small amounts of perrhenate mixed with the Mo precursor 

solution increase the deposition efficiency of Mo oxide (Figure 3.2a).  When a 

small concentration of Mo is added to the Re precursor (Figure 3.2b), the 

chronocoulometry curve has a much larger slope (0.12 mC s
-1
 cm

-2
) than might be 

otherwise expected, again supporting the concept that a redox mediator could be 

triggering electrodeposition.   

A trend in the chronocoulometry data also shows the trend that the amount 

of time for the potentiostat to detect a fixed charge deposited over a fixed area 

decreases as the potential becomes more negative (Figure 3.1). At more negative 

potentials, the mixed deposition of Mo with Re influences the electrochemical 

behavior, but also, when Edep ≤ -0.4V, proton insertion and/or hydrogen evolution 

(i.e., 2H
+
 + 2e

-
 → H2) is expected to compete with film growth.  Both of these  
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Deposition Solution 

 

Applied Potential Time (s) Thickness (nm) Mole Percentages 

(V vs Ag/AgCl) (V vs Ag/AgCl) to pass 0.03 C   Mo Re 

0.1 F Mo 0.1 185 69 100.0 ---- 

0.05 F Mo, 0.05 F Re 0.1 94 126 99.4 0.6 

0.1 F Mo -0.1 106 77 100.0 ---- 

0.05 F Mo, 0.05 F Re -0.1 95 103 99.7 0.3 

0.1 F Mo -0.3 95 76 100.0 ---- 

0.05 F Mo, 0.05 F Re -0.3 53 137 97.9 2.1 

0.1 F Mo -0.5 42 91 100.0 ---- 

0.05 F Mo, 0.05 F Re -0.5 14 167 76.9 23.1 

0.1 F Mo -0.7 11 169 100.0 ---- 

0.05 F Mo, 0.05 F Re -0.7 8 194 60.7 39.2 

 
Table 1: Average film composition, thickness, and deposition time as a function 
of the applied potential used to deposit 0.03 C onto an ITO working electrode of 
fixed geometric area 0.45 cm

2
. 
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Figure 3.2: Chronocoulometry experiments with ITO immersed in peroxo-
polymolybdate (0.1 F Mo) and peroxo-polymolybdo-perrhenate solutions (0.09 F 
Mo, 0.01 F Re) are shown in plot (a).  Chronocoulometry experiments with ITO 
immersed in perrhenate (0.1 F Re) and peroxo-polymolybdo-perrhenate solutions 
(0.09 F Re, 0.01 F Mo) are shown in plot (b).  Deposition potential for all was 
+0.1 V. 
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processes increase the number of Coulombs per second detected by the 

potentiostat, in addition to influencing the composition and stoichiometry of 

electrodeposited films.   

3.3.2 Voltammetric Response of ITO Immersed in Mixed (0.05 F Mo, 0.05 F 
Re) Solutions   

Voltammograms were performed to analyze the deposition mechanism of 

MoxRe1-xOy as a function of potential.  In Figure 3.3, CVs of ITO immersed in 

peroxo-based solutions containing Mo and Re ions are compared.  When an ITO 

electrode is immersed in a 0.1 F peroxo-polymolybdate deposition bath and the 

potential is scanned negatively (Figure 3.3a), the current density begins to 

increase just negative of +0.2 V simultaneously with the deposition of a blue 

metal oxide.  Based on electrochemical studies done at other non-H adsorbing 

electrodes (e.g., Au, C),
21, 33

 the resultant product is likely Mo
V

2O5·3H2O. 

Between approximately 0.0 V and –0.4 V, EQCM studies on Au show the mixed-

valent oxide Mo3O8·xH2O deposits, in which Mo3O8·xH2O becomes less hydrated 

as the potential becomes more negative.
21

 A sharp increase in current density at ca 

–0.4 V is indicative of an electrolysis reaction that inserts protons into the Mo3O8 

film, thereby inducing an electrochemical reduction to generate the brownish 

Mo
IV/V

 oxide hydroxide, Mo3O8-x(OH)x·xH2O.
21

 When the direction of the 

potential scan is switched at –0.7 V, the reverse sweep displays irreversible 

behavior, demonstrating that it is not possible to oxidize the bronze and/or that 

oxidation is kinetically slow in this potential region.
21

 Subsequent 

voltammograms in the peroxo-polymolybdate solution show no currents 

associated with Mo
V/VI

 growth, and only the electrolysis of protons is observed.   
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Figure 3.3: Cyclic voltammograms of ITO immersed in (a.) peroxo-
polymolybdate (0.1 F Mo) (b.) perrhenate (0.1 F Re) and (c.) peroxo-
polymolybdo-perrhenate (0.05 F Mo, 0.05 F Re) solutions over a scan rate of 10 
mV/s.  The first CV is a solid line, and subsequent CVs are dotted. For 
comparison, the y-axes are scaled the same. 
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By comparison, an ITO electrode immersed in the perrhenate solution 

(Figure 3.3b) has a different current response.  As the potential is scanned 

negatively from +0.4 V, the current density does not begin to rise until ca. –0.2 V.  

Some of the initial current response is associated with the non-Faradaic 

adsorption of perrhenate onto the working electrode,
20, 31, 34

 but at more negative 

potentials (ca. -0.25 V to –0.49 V) an unstable Re
III
 intermediate is generated, 

which then disproportionates to form a mixture of hydrated Re
IV

O2 and Re
0
 in a 

~3:1 mole ratio.
20

 At –0.5 V, the onset of the hydrogen evolution reaction (HER) 

is observed and molecular hydrogen is produced.  Hydrated Re
IV

O2 and Re
0
 are 

still formed, but as hydrogen gas becomes occluded in the film, the reduction to 

Re
0
 is catalyzed. As a result, the mole fraction of Re

0
 increases at larger 

overpotentials.
20, 34

 The voltammetric response during the reverse sweep confirms 

that Re
IV

O2 is present with the oxidation peak at +0.1 V signifying the three 

electron oxidation of Re
IV

O2 to Re
VII

O4
-
 (i.e., Re

IV
O2·2H2O → Re

VII
O4

-
 + 4H

+
 + 

3e
-
).

20
  During repeated potential cycling, cathodic and anodic currents at +0.10 V 

and –0.15 V appear to grow in together as a consequence of the reversible nature 

of the Re
IV

O2/Re
VII

O4
-
 redox couple.  Since Re

0
 does not oxidize over the 

analyzed potential window (+0.4 V to –0.7 V), there is no reversibility associated 

with its deposition.   

CVs of ITO immersed in the peroxo-polymolybdo-perrhenate (0.05 F Mo, 

0.05 F Re) solution display an electrochemical response that is unique to the 

response of ITO immersed in the neat peroxo-polymolybdate and perrhenate 

solutions. As the potential is scanned negatively from +0.4 V, an increase in the 

current occurs around +0.2 V consistent with the reduction of Mo
V

2O5·3H2O from 
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molybdic acid.
21

 The cathodic current peaks just negative of 0.0 V, at a potential 

slightly more positive than the current response obtained using the peroxo-

polymolybdate precursor in Figure 3.2a.  This could be a result of a redox-

mediated deposition.  A larger potential difference between CVs is observed for 

the onset of proton electrolysis, in which the associated current increase occurs at 

a more positive potential with the peroxo-polymolybdo-perrhenate solution (ca. –

0.3 V) than with the neat peroxo-polymolybdate (ca. –0.4 V) solution.  This 

difference in the onset potential can be explained by the co-deposition of Re 

(Table 3.1) and its influence on proton electrolysis.
35

 Consistent with deposition 

from a neat, acidic perrhenate solution at ITO,
20

 we propose that Re deposits from 

the mixed (0.05 F Mo, 0.05 F Re) solution at potentials negative to –0.3 V, and 

this electrochemical reduction contributes to the measured current response. 

Additionally, the efficiency of proton insertion into Mo oxide may be increased 

by the presence of adsorbed perrhenate anions that facilitate redox behavior.  

Interestingly, the reverse sweep of the first CV shows an anodic peak around 0.0 

V.  Although the origins of this current are debatable, it was noticed that this 

anodic peak only appears when perrhenate anions are added to the peroxo-

polymolybdate solution.  Once the Mo oxide portion of the film consists of an 

insulating Mo
IV/V

 bronze, the blue Mo
IV/V/VI

 oxide no longer deposits, and this 

causes subsequent cycles to exhibit irreversible behavior similar to the current 

response of proton electrolysis in Figure 3.3a.  

3.3.3 Compositional Analysis via ICPMS and XPS 

An elemental analysis of the thin film deposits was necessary to 

differentiate between true co-deposition of the two metals and an increase in the 
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Mo oxide deposition efficiency as a function of the deposition potential.  ICPMS 

measurements (Figure 3.4) show that Mo will deposit from a peroxo-

polymolybdo-perrhenate (0.05 F Mo, 0.05 F Re) solution onto ITO at all 

potentials from +0.1 V to –0.7 V, but the Re fraction is generally <1% for films 

deposited from +0.1 V to –0.2 V.  As previously mentioned, we propose that a Re 

couple (i.e., Re
VII

/Re
IV

) is mediating the deposition of Mo oxide over this 

potential region by the EC mechanism proposed in Eqs 3.1 and 3.2.  Since this 

mechanism is dependent upon the spontaneous oxidation of Re
IV

O2, no Re is 

expected to be present in the resultant film products. The ICPMS data confirms 

this experimentally. At more negative potentials (-0.3 V to –0.7 V), Re co-

deposits with Mo (Figure 3.4). A linear increase in the Re mole fraction 

(incorporated in the deposit) is observed as larger overpotentials are selected for 

deposition.  When a linear regression is fit to a plot of the Re mole fraction vs. the 

applied deposition potential, the x-axis intercept suggests that bulk deposition of 

Re begins at approximately –0.26 V (Figure 3.4). This is virtually the same onset 

potential that was proposed for the catalytic disproportionation of Re from a neat, 

acidic perrhenate solution in Chapter 2.
20

  

Since the bulk deposition of rhenium onto ITO from the mixed (0.05 F 

Mo, 0.05 F Re) solution occurs at the same potentials as rhenium deposition from 

the neat perrhenate solution
20

, it is possible to prepare MoxRe1-xOy films 

electrochemically.  Interestingly, XPS survey scans of the MoxRe1-xOy film 

surface show that virtually no rhenium is present within the  
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Figure 3.4: Mole fraction of Mo and Re in films deposited from peroxo-
polymolybdo-perrhenate (0.05 F Mo, 0.05 F Re) solutions as a function of the 
deposition potential used (top).  Each film was deposited to a charge of 0.03 C 
with a fixed geometric area of 0.45 cm

2
.  The error bars signify standard 

deviations.  Below, a linear regression of the Re fraction is extrapolated to zero.  
The Re fraction intercepts the Edep axis at –0.26 V. 
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depth of photoelectron penetration (<5 nm) regardless of the applied potential, 

suggesting that the rate of Re deposition is kinetically slow compared to Mo.  

XPS depth profiling of several samples confirmed that Re is only present in the 

bulk of the deposit, beneath the surface.  In Figure 3.5, data from a mixed film 

that was deposited at –0.6 V to a charge of 0.03 C is shown.  The carbon 

contamination layer is completely removed within five seconds of Ar
+ 
sputtering 

(4 kV), but poor sputtering yields (~4 nm/min for Mo) required minutes of 

etching to clearly identify prominent Re 4f peaks.  From AFM measurements, the 

film presented in Figure 3.4 had a thickness from surface to substrate (prior to 

sputtering) that was approximately 158 nm.  We estimate that at least the top ~8 

nm is virtually all molybdenum oxide, with rhenium concentrations below the 

detection limits of the XPS.  As the ion gun probes deeper into the sample, Re
0
 

peaks in the 4f spectral region rise above the baseline and a concentration gradient 

becomes apparent.  After approximately 600 s of etching, the Re and Mo fractions 

appear to be constant at 35% and 65% respectively, with decomposition by the 

ion gun causing the sample to appear more reduced than expected.  A simple 

sputtering rate that applies to the entire film cannot be reported due to the binary 

product comprising of significantly different atomic masses (95.9 and 186.2 g/mol 

for Mo and Re respectively); however, AFM line scans estimate that after 780 

seconds of etching, the ion gun has removed ~47 nm of the film.   

Unfortunately, it is difficult to accurately assess the metal oxidation states 

and/or concentrations during XPS depth profiling due to preferential sputtering, 

atomic mixing, and material decomposition, all of which 
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Figure 3.5: Depth profiling of a MoxRe1-xOy film deposited at –0.6 V onto an ITO 
substrate from a peroxo-polymolybdo-perrhenate (0.05 F Mo, 0.05 F Re) solution.  
Re 4f and Mo 3d spectra taken at 20 s etch cycles are shown to the left with the 
surface scan as a dashed line.  On the right, the metal mole fractions are shown as 
a function of the sputtering time. 
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occur as a result of ion bombardment.  However, the surface layer oxidation state 

concentrations can be quantified, and consistent with previous studies, our data 

suggests the Mo oxidation state largely depends upon the applied potential used to 

deposit (Table 3.2).
28

 If we prepare a MoxRe1-xOy film using a deposition potential 

of –0.2 V, a deconvolution of the Mo 3d band shows there is 25% Mo
IV

, 58% 

Mo
V
, and 17% Mo

VI
 (Figure 3.6).  The high concentration of Mo

V/VI
 gives the 

film its bluish color. In comparison, a film grown at a more negative deposition 

potential of –0.6 V appears brown and has a more reduced surface composition of 

79% Mo
IV

, 17% Mo
V
, and 4% Mo

VI
.  High-resolution XPS spectra of the O 1s 

and Mo 3d peak areas were used to estimate the oxygen-to-molybdenum mole 

ratio of films deposited from the peroxo-polymolybdo-perrhenate solution and the 

peroxo-polymolybdate precursor. In all cases the O:Mo mole ratio was 

approximately 2.6, consistent with Mo3O8 or Mo3O8-x(OH)x, confirming that the 

film surfaces are compositionally similar, but have more reduced Mo sites when 

the deposition potential coincides with proton insertion. 

3.3.4 UV-Visible Spectroelectrochemistry  

The different phases that participate in MoxRe1-xOy film growth were 

monitored during deposition by UV-Visible spectroscopy.  In Figure 3.7, a 

spectroelectrochemical experiment was performed in which a linear potential 

sweep was applied to an ITO electrode immersed a peroxo-polymolybdo-

perrhenate (0.05 F Mo, 0.05 F Re) solution simultaneously while UV-Vis 

absorption spectra were acquired every 4.5 seconds.  As the potential sweeps 

negative from +0.4 V, a cathodic current occurs just negative of +0.2V in  
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Table 2: XPS analysis of high resolution Mo 3d spectra taken at the surface of 
deposited films. 

Deposition 

Potential          Solution 
Mo 3d(5/2)                

Binding Energies             Relative Percentages 
Mole  

Percent 

(V vs 
Ag/AgCl)   Mo(IV) Mo(V) Mo(VI) Mo(IV) Mo(V) Mo(VI) Mo O 

0.0 0.05 F Mo, 0.05 F Re 231.45 232.46 233.16 28.6 54.3 17.1 27.2 72.8 

-0.2 0.1 F Mo 231.49 232.44 233.12 32.3 45.4 22.2 26.9 73.2 

-0.2 0.05 F Mo, 0.05 F Re 231.49 232.44 233.12 25.4 58.0 16.6 27.7 72.3 

-0.4 0.05 F Mo, 0.05 F Re 231.58 232.58 233.44 59.3 29.6 11.1 27.4 72.6 

-0.6 0.1 F Mo 231.68 232.71 233.70 81.8 15.1 3.1 27.8 72.2 

-0.6 0.05 F Mo, 0.05 F Re 231.71 232.76 233.67 78.6 17.2 4.1 28.1 71.9 
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Figure 3.6: High resolution XPS surface scans of thin films electrochemically 
deposited from a peroxo-polymolybdo-perrhenate (0.05 F Mo, 0.05 F Re) solution 
onto ITO.  The Mo 3d spectral region is shown for films deposited at –0.2 V (a) 
and –0.6 V (b). 
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Figure 3.7:  Linear sweep voltammogram of ITO immersed in a peroxo-
polymolybdo-perrhenate (0.05 F Mo, 0.05 F Re) solution shown in (a.) with 
simultaneously acquired absorbance spectra in (b.).  Differential absorbance at 
760 and 450 nm is plotted in (c). Scan rate is 10 mV/s. 
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conjunction with an absorbance maximum at 790 nm and Mo
V

2O5 deposition.  

The NIR peak at 790 nm blue shifts approximately 30 nm as the linear sweep 

proceeds negative to +0.05 V, suggesting that the stoichiometry and oxygen-

content of the deposit changes over this potential region to yield hydrated 

Mo3O8.
21, 36

 The literature is inconsistent explaining the exact electronic process 

that causes the broad absorbance; however, it has been attributed to both a Mo
V
 

→ Mo
VI

 intervalence transition
5
 and an O

2- 
→ Mo

VI
 electron transfer process

36
.  

In either case, the absorbance at 760 nm can be used to optically report on the 

electrochemical growth of blue Mo oxides.
21

 The differential absorbance (δA/δE) 

at this wavelength (Figure 3.7c) shows that Mo oxide deposition increases sharply 

around +0.18 V and decreases just negative of 0.0 V, suggesting that the 

deposition rate of Mo
V/VI

 declines as the potential becomes more negative.  As 

expected δA/δE (at 760 nm) increases again slightly at –0.27 V, and this is 

attributed not to Mo, but to the onset of Re deposition – specifically the broad 

baseline absorbance of co-deposited Re
0
.  At more negative potentials the blue 

molybdenum oxides no longer deposit and the film is protonated to the brownish 

Mo
IV/V

 bronze, resulting in a substantial decrease of differential absorbance values 

at 760 nm and a linear rise in the voltammetric current response.  

Absorbance at shorter wavelengths (420-550 nm) occurs at potentials 

positive to the onset of rhenium deposition as a result of the Mo
V
 
2
Eg → 

2
T2g 

transition.
5, 21, 37

 Reflectance experiments on Mo
IV

O2 by Dissanayake and Chase 

suggest that the d-d Mo
V
 transition may be convoluted with the tails of higher 

energy Mo
IV

 transitions,
38

 causing some additional broadening over these 

wavelengths as the film becomes more reduced.  When the Re
IV

O2 and Re
0
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mixture co-deposit with Mo, a d-d ligand field transition of Re
IV

 further increases 

the absorbance over the local range of 420-550 nm
39

 (in addition to baseline 

broadening from Re
0
). Since the d-d Re

IV
 and Mo

V
 transitions are convoluted with 

each other, an exact onset potential for Re
IV

O2 deposition is not clear from the 

spectroscopic data.  However, Re
IV

O2 is definitely present, because the total 

absorbance from 420-550 nm is significantly larger than the absorbance obtained 

from the same experiment performed with a peroxo-polymolybdate (0.1 F Mo) 

solution void of rhenium (data not shown).  

3.3.5 Electrochemical Quartz Crystal Microbalance Studies 

Half-reactions that describe deposition from the mixed (0.05 F Mo, 0.05 F 

Re) solution can be proposed by considering our previously discussed results 

together with data acquired using the EQCM.  By analyzing the voltammetric 

response of an EQCM electrode immersed in the mixed (0.05 F Mo, 0.05 F Re) 

solution, we can calculate the equivalent molecular weight of the deposit as a 

function of potential using Faraday’s Law (MW/n = F∆m/Q).  In Figure 3.8, a 

gold-coated EQCM crystal was immersed in the mixed (0.05 F Mo, 0.05 F Re) 

solution and scanned negatively from +0.4 V, with the first significant current and 

frequency response observed just negative of +0.2 V.  The frequency decreases 

throughout the remainder of the cyclic voltammogram, suggesting that mass 

deposition occurs throughout.  Over the potential range of +0.18 V to +0.07 V, we 

fit a linear regression (R
2
 > 0.99) to a plot of ∆m vs. Q and determined an 

equivalent molecular weight of 163.5 g mol
-1
 eq

-1
.  Considering literature reports 

describing the electrochemical reduction of molybdic acid from iso- and peroxo- 
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Figure 3.8: EQCM of a 9.995 MHz Au-coated QCM crystal immersed in a 
peroxo-polymolybdo-perrhenate solution. A cyclic voltammogram from +0.4 V to 
–0.7 V is shown (upper left) with the simultaneously acquired change in 

frequency data (below). Using Sauerbrey’s equation (∆f = -Cf∆m), a plot 
correlating the change in mass versus charge was calculated (upper right). 
Molecular weight equivalents (MW/n) of Regions I, II, and III were calculated at 
163.5, 100.5, and and 56.6 g mol

-1
 eq

-1
 respectively. R

2
 for all MW/n fits were > 

0.99.  
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polymolybdate solutions
21, 33, 40

, it is likely that hydrated Mo
V

2O5 is depositing as 

described in eq. 3.3.   

  

2H2Mo
VI

O4 + 2H
+
 + 2e

-
 → Mo

V
2O5·3H2O                                (3.3) 

 

The theoretical equivalent molecular weight (162.9 g mol
-1
 eq

-1
) of this half-

reaction is close to our observed value, and it is fully consistent with previously 

discussed ICPMS results suggesting that < 1% of the metal content is Re over this 

potential range.  

At more negative potentials, XPS data shows that the film deposits are 

mixed-valent, and the surface layer consists of Mo
IV

, Mo
V
, and Mo

VI
.  When the 

applied deposition potential is 0.0 V, Mo
V
 may comprise as much as 50-60% of 

the deposit (Table 3.2).  One oxide that is known to contain all three of these 

oxidation states is Mo3O8. It has an intense blue color characteristic of our films 

and is proposed to reduce onto Au within this potential window.
21

 Since the 

concentration of Mo
V
 is so large, it is likely that Mo

V
2O5 is depositing 

simultaneously with Mo3O8.  Based on these observations, a net half-reaction that 

describes the EQCM behavior from +0.07 V to –0.26 V (Region II, Figure 3.8) is 

proposed in eq. 3.4. 

 

6H2Mo
VI

O4 + Mo4O9(O2)4
2-
 + 18H

+
 + 16e

-
 →  

           2(Mo
V

2O5·3H2O) + 2(Mo3O8·4H2O) + H2O                                (3.4)  
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Arguments can be made whether or not water is coordinating more with Mo
V

2O5 

or Mo3O8 in the product. Given that Mo3O8 is proposed to have a variable 

coordination environment
21

, it is likely that Mo3O8 carries four H2O units while 

Mo
V

2O5 is limited to its usual three.  Using Faraday’s Law, our proposed reaction 

mechanism for Region II was determined to have an experimental MW/n value 

(100.5 g mol
-1
eq

-1
) that is very close to the theoretical (102.6 g mol

-1
eq

-1
) and 

described by a linear fit of ∆m vs. Q with R
2
 > 0.99.      

At potentials negative to –0.26 V, we must consider the co-deposition of 

Re with Mo.  The current in Region III increases linearly, and this is characteristic 

of proton insertion into molybdenum oxide, resulting in the reduction of Mo3O8 to 

Mo3O8-x(OH)x.
21

 In contrast to EQCM experiments performed using a neat 

peroxo-polymolybdate solution, the current is higher and the mass deposit is 

much larger,
21

 consistent with the deposition of heavy Re atoms (AW = 186.21 g 

mol
-1
).  Within the context of a heterogenous deposition mechanism, a net half-

reaction for Region III can be proposed as the summation of the deposition half-

reactions determined for the unary precursor solutions
20, 21

 as written below.   

 

Mo3O8·xH2O + 4ReO4
-
 + (20 + x)H

+
 + (16 + x)e

-
 →  

Mo3O8-x(OH)x·xH2O + Re
0
 + 3(Re

IV
O2·2H2O) + 4H2O             (3.5)  

 

Assuming x = 1 and only two waters coordinate with every Re
IV

O2 unit, the 

theoretical equivalent molecular weight is 55.9 g mol
-1
eq

-1
, and this is close to our 

experimentally determined value (56.6 g mol
-1
eq

-1
).  Optical measurements of 

films deposited in this potential region support the deposition of both Re
IV

 and 
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Re
0
, and the reduction of Mo to the +4 state has been confirmed by XPS surface 

scans (Table 3.2).   

 

3.4 CONCLUSION 

 
Rhenium doped molybdenum oxide (MoxRe1-xOy, 0.6 < x < 1) was 

electrochemically deposited onto ITO from an acidic peroxo-polymolybdo-

perrhenate (0.05 F Mo, 0.05 F Re) solution.  This material was prepared as 

conformal coatings using chronocoulometry, and a linear relationship was 

established between the applied potential used to deposit (from –0.3 V to –0.7 V) 

and the mole fraction of incorporated Re.  Based on electrochemical data, it was 

proposed that the Re
VII

O4
-
/Re

IV
O2 couple acts as a redox mediator to facilitate the 

growth of Mo oxide.  XPS depth profiling suggests that mixed MoxRe1-xOy films 

are inhomogeneous, because a concentration gradient (between Mo and Re) was 

shown to exist within the deposit.  Spectroelectrochemical and EQCM 

measurements confirm that multiple phases can be deposited from +0.1 V to –0.7 

V, and that the deposit can contain Mo
IV

, Mo
V
, Mo

VI
, Re

0
 and/or Re

IV
 species. 
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CHAPTER 4 

Electrochemical Deposition of Molybdenum-Selenium Oxides 
(MoxSe1-xOy) 

 

4.1 INTRODUCTION 

Transition metal chalcogenides are potential electrode materials for 

photoelectrochemical (PEC) and photovoltaic applications due to their light 

absorbing properties in the visible region.
1
  Of particular interest are MoSe2 and 

WSe2, as both electrode materials have optical band gaps between 1-2 eV
2
 and 

energy conversion efficiencies approaching 15%.
3
 Additionally, since these 

Group VI dichalcogenides exist in a two-dimensional layered structure with large 

interlayer spacings, it is easy for small cations (e.g., Na
+
, Li

+
) to intercalate the 

electrode material while maintaining structural stability.
3-5

 Therefore they have 

also been examined as battery materials for electrochemical energy storage.
6, 7

 As 

a result, several researchers have explored the feasibility of electrochemical 

methodologies to prepare transition metal chalcogenides, because electrochemical 

routes offer a more economical approach to prepare these materials as large, 

conformal polycrystalline films for practical use in solar cell devices
8-11

 or as thin 

film batteries.
12

  

Unfortunately no direct, “one-step” pathway has been found to 

electrochemically prepare Mo and W chalcogenides.  Unlike chemical bath 

depositions that yield chalcogenides through controlled precipitation reactions 
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(e.g., Mo
IV

(aq) + 2Se
2-

(aq) → MoSe2(s)),
13

 many electrochemical pathways facilitate 

the growth of alloys (e.g., CuxSey,
14

 RexSey,
15

 ZnxSey,
16

 PbxSey,
17

) which are then 

annealed to form crystalline chalcogenide phases (e.g., Cu2Se, ReSe2, etc.).  

However, the deposition mechanism for preparing MoxSey and WxSey alloys is 

complicated, because the full reduction of molybdenum and tungsten anions (e.g., 

Mo
VI

O4
2-
, W

VI
O4

-
) by a direct transfer of electrons (e.g., Mo

VI
O4

2-
 + 8H

+
 + 6e

-
 → 

Mo
0
 + 4H2O) is kinetically hindered.

18
  Instead of electroplating pure Mo or W 

metal, the electrochemical reduction of Mo
IV

O4
2-
 or W

IV
O4

2-
 yields mostly oxide 

intermediates (e.g., Mo
IV

O2).
18, 19

  

Consequently, researchers have explored alternative routes for forming 

Mo and W alloys with Se, including an approach defined by Brenner as “induced 

codeposition”.
20

  In this scheme, a more noble ion is present in solution (e.g., Fe
II
, 

Co
II
, Ni

II
)
21-24

 that facilitates the reduction of Mo
VI

O4
2-
 or W

VI
O4

2-
 to yield an 

alloy.  To prepare MoxSey or WxSey, researchers typically add selenium dioxide 

(Se
IV

O2) to alkaline deposition solutions containing Mo
VI

O4
2-
 or W

VI
O4

2-
.
1, 8-10

  

Under these conditions, Se
IV

O2 reacts with base to liberate Se
IV

O3
2-
 anions (i.e., 

Se
IV

O2 + 2OH
-
 → Se

IV
O3

2-
 + H2O) which can be electrochemically reduced to 

Se
0
.  Although it is unclear how Se

IV
O3

2-
 (or Se

0
) influences the reduction of 

Mo
VI

O4
2-
 and W

VI
O4

2-
, electrochemical and spectroscopic experiments mutually 

support the conclusion that alloyed phases of MoxSey and WxSey are formed by 

this pathway. 
1, 8-10, 25

    

This chapter extends previous work by exploring the fundamental 

deposition mechanism for preparing mixed MoxSey materials from acidic solution.  

Using a mixture containing peroxo-polymolybdate anions (i.e., H2Mo
VI

O4, 
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[Mo4O9(O2)4]
2-
, [Mo2O3(O2)4(H2O)2]

2-
, etc.)

26-28
 and selenous acid (H2Se

IV
O3), we 

propose it is possible to deposit MoxSey alloys onto ITO and Au by induced 

codeposition.  Furthermore, acidic deposition pathways offer the possibility for 

preparing a new class of chalcogen doped metal oxides of composition MoxSe1-

xOy.  Recently there has been an interest for doping chalcogen cations (e.g., Se
VI

, 

Te
VI

) and anions (e.g., S
2-
, Te

2-
, Se

2-
) into metal oxide electrodes to enhance the 

structural, optical, and electronic properties that influence material performance. 

For example, Ti
IV

O2 is a photosensitive electrode material with potential 

applications in photovoltaic devices, and in a recent study researchers 

substitutionally doped S
2-
 for O

2-
 as a means to narrow the optical band gap.

29
 In 

another study, Mn
IV

O2 nanowires were being explored as a potential electrode 

material for Li
+
 ion batteries, and doping in Se

VI
 cations stabilized the nanowire 

structure against irreversible phase transitions that occur during Li
+
 insertion.

30
 In 

comparison molybdenum oxide is also a potential electrode material that has been 

researched for use in photosensitive applications
31

 and Li
+
 ion batteries.

32
 By 

doping chalcogen ions into the molybdenum oxide lattice structure, we suspect 

that it is possible to enhance the material properties that influence electrode 

performance in one or both of these applications. 

Herein we explore reaction mechanisms that describe the growth of 

MoxSe1-xOy films from acidic solutions.  The deposition mechanisms for pure 

phases of selenium and molybdenum oxide are discussed with respect to how 

these pathways participate in the deposition of MoxSe1-xOy.  Electrochemical 

methodologies (chronocoulometry, voltammetry, spectroelectrochemistry, 

nanogravimetry) were used to evaluate film growth by monitoring the current or 
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charge versus potential, and supporting ex situ experiments (XPS, SEM) were 

conducted to analyze the film composition and morphology. Unlike previously 

reported pathways involving alkaline solutions, we observe that the presence of 

Mo anions induces the deposition of Se
0
 and that mixed-valent Mo oxide phases 

(e.g., Mo3O8) can codeposit depending on the applied potential.  Within the 

applied potential range discussed in this chapter (-0.1 V to –1.3 V vs Ag/AgCl), 

the compositional phase space of MoxSe1-xOy films can be adjusted from 0.1 < x < 

0.3 using a 0.05 F Mo, 0.05 F Se solution.   

    

4.2 EXPERIMENTAL PROCEDURE 

4.2.1 Preparation of the Deposition Solutions 

Acidic, aqueous 0.1 F peroxo-polymolybdate and 0.1 F selenous acid 

(H2Se
IV

O3) deposition solutions were prepared according to simple procedures.
33

 

Briefly, peroxo-polymolybdate solutions were prepared by adding an excess of 

30% H2O2 (Fisher) to ~1 g of Mo foil (Alfa Aesar) in an Erlenmeyer flask.  After 

the foil was oxidized into solution, Pt bars coated with catalytically active, high-

surface area Pt black
34

 were added to decompose the unreacted peroxide.  The 

solution was then diluted up to 100 mL with nanopure water (18 MΩ⋅cm) and 

allowed to equilibrate for several days.  Some precipitation of Mo oxides was 

observed during the synthesis, and these insoluble agglomerates were filtered out 

with 0.22 µm filters (Millex
®
 GP) prior to use. The 0.1 F H2Se

IV
O3 solution was 

prepared by dissolving 1.3 g H2Se
IV

O3 (Strem) in nanopure water and diluting to 

100 mL in a volumetric flask.  Solutions for depositing MoxSe1-xOy were 
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developed by mixing the 0.1 F peroxo-polymolybdate solution with the 0.1 F 

H2Se
IV

O3 solution in a 1:1 mol ratio to yield a deposition bath containing both 

species (0.05 F Mo, 0.05 F Se).  All of the solutions were acidic, with pH readings 

of ~1.9 for each of the Mo and Se precursors, and ~1.8 for the 0.05 F Mo, 0.05 F 

Se mixture (all taken at room temperature, 25 ± 2 °C).     

4.2.2 Thin Film Growth and Characterization 

Metal oxide films prepared for X-ray photoelectron spectroscopy (XPS) 

and scanning electron microscopy (SEM) analysis were grown onto pre-cleaned
33

 

indium tin oxide (ITO) coated glass substrates (Delta Technologies Ltd., 15 Ω 

square) with the deposition solutions described above using chronocoulometry.  

All measurements were acquired with a CH 440 potentiostat/galvanostat (CH 

Instruments) and a homemade Teflon cell was employed to fix the working 

electrode area at 0.49 cm
2
.  Cyclic voltammograms (CVs) of the indium tin oxide 

(ITO) substrates in the deposition solutions were carried out in the same 

homemade cell at a scan rate of 10mV/s. All potentials in this report are 

referenced to the Ag/AgCl (KCl sat’d) reference electrode, and all 

electrochemical experiments were conducted under ambient conditions at room 

temperature (25 ± 2 °C). 

EQCM measurements were performed on a CH 440 

potentiostat/galvanostat using a 10 MHz AT-cut polished quartz crystal 

(International Crystal Manufacturers, Inc.) with a ~10 nm Ti adhesion underlayer 

and a ~100 nm Au electrode overlayer. This crystal (0.201 cm
2
 area) served as the 

working electrode, and it was used in conjunction with a Pt counter and a 

Ag/AgCl (KCl sat’d) reference. Prior to experimentation, the QCM crystal was 
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cleaned with dilute 0.1 M HNO3 and rinsed with nanopure water. Calibration of 

the EQCM crystal was adapted from an established procedure
35

, where cyclic 

voltammograms of a 0.001 M AgNO3, 0.2 M H2SO4 solution were collected in a 

cell deaerated with Ar. Using the Sauerbrey equation
36

, (∆f = -Cf∆m) where ∆f is 

the change in frequency of the EQCM crystal and ∆m is the change in mass, the 

proportionality constant, Cf, was determined based on (at least) three Ag
+
 

deposition/stripping cycles taken at 10 mV s
-1
. In this study, the crystals used 

were determined to have proportionality constants of 0.80 ± 0.02 Hz/ng and 0.86 

± 0.01 Hz/ng.  Following calibration, the electrode used for Se deposition was 

pre-conditioned by acquiring a linear sweep from +0.4 V to +0.1 V in the 

deposition solution (0.1 F H2Se
IV

O3) prior to experimentation.  During both 

EQCM experiments described in this report, cyclic voltammograms were 

conducted from +0.4 V to –1.3 V at a scan rate of 10 mV/s. 

Spectroelectrochemical experiments were conducted by interfacing an 

8453 Agilent UV-Visible photodiode array spectrometer with a CH 700 

bipotentiostat via a homemade spectroelectrochemical cell mounted in the sample 

holder of the spectrometer.  Spectra were acquired from 440-1100 nm every 5.0 

sec with an integration time of 0.5 sec simultaneously during a linear sweep 

voltammogram.  The scan rate was 10 mV/s.  

A full compositional analysis of the film deposits was conducted using a 

Kratos Axis Ultra DLD X-ray photoelectron spectrometer equipped with a Mg 

Kα (1253.6 eV) anode, and the instrument was calibrated against the Au 4f7/2 

(83.98 eV), Ag 3d5/2 (368.26 eV) and Cu 2p3/2 (932.67 eV) spectral lines
37

.  To 

analyze the surface layer, high resolution scans of the Mo 3p, Se 3d, and O 1s 
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regions were taken of all materials at a pass energy of 20 eV and dwell time of 

1000 ms. An elemental quantification of Mo and Se mole fractions was performed 

with the Kratos Vision Processing software using the Mo 3p and Se 3d bands with 

a Shirley
38

 background correction.    

Scanning electron microscope images were acquired of electrochemically 

deposited MoxSe1-xOy films by Ms. Jaclyn Wiggins using a Leo 1530 SEM at a 

working distance of 6 mm.    

  

4.3 RESULTS AND DISCUSSION  

4.3.1 Electrochemical Deposition of MoxSe1-xOy Films Using 
Chronocoulometry 

MoxSe1-xOy coatings can be deposited onto ITO substrates from acidic 

solutions that contain a mixture of selenous acid (H2Se
IV

O3) and peroxo-

polymolybdate anions (i.e., H2Mo
VI

O4, [Mo4O9(O2)4]
2-
, [Mo2O3(O2)4(H2O)2]

2-
, 

etc.)
26-28

 using chronocoulometry.  Assuming the deposition mechanism is known 

and the reaction is Faradaic, the charge detected by the potentiostat (Q) is directly 

proportional to the moles of species electrolyzed (N) in accordance with 

Faraday’s Law (Q = nFN).  Figure 4.1 shows chronocoulometry plots that 

compare the deposition of MoxSe1-xOy to the deposition of pure selenium and 

molybdenum oxide phases.  After applying a potential of –0.1 V to the working 

electrode (ITO) for 200 s, we conclude the bulk deposition of selenium from 

H2Se
IV

O3 does not occur, because no significant amount of charge is detected by 

the potentiostat.  By comparison, molybdenum oxides deposit readily from a 0.1 F  
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Figure 4.1: Chronocoulometry plots of ITO immersed in a 0.1 F H2Se

IV
O3 

solution (dotted line), a 0.1 F peroxo-polymolybdate solution (dashed line), and a 
mixed (0.05 F Mo, 0.05 F Se) solution (solid line) are compared using applied 
potentials of –0.1 V (top) and –0.7 V (bottom).  Experiments were terminated 
after 200 s. 
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peroxo-polymolybdate solution under the same conditions.  Not only is a blue 

film visible on the ITO substrate following 200 s of deposition, but the charge 

density detected by the working electrode reaches 130 mC/cm
2
.  Using a 

previously reported electrochemical half-reaction that describes the reduction of 

peroxo-polymolybdate anions at –0.1 V (Eq. 4.1)
39

 we approximate the mass of 

the molybdenum oxide deposit to be ~ 56 µg/cm
2
 after 200 s of electrolysis. 

 

[Mo2(O)3(O2)4(H2O)2]
2-
 + [H2MoO4] +  

                              12H
+
 + 10e

-
 → Mo3O8 + 9H2O                          (Eq. 4.1)                            

 

In comparison, deposition from the mixed (0.05 F Mo, 0.05 F Se) solution 

can produce films at –0.1 V, but the charge detected by the potentiostat is less 

than half of what is measured during the electrochemical reduction of anions in a 

0.1 F peroxo-polymolybdate solution.  On one hand, the mixed (0.05 F Mo, 0.05 

F Se) solution has a lower concentration of molybdenum ions than the 0.1 F 

peroxo-polymolybdate solution, so it may take longer for an equivalent mass of 

molybdenum oxide to deposit from the mixed (0.05 F Mo, 0.05 F Se) solution at 

the same potential.  On the other hand, it is possible that the soluble selenium 

component (H2Se
IV

O3) of the mixed (0.05 F Mo, 0.05 F Se) solution influences 

the electrochemical deposition of molybdenum oxide.  Assuming the latter is true, 

the adsorption of H2Se
IV

O3 to a working electrode surface is not known to block 

the reduction of other metal ions (e.g., Cu
I
, Zn

II
),

16, 40
 so the most plausible 

hypothesis to explain the difference in chronocoulometry results is that H2Se
IV

O3 
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is being electrochemically reduced to form a selenium phase that interferes with 

molybdenum oxide deposition.     

When the ITO electrode is held at -0.7 V, visible films can be deposited 

onto the electrode surface from all three solutions (Figure 4.1).  According to the 

literature,
41

 Se
0
 deposits at –0.7 V from an acidic solution containing H2Se

IV
O3.  

A chronocoulometry experiment of ITO immersed in 0.1 F H2Se
IV

O3 at –0.7 V 

shows the charge density increases over time at a slope of 1.7 mC s
-1 

cm
-2
 but then 

comes to an abrupt plateau after 30 s.  This behavior suggests that Se
0
 deposits 

onto ITO, but that the Se
0
 film is passivating against the further electrochemical 

reduction of H2Se
IV

O3.  By comparison, the chronocoulometry response of ITO 

immersed in the mixed (0.05 F Mo, 0.05 F Se) solution at –0.7 V maintains a 

linear slope of 2.9 mC s
-1
 cm

-2
 throughout the entire deposition (200 s).  

Assuming Se
0
 deposits from the mixed (0.05 F Mo, 0.05 F Se) solution at this 

potential, the deposition of a different phase must be occurring simultaneously to 

facilitate continuous film growth.  Based on previously reported studies, a Mo
IV/V

 

bronze is proposed to deposit from a peroxo-polymolybdate solution at –0.7 V,
39

 

and the codeposition of Se
0
 with this bronze would explain why the 

chronocoulometry response of the mixed (0.05 F Mo, 0.05 F Se) solution reaches 

higher charge densities than either the deposition of pure molybdenum oxide or 

Se
0
 (Figure 4.1).    

4.3.2 Compositional Analysis of MoxSe1-xOy Deposition Using XPS 

Figure 4.2 compares charge density values obtained during 

chronocoulometry experiments on ITO (using a 0.05 F Mo, 0.05 F Se solution) to  



 98 

 
 
Figure 4.2:  Above, the charge density values measured after 200 s of deposition 
on ITO using the 0.1 F peroxo-polymolybdate solution, the 0.1 F H2Se

IV
O3 

solution, and the mixed (0.05 F Mo, 0.05 F Se) solution are compared as a 
function of the deposition potential. Below, the corresponding mole percentages 
of Mo and Se determined by XPS for films deposited from the mixed (0.05 F Mo, 
0.05 F Se) solution are plotted as a function of the deposition potential.  Dashed 
lines denote a linear regression of the data, with R

2
 = 0.52. 
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the mole fractions of Mo and Se in the resulting film deposits as determined by 

XPS.  After 200 s of chronocoulometry, films deposited from the mixed (0.05 F 

Mo, 0.05 F Se) solution at –0.1 V and –0.3 V reach equivalent charge density 

values (~0.05 C cm
-2
).  As the applied deposition potential becomes more 

negative, the charge density increases linearly as a function of potential, reaching 

~1.8 C cm
-2
 for a 200 s deposition at –1.3 V.  This same trend is observed when 

chronocoulometry experiments are conducted on ITO using the 0.1 F peroxo-

polymolybdate solution.  Previous analytical studies on molybdenum oxide 

deposition revealed that deposited molybdenum is reduced to the +4 oxidation 

state as the applied potential becomes more negative.
39, 42

 Since protons insert into 

molybdenum oxide during this electrochemical reduction process, the charge 

detected by the potentiostat at negative potentials is largely associated with this 

proton electrolysis reaction.
39, 42

 Furthermore, chronocoulometry experiments 

conducted with the mixed (0.05 F Mo, 0.05 F Se) solution show the same 

potential-dependent trend that is observed using the neat 0.1 F peroxo-

polymolybdate solution, so it is highly likely that molybdenum oxide is depositing 

onto ITO from the mixed (0.05 F Mo, 0.05 F Se) solution.            

XPS analysis of films deposited from the mixed (0.05 F Mo, 0.05 F Se) 

solution confirms the presence of molybdenum and selenium (Figure 4.2). At 

more positive deposition potentials (i.e., –0.1 V) the deposits were determined to 

have a Se:Mo mole ratio > 6. Since the deposition of Se
0
 (onto ITO) from the neat 

H2Se
IV

O3 precursor solution does not occur at –0.1 V, we propose that the 

deposition of molybdenum oxide induces the electrochemical reduction of 

H2Se
IV

O3 to Se
0
.  As more negative applied potentials are used for deposition (up 
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to –1.3 V), the Mo mole fraction in the deposit becomes larger.  This appears to 

be a linear trend (Figure 4.2), and based on a previous study concerning selenium 

deposition,
40

 we propose that it occurs because deposited Se
0
 is being reacted to 

form H2Se at more negative potentials.          

During the XPS analysis, it was possible to identify the oxidation states of 

Mo and Se on the surface of deposited films.  Since all films were placed under 

high vacuum (10
-9
 torr) within 24 hours of deposition, oxidation of the films in air 

is assumed to be negligible and the surface composition is assumed to be 

representative of the bulk.  By tracking the peak position of the Mo 3p3/2 band, we 

observe a small but noticeable shift to lower binding energies (~1 eV) as the 

applied potential used to deposit MoxSe1-xOy becomes more negative (Figure 4.3).  

In general, films deposited at potentials positive to –0.4 V have a Mo 3p3/2 peak at 

398.5 eV, suggesting the oxidation state of Mo in these films is close to +6.
43

 At 

more negative potentials the Mo 3p3/2 peak position is closer to 397.5 eV, which 

is consistent with the formation of a non-stoichiometric phase, such as Mo3O8-

x(OH)x, where the Mo oxidation state could be either +4 or +5.
43

   

In comparison, Se
0
 is the predominant selenium species deposited from 

the mixed (0.05 F Mo, 0.05 F Se) solution at all potentials (from –0.1 V to –1.3 

V).  When more positive potentials are used for deposition (i.e., -0.1 V, -0.3 V), a 

Se 3d doublet is readily visible with peak binding energies of 54.9 eV and 55.7 

eV corresponding to an oxidation state of zero.
44

 A small signal rise above the 

baseline is sometimes visible at 58 or 59 eV due to higher oxidation states (+4 or 

+6),
45, 46

 but the concentration of these components within the film is very small 

(<1%) compared to the concentration of Se
0
.  When more negative potentials are  
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Figure 4.3:  High resolution XPS fits of the Mo 3p3/2 peak and the Se 3d peaks 
for films deposited onto ITO from the mixed (0.05 F Mo, 0.05 F Se) solution at 
the applied potentials indicated above.  All depositions were 200 s.  The dashed 
lines approximate the maximum energy difference observed in the peak positions 
of films deposited at different potentials.  The difference in energy between the 
two dashed lines in the Mo 3p region is ~1 eV, and the difference in energy 
between the dashed lines in the Se 3d region is ~0.3 eV.  

405 400 395 390

-1.1 V

-0.3 V

-0.9 V

Binding Energy (eV)

-0.1 V

58 56 54 52

-1.1 V

-0.3 V

-0.9 V

Binding Energy (eV)

-0.1 V

Mo 3p3/2 Peak 

Se 3d5/2 and 
3d3/2 Peaks 



 102 

used for deposition (i.e., -0.9 V, -1.1 V), the Se
0
 peak positions shift slightly (~0.3 

eV maximum) towards lower binding energies.  Since the difference in peak 

locations is so small, it is possible that the energy shift is due to a change in the 

chemical environment (i.e., a more reduced Mo oxidation state in the film) and 

not to a change in the oxidation state of Se.  However, the formation of a 

chalcogenide material (e.g., MoSe2) cannot be ruled out by this data alone, 

because XPS is not very sensitive to differences between Se
0
 and Se

2-
.  Previously 

reported studies identifies the Se 3d5/2 peak for Se
2-
 (in MoSe2) at 54.5 eV

47
 which 

is just 0.6 eV from the reported 3d5/2 peak for Se
0
 at ~ 51.1 eV.

44
 

Based on the large peak areas of the O 1s band observed in deposited 

MoxSe1-xOy films (not shown), it is likely that molybdenum is deposited as an 

oxide and that chalcogenides (or alloys) are not being formed in large quantities.  

For almost all of the films deposited from –0.1 V to –1.3 V, the O:Mo mole ratio 

was > 2. After excluding ITO as a possible contributor to the O 1s peak, such a 

large percentage of oxygen can only be explained through the presence of an 

oxide phase within the deposit, which in this case has to be molybdenum oxide.   

4.3.3 SEM Images of MoxSe1-xOy Films 

Chronocoulometry experiments using the mixed (0.05 F Mo, 0.05 F Se) 

solution show that more charge is detected at the working electrode over time 

when depositions are conducted at more negative potentials.  This behavior can be 

partially explained by competing side reactions that decrease the deposition 

efficiency.  In this study, at least two parasitic side reactions can occur.  One 

possibility is that protons react with deposited Se
0
 to form H2Se (i.e., Se

0
 + 2H

+ 
+ 

2e
-
 → H2Se), and another possibility is that protons react with each other to form 



 103 

molecular hydrogen (i.e., 2H
+
 + 2e

-
 → H2).   Since these electrochemical 

processes both influence film growth with respect to uniform composition and 

morphology, SEM images were taken of MoxSe1-xOy films deposited at different 

potentials to determine if these reactions may be occurring.  In Figure 4.4, 

representative SEM images of films deposited at –0.9 V and –1.3 V are compared.  

The film deposited at –0.9 V has surface features that are similar to other 

electrochemically deposited Se
0
 films prepared in the literature from acidic 

solutions (at moderate reduction potentials).
48

  In contrast, the film deposited at –

1.3 V appears to be much less uniform, with microstructural cracking present 

throughout.  Therefore we suspect at very negative potentials (ca. –1.3 V), gas 

evolution is occurring and is disruptive to film growth.    

4.3.4 Electrochemical Deposition of MoxSe1-xOy Films Using Cyclic 
Voltammetry  

Voltammetry experiments were conducted to determine a reaction 

mechanism that describes deposition from the mixed (0.05 F Mo, 0.05 F Se) 

solution onto ITO.  Under a limited potential window from +0.4 V to –0.1 V, the 

voltammetric response of ITO electrodes cycled in a neat 0.1 F H2Se
IV

O3 solution 

shows very little current (Figure 4.5a).  This behavior is in contrast to that 

observed on Au, Pt, and other high work function electrode materials where 

cathodic peaks appear as a result of H2Se
IV

O3 adsorption/reduction processes that 

occur over this potential range.
41

 (Some experiments on ITO show small peaks 

around 0.0 V, but they are usually 2-3 orders lower in current density than those 

observed on single crystals).
41

 If these peaks are related to underpotential  
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Figure 4.4: SEM images of films deposited at (a) –0.9 V and (b) –1.3 V for 200s 

from the mixed (0.05 F Mo, 0.05 F Se) solution.  Scale bars for both are 5 µm. 

(a) 

(b) 
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Figure 4.5: Cyclic voltammograms of ITO immersed in (a) 0.1 F H2Se

IV
O3 (b) a 

0.1 F peroxo-polymolybdate solution and (c) a mixed (0.05 F Mo, 0.05 F Se) 
solution.  Twenty CVs were acquired from +0.4 V to –0.1 V, with the first CV as 
a solid black line and subsequent CVs as dotted lines.  Scan rate was 10 mV/s for 
all. 
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deposition (UPD), as proposed by Stickney and coworkers,
49

 then the appreciably 

small current response could be explained in terms of the work function 

difference between ITO (3.9-4.2 eV)
50

 and Au (5.3-5.5 eV)
51

 in which Se 

preferentially reduces onto the high work function substrate. However, these 

peaks could also be “surface-limited waves” related to the adsorption of 

H2Se
IV

O3,
41

 and they might not appear because metallic electrodes adsorb 

H2Se
IV

O3 more readily than ITO.  Regardless, selenium deposition onto ITO was 

not observed at potentials positive to –0.1 V using a 0.1 F H2Se
IV

O3 solution.     

In contrast, molybdenum oxides can be deposited from a 0.1 F peroxo-

polymolybdate solution at potentials positive to –0.1 V.  Voltammograms of ITO 

(immersed in a 0.1 F peroxo-polymolybdate solution) taken from +0.4 V to –0.1 

V several times show a cathodic current response in the shape of an inductive 

loop (Figure 4.5b).   According to previous research by McEvoy and Stevenson,
39

 

this type of current response is only possible at potentials positive to proton 

insertion (ca. -0.4 V), because at these potentials a highly oxidized molybdenum 

phase is deposited (Mo3O8⋅xH2O) that can be desorbed from the electrode surface 

through electric field induced charge-repulsion effects. 

Cyclic voltammograms of ITO in the mixed (0.05 F Mo, 0.05 F Se) 

solution (Figure 4.5c) have a unique current response compared to similar 

experiments using the single component solutions containing only Mo or Se.  

During a linear sweep from +0.4 V to –0.1 V, a cathodic current is observed at an 

onset potential consistent with molybdenum oxide deposition (+0.18 V), however, 

the current response diminishes during repeated potential cycling.  This suggests 

that molybdenum oxide may be depositing onto ITO initially, but the adsorption 
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or deposition of another species is inhibiting further growth.  Based on XPS 

results presented in Figures 4.2 and 4.3, we know that Se
0
 deposits from the 

mixed (0.05 F Mo, 0.05 F Se) solution at –0.1 V.  To explain this data in a manner 

consistent with the voltammetric response in Figure 4.5a, we propose that the 

electrochemical reduction of peroxo-polymolybdate anions facilitate the 

deposition of Se
0
 in a redox-mediated process.  Although we cannot identify the 

chemical formula of the mediator with certainty, Mo3O8 and Mo2O5 are the usual 

phases deposited from a peroxo-polymolybdate solution in the absence of Se 

(over this potential range).
39

  Therefore, it is probable that the mediator is an Mo
V
 

or Mo
VI

 species.  As the deposition of Se
0
 is facilitated, the current response 

decreases with repeated cycling because the Se
0
 coating is passivating.  

Researchers have analyzed the structural and electronic properties of 

electrodeposited Se
0
, and it was found that the phase deposited at room 

temperature is both amorphous and insulating with an experimentally determined 

resistivity of 10
5
 Ω cm.

48
 This lack of conductivity can be directly attributed to 

the loss in current reponse that occurs when Se
0 
coats the electrode surface. Since 

Se
0
 does not oxidize at potentials negative to –0.4 V, only molybdenum can be 

removed from the electrode surface during positive potential sweeps and the ITO 

layer is gradually coated with more Se
0
 during each successive voltammogram.   

Voltammograms conducted over larger potential windows reveal more 

information about the electrochemical behavior of Se and Mo.  For example when 

ITO is immersed into 0.1 F H2Se
IV

O3, and the potential is cycled from +0.4 V to –

0.7 V, a cathodic current emerges just negative of –0.2 V (Figure 4.6a).  As the 

voltammogram continues to more negative potentials, the cathodic current  
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Figure 4.6: Cyclic voltammograms of ITO immersed in (a) 0.1 F H2Se

IV
O3 (b) a 

0.1 F peroxo-polymolybdate solution and (c) a mixed (0.05 F Mo, 0.05 F Se) 
solution.  Five CVs were acquired from +0.4 V to –0.7 V, with the first CV as a 
solid black line and subsequent CVs as dotted lines.  Scan rate was 10 mV/s for 
all. 
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increases until roughly –0.6 V and then the current approaches zero.  Subsequent 

voltammograms all show a flat current response.  To identify the product 

deposited from H2Se
IV

O3 over this potential region, high-resolution XPS spectra 

were taken of films deposited from -0.2 V to –0.7 V using chronocoulometry 

(data not shown).  All films were determined to be Se
0
.  Therefore, we propose 

the current response observed from –0.2 V to –0.7 V in Figure 4.6a is reporting on 

the four-electron reduction of H2Se
IV

O3 to Se
0
 (i.e. H2Se

IV
O3 + 4H

+
 + 4e

-
 → Se

0
 + 

3H2O).
41, 49

 The lack of a voltammetric response for subsequent scans from +0.4 

V to –0.7 V suggests that Se
0
 passivates ITO against the electrochemical 

reduction of H2Se
IV

O3, and this is consistent with the voltammetry data in Figure 

4.5c. 

Comparatively, a linear sweep of ITO immersed in the 0.1 F peroxo-

polymolybdate from +0.4 V to –0.7 V shows a cathodic current response at all 

potentials negative of ca. -0.2 V (Figure 4.6b).  As explained previously, oxidized 

Mo
V/VI

 films are deposited from ca. +0.2 V to –0.4 V.  At –0.4 V, the current 

density begins to rise from 0.6 mA cm
-2
 until reaching 3.5 mA cm

-2
 at –0.7 V.  

Published EQCM studies by McEvoy and Stevenson suggest this current is 

associated with the electrochemical reduction of Mo3O8 to Mo3O8-x(OH)x as 

written in Eq. 4.2.
39

 

 

                  Mo3O8  + xH
+
 + xe

-
 → Mo3O8-x(OH)x                    (Eq. 4.2) 

 

A reverse sweep from –0.7 V to +0.4 V has no anodic peak and repeated 

voltammograms show only the cathodic current associated with proton 
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electrolysis.  These observations lead to the conclusion that Mo3O8 will not 

deposit on the more reduced bronze and that Mo3O8-x(OH)x does not oxidize at 

potentials negative to +0.4 V.                         

Voltammograms taken on ITO using the mixed (0.05 F Mo, 0.05 F Se) 

solution (Figure 4.6c) have a similar current response to the voltammetric 

behavior of ITO in the 0.1 F peroxo-polymolybdate solution.  There is a cathodic 

peak at –0.2 V and a large rise in the current density from –0.4 V to –0.7 V (from 

0.3 mA cm
-2
 to 4.0 mA cm

-2
).  The cathodic peak in Figure 4.6c is shifted ~90 

mV negative from its position in Figure 4.6b, so it is possible that deposited Se
0
 is 

causing the electrochemical reduction of peroxo-polymolybdate anions to be 

kinetically slow.  A major difference between voltammograms acquired in the 

peroxo-polymolybdate solution and voltammograms acquired in the mixed (0.05 

F Mo, 0.05 F Se) solution is the current response of the reverse sweep.  In Figure 

4.6c, the reverse sweep shows a clear anodic current as the applied potential is 

scanned positively past +0.1 V.  This anodic current begins around the same 

potential (ca. +0.2 V) as the oxidation of metallic Mo foil (Figure 4.7). Therefore, 

we propose that at least a fraction of the molybdenum phase deposited from the 

mixed (0.05 F Mo, 0.05 F Se) solution becomes completely reduced to the zero-

valent state.  Since this oxidation current is not present in voltammograms 

acquired from +0.4 V to –0.1 V, it is likely that molybdenum must first be 

reduced to the +4 oxidation state before a full reduction to Mo
0
 (or alloying) is 

possible.    

At large overpotentials, continued electrolysis is possible using all three 

solutions (Figure 4.8).  In a linear sweep on ITO from +0.4 V to –1.3 V, Se
0
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Figure 4.7: Cyclic voltammograms of (a) ITO immersed in a 0.1 F peroxo-
polymolybdate solution (b) Mo

0
 foil immersed in a 0.1 F peroxo-polymolybdate 

solution and (c) ITO immersed in a mixed (0.05 F Mo, 0.05 F Se) solutions.  Scan 
rate was 10 mV/s for all. 
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Figure 4.8. Cyclic voltammograms of ITO immersed in (a) 0.1 F  H2Se

IV
O3 (b) a 

0.1 F peroxo-polymolybdate solution and (c) a mixed (0.05 F Mo, 0.05 F Se) 
solution.  Five CVs were acquired from +0.4 V to –1.3 V, with the first CV as a 
solid black line and subsequent CVs as dotted lines.  Scan rate was 10 mV/s for 
all. 
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deposits to form Se
0
 by the previously mentioned route, but then at –1.0 V another 

cathodic current appears (Figure 4.8a).  Based on the literature, it is likely that the 

Se
0
 deposit is being reacted with protons to form H2Se.

52
  Repeated 

voltammograms in 0.1 F H2Se
IV

O3 show a small cathodic current peak at –0.5 V, 

confirming that selenium is likely removed by H2Se electrolysis at negative 

potentials, becuase the cathodic current reponse is consistent with its replacement 

(Se
0
 deposition). Deposition from the 0.1 F peroxo-polymolybdate solution by 

linear sweep voltammetry shows a constant current-potential slope (~7.8 mC V
-1
 

cm
-2
) over a potential range from –0.4 V to –1.3 V.  Based on previously 

discussed data in Figure 6b, the deposition product is likely a Mo
IV/V

 bronze 

throughout.  Comparatively, deposition from the mixed (0.05 F Mo, 0.05 F Se) 

solution at large overpotentials appears to be more complicated.  Irreproducible 

irregularities occur in the current response that suggest gas evolution is occurring 

and the film growth is non-uniform.  This is consistent with previously discussed 

SEM data in Figure 4.4.    

4.3.5 Spectroelectrochemical Analysis of MoxSe1-xOy Deposition 

Spectroelectrochemical experiments can be used to optically monitor the 

electrochemical growth of a particular species that absorbs or reflects light.  

Figure 4.9 compares spectroelectrochemical experiments where cyclic 

voltammograms of ITO were acquired in 0.1 F H2Se
VI

O3, a 0.1 F peroxo-

polymolybdate solution, and a mixed (0.05 F Mo, 0.05 F Se) solution.  The 

purpose of this experiment was to confirm spectroscopically that Se
0
 inhibits the 

growth of molybdenum oxide.  As such, the absorbance at 760 nm was monitored  
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Figure 4.9: Cyclic voltammograms of the ITO electrodes immersed in the two 
precursor solutions (0.1 F peroxo-polymolybdate and 0.1 F H2Se

IV
O3) and the 

mixed solution (0.05 F Mo, 0.05 F Se) shown in the upper right.  At left, the 
potential and absorbance vs. time are shown.  Scan rate was 10 mV/s for all. 
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throughout the deposition, because a broad absorption peak associated with 

intervalence charge transfer is expected to be centered at this wavelength during 

the deposition of non-stoichiometric Mo
V/VI

 oxides.
53

   

The voltammetric response of ITO immersed in the 0.1 F peroxo-

polymolybdate solution shows a cathodic inductive loop that overlaps itself 

during multiple voltammograms.  Simultaneously acquired spectroscopic data 

shows a sinusoidal absorbance signal at 760 nm, suggesting that Mo
V/VI

 is 

depositing and desorbing from the electrode surface.  However, there is an 

upwards shift in the baseline absorbance to ~0.3 that is evident after repeated 

voltammograms.  During electrochemical cycling it was noticed that a soluble 

blue species is generated in solution, and this event undoubtedly affects the 

spectroscopic response.  Assuming Mo
V/VI

 is completely removed from the ITO 

electrode at positive potentials, the increase in baseline absorbance may be 

representative of this species.  In comparison, an ITO electrode immersed in 0.1 F 

H2Se
VI

O3 shows no significant electrochemical or spectroscopic signal as 

voltammograms are acquired from +0.4 V to –0.1 V.  This result is fully 

consistent with other experiments in this chapter that demonstrate that selenium 

deposition does not occur at these potentials.   

The voltammetric deposition of ITO in the mixed (0.05 F Mo, 0.05 F Se) 

solution shows a sinusoidal absorbance response with repeated voltammograms; 

however, the maximum absorbance at 760 nm is an order of magnitude smaller 

than what is observed in the identical experiment using a 0.1 F peroxo-

polymolybdate solution.  This is a clear indicator that less molybdenum oxide is 

deposited from the mixed (0.05 F Mo, 0.05 F Se) solution than the 0.1 F peroxo-
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polymolybdate solution over this potential range.  The baseline absorbance rises 

slightly over multiple cycles, and this could be due to the slow, irreversible 

deposition of Se
0
.  Like many other zero-valent materials, Se

0
 does not have any 

electronic transitions in the NIR, but it does exhibit a broad, flatline absorbance as 

the film becomes increasingly thick (vide infra).       

By conducting linear sweep voltammograms under a large potential 

window (+0.4 V to –1.3 V) and simultaneously acquiring absorbance data from 

440-1100 nm, we can track changes in the deposited film growth and composition 

as a function of potential (Figure 4.10). Based on previously discussed 

experiments, we know that deposition from 0.1 F H2Se
IV

O3 onto ITO will result 

in the exclusive growth of Se
0
.  The corresponding optical spectra for Se

0
 

deposition depicts a rise in the absorption at wavelengths below 600 nm, and this 

is consistent with other spectroscopic measurements on amorphous Se
0
 films by 

Bindu and coworkers.
54

 The electrodeposition of mixed-valent molybdenum 

oxides from a 0.1 F peroxo-polymolybdate solution onto ITO has been previously 

discussed in depth with respect to an in situ spectroscopic analysis,
33, 42

 and it was 

observed that absorbance over in the visible-NIR changes significantly as the 

deposition potential proceeds negatively to form a more reduced molybdenum 

oxide composition.  To briefly summarize previous findings,
39, 42

 a blue Mo
V/VI

 

film deposits from ca. +0.2 V to –0.4 V, and this deposition tracks optically with 

an absorbance peak at 760 nm.  This species is redox-active, and at more negative 

potentials, Mo
V/VI

 is reduced to a brownish oxide-hydroxide rich in Mo
IV

. 

Spectroscopic measurements confirm the electrochemical reduction of Mo with a  
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Figure 4.10: Linear sweep voltammograms of ITO immersed in (a) 0.1 F 
H2Se

IV
O3, (b) a 0.1 F peroxo-polymolybdate solution and (c) a mixed (0.05 F Se, 

0.05 F Mo) solution. Sweeps were acquired from +0.4 V to –1.3 V.  
Simultaneously acquired visible-NIR absorbance data is shown below. Scan  
rate was 10 mV/s for all.
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rise in absorbance from ~440-550 nm,
39, 53, 55, 56

 and the broadening of the 

intervalence transition peak at 760 nm. 

Films deposited from the mixed (0.05 F Mo, 0.05 F Se) solution by linear 

sweep voltammetry have a spectroelectrochemical response consistent with the 

codeposition of Mo and Se.  Once a cathodic linear sweep begins at +0.4 V, there 

is a small rise in current around +0.1 V followed by a peak at –0.2 (in contrast to 

–0.1 for the Mo precursor).  This cathodic peak is then quickly diminished by –

0.30 V.  Since there is no strong absorbance peak at 760 nm throughout this linear 

sweep, it is likely that Se
0
 deposition is largely impeding the growth of blue 

Mo
V?VI

 oxides. As the ITO electrode is scanned to more negative potentials, the 

optical spectra are characteristic of both Mo
IV

 and Se
0
 with a strong absorption 

response visible at wavelengths below 600 nm. Also, the broad baseline 

absorbance increases substantially with potential, and this is a spectroscopic 

behavior typically associated with conductive metal-like species. Therefore, based 

on the spectroelectrochemical data, a MoxSey alloy could be present within the 

deposit.  

4.3.6 Electrochemical Quartz Crystal Microbalance Studies  

Using the electrochemical quartz crystal microbalance (EQCM), cyclic 

voltammograms were conducted at Au electrodes immersed in 0.1 F H2Se
IV

O3 

and the mixed (0.05 F Mo, 0.05 F Se) solution to determine molecular weight 

equivalents (MW/n) that describe the deposition mechanism.  Deposition from the 

0.1 F H2Se
IV

O3 solution was analyzed with the EQCM to verify that a four-
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electron reduction process (i.e., H2Se
IV

O3 + 4H
+
 + 4e

-
 → Se

0
 + 3H2O) is 

operative.  In Figure 4.11, a cyclic voltammogram of Au cycled in 0.1 F H2Se
IV

O3 

is shown, with pre-conditioning conducted to eliminate the adsorption of Se
IV

 

(which is not typically observed at ITO).
41

 As the potential of the Au electrode is 

scanned negatively from +0.4 V, the current begins to rise around 0.0 V 

simultaneously with a decrease in frequency at the EQCM crystal.  This indicates 

the onset of mass deposition, as the decrease in frequency is directly proportional 

to mass loading onto the EQCM crystal by the Sauerbrey equation (∆f = -Cf∆m).  

In general, the voltammetric response of Au in 0.1 F H2Se
IV

O3 is similar to ITO.  

During the forward sweep there is a cathodic peak at –0.6 V and a dramatic 

increase in the current that onsets at –1.0 V.  The EQCM indicates that mass is 

deposited over this entire potential region from 0.0 V to –1.0 V (Region I, Figure 

4.11).  Based on a rearrangement of Faraday’s Law (MW/n = F∆m/Q), a plot of 

deposited mass vs. charge (∆m vs. Q) was constructed from the EQCM data to 

estimate a molecular weight equivalent (MW/n) associated with the deposition 

mechanism.  A linear slope (R
2
 > 0.99) was extracted from the mass-charge plot 

in Region I, and an MW/n value was experimentally calculated from the slope to 

be 21.2 g mol
-1
 eq

-1
. This value is close to the theoretical number associated with 

four-electron reduction of H2Se
IV

O3 to Se
0
 (19.7 g mol

-1
 eq

-1
) and confirms this 

reaction is the operative mechanism.   

At more negative potentials from –1.0 V to –1.3 V (Region II), a large 

current is detected by the potentiostat simultaneously while mass is removed from 

the EQCM electrode.  Based on previous studies, this behavior signifies that Se
0
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Figure 4.11: Cyclic voltammogram of a 10 MHz Au electrode immersed in 0.1 F 
H2Se

IV
O3 acquired with the EQCM. The current (upper left) and frequency 

response (lower left) is shown as a function of potential.  A plot of deposited mass 
vs. charge was constructed from the data (upper right). Region I was 
experimentally determined to have a MW/n value of 21.2 g mol

-1
 eq

-1
 with R

2
 > 

0.99. The electrode was pre-conditioned by acquiring a linear sweep from +0.4 V 
to +0.1 V. Scan rate was 10 mV/s. 
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is reacting with protons to form H2Se (i.e., Se
0
 + 2H

+
 + 2e

-
 → H2Se).

57
 Although 

the calculated MW/n describing mass removal in Region II (~1.4 g mol
-1
 eq

-1
) is 

not close to the theoretical for H2Se formation (39.5 g mol
-1
 eq

-1
), previous reports 

have documented similar observations
57, 58

 where it was determined that other 

species (i.e., Se
0
, H2) are electrochemically generated with H2Se to convolute the 

EQCM response.        

Figure 4.12 shows a voltammogram of Au cycled in the mixed (0.05 F 

Mo, 0.05 F Se) solution that was acquired using the EQCM.  As the potential of 

the Au electrode is scanned negatively from +0.4 V, the current begins to rise at 

+0.1 V and mass begins to deposit onto the EQCM crystal.  The onset potential 

here is 100 mV positive to that observed in Figure 4.11, because molybdenum 

participates in the deposition.  At approximately –0.2 V, the cathodic current and 

frequency response plateau in sync suggesting that the electrochemical reduction 

is hindered.  Consistent with previous results, it is likely that the electrode surface 

is passivated with an electrochemically inactive coating.  At more negative 

potentials past –0.4 V, the voltammogram exhibits a large increase in the cathodic 

current response and it is accompanied by a simultaneous decrease in frequency 

until the end of the forward sweep at –1.3 V.   

A mass-charge plot was constructed from this data (Figure 4.13), but since 

it is not linear over the entire forward sweep from +0.4 V to –1.3 V, we can 

propose that multiple deposition mechanisms are operative.  Therefore, potential 

regions were delineated (I-IV) based on linear fits of the mass-charge plot 

determined by the correlation coefficient R
2
. In region I, the calculated MW/n 

value was determined to be 81.2 g mol
-1
 eq

-1
, with R

2
 > 0.98. Based on results  
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Figure 4.12: Cyclic voltammogram of a 10 MHz Au electrode immersed in a 
mixed (0.05 F Mo, 0.05 F Se) solution acquired with the EQCM.  The current 
(top) and frequency response (bottom) are shown as a function of potential.  Four 
regions with different deposition mechanisms are delineated.  Scan rate was 10 
mV/s.  
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Figure 4.13: A plot of deposited mass vs. charge was constructed from the data 
taken during the forward sweep in Figure 4.12 and delineated into four regions of 
deposition.  The full plot (top) and a magnified view from 0 to 75 mC (bottom) 
are shown.  Regions I-IV had experimentally determined MW/n values of 81.2 g 
mol

-1
 eq

-1
, 21.4 g mol

-1
 eq

-1
, 18.9 g mol

-1
 eq

-1
, and 7.99 g mol

-1
 eq

-1
 respectively.    
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obtained from previous XPS experiments, it is known that Mo and Se are 

codepositing over this potential range.  To explain this observation in a manner  

consistent with the EQCM data, we propose that deposition occurs through the net 

addition of two known half-reactions. One half-reaction describes Se
0
 deposition 

(i.e., H2Se
VI

O3 + 4H
+
 + 4e

-
 → Se

0
 + 3H2O), and the other half-reaction describes 

the electrochemical reduction of peroxo-polymolybdate anions (i.e., 

[Mo2(O)3(O2)4(H2O)2]
2-
 + [H2Mo

VI
O4] + 12H

+
 + 10e

-
 → Mo3O8 + 9H2O) to form 

molybdenum oxide.
39

  Summed together, these two reactions describe deposition 

in Region I as written below (Eq. 4.3):       

 

H2Se
IV

O3 + [Mo2(O)3(O2)4(H2O)2]
2-
 + [H2Mo

VI
O4] +  

                  12H
+
 + 14e

-
 → Se

0
 + Mo3O8 + 12H2O              (Eq. 4.3)                            

 

The theoretical MW/n for Eq. 4.3 is 82.9 g mol
-1
 eq

-1
, which is very close to the 

experimentally determined value of 81.2 g mol
-1
 eq

-1
 determined over Region I.   

 At more negative potentials from –0.20 V to –0.43 V (Region II, Figure 

4.12), the calculated MW/n value drops to 21.4 g mol
-1
 eq

-1
, suggesting that only 

Se
0
 deposits onto the electrode surface.  This MW/n value is consistent with the 

theoretical MW/n describing the six-electron reduction of H2Se
IV

O3 to Se
0
 (19.7 g 

mol
-1
 eq

-1
).  Unlike Region I, mass deposition over Region II is comparatively 

small (Figure 4.13), and only ~1000 ng is deposited.  Since molybdenum oxide 

typically deposits in this potential region (from a peroxo-polymolybdate solution) 

when selenium is not present, the gravimetric response essentially confirms that 

Se
0
 can passivate the electrode surface and switch off the deposition of 
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molybdenum oxide.   At potentials negative to –0.43 V, the current rises and the 

deposition continues.  Between –0.43 V and –0.65 V (Region III) the observed 

MW/n value is low (18.9 g mol
-1
 eq

-1
), but the mass deposited is significant 

(~4540 ng). Compared to known reduction processes, the observed current 

response and onset potential are both very similar to the electrochemical reduction 

of Mo3O8 to Mo3O8-x(OH)x (Figure 4.6b). The theoretical MW/n value for the 

formation of this oxide-hydroxide is just the atomic mass of hydrogen (1.01 g 

mol
-1
 eq

-1
), and the mass-charge response would therefore be small compared to 

the deposition of Se
0
. Based on chronocoulometry data and cyclic voltammetry 

experiments at ITO, we know that Se
0
 does not deposit onto itself readily, but it 

will deposit onto the Mo
IV/V

 bronze.  That being said, we propose that Region III 

is described by the half-reaction written below (Eq. 4.4. - theoretical MW/n = 

20.7 g mol
-1
 eq

-1
 when x = 1):  

 

 H2Se
IV

O3 + Mo3O8  + (4 + x)H
+
 +  

(4 + x)e
-
 → Se

0
 + Mo3O8-x(OH)x  + 3H2O                        (Eq. 4.4) 

      

Region IV has a low MW/n of approximately 7.99 g mol
-1 

eq
-1
 and 

determining a deposition mechanism that describes accurately what is happening 

is not straightforward.  One possibility is that Eq. 4.4 is taking place with x = 7 

(theoretical MW/n = 7.81 g mol
-1
 eq

-1
), however there is no basis for this line of 

reasoning outside of the EQCM data.  A more likely possibility is that film 

deposition becomes non-uniform at larger overpotentials due to competing 

parasitic side reactions (e.g., Se
0
 + 2H

+
 + 2e

- 
→ H2Se).  The electrolysis of gas 
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and the removal of solid phases from the film would cause changes in the surface 

morphology (Figure 4.4), which in turn, would affect the EQCM response. 

Previous EQCM studies show correlations between the surface roughness of a 

deposited film and liquid trapping, which causes irregularities in the mass 

response.
40, 59

  Moreover Kemell and coworkers electrochemically deposited 

CuxSey onto EQCM crystals, and they proposed their EQCM data was influenced 

by film morphology at negative potentials.
40

 Assuming liquid trapping and/or gas 

evolution is occurring, the calculated MW/n value for Region IV (7.99 g mol
-1 

eq
-

1
) is a low number, because the deposition is not 100% efficient.  By dividing the 

charge associated with solid phase growth (Qs) by the total charge detected (QT), 

the efficiency for region IV is approximated to be ~ 18% (refer to Chapter 2 for 

more details on this calculation).    

During the reverse sweep, an oxidation process is evident at +0.2 V, and 

the EQCM change in frequency correlates this voltammetric response with a loss 

of mass at the electrode (~2500 ng).  This observation is consistent with the 

oxidation of Mo
0
.  As mentioned previously, Mo

0
 does not deposit from a neat 

peroxo-polymolybdate solution.  However, a more-noble element is present in the 

deposition bath (Se), so we propose an induced codeposition mechanism for 

preparing MoxSey alloys may be occurring (to a small extent) in our acidic, mixed 

(0.05 F Mo, 0.05 F Se) solution.  To facilitate alloying, an intermediate Mo phase 

would have to interact with Se
0
.  Although we cannot say with certainty what the 

chemical formula for the intermediate is, it is most likely an Mo
IV

 species as the 

anodic current associated with Mo
0
 oxidation is only present in cyclic 

voltammograms cycled to negative potentials past –0.4 V. 
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4.4 CONCLUSIONS 

Amorphous films containing both selenium and molybdenum can be 

deposited onto ITO over a potential range from -0.1 V to –1.3 V using a mixed 

(0.05 F Mo, 0.05 F Se) solution.  At potentials positive to –0.4 V, XPS and 

EQCM data suggested Se
0
 codeposits with Mo3O8.  At more negative potentials, 

Se
0
 codeposits with Mo3O8-x(OH)x, a more reduced bronze rich in Mo

IV
.  During 

the voltammetric experiments, the Se
0
 phase deposited was found to be of the 

insulating form as it passivated the electrode surface against electrochemical 

reduction.  Cyclic voltammetry and EQCM experiments also suggested that a 

small percentage of Mo is alloyed with Se, as anodic currents associated with Mo
0
 

oxidation were observed.   
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CHAPTER 5 

Future Directions 

 

5.1 INTRODUCTION 

Redox-mediators are commonly employed to facilitate an electrochemical 

reaction, however there are very few examples of a redox mediator participating 

in an electrochemical deposition to trigger film growth.  In a rare literature 

example, Aldykiewicz and coworkers
1
 proposed a mechanism where molecular 

oxygen is electrochemically reduced to hydrogen peroxide, and then the peroxide 

product reacts with Ce
III
 cations to precipitate a Ce

IV
 solid.  This pathway was 

later confirmed by Li and Thompson,
2
 and it warrants the exploration for other 

redox-mediated deposition mechanisms.  In Chapter 3, we presented data that 

suggested the Re
VII

O4
-
/Re

IV
O2 redox couple facilitates the deposition of 

molybdenum oxide from a peroxo-polymolybdate solution.  Although no 

comparable deposition studies have been reported to date, there is precedent for 

the Re
VII

O4
-
/Re

IV
O2 couple acting as a mediator to facilitate electrochemical 

protonation and deprotonation within poly-o-phenylenediamine (PPD) polymer 

films.
3
  

We now extend this work to show how the redox chemistry associated 

with Re
VII

O4
-
 can influence and promote other cathodic deposition mechanisms.  

One strategic material that researchers are interested in controlling the deposition 

of is selenium.  As discussed in Chapter 4, there is widespread interest for 
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electrochemically preparing selenium-based alloys and selenium-based 

chalcogenides, because electrochemical routes can be used to tailor the growth of 

these materials as large photosensitive films needed for photovoltaic applications.  

A major obstacle for preparing these types of electrode materials is facilitating the 

simultaneous deposition of multiple elements to yield products of uniform 

composition and morphology.
4
 For example, Cu, In, and Se do not deposit at the 

same potential, so to prepare CuInSe2 (CIS) films, complexing agents (e.g., 

citrate) are added to kinetically hinder the deposition of Cu
5, 6

 to limit the growth 

of unwanted CuxSe phases.
7
 An alternative approach is to influence the potential 

at which selenium deposits.  In general, the potential needed to reduce Se
IV

 to Se
0
 

is of particular importance to researchers, because it determines the electrolytic 

conditions needed to deposit a wide range of photoactive materials (e.g., EuxSey,
8
 

ZnxSey,
9
 PbxSey,

10
 etc.).   

This last chapter presents preliminary data that suggests Re
VII

O4
-
 can be 

added to a solution of H2Se
IV

O3 to shift the deposition potential of Se
0
 on ITO 

several hundred millivolts in the positive direction.  Additionally, the rate of Se
0
 

deposition increases substantially in the presence of Re
VII

O4
-
, and both of these 

observations are consistent with a redox-mediated deposition mechanism.  In 

terms of contamination, rhenium does not appear to co-deposit with selenium, 

except when the molar ratio of Re:Se in solution is very large.  A variety of 

electrochemical (chronocoulometry, voltammetry, nanogravimetry) and 

spectroelectrochemical experiments have been performed so far to support our 

hypothesis that Re
VII

O4
- 
acts as a redox mediator to facilitate the deposition of Se

0
 

at lower overpotentials. 
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5.2 EXPERIMENTAL PROCEDURE 

5.2.1 Preparation of the Deposition Solutions 

A 0.1 F perrhenate (Re
VII

O4
-
) solution was prepared by adding an excess 

of 30% H2O2 (Fisher) to ~1 g of Re powder (Strem) in an Erlenmeyer flask.  After 

a vigorous exothermic reaction, Pt bars coated with finely divided Pt black
11

 were 

added to catalytically decompose the unreacted peroxide.  The solution was then 

diluted up to 100 mL with nanopure water (18 MΩ⋅cm) and allowed to equilibrate 

for several days.  Some precipitation of insoluble agglomerates was observed 

during the synthesis, and these particles were filtered out with 0.22 µm filters 

(Millex
®
 GP) prior to use.  A 0.1 F selenous acid (H2Se

IV
O3) solution was 

prepared by dissolving 1.3 g of solid H2Se
IV

O3 (Strem) in nanopure water and 

diluting to 100 mL in a volumetric flask.  A mixed (0.05 F Re
VII

O4
-
, 0.05 F 

H2Se
IV

O3) solution was obtained by mixing the 0.1 F Re
VII

O4
-
 solution with the 

0.1 F H2Se
IV

O3 in a 1:1 volumetric ratio.  All of these solutions were acidic with 

pH readings between 1.5 and 1.8 at room temperature (25 ± 2ºC).     

5.2.2 Thin Film Growth and Characterization 

Films were electrochemically deposited onto pre-cleaned
12

 indium tin 

oxide (ITO) coated glass substrates (Delta Technologies Ltd., 15 Ω square) with 

the deposition solutions above using chronocoulometry.  A CH 440 

potentiostat/galvanostat (CH Instruments) was interfaced to a homemade three-

electrode cell for all depositions, in which Ag/AgCl (KCl sat’d) electrode and Pt 

wire were used as the reference and counter electrodes, respectively.   Cyclic 
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voltammograms of ITO in the deposition solutions were carried out at a scan rate 

of 10 mV/s using the same electrochemical cell and potentiostat.  All potentials 

mentioned in this chapter are referenced to the Ag/AgCl (KCl sat’d) reference 

electrode under ambient conditions. 

Spectroelectrochemical experiments were conducted by interfacing an 

8453 Agilent UV-Visible photodiode array spectrometer with a CH 700 

bipotentiostat. A homemade spectroelectrochemical cell was mounted in the 

sample holder of the spectrometer that incorporated a Ag/AgCl (KCl sat’d) 

reference, a Pt counter, and an ITO working electrode.  Spectra were acquired 

from 300-1100 nm every 4.5 sec with an integration time of 0.4 sec 

simultaneously during a linear sweep voltammogram from +0.40 V to –0.70 V.  

The scan rate was 10 mV/s.  

EQCM measurements were performed on a CH 440 

potentiostat/galvanostat using a 10 MHz AT-cut polished quartz crystal 

(International Crystal Manufacturers, Inc.) with a ~10 nm Ti adhesion underlayer 

and a ~100 nm Au electrode overlayer. This crystal (0.201 cm
2
 area) served as the 

working electrode, and it was used in conjunction with a Pt counter and a 

Ag/AgCl (KCl sat’d) reference. Prior to experimentation, the EQCM crystal was 

cleaned with dilute 0.1 M HNO3 and rinsed with nanopure water. Calibration of 

the EQCM crystal was adapted from an established procedure
13

, where cyclic 

voltammograms of a 10
-3
 M AgNO3, 0.2 M H2SO4 solution were collected in a 

cell deaerated with argon. Using the Sauerbrey equation
14

, (∆f = -Cf∆m) where ∆f 

is the change in frequency of the EQCM crystal and ∆m is the change in mass, the 

proportionality constant, Cf, was determined based on three Ag
+
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deposition/stripping cycles taken at 10 mV s
-1
. For the EQCM experiment 

described in this chapter, the EQCM crystal was determined to have a 

proportionality constant of 0.80 ± 0.01 Hz/ng. After calibration, a cyclic 

voltammogram was acquired from +0.4 V to –0.7 V at a scan rate of 10 mV/s 

under ambient conditions. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Chronocoulometry Analysis of Films Deposited from a Mixed (0.05 F 
Re

IV
O4

-
, 0.05 F H2Se

IV
O3) Solution  

Chronocoulometry is an electrochemical technique that can be used to 

deposit thin film coatings onto conductive electrode materials.
15-17

 In this 

experiment, a constant reducing potential is applied to the ITO working electrode 

while it is immersed in an aqueous solution containing a mixture of soluble, 

electrochemically active components (i.e., H2Se
IV

O3, Re
VII

O4
-
).  As these species 

are reduced, an associated quantity of charge is measured by the potentiostat.  

Assuming the deposition is Faradaic, the detected charge (Q) is directly related to 

the moles of species reacted (N) using Faraday’s Law (Q = nFN).  Figure 5.1 

shows chronocoulometry plots that describe deposition when ITO is held at an 

applied potential of –0.3 V and immersed in three different solutions: 0.1 F 

Re
VII

O4
-
, 0.1 F H2Se

IV
O3, and a 0.05 F Re

VII
O4

-
, 0.05 H2Se

IV
O3 mixture.  At the 

end of every 200 s experiment, a film was visibly apparent on the ITO substrate.   

When the neat Re
VII

O4
-
 solution is reduced at ITO, the charge measured by 

the potentiostat increases with time throughout. In the first 10 s, a relatively small  
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Figure 5.1: Chronocoulometry plots of ITO immersed in a 0.1 F Re

VII
O4

-
 (solid 

line), 0.1 F H2Se
IV

O3 (dotted line), and a 0.05 F Re
VII

O4
-
, 0.05 F H2Se

IV
O3 

solution (dotted line).  An arrow was added to denote a difference in charge 
density by a factor of 8.6 after 200 s of deposition.  
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Q vs. t slope of 0.035 mC s
-1
 cm

-2
 is observed, but after that, there is a dramatic 

increase (almost 5-fold) in the slope to 0.17 mC s
-1
 cm

-2
.  Possible explanations 

for this electrochemical response were described in Chapter 2 and in the literature, 

18
 however, as a reminder it appears that Re

VII
O4 adsorbs the electrode surface 

prior to reduction,
19

 and there is non-Faradaic charge that is associated with this 

process.
20

 Since adsorption precedes reduction, we observe a chronocoulometry 

response that essentially has two linear (R
2
 > 0.97) regions.  Once Re

VII
O4

-
 

adsorbs to the ITO substrate, a mixed-valent rhenium film is deposited by the 

cathodic disproportionation mechanism reported in Chapter 2.  The net half-

reaction describing Re
VII

O4
-
 reduction is written below (eq. 5.1).  

 

4Re
VII

O4
-
(ads) + 20H

+
 + 16e

-
 → Re

0
 + 3(Re

IV
O2⋅2H2O) + 4H2O            (5.1) 

 

Based on this half-reaction, we approximate the total film mass deposited after 

200 s of electrolysis is about 19.2 µg cm
-2
. 

By comparison the electrochemical reduction of H2Se
IV

O3 onto ITO is 

more straightforward.  As described in Chapter 4, H2Se
IV

O3 is directly reduced to 

Se
0
 (at –0.3 V) by a direct reduction involving four electrons (eq. 5.2). 

 

H2Se
IV

O3 + 4H
+
 + 4e

-
 → Se

0
 + 3H2O                            (5.2) 

 

The corresponding chronocoulometry data in Figure 5.1 is linear (R
2
 > 0.99) 

throughout the entire deposition, and this is consistent with the reduction 
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mechanism, eq. 5.2.  An estimation of the Se
0
 mass deposited onto ITO (at –0.3 

V) after 200 s is 1.0 µg cm
-2
.    

Deposition from the mixed (0.05 F Re
VII

O4
-
, 0.05 H2Se

IV
O3) solution has a 

chronocoulometric response that is uniquely different from those experiments 

involving neat solutions of Re
VII

O4
-
 or H2Se

IV
O3.  Starting at t = 0, the charge 

density increases rapidly with time at a rate of 3.0 mC s
-1
 cm

-2
. As the deposition 

continues, the charge response levels off dramatically and the slope of Q vs. t is 

reduced by a factor greater than 200.  This suggests that the reaction mechanism 

controlling deposition either changes or becomes inhibited.  Assuming rhenium 

oxide and selenium are co-depositing onto ITO at –0.3 V, the electrochemical 

growth of new materials (e.g., RexSey alloys) might explain the relatively large 

charge density values observed in Figure 5.1.  However, the co-deposition 

mechanism does not explain why the chronocoulometric response of ITO 

stabilizes over time.  This is typical of deposition becoming less feasible with film 

growth.  Given this observation, it is likely that the deposit is a non-electronically 

conducting phase and not a mixed RexSey alloy or RexSe1-xOy material.  Re
0
 and 

Re
IV

 are both considered to be good electronic conductors,
21-23

  and neither one of 

these species has been reported to be passivating against deposition.  However, 

Cattarin and coworkers have reported that amorphous Se
0
 films demonstrate a 

high resistance of 10
5
 Ω cm.

24
 Based on the results in chapter 4, we also suspect 

the amorphous phase of Se
0
 is non-conducting at moderate reduction potentials, 

and that this phase inhibits the additional deposition of Se
0
.  The (relatively) rapid 

increase in charge detected at ITO between t = 0 and t = 10 s suggests that a 

redox-active deposition mechanism could be taking place, in which Re
VII

O4
-
 is 
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influencing the deposition of Se
0
.   Assuming this is the case, the final mass 

deposited from the mixed (0.05 F Re
VII

O4
-
, 0.05 H2Se

IV
O3) solution (after 200 s at 

–0.3 V) is 8.6 µg cm
-2
 (a factor of 8.6 times larger compared to Se

0
 deposition 

from the neat H2Se
IV

O3 solution).    

5.3.2 Cyclic Voltammograms of ITO Immersed in a Mixed (0.05 F Re
VII
O4

-
, 

0.05 H2Se
IV
O3) Solution 

Cyclic voltammetry experiments were conducted to analyze the reaction 

mechanism that describes deposition from a mixed (0.05 F Re
VII

O4
-
, 0.05 F 

H2Se
IV

O3) solution onto ITO, relative to that seen from neat solutions containing 

only Re
VII

O4
-
 or H2Se

IV
O3.  During a linear sweep from +0.40 V to –0.70 V, an 

ITO electrode immersed in a neat 0.1 F H2Se
IV

O3 solution has a cathodic current 

response that onsets positive of –0.20 V (Figure 5.2a).  This current increases to a 

peak at –0.61 V and then decays rapidly.  As previously explained in Chapter 4, 

the cathodic current detected in this experiment is reporting on the 

electrochemical reduction of H2Se
IV

O3 to Se
0
 through eq. 2.  Since there is no 

anodic current in the reverse sweep, Se
0
 is not oxidized at potentials negative to 

+0.4 V. Furthermore, subsequent voltammograms show no indication that 

additional Se
0
 is deposited, because the current remains close with subsequent 

cycling between potentials.   

In comparison, the voltammetric response observed at an ITO electrode in 

a neat perrhenate (Re
VII

O4
-
) solution when cycled between +0.40 V to –0.70 V 

displays different features (Figure 5.2b).  As the potential is scanned to more 

negative potentials from +0.4 V, a cathodic current begins to appear around –0.20 

V.  This current increases slightly during the linear sweep until a much larger  
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Figure 5.2: Cyclic voltammograms of ITO immersed in (a) 0.1 F H2Se

IV
O3 (b) 

0.1 F Re
VII

O4
-
 (c) 0.05 F Re

VII
O4

-
, 0.05 F H2Se

IV
O3 and (d) 0.09 F Re

VII
O4

-
, 0.01 

F H2Se
IV

O3.  The first voltammogram is indicated by a solid line, and subsequent 
voltammograms are indicated by dotted lines.  Scan rate was 10 mV/s for all. 
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electrolysis current begins at –0.47 V (slope = 51.2 mA V
-1
 cm

-2
). A thorough 

discussion of this data is undertaken in Chapter 2, but to summarize briefly, the 

deposition of mixed-valent rhenium occurs throughout this potential region, and 

the large current that starts at –0.47 V marks the onset of hydrogen evolution (2H
+
 

+ 2e
-
 → H2).  At potentials positive to the hydrogen evolution reaction (HER), the 

detected current reports on a catalytic disproportionation mechanism.
20

  In this 

scheme, Re
VII

O4
-
 pre-adsorbs to the electrode surface and forms a Re

III
 

intermediate that disproportionates to yield Re
IV

O2 and Re
0
.  These two products 

are still deposited during the HER (at least from –0.47 V to –0.70 V), but 

adsorbed H2 gas acts as a reducing agent to increase the mole fraction of Re
0
 

within the film.
25

 During the reverse sweep an anodic peak occurs at +0.07 V, and 

this is consistent with the three electron oxidation of Re
IV

O2 to Re
VII

O4
-
 (i.e., 

Re
IV

O2 + 2H2O → Re
VII

O4
-
 + 4H

+
 + 3e

-
).  No Re

0
 is oxidized at potentials 

negative to +0.4 V.  Upon repeated cycling, cathodic and anodic peaks grow in 

around –0.20 V and +0.10 V, suggesting that the three electron redox couple 

between Re
VII

O4
-
 and Re

IV
O2 takes place reversibly on the deposited rhenium 

coating.
20

  

The voltammetric response seen of an ITO electrode immersed in a mixed 

(0.05 F Re
VII

O4
-
, 0.05 F H2Se

IV
O3) solution displays distinct features (Figure 5.2c) 

compared to similar experiments with neat solutions containing just Re
VII

O4
-
 or 

H2Se
IV

O3.  In the first reductive sweep, the onset of a cathodic current appears 

around +0.08 V.  This current peaks at –0.26 V and then decays to a shoulder 

around –0.40 V.  No anodic current is observed during the reverse sweep, and no 

significant current is apparent during repeated cycling.  Barring the deposition of 
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a mixed RexSey film that is passivating, the absence of a detectable current during 

repeated cycling suggests that Se
0
 is the deposition product on ITO during the 

first forward sweep (see Figure 5.2a).  Furthermore, the deposition of rhenium by 

catalytic disproportionation does not occur, because an anodic peak associated 

with Re
IV

O2 oxidation is not present. As a result, (at least some of) the cathodic 

current detected in the first forward sweep in Figure 5.2c must be related to the 

electrochemical reduction of H2Se
IV

O3 to Se
0
.  The voltammetric response in 

Figures 5.2a and 5.2c both show a cathodic peak, but when Re
VII

O4
-
 is present in 

solution, the peak potential is shifted approximately 350 mV positive to that seen 

in neat H2Se
IV

O3 solution.  Therefore, the presence of Re
VII

O4
-
 heavily influences 

the electrochemical deposition process. 

As the molar ratio of Re
VII

O4
-
 to H2Se

IV
O3 in the deposition bath is 

increased, the voltammetric response of ITO changes.  In Figure 5.2d, an ITO 

electrode was cycled between +0.40 V and –0.70 V in a mixed (0.09 F Re
VII

O4
-
, 

0.01 F H2Se
IV

O3) solution.  Unlike the cyclic voltammograms in Figure 5.2c, a 

rise in the cathodic current is clearly visible at –0.49 V.  This potential is 

consistent with the onset of the HER as it occurs on non-H adsorbing electrodes 

(e.g., Au, ITO) immersed in acidic Re
VII

O4
-
 solutions.

26
 For the HER to occur, the 

coating that is being deposited on ITO at more positive potentials cannot be 

completely passivating against electrochemical reduction.  Therefore, we 

conclude that when less H2Se
IV

O3 is present in solution, rhenium will codeposit 

with selenium on ITO.  A closer look at the subsequent voltammograms acquired 

(Figure 5.3) shows cathodic and anodic peaks at –0.19 V and +0.09 V 

respectively which cycle reversibly as a function of potential.  This current  
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Figure 5.3: Repeated cyclic voltammograms (2 through 5) of ITO immersed in 
0.09 F Re

VII
O4

-
, 0.01 F H2Se

IV
O3 at 10 mV/s.  Current peaks associated with the 

redox of Re
IV

O2 are marked by arrows. 
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response confirms that the three-electron redox couple between Re
VII

O4
-
 and 

Re
IV

O2 is taking place during repeated cycling and supports the hypothesis that 

rhenium deposition does occur from a mixed (0.09 F Re
VII

O4, 0.01 F H2Se
IV

O3) 

solution.  Furthermore, since this is the only reversible redox couple affiliated 

with Re
VII

O4
-
 that is observed in any of the aforementioned voltammograms, it is 

likely that this Re
VII

O4
-
/Re

IV
O2 couple is mediating the deposition of Se

0
 (Figure 

5.2c).  

The standard electrode potentials for the acidic H2Se
IV

O3/Se
0
 and Re

VII
O4

-

/Re
IV

O2 couples are +0.542 V and +0.313 V, respectively.
27

   Using these two 

redox couples and their standard electrode potentials, we can propose an EC 

mechanism that describes deposition (via redox mediation) from the mixed (0.05 

F Re
VII

O4
-
, 0.05 F H2Se

IV
O3) solution.  The electrochemical step would be the net 

half-reaction for reduction shown in eq. 5.3: 

 

   3H2Se
IV

O3 + 4Re
VII

O4
-
 + 28H

+
 + 24e

-
 → 3Se

0
 + 4Re

IV
O2 + 17H2O              (5.3) 

 

Once Re
IV

O2 is formed, it can then be oxidized through the chemical step written 

in eq. 5.4 to generate more Se
0
. 

 

4Re
IV

O2 + 3H2Se
IV

O3 → 3Se
0
 + 4Re

VII
O4

-
 + H2O + 4H

+
                      (5.4) 

 

The net reaction from eqs. 5.3 and 5.4 is just the reduction of H2Se
IV

O3 to form 

Se
0
 as written below (eq. 5.5) 
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 6H2Se
IV

O3 + 24H
+
 + 24e

-
 → 6Se

0
 + 18H2O                                          (5.5) 

 

Since eq. 5.4 has a standard potential of +0.229 V (calculated from the electrode 

potentials given above), the proposed redox-mediation mechanism is spontaneous 

and consistent with the experimental observations presented thus far.   

 

5.3.3 Spectroelectrochemical Analysis  

Spectroelectrochemical experiments were conducted to optically track 

electrochemical deposition on ITO from a mixed (0.05 F Re
VII

O4
-
, 0.05 F 

H2Se
IV

O3) solution.  In Figure 5.4a, a linear sweep voltammogram of ITO in 0.1 F 

H2Se
IV

O3 was acquired while simultaneously gathering absorbance spectra from 

300-1100 nm.  Near the onset potential for bulk Se
0 
deposition (ca. –0.20 V), an 

absorbance peak at 410 nm emerges in the spectroscopic data.  This peak is 

consistent with a Se
0
 deposition product,

28
 and it effectively monitors the four-

electron reduction of H2Se
IV

O3 to form Se
0
.  Throughout the voltammetric 

deposition, very little absorbance is detected from 650-1100 nm except for a 

slight increase in the baseline absorbance as the film becomes increasingly thick.    

In comparison, the cathodic deposition of mixed-valent rhenium yields 

coatings that absorb light across all wavelengths from 300-1100 nm (Figure 5.4b).  

As the potential of ITO immersed in 0.1 F Re
VII

O4
-
 is scanned negatively from 

+0.40 V, the current is negligible until the cathodic disproportionation of Re
VII

O4
-
 

to form Re
IV

O2 and Re
0
 begins at approximately –0.26 V.

20
 As the working 

electrode is scanned negatively from this potential, Re
IV

 film growth can be  
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Figure 5.4: Linear sweep voltammograms of ITO immersed in (a) 0.1 F 
H2Se

IV
O3, (b) 0.1 F Re

VII
O4

-
 and (c) 0.05 F Re

VII
O4

-
, 0.05 F H2Se

IV
O3 solutions 

acquired from +0.4 V to –0.7 V.  Simultaneously gathered visible-NIR 
absorbance data is shown below. Scan rate was 10 mV/s for all.  
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tracked optically by an absorbance peak at 480 nm that corresponds to the 
4
Ag → 

4
B1g electronic transition.

29
 The concurrent growth of metallic Re

0
 is followed by 

an increase in the broad baseline absorbance,
23

 which is not evident in other 

electronically conducting Re species (i.e., Re
IV

 and Re
VI

).  At more negative 

potentials past the onset of the HER, occluded H2 gas acts as a reducing agent and 

increases the quantity of Re
0
 present within the film.

20
 As a result, the broad 

baseline absorbance increases more rapidly when the potential is cycled negative 

of –0.49 V.   

A linear sweep voltammogram of an ITO electrode immersed in a mixed 

(0.05 F H2Se
IV

O3, 0.05 F Re
VII

O4
-
) solution shows a rise in the cathodic current 

around 0.00 V, with a peak in the current response at –0.24 V (Figure 5.4c).  

Although this peak potential is shifted positive 370 mV from the cathodic peak in 

Figure 5.4a, it can be directly attributed to the deposition of Se
0
, because 

absorbance spectra acquired during film growth have the same qualitative shape 

as spectra taken during Se
0 

deposition from 0.1 F H2Se
IV

O3.  Moreover, the 

codeposition of rhenium from the mixed (0.05 F Re
VII

O4
-
, 0.05 F H2Se

IV
O3) 

solution appears to be negligible, because neither the current or absorbance data 

show a response that can clearly be attributed to the deposition of any rhenium 

species.  If mixed-valent rhenium were depositing by the catalytic 

disproportionation mechanism proposed in Chapter 2 (eq. 5.1), then a rise in the 

broad baseline absorbance would be expected as a result of Re
0 
deposition, which 

in this case does not occur.  Additionally, rhenium cannot be depositing by the 

two-step hydrogen polarization scheme observed at potentials negative to -0.5 

V,
18

 because the evolution of hydrogen gas is not observed.   
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After comparing the absorbance and differential absorbance data collected 

at 410 nm, it is apparent that Se
0
 begins to deposit from the mixed (0.05 F Re, 

0.05 F Se) solution at a potential that is very close to the onset of rhenium 

deposition (ca. –0.17 V) from the neat, 0.1 F Re
VII

O4
-
 solution (Figure 5.5). This 

observation is supportive of the hypothesis that Re
VII

O4
-
 is mediating the 

deposition.  In addition, there appears to be no rhenium depositing from the mixed 

(0.05 F Re
VII

O4
-
, 0.05 F H2Se

IV
O3) solution.  When absorbance spectra are 

collected during a linear sweep of ITO in 0.1 F Re
VII

O4
-
, the absorbance at 800 

nm (i.e., the baseline absorbance) tracks with the current detected at the working 

electrode due to the deposition of Re
0
 (Figure 5.6).  This absorbance is signal is 

not detected during the deposition of the mixed solution.      

5.3.4 Electrochemical Quartz Crystal Microbalance Studies 

Cyclic voltammetry experiments were conducted on the EQCM to explore 

deposition from a mixed (0.05 F Re
VII

O4
-
, 0.05 H2Se

IV
O3) solution as a function 

of potential.  Since the EQCM simultaneously gathers electrochemical data with 

gravimetric data, this experiment is extremely useful for proposing reaction 

mechanisms that describe deposition.  When the potential of a gold EQCM 

electrode is scanned negatively from +0.40 V to –0.70 V in a mixed (0.05 F 

Re
VII

O4
-
, 0.05 F H2Se

IV
O3) solution, cathodic peaks appear at +0.27 V, -0.05 V, -

0.31 V, and –0.58 V (Figure 5.7).  Although this current response is different 

from what is observed at ITO, we expect the composition of the solid film 

deposited on Au to be the same.  The differences in the voltammetric shape are 

primarily attributed to H2Se
IV

O3 adsorption processes that are more prominent on  
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Figure 5.5: Linear sweep voltammograms shown in Figure 5.4 (top left) with 
plots of absorbance (bottom left) and differential absorbance (top right) at 410 nm 
versus potential.  All depositions were conducted with a fixed working electrode 
area of 0.45 cm

2
 and a scan rate of 10 mV/s. 
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Figure 5.6: Linear sweep voltammograms shown in Figure 5.4 (top left) with 
plots of absorbance (bottom left) and differential absorbance (top right) at 800 nm 
versus potential.  All depositions were conducted with a fixed working electrode 
area of 0.45 cm

2
 and a scan rate of 10 mV/s. 
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Figure 5.7:  EQCM of a 9.995 MHz Au/Ti electrode immersed in 0.05 F Re

VII
O4

-

, 0.05 F H2Se
IV

O3.  The cyclic voltammogram (upper left), change in frequency 
(lower left), and mass-charge plot (upper right) are shown. Scan rate was 10 
mV/s. 
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high-work function metals like Au than on oxides like ITO.
30

 Therefore, we must 

distinguish which currents are affiliated with adsorption and which are affiliated 

with film deposition.  Fortunately the EQCM is uniquely qualified to distinguish 

these two behaviors, because virtually no mass is associated with the adsorption 

of soluble species.  In this experiment, we can clearly show the cathodic peak at 

+0.27 V is associated with an adsorption process (likely the adsorption of 

H2Se
IV

O3),
30

 because the frequency of the EQCM crystal decreases <1 Hz when 

the linear sweep reaches +0.27 V.  

At more negative potentials from +0.1 V to -0.6 V, the gravimetric data 

confirms that H2Se
IV

O3 is electrochemically reduced at the working electrode.  

Using Faraday’s Law (MW/n = ∆mF/Q), a plot of mass vs. charge was 

constructed from the EQCM data to determine a molecular weight equivalent 

(MW/n) that describes deposition.  A linear regression of the mass vs. charge plot 

was fit over the data collected from +0.1 V and -0.6 V with a correlation 

coefficient of R
2
 > 0.99 (Region I, Figure 5.7).  The molecular weight equivalent 

determined from the slope of this line was 20.2 g mol
-1
 eq

-1
, and this value is on 

par with the theoretical value that describes the four-electron reduction of 

H2Se
IV

O3 to Se
0
 (19.7 g mol

-1
 eq

-1
).  Therefore, from +0.1 V to –0.6 V, the current 

response of the Au electrode in Figure 5.7 is probably not reporting on the co-

deposition of Re.  From similar experiments using a 0.1 F H2Se
IV

O3 deposition 

solution void of Re
VII

O4
-
 (see Ch 4), we know that the peak at -0.58 V is reporting 

on the bulk deposition of Se
0
.  The cathodic peaks that occur at more positive 

potentials, -0.05 V and -0.31 V, are a focus of ongoing research.  Based on the 

literature, we speculate that these currents reflect other (non-deposition) processes 
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occurring during the deposition of Se
0
 on Au, such as the formation of AuxSey 

alloys or hydrolysis reactions that yield other adsorbates (e.g., H2Se
IV

O3 + H2O → 

H2Se
VI

O4).
30, 31

   

At more negative potentials from –0.6 V to –0.7 V, the calculated 

molecular weight equivalent decreases to 14.5 g mol
-1
 eq

-1
.  There is no evidence 

to suggest that any other species besides Se
0
 is depositing in bulk, because the 

reverse sweep is completely irreversible with no significant loss in mass.  One 

possibility is that small areas of the Au electrode are exposed and that at these 

localized spots gaseous H2 is evolving and decreasing the efficiency of deposition.  

Alternatively Se
2-
 could be electrochemically generated from the film.

30
  Both of 

these observations would sufficiently explain the increase in charge over this 

potential region without a corresponding increase in mass at the working 

electrode.    

 

5.4 CONCLUSIONS 

Perrhenate (Re
VII

O4
-
) anions were added to solutions of selenous acid 

(H2Se
IV

O3) to shift the deposition potential of Se
0
 on ITO approximately 350 mV 

in the positive direction.  Visible-NIR spectra (300-1100 nm) acquired during 

depositions from mixed (0.05 F Re
VII

O4
-
, 0.05 H2Se

IV
O3) solutions onto ITO 

indicate that no rhenium species codeposit with Se
0
 at potentials positive to –0.7 

V.  As the molar ratio of Re:Se in solution becomes large, voltammetry 

experiments taken from +0.40 V to –0.70 V suggest that Re
IV

 codeposits with Se
0
.  

Based on this data, we propose that the Re
VII

O4
-
/Re

IV
O2 couple mediates the 
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deposition of Se
0
.  Further experiments are planned to explore the growth of 

RexSey alloys and selenium doped rhenium oxides from aqueous, acidic solutions. 
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