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Abstract 

This dissertation is focused on the investigation of the oxygen reduction reaction 

(ORR) utilizing both existing and newly discovered electrocatalysts. Interest in the ORR 

is motivated by its application in the cathodes of most fuel cells. The slow kinetics of the 

ORR are a major barrier to the widespread usage of fuel cells, thus motivating research 

aimed at increasing understanding of existing electrocatalysts and driving demand for the 

development of improved electrocatalysts for the ORR. 

The first section focuses on laccase, a multicopper oxidase that catalyzes the four-

electron reduction of oxygen to water. Upon adsorption to an electrode surface, laccase is 

known to reduce oxygen at overpotentials lower than the best noble metal electrocatalysts 

usually employed. Whereas the electrocatalytic activity of laccase is well established on 

carbon electrodes, laccase does not typically adsorb to better defined noble metal surfaces 

in an orientation that allows for efficient electrocatalysis. In this work, anthracene-2-

methanethiol (AMT) was employed to modify the surface of Au electrodes and the 

electrocatalytic activity of adsorbed laccase was examined. AMT facilitated the 

adsorption of laccase, and the onset of electrocatalytic oxygen reduction was observed as 

high as 1.13 VRHE. Linear Tafel behavior was observed with a 144 mV/dec slope, 

consistent with an outer-sphere single-electron transfer from the electrode to a Cu site in 

the enzyme as the rate-determining step of the oxygen reduction mechanism. 

Inspired by the multicopper active site of laccase, the second section focuses on 

the precipitation of an insoluble complex of copper(II) with 3,5-diamino-1,2,4-triazole 

onto a carbon black support that leads to the formation of an efficient catalyst for the 

ORR referred to as CuDAT. The oxygen-reduction activity is reported over a wide pH 
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range from 1 to 13 and the onset of the ORR occurs at potentials as high as 0.86 VRHE, 

making CuDAT the most active synthetic copper-based electrocatalyst for the ORR 

reported to date. For the first time, ex situ magnetic susceptibility measurements were 

used to demonstrate the presence of multicopper sites on the electrode. 

The final section addresses the question of whether or not the active sites for the 

ORR in electrocatalysts based on carbon-supported transition-metal complexes are metal-

centered as this has become controversial, especially for heat-treated materials. Some 

have proposed that the transition metal only serves to form highly active sites based on 

nitrogen and carbon. Here, we examine the oxygen reduction activity of carbon-

supported iron(II) phthalocyanine (FePc) before and after pyrolysis at 800 °C and 

CuDAT in the presence of several anions and small-molecule poisons, including fluoride, 

azide, thiocyanate, ethanethiol, and cyanide. CuDAT is poisoned in a manner consistent 

with a copper-based active site. Although FePc and pyrolyzed FePc are remarkably 

resilient to most poisons they are poisoned by cyanide indicative of iron-based active 

sites. 
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CHAPTER 1. Introduction 

Background 

The Oxygen Reduction Reaction 

Although the oxygen reduction reaction (ORR) is important in variety of 

electrochemical processes and technologies including corrosion (and corrosion 

inhibition), sensors, and metal-air batteries, the application of the ORR in fuel cells is of 

particular interest.
1-4

 A fuel cell is an electrochemical device, similar to a battery, that 

generates an electrical potential through the oxidation of a fuel at an anode electrode and 

the reduction of an oxidant at a cathode electrode. The anode and cathode are separated 

by an electrolyte that permits the mass-transfer of ions between the electrodes. In contrast 

to batteries that must be recharged electrically or discarded when their reactants are 

consumed, reactants are replenished or continuously supplied in a fuel cell. While a 

variety of fuels may be used as electron sources at the anode (including hydrogen, 

methanol, and formic acid etc.) the ubiquity of oxygen in the atmosphere and the large 

thermodynamic driving force of the oxygen reduction reaction make oxygen the most 

appealing oxidant for most fuel cell cathodes.
3
 The desired reaction is the four electron 

reduction of oxygen to water (Equation 1.1), the two electron reduction of oxygen to 

hydrogen peroxide (Equation 1.2) is less desirable because of the lower efficiency and the 

generation of corrosive  peroxide associated with it.
3
 

  2   4e
    4H    2H2  E

0
 = 1.23 V (1.1) 

  2   2e
    2H    H2 2

 E
0
 = 0.67 V (1.2) 

Although the 1.23 V reduction potential of the ORR provides a substantial 

thermodynamic driving force the reaction is kinetically slow. The sluggish kinetics of the 
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ORR are typically attributed to the strength of the O=O bond (498 kJ/mol) that must be 

broken in the course of the reaction.
1
 In order to obtain meaningful current densities from 

the electroreduction of oxygen the kinetics of the ORR must be increased by lowering the 

activation energy of the reaction. The activation energy is lowered through the use of 

electrocatalysts and also by reducing the electrode potential. The difference between the 

electrode potential (E) and the equilibrium potential (Eeq, 1.23 V for the ORR) of the 

electrode reaction is known as the overpotential, η (Equation 1.3).
5
  

 η = E −Eeq (1.3) 

When the current of an electrochemical reaction is limited solely by the kinetics of the 

electrode reaction at large overpotentials (η > 0.12 V), the relationship between the 

current (i) and the overpotential (η) is described by the Tafel equation (Equation 1.4 or 

1.5) 

      
 
   

   (1.4) 

or 

   
  

  
ln    

  

  
ln   (1.5) 

where i0 is the exchange current, α is the transfer coefficient, and T is temperature; R and 

F are constants with their typical meanings.
5-6

 At the equilibrium potential (Eeq) a 

dynamic equilibrium exists where the rate of the forward reaction is equal to the rate of 

the reverse reaction, the exchange current (i0) describes the rate of these forward and 

reverse reactions which are equal in magnitude and sum to zero net flow of current. 

Increasing the overpotential lowers the activation barrier of the reaction in a linear 

fashion and, at sufficient overpotentials, the current increases exponentially as a function 

of the overpotential. The transfer coefficient (α) is the proportionality coefficient between 



3 

 

the overpotential and the activation barrier. At large overpotentials the current eventually 

becomes limited by Ohmic losses and by the mass-transport of oxygen to the electrode 

surface.  

Electrocatalysts act to increase the exchange current and therefore the increase 

current at all overpotentials where the observed current is kinetically limited (Equation 

1.4). Although a comparison of the exchange currents of the ORR would be the most 

precise way to compare electrocatalysts, this comparison is impractical because with 

most electrocatalysts the exchange current of the ORR is several orders of magnitude 

smaller than the observed currents. Although a value for the exchange current may be 

calculated by extrapolation from a plot of log i versus η using the Tafel equation (1.5), a 

so called Tafel plot, this extrapolation introduces large uncertainties.
2,5

 In practice, 

electrocatalysts are compared in one of two ways: (1) Two similar electrocatalysts are 

best compared by comparing the observed current densities of the ORR at a given 

potential, but this comparison is only possible if the current is under kinetic control with 

both electrocatalysts at the desired potential.
2
 (2) If the activities of the electrocatalysts 

differ by an amount that precludes evaluation at the same potential, then it is preferable to 

compare their onset potentials (Eonset), where the onset potential is the potential at which a 

given (small) current density is reached, and that current density is chosen to roughly 

correspond the lowest value readily distinguished from zero by eye.
7
 The comparison of 

onset potentials is somewhat arbitrary and imprecise, but it is very useful for qualitatively 

ranking electrocatalysts over a wide range of activities 

The most widely used electrocatalysts for the ORR are based on platinum and its 

alloys. However, even with these platinum catalysts, the onset of the ORR occurs at a 
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large overpotential of about 300 mV (corresponding to an electrode potential of about 0.9 

V), still larger overpotentials of 500–600 mV are required to obtain useful current 

densities.
1
 Due to the scarcity and high cost of platinum, a large research effort has 

focused on reducing the platinum loading in fuel cell cathodes, and these efforts have 

been fairly successful at meeting the DOE targets required for the widespread usage of 

fuel cells.
8
 However, reducing the platinum loading does not reduce the overpotential 

associated with the oxygen reduction reaction. Even with the best platinum catalysts, the 

overpotentials required to overcome the slow kinetics of the ORR result in dramatic 

losses in efficiency (over 25%).
2-3

 The development of electrocatalysts with a higher 

activity than platinum would lead to large increases in fuel cell efficiency and large 

reductions in fuel cell costs greatly facilitating the transition of fuel cells into practical 

usage. 

Oxygen Reduction Activity of Laccase
1
 

Although platinum-based electrocatalysts are the most widely used in practical 

applications, the highest activity ORR catalysts are actually found in implementations 

using laccase, a type of multicopper oxidase enzyme.
9
 Laccase couples the oxidation of 

substrate to the four-electron reduction of oxygen. The ORR onset potential for laccase-

modified electrodes can approach the 1.2 V reversible potential of the ORR; at 0.9 V, 

where platinum activity is typically evaluated, the current is limited by the rate of 

diffusion of oxygen to the electrode surface rather than the kinetics of the ORR.
10

 The 

oxygen molecule is activated at a tricopper site and the substrate is oxidized remotely at a 

separate monocopper site.
11

 The ORR mechanism of laccase is described in detail in 

Chapter 3. The spatial separation between oxygen activation and substrate oxidation 
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makes laccase amenable to application as an electrocatalyst upon establishing electron 

transfer with an electrode surface in lieu of substrate oxidation.
12

 

Two general strategies have been employed to attach laccase to electrode surfaces 

and establish electronic communication. The first utilizes an electron-transfer mediator, 

typically an osmium complex, to shuttle electrons between the enzyme and the electrode 

surface.
10, 13-20

 This method allows thick layers of enzyme to be used, leading to good 

durability and larger current densities. The potential of the electrode is however 

determined by the mediator. Direct electron transfer between laccase and carbon 

electrodes can also be established by utilizing a diazonium coupling reaction to modify 

the electrode surface with polycyclic aromatic molecules (such as anthracene).
12, 21

 These 

aromatic linkers facilitate binding of laccase to the electrode, apparently in a favorable 

orientation, and assist in electron transfer to the active site. Direct electron transfer 

eliminates the need for a mediator so the electrode activity is determined by the enzyme. 

Such thin films of enzyme are however less durable and support lower current densities 

than mediated electrodes.
11

 In spite of their activity at remarkably high potential, 

significant barriers prelcude the practical use of enzyme-modified electrodes including 

high cost, limited durability, limited pH ranges (4–7), and low power densities due to low 

surface coverage.
22-23

 

Even though it is unlikely that laccase can be used as a practical electrocatalyst 

for the ORR in a typical fuel cell, its remarkable ORR activity proves that it is possible to 

develop electrocatalysts with greater activities than platinum and that it is possible to do 

so using nonprecious metals (copper in the case of laccase). 
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Nonprecious Metal (NPM) Electrocatalysts for the ORR 

The high cost and scarcity of Pt has motivated longstanding research interests into 

nonprecious metal (NPM) electrocatalysts for the ORR.
1-3, 24-25

 One of the most 

interesting and versatile approaches towards the development of NPM electrocatalysts 

has been in the area of transition-metal coordination complexes. Early work was initiated 

in 1964 by Jasinski’s discovery that the  RR activity of nickel electrodes was increased 

by coating them with cobalt phthalocyanine.
26

 A large amount of research activity into 

the use of dyestuffs for the ORR followed largely focusing on transition metal porphyrins 

and phthalocyanines (Figure 1.1).
27-29

 It was found that complexes of iron and cobalt 

tended to have the highest activities, although the activities were generally lower than Pt 

and suffered from a lack of stability. Collman and Anson’s work in the 1980’s found 

improvements in activity through the use of bis-cofacial cobalt porphyrins (Figure 1.1).
30-

32
 More recently, other means of tailoring the metal–metal distance between the 

macrocycles have employed “pac-man” porphyrins that link the macrocycles together 

with a flexible tether.
33-34

 Work on transition-metal macrocycles continues today, 

although substantial increases in activity are elusive.
35

 

There are few reports of synthetic copper complexes that exhibit significant ORR 

activity.
7
 Several mononuclear Cu complexes have been investigated via adsorption onto 

graphite electrodes.
36-41

 Copper(II) complexes with phenanthroline ligands, which were 

popularized by Zhang and Anson,
38

 are the best-studied to date (Figure 1.1). McCrory et 

al. have investigated the copper complexes of a variety of substituted phenanthrolines, the 

best of which demonstrated an ORR onset of about 0.68 V at pH 4.8, and concluded that 

further increases in activity were unlikely with this system.
39

 Attempts that used putative 

multicopper complexes include a water soluble catalyst formed by the coordination of 
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two copper(II) ions in a hexaazamacrocyclic ligand,
42

 and electrodes modified with 

solution-cast polymers containing copper(II) ions, including a copper–poly(histidine) 

complex,
43

 and a polymeric copper(II) oxalato complex.
44

 The demonstration of 

polynuclearity when adsorbed on an electrode in any of these systems is lacking. A 

cytochrome c oxidase model compound with a Cu–Fe site has also been investigated by 

adsorption onto graphite, but the ORR onset is quite low at about 0.2 V and the complex 

that contains only Fe has similar activity.
45

 

A major issue that haunts all work on the ORR activity of transition-metal 

coordination complexes is uncertainty regarding the nature of the active site after the 

complex in adsorbed onto the electrode surface. In the early 1970’s it was discovered that 

the activity and the durability of electrodes modified with iron or cobalt macrocycles can 

be improved by heat-treating them under an inert atmosphere.
27-29

 The use of high 

temperatures (600–900 °C) led to the best materials and also resulted in the complete 

decomposition of the macrocycle.
46-48

 Furthermore, other simple iron and nitrogen 

sources (such as iron acetate and ammonia) can be used in place of the metal 

macrocycle.
48-51

 Yeager proposed that decomposition of the macrocycle at high 

temperatures forms a nitrogen-rich surface on a carbon electrode that is capable of 

coordinating iron (or other transition metals) to form ORR active sites.
47

 Yeager’s work 

showed that the macrocycles remain intact on the carbon surface prior to heat treatment,
46

 

although the similarity in the ORR activity before and after heat treatment leads to some 

doubt about whether the intact macrocycles are in fact ORR active.
1
 The ORR activity of 

these heat-treated Fe/N/C materials can rival that of platinum, although durability 

continues to preclude practical usage.
51
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More recently it has been show that “metal free” materials based on carbon and 

nitrogen exhibit substantial ORR activity, especially in base.
52-57

 It has also been found 

that carbon monoxide does not poison heat-treated Fe/N/C electrocatalysts.
58

 These 

observations lead to doubt that any of these materials feature metallic active sites. The 

higher activity that results from metal-containing precursors is attributed to the metals 

acting as catalysts to form N/C in a highly active morphology.
54

 Others maintain that the 

“metal free” materials contain trace amounts of iron and that carbon monoxide is merely 

a poor choice of poison.
47, 59

 

In spite of these challenges (and partially because of them) work on transitional 

metal complexes as electrocatalysts for the ORR remains an active area of research. The 

tremendous appeal of a low-cost (and potentially higher activity) alternative to platinum 

electrocatalysts in fuel cell cathodes will continue to drive interest in this area. 

Research Goals 

The research described in this dissertation seeks to improve understanding about 

the mechanism and reactivity of several oxygen reduction electrocatalysts and apply that 

understanding towards the development of new electrocatalysts for the oxygen reduction 

reaction. 

In chapter 3, the oxygen reduction activity of laccase from Trametes versicolor 

(TvLc) is evaluated on a thiol-modified gold electrode. Although anthracene-modified 

carbon has yielded success in obtaining direct electrocatalytic reduction of oxygen by 

laccase on carbon electrodes, direct electrocatalysis on gold has not been previously 

reported for TvLc. Characterization of TvLc on a better defined noble metal surface, such 

as gold, is desired to provide a potentially superior analytical platform. A strategy for 

obtaining direct electron transfer between the enzyme and a gold surface is outlined, and 
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successfully implemented. Insights into the oxygen reduction mechanism of the TvLc 

modified gold electrode are also described. 

In chapter 4, the discovery of a new copper-based electrocatalyst (CuDAT), 

inspired by the active site of laccase, is described. For the first time, multicopper sites are 

observed on the electrode surface through the use of magnetic susceptibility 

measurements. The oxygen reduction activity is characterized using rotating ring-disk 

electrode voltammetry and found to be the highest known for any synthetic copper-based 

material. 

In chapter 5, a systematic study of the effects of several poisons on the oxygen 

reduction activity of several NPM electrocatalysts for the ORR is described. Evidence for 

metal-centered activity in Fe/N/C and CuDAT is presented and evaluated. The failure of 

prior poisoning studies is also explained. 
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Figure 1.1. Examples of typical transition-metal complexes that have been 

used as electrocatalysts for the ORR including metal phthalocyanines 

(left), bis-cofacial porphyrins (center), and copper phenanthrolines (right).   
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CHAPTER 2. Experimental Procedures 

General Procedures 

Cleaning 

In order to ensure accuracy and reproducibility in electrochemical experiments 

careful attention to must be paid to the cleanliness and usage history of the equipment 

used this is especially important for any glassware or other equipment that comes into 

direct contact with electrolyte solutions. Glassware used to prepare or store electrolyte 

solutions and glass electrochemical cells were cleaned with the following procedure. This 

procedure is also suitable for cleaning components made from Teflon
®
 or other 

fluorinated polymers, quartz, and some types of poly(ethylene) or poly(propylene). First, 

all residues from prior experiments are removed using standard procedures (e.g. washing 

with soap and water or a suitable solvent) and the equipment is rinsed with deionized 

(DI) water. After rinsing, the equipment is transferred to a bath containing concentrated 

sulfuric acid and NoChromix
®
 (Godax Laboratories) where it is allowed to soak for 

several hours or overnight to oxidize and remove any organic contaminants. The sulfuric 

acid residue is rinsed away with DI water and the equipment is placed in a bath 

containing 35% nitric acid for several hours to remove any metallic contaminants or 

remaining sulfuric acid residues. The nitric acid is removed by rinsing with DI water. 

Finally, all equipment is rinsed with boiling purified water (Milli-Q Reference, 

18.2 M). This final rinse with boiling water should be performed immediately before 

use of the clean equipment. Simply rinsing glassware with boiling Milli-Q water was 

found to be sufficient if no contamination occurs during usage and the composition of the 

electrolyte does not change between experiments. 
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Electrolyte Preparation 

All electrolytes were prepared using purified water (Milli-Q Reference, 

18.2 M), clean glassware (see above), and commercial reagents of the highest available 

purity without further purification. Electrolyte solutions were stored, tightly closed, in 

either clean glassware or FEP containers with the exception of NaOH solutions which 

were stored in HDPE (to avoid silicate contamination). The electrolyte for the evaluation 

of laccase-modified electrodes was citrate-phosphate buffer prepared by adjusting the pH 

of citric acid (0.1M) to 4.00 with Na2HPO4 (0.2 M). Britton-Robinson
1
 buffers were used 

to compare the activity of an electrode across a range of pH values without changing the 

counter-ions present in solution and were prepared to contain: NaClO4 (0.1 M), acetic 

acid (0.04 M), phosphoric acid (0.04 M), and boric acid (0.04 M); the pH was adjusted to 

the desired value with NaOH (0.1 M). Routine experiments were also conducted in a 

commercially available pH 6.0 phosphate buffer solution (0.05 M, Fisher Scientific) 

without issues. 

Gold Working Electrode Preparation 

Polished Polycrystalline Gold 

Polycrystalline gold disks were 10 mm in diameter (Monocrystals Co.) and were 

mechanically polished by hand using successively finer diamond suspensions (9 μm, 3 

μm, 1 μm, 0.3 μm, and 0.05 μm, Buehler) on MicroCloth
®
 disks (Buehler) adhered to a 

flat glass plate. After each polishing step the electrodes were rinsed and sonicated in 

ultrapure water. Polished electrodes were stored under ultrapure water when not in use. 

Polished electrodes were flame annealed in a hydrogen flame until red hot for 10 min and 

then allowed to cool in air for 8 min before use.
2
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Electrochemically Roughened Gold 

Polycrystalline gold disks were 10 mm in diameter (Monocrystals Co.) and were 

mechanically polished on an EcoMet 3000 variable speed polisher (Buehler) using a 

slurry containing 9.5 μm alumina powder (Buehler) on a MicroCloth
®
 disk (Buehler). 

After polishing, residual alumina is removed by rinsing and sonicating in ultrapure water 

and the electrode surface is wiped dry with a Kimwipe
®
 (wiping was found to improve 

the roughening consistency). Electrochemical roughening is performed using a KCl 

(0.5 M) electrolyte, a gold counter electrode prepared from gold wire to have a surface 

area greater than the working electrode, and a Ag/AgCl reference electrode (BAS) in a 

beaker open to the air. Roughening is accomplished by applying a series of oxidation and 

reduction cycles that are based on published procedures.
3-4

 A diagram of the potential 

waveform and a macro program written for a CH Instruments potentiostat are included as 

Appendix A. After roughening, the gold electrode has a uniform dark red-brown color 

and is rinsed with ultrapure water and kept under water. 

Thiol Modification 

Anthracene-2-methanethiol (AMT) was synthesized by Cyrus A. Anderson and 

the procedure has been published;
5
 all other thiols used were commercially available and 

were used as received. Self-assembled monolayers (SAMs) of thiols are formed 

spontaneously upon exposure the gold electrode (either roughened or polished and 

annealed as described above) to a solution of the thiol in EtOH.
6
  Prior to immersion, the 

gold electrodes were rinsed with EtOH to prevent contamination of thiol solutions with 

water adhered to the gold. The length of the exposure did not affect any of the results in 

these studies and times between 30 min and 24 hours were used as convenient. Thiol 

concentrations were 0.5 mM for AMT only, 0.5 mM AMT + 1.5 mM ethanethiol (ET) for 
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AMT/ET mixed monolayers, and 1 mM for all other thiols. It should be noted that AMT 

is not entirely soluble in EtOH, so this leads to some uncertainty regarding the actual 

AMT concentrations in solution. AMT is soluble in THF and THF/EtOH mixtures, but 

these solutions did not lead to SAM formation. The modified electrodes were rinsed with 

EtOH to remove any excess thiols. 

Laccase Purification and Electrode Modification 

Laccase from Trametes versicolor (TvLc) was purchased from Aldrich and 

purified by Nicholas M. Marshall and Bryant E. Kearl using a method modified from 

previously published protocols that is described elsewhere.
5,7-8

 The activity of the 

provided TvLc solution was found to be >500 U/mL by UV-VIS spectroscopy using 3 

mM ABTS as the substrate, the unit U corresponds to the oxidation of 1 mol ABTS per 

minute. The use of high-purity TvLc solutions is critical to obtain active electrodes. Gold 

electrodes modified with either AMT or AMT/ET as described above were rinsed with 

EtOH and immersed in a diluted TvLc solution prepared from 30 L of the >500 U/mL 

TvLc stock solution and 2970 L of pH 4.0 citrate-phosphate buffer.  The electrode was 

allowed to soak for 1 h at ambient temperature prior to use (or could be soaked 24 h at 5 

°C without any difference in activity).  The electrode was rinsed with copious amounts of 

water to remove unbound Lc prior to prompt transfer to the electrochemical cell.  If the 

surface is allowed to dry, all TvLc activity is lost. 

Carbon Working Electrode Preparation  

Preparation of Cu(DAT) Modified Carbon Black
9
 

Carbon black (Vulcan XC-72, Cabot) (1.00 g), Cu(SO4)2·5H2O (Aldrich, 

99.995%) (0.200 g, 0.801 mmol), and water (Milli-Q UV Plus, 18.2 M) (20 mL) were 
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combined and sonicated to form a viscous suspension. A solution of 3,5-diamino-1,2,4-

triazole (DAT) (Aldrich, 98%) (0.159 g, 1.60 mmol) in water (10 mL) was then added 

drop-wise with stirring. After the mixture was stirred for 18 h, the solids were collected 

by suction filtration and dried in vacuo for 3 h at 90° C, and then pulverized with a 

mortar and pestle. Elemental Analysis (%) found: C 85.2, H 0.14, N 5.36, and Cu 3.76. 

Preparation of Fe/N/C Electrocatalysts
10

 

To prepare carbon supported iron phthalocyanine (FePc), 20.0 mg of iron(II) 

phthalocyanine (Aldrich, 90%) were suspended in 10 mL of concentrated sulfuric acid, 

0.50 g of Vulcan XC-72 was added and the mixture was sonicated for 2 h. The 

suspension was then poured into water and the solids were collected by suction filtration, 

rinsed with water, and dried under vacuum at 90 °C overnight.  To prepare pyrolyzed 

FePc, carbon supported FePc was placed in a quartz boat in a quartz tube furnace under a 

50 mL/min flow of Ar, the temperature was ramped to 800 °C over the course of 10 min, 

held at 800 °C for 20 min, and then allowed to cool to room temperature over the course 

of 3 h.  A mass loss of 3.6% occurred during pyrolysis. 

Drop-casting Electrocatalyst Inks onto Glassy Carbon Working Electrodes
10-11

 

Working electrodes consisted of 5 mm diameter glassy carbon disks in Teflon 

holders (Pine Research Instrumentation) which were mechanically polished by hand 

using alumina suspensions in ultrapure water (0.05 μm, Buehler) on MicroCloth
®
 disks 

(Buehler) adhered to a flat glass plate and then sonicated in ultrapure water to remove the 

excess alumina. For rotating ring-disk electrode studies, the glassy carbon disk was 

removed and polished separately from the Pt ring. Electrocatalyst inks were 

(re)suspended by sonication and then applied to the glassy carbon disk and allowed to 

dry. For CuDAT, the ink contained 1.0 mg mL
-1

 carbon-supported catalyst and 4 L mL
-1
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Nafion
®

 (Aldrich, 5% solution) in water, and a 20 L drop was applied to the electrode 

and dried under a stream of Ar (the flow rate was adjusted until a uniform catalyst 

distribution was obtained). For FePc and pyrolyzed FePc, the inks contained 10 mg of 

carbon-supported catalyst and 95 L of Nafion
®

 in 350 L of ethanol, a 7 L drop was 

applied to the electrode and air dried under an inverted beaker.
12

 Between consecutive 

measurements with the same catalyst, the old catalyst was removed with isopropyl 

alcohol and a Kimwipe and fresh catalyst was applied without re-polishing. 

Electrochemical Measurements 

Electrochemical measurements were performed in a standard three electrode 

configuration (or four electrode configuration for rotating ring-disk electrode studies) 

using a CHI 760C or CHI 760D bipotentiostat (CH Instruments). For rotating disk 

electrode (RDE) studies, a modulated speed rotator (model MSRX or AFMSRCE, Pine 

Research Instrumentation) was used. For studies on gold the working electrode was 

placed in hanging meniscus contact with the electrolyte. For studies on carbon the 

electrode was held in a Teflon holder. A Pt gauze counter electrode was separated from 

the working electrode by a porous glass frit and a “no leak” Ag/AgCl reference electrode 

(Cypress Systems) was isolated with a Luggin capillary. The reference electrode was 

calibrated to the reversible hydrogen electrode (RHE) by sparging the cell with H2 and 

measuring the open circuit potential (OCP) at a Pt working electrode. The headspace of 

the cell was closed and either Ar or O2 atmospheres were maintained during experiments 

with a slight positive pressure generated by a water or oil filled bubbler on the gas outlet 

from the cell. 
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Magnetic Measurements
9
 

Magnetic susceptibility data were kindly provided by Amber C. McConnell, 

William W. Shum, and Prof. Joel S. Miller (University of Utah). The 5 to 300 K 

magnetic susceptibility of Cu(DAT) on Vulcan was measured on a Quantum Design 

MPMS-5XL magnetometer. In order to correct for the diamagnetism of the carbon 

support, the susceptibility of unmodified Vulcan XC-72 was also measured across the 

entire temperature range and then subtracted. 

Probe Microscopy
5
 

Scanning tunneling microscopy (STM) was performed by Jeremy J. Hatch. STM 

measurements were carried out using a Nanoscope III E (Digital Instruments). The gold 

substrate was clamped to the stage using a Teflon cell. Pt-Ir STM tips (0.25 mm in 

diameter) were purchased from Veeco Instruments. Atomic force microscopy (AFM) was 

performed by Andrew S. Campbell. AFM images were collected in contact mode using a 

PicoSPM 300 atomic force microscope (Agilent Technologies) controlled with a 

Nanoscope E controller unit (Digital Instruments, now Veeco). Contact-mode cantilevers 

(Si3N4 with a reflective gold coating) were rinsed with EtOH and dried in air under UV 

before use. Scan sizes were varied between 164 nm (Z range = 50 nm) and 4.0 μm (Z 

range = 600 nm) to ensure that all features were within the scan range. All experiments 

were run in air under ambient conditions.  
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CHAPTER 3. Direct, Electrocatalytic Oxygen Reduction by Laccase on 

Anthracene-2-methanethiol-Modified Gold 

Adapted with permission from The Journal of Physical Chemistry Letters, 

2010, 1, pp 2251-2254. Copyright © 2010 American Chemical Society. 

Cyrus A. Anderson synthesized and provided anthracene-2-methanethiol. 

Jeremy J. Hatch performed scanning tunneling microscopy and provided 

Figure 3.3. Andrew S. Campbell performed atomic force microscopy and 

provided Figure 3.5. Nicholas M. Marshall and Bryant E. Kearl provided 

purified laccase. 

Although the 4 e− electroreduction of dioxygen to water is highly favored 

thermodynamically with a reversible reduction potential of 1.23 V versus the reversible 

hydrogen electrode (RHE), this potential is rarely realized because the reaction is 

kinetically slow and proceeds only at significant overpotentials (ca. −300 mV) even with 

the best Pt-based catalysts. The slow kinetics of the oxygen reduction reaction (ORR) is 

one of the major fundamental challenges to the widespread application of fuel cells and 

electrocatalysis of the ORR is the subject of extensive research efforts.
1
 

Some multicopper oxidases, particularly certain types of laccase (Lc), reduce O2 

at significantly smaller overpotentials than Pt and have been utilized as cathode 

electrocatalysts in enzyme-based fuel cell applications.
2
 Lc functions as an electrocatalyst 

on carbon electrodes as it adsorbs in an orientation that allows direct electron transfer 

(DET) from the electrode to a type 1 (T1) Cu site; subsequent internal electron transfer 

transports the electron to a mixed type 2/type 3 (T2/T3) tricopper cluster where O2 is 

activated and reduced.
3
 Although poor durability and low current densities are typical, 

significant improvements are realized upon diazonium modification of graphite and high 

surface area carbon electrodes to incorporate anthracene moieties on the surface prior to 
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the adsorption of Lc.
4-5

 Anthracene purportedly mimics a natural substrate of the enzyme 

and penetrates the hydrophobic pocket near the T1 Cu site which properly orients the 

enzyme on the surface, facilitates electron transfer to the T1 Cu site, and reduces 

dissolution of enzyme off of the electrode surface. A key parameter in the 

characterization of electrocatalysts is the slope of a Tafel plot; however Lc-modified 

carbon electrodes exhibit nonlinear Tafel behavior.
4
 Characterization of Lc on a better 

defined noble metal surface such as Au is desired to provide a potentially superior 

analytical platform. 

On Au, Lc does not adsorb in the proper orientation for direct electrocatalysis at 

low overpotentials.
3
 Prior investigations of Lc on Au electrodes investigated a variety of 

strategies including adsorption of the enzyme to bare and to thiol-modified Au and 

covalent attachment to thiol-modified Au.
3, 6-10

 However none of these motifs allowed 

observation of the direct electrocatalytic reduction of O2 at low overpotentials. Direct 

electrocatalysis has been reported for a low potential (high overpotential) Lc.
11

 Recently, 

is was also reported that adsorption of Lc to 50 nm Au nanoparticles allows the 

observation of direct electrocatalysis.
12

 Herein we report that modification of a roughened 

Au surface with anthracene-2-methanethiol (AMT) to orient and bind Lc from Trametes 

versicolor (TvLc) enables the direct electrocatalytic reduction of O2 at low overpotentials 

(see Figure 3.1). Additionally, we report the successful observation of linear Tafel 

behavior. 

A self-assembled monolayer (SAM) of AMT on polished Au was characterized 

electrochemically and by scanning tunneling microscopy (STM). The 

Fe(CN)6
3−

/Fe(CN)6
4−

 redox couple was inhibited on an AMT modified Au electrode 



27 

 

relative to a clean Au electrode (Figure 3.2) consistent with the formation of a barrier 

type film that allows a small residual current to pass.
13

 As seen in Figure 3.3, a hexagonal 

closest packed overlayer is formed by the AMT on the Au(poly) surface with nearest-

neighbor spacing of ca. 0.4 nm. Similarly, (√3 × √3)R30° lattices of benzyl mercaptan 

and 4-biphenylmethanethiol monolayers form on Au(111) surfaces with nearest-neighbor 

spacing of 0.49 ± 0.01 nm.
14

 On the basis of theoretical work done by Sellers et al., the 

methylene spacer likely promotes a vertical geometry allowing for strong intermolecular 

interactions between the AMT molecules.
15

 However, isolated anthracene moieties need 

to protrude from the surface in order to access the hydrophobic pocket of Lc and orient 

the enzyme. Indeed, we found that the ORR activity of TvLc at a polished Au electrode 

modified with an AMT SAM was not significant, and was comparable to prior 

observations made with other thiols (see Figure 3.4). 

To disrupt the SAM and create isolated anthracene moieties accessible to the 

enzyme we electrochemically roughened the Au surface forming rounded asperities on 

the order of ca. 100 nm in diameter as observed by atomic force microscopy (AFM) 

(Figure 3.5). TvLc adsorbed on the roughened Au surface modified with AMT exhibited 

direct electrocatalytic reduction of O2 at potentials approaching 1 V vs. RHE (Figure 3.6). 

Use of a mixed monolayer of AMT and ethanethiol (ET) on a roughened surface (see 

Figure 3.1) increased the onset of the ORR to 1.13 V versus RHE and yielded current 

densities approaching −25 A/cm
2
 in quiescent solution (Figure 3.6). We attribute the 

improved activity to the formation of an increased number of anthracene moieties 

accessible to TvLc in the mixed monolayer. 
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In the absence of O2, there is no Faradaic contribution to the voltammetry of 

roughened Au electrodes modified with AMT/ET and TvLc in the potential window 

examined (Figure 3.6). Based on the electrocatalytic current densities, we can estimate 

that the expected current density from e
−
 transfer to the Cu sites in the absence of O2 is 

too small to observe because of the low surface concentration of TvLc due to the low 

number of accessible anthracene moieties, even with roughening and utilization of a 

mixed monolayer. The rate constant for O2 binding to the tricopper site has been found to 

be 2 × 10
6
 M

-1
 s

-1
 and must be equal to (or greater) than the rate constant for the rate 

determining step (RDS) for the overall oxygen reduction reaction.
16

 Multiplication by 4 

e
−
 for each turn-over of the enzyme, the concentration of dissolved O2 (ca. 1 mM), and 

Faraday’s constant (96500 C/mol) yields a maximum electrocatalytic current of 8 × 10
8
 A 

per mol Lc. Division of this number into the maximum observed electrocatalytic current 

density (25 A cm
-2

) yields a maximum TvLc surface concentration of 3 × 10
-14

 mol cm
-2

 

equivalent to 1.2 × 10
-13

 mol Cu cm
-2

. The peak current density (jp) expected for 

voltammetry of a Nernstian adsorbate layer is given by Equation 3.1 

  
 
 = (9.39 105) 2   (3.1) 

where n is number of e
−
 transferred (1),  is the scan rate (5 mV s

-1
), and  is the surface 

concentration of the adsorbate (1.2 × 10
-13

 mol Cu cm
-2

).
17

 The upper bound for jp in our 

case is therefore 0.6 nA cm
-2

, several orders of magnitude smaller than the capacitive 

charging current in the voltammogram (300 nA cm
-2

) and also smaller than the noise in 

the measurement (2 nA cm
-2

). 

Figure 3.6 also shows data obtained at a roughened electrode modified with 

hexadecanethiol (HDT) in place of AMT; the absence of O2 reduction currents indicates 
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that the anthracene moiety is required to orient the enzyme properly. Electrodes prepared 

with TvLc on roughened gold without a thiol modification, or modified with benzyl 

mercaptan, also did not show any significant ORR activity (Figure 3.7). 

Tafel plots of the ORR at the electrodes utilizing AMT only and the AMT/ET 

mixture to bind TvLc have linear regions with a slope of ~144 mV/dec (Figure 3.8). The 

similar slope in both systems indicates that the ORR mechanism does not change as a 

function of the number of active TvLc sites on the electrode surface. TvLc reduces 

oxygen following a ping-pong-type mechanism that couples the single electron oxidation 

of four substrate molecules to the four electron reduction to water as represented below 
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where PI and NI designate the peroxy intermediate and native intermediate respectively.
16

 

For a multistep multielectron reaction, the relationship between the transfer coefficient 

() and the reaction mechanism is described by Equation 3.2 

 r


 


 
  
   

(3.2) 

where  is the number of electrons transferred prior to the RDS,  is the stoichiometric 

number (the number of times the step occurs per cycle of the overall reaction), r is the 

number of electrons transferred during the RDS, and  is the symmetry factor 

(usually ~0.5).
18

 If step I (the outer sphere single electron transfer from the electrode to 

the T1 Cu site) is the RDS, then  = 0 and r = 1; therefore . If step II is the RDS, 
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then  = 4,  = 3, and r = 0; therefore . If any of steps III through V are the RDS, 

then  = 4,  = 1, and r = 0; therefore . The value of  is determined from the Tafel 

slope using Equation 3.3.
18

 

 
2.3

log

dE RT

d i F


 
(3.3) 

The observed Tafel slope of 144 mV/dec yields  = 0.41 which is most consistent with 

step I as the RDS and = = 0.41, which is within the normal range expected for the 

symmetry factor. This is consistent with the suggestion that the first electron transfer is 

the RDS for the oxidation of certain substrates with Lc (based on the observation that the 

catalytic efficiency of various laccases depends on the redox potential of the T1 Cu site).
3
 

It also illustrates the remarkable ability of the tricopper T2/T3 site to activate the O=O 

bond, the typical RDS with other electrocatalysts (including Pt).
1
 

Linear Tafel behavior is expected only when current densities at overpotentials 

greater than ca. 118 mV are free from mass-transport effects.
17

 Thus, the Tafel plot of the 

electrode with AMT only is more linear than the electrode with the AMT/ET mixture, 

and the still higher geometric current density TvLc-modified carbon electrodes reported 

by Blanford et al. do not have linear Tafel behavior.
4
 The lack of linearity may be due to 

mass-transport effects accompanying the higher current densities, or the heterogeneous 

nature of the carbon surface. 

The observation of linear Tafel behavior from laccase on a modified Au surface 

provides an analytical platform with which to further characterize different laccase 

systems.  Whereas our system is suitable for the characterization of Lc at a Au surface, 

systems employing high surface area carbons remain at this time more practical for 

enzyme based fuel cells because of the accessibility of higher current densities. 
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Optimization of laccase binding site density on Au may provide for further increases in 

current density in the future. 
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Figure 3.1. Schematic representation of Lc from Trametes versicolor 

properly oriented for electrocatalytic reduction of O2 at an 

electrochemically roughened Au surface modified with a mixture of 

anthracene-2-methanethiol (AMT) and ethanethiol (ET). The AMT is 

shown in the hydrophobic pocket where it facilities electron transfer from 

the electrode surface to the T1 Cu site. After an internal electron transfer, 

the 4 e
−
 reduction of O2 to water occurs at the T2/T3 tricopper cluster near 

the center of the enzyme.
19
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Figure 3.2. Cyclic voltammograms of 10 mM K3Fe(CN)6 at a polished, 

unmodified Au working electrode (black) and a Au working electrode 

modified with AMT (red) recorded in 0.5 M Na2SO4 sparged with Ar at 50 

mV/s. 

  



34 

 

 

 

 

 

 

 

Figure 3.3. STM micrograph of hexagonal closest packed AMT 

monolayer formed on a polycrystalline Au surface.  Nearest-neighbor 

spacing is ca. 0.4 nm within each domain. (Vbias = 150 mV, it =  2.00 nA) 
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Figure 3.4. Cyclic voltammograms of clean Au (blue, curve a), AMT 

modified Au (red, curve b), and TvLc adsorbed on AMT modified Au 

(black, curve c) recorded in O2 saturated pH 4.0 citrate buffer at 0.1 V/s. 

Working electrodes were 10 mm dia. polycrystalline Au disks polished to 

a mirror finish with 0.05 micron diamond slurries, sonicated in ultra-pure 

water, hydrogen flame annealed red hot for 10 min, and air cooled 8 min. 

AMT modified electrodes were immersed in a 0.5 mM AMT solution in 

EtOH 24h. TvLc modified electrodes prepared by immersing AMT 

modified electrode in 2 mL pH 4 citrate buffer with 40L purified TvLc 

solution added for 1 h (extending exposure to 24 h had no effect on the 

voltammetry).  
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Figure 3.5. Atomic force micrographs (A, C) of an electrochemically 

roughened gold surface and corresponding cross-section traces (B, D) are 

shown. A 437 nm scan size (A) reveals small-scale features on the order of 

3-20 nm in height. A larger, 4.0 μm scan size (C) indicates larger-scale 

features of up to 120 nm as well as the smaller, 20 nm features observed in 

(A). Imaged in contact mode using a PicoSPM 300 atomic force 

microscope (Agilent Technologies) controlled with a Nanoscope E 

controller unit (Digital Instruments, now Veeco). Contact-mode 

cantilevers (Si3N4 with a reflective gold coating) were rinsed with ethanol 

and dried in air under UV before use. Scan sizes were varied between 164 

nm (Z range = 50 nm) and 4.0 μm (Z range = 600 nm) to ensure that all 

features were within the scan range. All experiments were run in air under 

ambient conditions.  
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Figure 3.6. Cyclic voltammograms showing the electrocatalytic activity of 

TvLc adsorbed on a roughened Au electrode modified with: an AMT/ET 

mixture (red, curve a), AMT only (blue, curve b), and HDT (green, 

curve c) in O2 saturated electrolyte; and Lc on the AMT/ET modified 

electrode in Ar saturated solution (black, curve d). Data recorded at 5 

mV/s in 0.1 M citric acid buffer adjusted to pH 4.00 with 0.2 M Na2HPO4. 
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Figure 3.7. Cyclic voltammograms of TvLc adsorbed on 

electrochemically roughened Au electrodes with no thiol modification 

(dashed red) and modified with benzyl mercaptan (solid blue) recorded at 

0.1 V/s in O2 saturated pH 4.0 citrate buffer.  
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Figure 3.8. Tafel plots of the O2 reduction activity of TvLc adsorbed on 

roughened Au electrodes modified with AMT (curve a, blue) and an 

AMT/ET mixture (curve b, red) in O2 saturated pH 4.00 citrate-phosphate 

buffer; and linear fits equivalent to Tafel slopes of 144 mV/dec (short 

dashes) and 145 mV/dec (long dashes). Data recorded during a 5 mV/s 

cathodic potential scan. 
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CHAPTER 4. Oxygen Reduction Activity of a Copper Complex with 

3,5-Diamino-1,2,4-triazole Supported on Carbon Black 

Adapted with permission from Angewandte Chemie International Edition, 

2009, 48, pp 165–167. Copyright © 2009 Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. Magnetic susceptibility data (Figure4.6) were 

kindly provided by Amber C. McConnell, William W. Shum, and Prof. Joel 

S. Miller (University of Utah). 

Electrocatalysis of the oxygen reduction reaction (ORR) is currently of widespread 

interest due to its application in fuel cell cathodes. Slow reaction kinetics significantly 

impact the efficiency of fuel cells and, even with Pt catalysts, the onset of the ORR 

occurs at approximately 1.0 V, which is well below the reversible potential for oxygen 

reduction of 1.23 V versus the reversible hydrogen electrode (RHE).
1
 Multicopper 

oxidases (exemplified by laccase) activate oxygen at a site containing three Cu atoms 

with spacings of approximately 3.5 Å and exhibit remarkable ORR electroactivity at 

potentials approaching 1.2 V (versus RHE).
2-3

 Given the high cost and limited supply of 

Pt, a copper-containing complex adsorbed on an electrode surface that exhibited this level 

of reactivity would be highly desirable. 

There are few reports of synthetic copper complexes that exhibit significant ORR 

activity. Several mononuclear Cu complexes have been investigated via adsorption onto 

graphite electrodes.
4-9

 Copper(II) complexes with phenanthroline ligands, which were 

popularized by Zhang and Anson,
6
 are the best-studied to date. McCrory et al. have 

investigated the copper complexes of a variety of substituted phenanthrolines, the best of 

which demonstrated an ORR onset of about 0.68 V (RHE) at pH 4.8, and concluded that 

further increases in activity were unlikely with this system.
7
 Attempts that used putative 
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multicopper complexes include a water soluble catalyst formed by the coordination of 

two copper(II) ions in a hexaazamacrocyclic ligand,
10

 and electrodes modified with 

solution-cast polymers containing copper(II) ions, including a copper–poly(histidine) 

complex,
11

 and a polymeric copper(II) oxalato complex.
12

 However, the demonstration of 

polynuclearity when adsorbed on an electrode in any of these systems is lacking. A 

cytochrome c oxidase model compound with a Cu–Fe site has also been investigated by 

adsorption onto graphite, but the ORR onset is quite low at about 0.2 V versus RHE and 

the complex that contains only Fe has similar activity.
13

 

The efficacy of laccase led us to wonder if Cu coordination complexes or 

polymers composed of Cu
II
 coordinated with bridging azole-type ligands, such as the 3,5-

diamino-1,2,4-triazole (DAT) ligand (Figure 4.1),
14

 and with other weakly coordinated 

ligands (such as water or sulfate) might provide stability in addition to multicopper sites 

that could potentially bind and activate O2 (as these have Cu···Cu spacings similar to 

laccase). The combination of aqueous solutions of CuSO4 and a variety of substituted 

pyrazoles and triazoles leads to the precipitation of insoluble compounds. The lack of 

solubility was encouraging from a stability standpoint, but made them incompatible with 

the techniques previously used to prepare electrodes for electrochemical characterization 

which require the use of solution phases. 
4-13

 

Herein, we demonstrate a simple method for the evaluation of the electrocatalytic 

activity of insoluble coordination compounds by direct precipitation onto carbon black 

(Vulcan XC-72). Utilization of a carbon black support allows the use of electrode 

fabrication methods and characterization techniques developed for the analysis of carbon-

supported Pt catalysts and could also facilitate the transition to practical application in a 
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fuel cell.
1, 15

 We have applied this method to the evaluation of the ORR activity of the 

insoluble multi-Cu complex formed with 3,5-diamino-1,2,4-triazole (DAT). 

Figure 4.2 shows the characterization of the Cu(DAT) complex supported on 

Vulcan and a blank sample of unmodified Vulcan using a rotating ring-disk electrode 

(RRDE) in an oxygen-saturated electrolyte at pH 7. The disk potential was swept to 

determine the potential dependence of the ORR and the ring potential was held constant 

at 1.2 V to observe the oxidation of any generated peroxide intermediate.
15

 The collection 

efficiency of the ring under the conditions of the experiment was calculated to be 0.04 

from the ring to disk current ratio obtained for the two electron reduction of oxygen by 

the unmodified Vulcan. This was used to calculate the fraction of peroxide formed with a 

method described elsewhere.
15

 The onset of O2 reduction occurs at a disk potential of 

0.73 V (versus RHE) and the reduction current becomes diffusion-limited at 

approximately 0.35 V. At more negative values, the ring current is less than 1 A, which 

corresponds to less than 5% peroxide intermediate generation or almost complete four 

electron reduction of O2 to water. At more positive potentials the ring current increases 

until 50% peroxide intermediate formation is observed at approximately 0.7 V which 

corresponds to an average of three electrons per O2.  

The steady-state oxygen reduction current was observed as a function of rotation 

rate at 0.0 V and at 0.5 V. The current is determined by the rate of mass transfer of 

oxygen to the electrode (which in turn is controlled via the rotation rate and is 

independent of the applied potential) and by the kinetics of the electron transfer process 

at the electrode surface (which is potential dependent). The combination of these effects 

is described by the Koutecký–Levich equation (Equation 4.1)
16
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1 1 1

k li i i
   (4.1) 

where ik is the kinetically controlled current (the current that would be observed when the 

rate of transport of oxygen to the electrode surface is much greater than the rate of 

reaction) and il is the diffusion-limited current (the current that would be observed when 

the rate of reaction is much greater than the rate of mass transport). The diffusion-limited 

current for a rotating disk is described by the Levich equation (Equation 4.2)
16

 

 2/3 1/6 * 1/ 2

O O0.62li nFAD v C   (4.2) 

where n is the number of electrons transferred, F is Faraday’s constant, A is the geometric 

surface area of the electrode (0.196 cm
2
), DO is the diffusion coefficient of oxygen 

(1.7 × 10
−5

 cm
2
 s

−1
, v is the kinematic viscosity (0.01 cm s

−1
), CO is the bulk 

concentration of oxygen (1.3 × 10
−6

 mol/cm
3
), and  is the angular velocity of the 

electrode (rad s
−1

).
6
 

Plotting i
−1

 vs. 
−1/2

 at 0.0 V and 0.5 V leads to linear plots (Figure 4.3). The 

number of electrons transferred during the reaction at each potential can be calculated 

from the slopes and values of n = 3.8 and n = 4.0 are found at 0.0 V and 0.5 V 

respectively. The magnitude of the kinetic current corresponds to the inverse of the 

y-intercept. At 0.0 V the intercept is 0 indicating that the kinetic current is effectively 

infinite and the observed current is entirely diffusion limited at this potential. At 1600 

rpm the magnitude of the diffusion limited current is found to be 5.56 ± 0.02 mA cm
-2

. 

This corresponds to a value of n = 3.9 using Equation (4.2). The diffusion limited current 

can be used in conjunction with Equation (4.1) to calculate the mass-transport-corrected 

kinetic current, ik, throughout the potential range. 
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The catalyst is sufficiently stable to allow the evaluation of ORR activity over a 

wide range of pH values (Figure 4.4). The onset potential was found to increase linearly 

at a rate of 30 mV per pH unit of the electrolyte (Figure 4.4) which is equivalent to a 

−30 mV per pH unit change using a pH-independent reference. This is half the value of 

−60 mV per pH unit predicted by the Nernst equation for a reaction involving the transfer 

of one H
+
 ion per electron and implies that the rate-determining step (RDS) involves the 

transfer of two electrons and one H
+
 ion. This is consistent with either the reduction of 

two Cu
II
 centers and the concomitant protonation of a bridging OH

−
 or O

2−
 ligand or with 

the reduction of O2 to a hydroperoxo (HOO
−
) intermediate. 

The observed ORR onset of 0.86 V (versus RHE) at pH 13 represents a reduction 

of the ORR overpotential to 0.37 V. To the best of our knowledge, this makes the 

Cu(DAT) complex the most efficient synthetic copper-based ORR electrocatalyst 

reported to date and the first to be evaluated at this pH value. The 0.73 V onset at pH 7 is 

higher than the 0.67 V onset reported for a Cu complex with a hexaazamacrocycle which 

was previously the highest onset reported at this or any pH.
10

 At more acidic pH values 

the onset is comparable to the best mononuclear Cu phenanthroline complexes.
7
 

The cycle-to-cycle reproducibility of Cu(DAT) at pH 7 was found to be excellent 

on the time scale of a typical experiment (10 min). Therefore, the stability was evaluated 

over a longer time scale (Figure 4.5). An initial 400 rpm RDE voltammogram had an 

onset potential (EOnset) of 0.74 V; a half-wave potential (E1/2) of 0.61 V; and a diffusion 

limited current (il) of 2.8 mA cm
−2

. After being held at 0.1 V for 24 h, il decayed 4 % to 

2.7 mA cm
−2

; EOnset decreased slightly to 0.72 V and E1/2 decreased to 0.51 V. The 

electrode was then subjected to 100 potential cycles which resulted in larger decreases in 
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activity (il = 2.6, EOnset = 0.68 V, E1/2 = 0.47 V). At pH 1 and pH 13 there was a 

significant decline in activity upon repeated cycling of the applied potential likely due to 

instability of the complex at these pH values. 

The two reported crystal structures containing Cu and the DAT ligand are 

consistent with the bridging coordination mode illustrated in Figure 4.1 and consistent 

with the ~1:1 ratio between Cu and DAT found by elemental analysis.
14

 In order to 

characterize the adsorbed catalyst complex, magnetic susceptibility measurements were 

undertaken as shown in Figure 4.6. The expected value of T for an S=½ system is 

0.374 emu K mol
−1

, which is independent of the temperature and would indicate the 

presence of normal spin-only mononuclear Cu sites. The values of T for the crystalline 

complexes of Cu with DAT increase with temperature , which is consistent with an 

antiferromagnetic interaction between Cu
II
 ions with a singlet ground state and a 

thermally populated triplet state.
14

 For the adsorbed Cu(DAT) complex, we observe the 

expected low T value at low temperature. This value increases with temperature to a 

peak value of 0.372 emu K mol
−1

 at 83 K, which implies that most of the Cu spins are 

effectively unpaired at this temperature. However, as the temperature is raised further 

there is a subsequent decrease in T followed by a gradual increase to a value of 

0.283 emu K mol
−1

 at 295 K. This complicated behavior indicates that the complex is 

distinct from those previously crystallized, but indicates that spin pairing between Cu 

centers occurs and that closely spaced Cu centers must be present. 

The development of simple methods to adsorb insoluble Cu complexes on carbon 

black opens the possibility of developing other catalysts more closely aligned to the three 

Cu active site of laccase. It also allows the use of ex situ methods to characterize and 
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obtain structural information about the on-electrode catalyst. The observed ORR activity 

of the Cu(DAT) complex is very high for synthetic copper-based electrocatalysts and, 

given the demonstrated activity of laccase, we believe large increases in activity may be 

realized upon the development of improved model complexes. 
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Figure 4.1. 3,5-diamino-1,2,4-triazole (DAT) ligands bridging two copper 

centers. Typical Cu···Cu spacing is 3.5 Å. Counter-ions and ligated water 

are omitted for clarity. 
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Figure 4.2. Reduction of O2 at a rotating Pt ring/glassy carbon disk 

electrode supporting Cu(DAT)/Vulcan (solid line) or unmodified Vulcan 

XC-72 (dashed line) at 1600 rpm in NaClO4 (0.1 M) and Britton–

Robinson Buffer (0.04 M, pH 7.0) saturated with O2. Disk current density 

(jdisk) is shown on the lower half and ring current (Iring) is shown on the 

upper half of the y-axis.  The disk potential was scanned at 5 mV/s; the 

ring potential was constant at 1.2 V. 
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Figure 4.3. Koutecký–Levich plots of the inverse of the steady state 

oxygen reduction current at 0.0 V (circles) and 0.5 V (squares) versus the 

inverse square root of the electrode rotation rate with linear fits.  The 

number of electrons transferred during the reaction, n, calculated from 

these slopes is 3.8 at 0.0 V and 4.0 at 0.5 V. 
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Figure 4.4. Potentials at which the onset of O2 reduction occurs at 

electrodes modified with Cu(DAT) in electrolytes of varying pH and a 

linear fit (31 ± 4 mV per pH unit slope and 0.49 ± 0.03 V y-intercept). 

Electrodes were rotated at 1600 rpm in either HClO4 (0.1 M); 

NaClO4 (0.1 M) and Britton–Robinson buffers (0.04 M, pH 4, 7, 10); or 

NaOH (0.1 N) saturated with O2. Potential scanned at 5 mV/s. Onset 

potential chosen as the potential at which the current density reaches 

−5 A cm
−2

. 

  

0 2 4 6 8 10 12 14
0.0

0.2

0.4

0.6

0.8

1.0

1.2

E
O

n
s
e
t/V

 v
s
. 

R
H

E

pH



53 

 

 

 

 

 

 

 

Figure 4.5. Reduction of O2 at a rotating glassy carbon disk electrode 

supporting Cu(DAT)/Vulcan. Scans were recorded after the electrode was 

freshly prepared (solid line), then held at 0.1 V for 24 h (dashed line), and 

subsequently cycled 100 times (dotted line) at 400 rpm in NaClO4 (0.1 M) 

and Britton–Robinson buffer (0.04 M, pH 7.0) saturated with O2. Disk 

potential scanned at 5 mV/s. 
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Figure 4.6. Temperature dependence of the T value of the 

Cu(DAT)/Vulcan composite. Data are shown per mole of Cu and 

corrected for the significant diamagnetism of the Vulcan substrate. 
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CHAPTER 5. Poisoning the Oxygen Reduction Reaction on Carbon-

Supported Fe and Cu Electrocatalysts: Evidence for 

Metal-Centered Activity 

Reproduced with permission from The Journal of Physical Chemistry 

Letters, 2011, 2, pp 295–298. Copyright © 2011 American Chemical 

Society. 

The potential utility of fuel cells as efficient devices for electrical power generation has 

led to long-standing interest in the oxygen reduction reaction (ORR).
1-3

 In spite of a large 

thermodynamic driving force (E° = 1.2 VRHE), the ORR is kinetically slow in the absence 

of electrocatalysts. Currently, electrocatalysts based on platinum and other precious 

metals are of the greatest technological significance, but the scarcity and high cost of 

these materials motivates research efforts aimed at developing non-precious metal (NPM) 

electrocatalysts for the ORR. Two NPM electrocatalysts of current interest are materials 

prepared from insoluble complexes of copper with 3,5-diamino-1,2,4-trazole supported 

on carbon (CuDAT) and heat treated materials containing iron coordinated to nitrogen 

supported on carbon (Fe/N/C).
4-5

 

The remarkable activity of the multicopper active site of laccase, which is capable 

of reducing oxygen with greater efficiency than Pt,
6
 inspired the synthesis of CuDAT.

4
 

Evaluation of CuDAT as a cathode catalyst in alkaline fuel cells found it to have a mass 

activity greater than Pt or Ag catalysts (albeit with lower absolute performance).
7
 For the 

first time, the presence of synthetic multicopper sites on an electrode was demonstrated in 

CuDAT supported on carbon black using magnetic susceptibility measurements.
4
 

However, experimental confirmation that these multicopper sites are the active sites for 

the ORR has been lacking.   
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The preparation of heat treated Fe/N/C electrocatalysts originated as it was found 

that heat treating carbon supported iron porphyrins and iron phthalocyanines leads to 

increased stability and activity (even though the macrocycle is decomposed), subsequent 

work showed that simpler Fe and N precursors (such as iron(II) acetate and ammonia) 

can also be used to form active materials.
8-9

 Recent work has shown that the activity of 

highly optimized Fe/N/C electrocatalysts can rival that of Pt.
5
 Although further research 

is required to enhance the stability of these materials, they are extremely promising NPM 

electrocatalysts. 

The nature of the ORR active sites in the heat treated Fe/N/C catalysts is 

controversial. The presence of Fe
2+

 coordinated to nitrogen sites has been observed by a 

variety of analytical techniques; it is also known that iron must be present during heat 

treatment to form the most active materials.
10-12

 Almost 30 years ago Yeager proposed a 

model for the ORR active site in which the heat treated macrocycles are broken down to 

form surface nitrogen sites that coordinate transition metals remaining from the parent 

macrocycle, present as impurities in the carbon support, or deliberately added after 

pyrolysis.
11, 13-14

 However, “metal-free” materials containing carbon and nitrogen are 

known to exhibit ORR activity, particularly in base, and it has been argued that iron is 

only required as a catalyst to form a highly ORR active site containing nitrogen and 

carbon that does not utilize an iron center for oxygen reduction.
15-18

 Recent results 

indicating that Fe/N/C electrocatalysts are not poisoned by CO may also indicate that the 

reactivity is not iron-centered,
19

 while other researchers argue that CO is merely a poor 

choice of poison.
20
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In this work we utilize carbon supported iron(II) phthalocyanine (FePc) and FePc 

that has been pyrolyzed at 800 °C as well-known examples of Fe/N/C electrocatalysts 

and examine their ORR activity in the presence of a range compounds known to 

coordinate to metal centers. Anionic reagents are likely superior to CO as potential ORR 

inhibitors because they may be present in solution at the same time as oxygen, whereas 

CO is displaced upon sparging the solution with oxygen. Although FePc and pyrolyzed 

FePc have lower activity than the best Fe/N/C materials, they were chosen in this study 

for consistency with prior poisoning studies and their facile preparation. We also evaluate 

the ORR activity of CuDAT in the presence of various poisons. 

The ORR activity of CuDAT in pH 6 phosphate buffer is shown in Figure 5.1 

along with the ORR activity in the presence of 10 mM concentrations of sodium fluoride, 

potassium thiocyanate, ethanethiol, and sodium azide. Thiocyanate and ethanethiol cause 

a ~200 mV decrease in the onset potential of the ORR, reduced diffusion-limited 

currents, and irreproducibility between the anodic and cathodic scans of the rotating disk 

electrode (RDE) measurements in the mass-transport-dominated regions of the 

voltammograms (at higher current densities), indicative of a significant poisoning effect. 

In the presence of fluoride, there is a comparable decrease of ~200 mV in the ORR onset 

potential; however, the anodic and cathodic scans overlay one another and a diffusion 

limited current is not observed. Azide does not affect the onset potential or diffusion-

limited current, although there is a small decrease in current density at intermediate 

potentials. 

The significant decrease of the ORR activity of CuDAT in the presence of 

fluoride, thiocyanate, and ethanethiol indicates that the Cu-site is the active site for O2 
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binding and reduction as these poisons are known to coordinate to Cu complexes.
21

 

Rinsing a thiocyanate-poisoned electrode with water leads to almost complete recovery 

of the ORR activity in fresh electrolyte without thiocyanate. This indicates that the 

thiocyanate does not permanently bind to or alter the active site, but rather interacts with 

the active site in competition with O2. The lack of a significant change in the ORR 

activity of CuDAT in the presence of azide is initially surprising as azide is well known 

to inhibit laccase and form copper complexes. However, the azide affinity of copper 

complexes is known to follow a largely electrostatic trend.
22

 Therefore, the low azide 

affinity of CuDAT is reasonable because CuDAT is a neutral complex (the charge on the 

copper(II) centers is balanced by coordinated sulfate anions) and an aqueous electrolyte is 

present. 

The ORR activity of FePc and pyrolyzed FePc in pH 6 phosphate buffer is shown 

in Figures 5.2 and 5.3 respectively along with the ORR activity in the presence of 10 mM 

concentrations of sodium fluoride, potassium thiocyanate, and ethanethiol. With fluoride 

and thiocyanate, there is no significant change in the ORR activity. With ethanethiol, 

there are small reductions in the current density that are less pronounced after pyrolysis, 

but the onset potential of the ORR is not significantly affected. The absence of poisoning 

by fluoride or thiocyanate is similar to the lack of poisoning by carbon monoxide seen 

previously.
20

 The small effect of ethanethiol on the ORR is not conclusive evidence of 

iron-centered activity. While ethanethiol is expected to coordinate to a metal center, it is 

neutral at pH 6, and might also adsorb to a nonmetallic site. 

After the absence of conclusive poisoning with the above reagents, the ORR 

activity of FePc before and after pyrolysis was evaluated in the presence of potassium 
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cyanide because cyanide is known to form very strong complexes with iron and poison 

the ORR at iron centers. 
23-25

 Figure 5.4 shows the RDE measurements of the oxygen 

reduction activity of FePc and pyrolyzed FePc in 0.1 M NaOH with and without the 

addition of 10 mM KCN. In the presence of cyanide, the onset potential of both materials 

is decreased significantly by ~200 mV and the diffusion-limited current is decreased 

slightly. These results are consistent with those originally obtained by Yeager’s group on 

an unpyrolysed FePc derivative showing a poisoning effect with cyanide in base.
25

 In this 

electrolyte, the pyrolyzed FePc has a slightly lower ORR activity than FePc that is not 

heat treated; however, it is poisoned to a lesser degree and has a higher activity than 

unpyrolysed FePc in the presence of cyanide. 

Rinsing cyanide poisoned FePc and pyrolyzed FePc electrodes with water results 

in almost complete recovery of the ORR activity in fresh electrolyte without cyanide. 

This indicates that cyanide competes with O2 for access to the active site, but does not 

permanently bind to or alter the active site. Thiocyanate does not affect the ORR activity 

of FePc or pyrolyzed FePc in 0.1 M NaOH indicating that the inhibition in the above 

experiments is due to cyanide binding and not an artifact arising from the change in 

electrolyte pH. Prior studies found that a shift from a four-electron to a two-electron ORR 

pathway occurs upon cyanide poisoning of iron-based electrocatalysts.
24-25

 We employed 

a relatively high electrocatalyst loading (~0.8 mg cm
−2

) in this study, and it has been 

demonstrated that this loading level obscures the ORR mechanism of Fe/N/C 

electrocatalysts.
26

 It is therefore not surprising that no shift in mechanism is apparent in 

this study. 
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The marked decrease in the ORR onset potential of FePc and pyrolyzed FePc in 

the presence of cyanide strongly suggests that the active sites in these materials are iron-

centered both before and after pyrolysis.  The inability of fluoride, thiocyanate, or 

ethanethiol to poison the ORR could indicate that the site is either remarkably labile or 

has a high affinity for O2. Cyanide is well-known to bind to a wide variety of iron(II) and 

iron(III) complexes,
23

 so it is difficult to speculate about the exact nature of the iron site 

on the basis of these data. However, it is clear that the absence of poisoning by anions or 

small molecules other than cyanide is not sufficient to indicate a metal-free active site in 

these materials. These results are consistent with Yeager’s original proposal that upon 

heat treatment, Fe macrocycles decompose to form a nitrogen-enriched surface that 

provides coordination sites for iron that make up the active sites for the ORR.
14

 

In conclusion, CuDAT is resistant to poisoning by azide, but is poisoned by 

fluoride and other metal coordinating ligands consistent with an active site containing a 

neutral copper(II) complex. The Fe/N/C electrocatalysts are remarkably resilient to many 

metal-binding ligands, but slight poisoning by EtSH and significant poisoning by KCN 

are consistent with an iron-centered active site, even after pyrolysis. With these 

assurances, further design of metal-centered complexes for the ORR can proceed. 
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Figure 5.1. RDE measurements of the oxygen reduction activity of carbon 

supported CuDAT in O2-saturated pH 6 phosphate buffer alone (black) 

and containing 10 mM NaF (red), 10 mM KSCN (green), 10 mM EtSH 

(blue), or 10 mM NaN3 (magenta). Data were recorded at 1600 rpm and 

5 mV s
−1

. 
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Figure 5.2. RDE measurements of the oxygen reduction activity of carbon 

supported FePc in O2-saturated pH 6 phosphate buffer alone (black) and 

containing 10 mM NaF (red), 10 mM KSCN (green), or 10 mM EtSH 

(blue). Data were recorded at 1600 rpm and 5 mV s
−1
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Figure 5.3. RDE measurements of the oxygen reduction activity of 

pyrolyzed carbon supported FePc in O2-saturated pH 6 phosphate buffer 

alone (black) and containing 10 mM NaF (red), 10 mM KSCN (green), or 

10 mM EtSH (blue). Data were recorded at 1600 rpm and 5 mV s
−1

. 
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Figure 5.4. RDE measurements of the oxygen reduction activity of carbon 

supported FePc (blue lines) and pyrolyzed carbon supported FePc (red 

lines) in O2-saturated 0.1 M NaOH alone (solid and dash dot lines) and 

containing 10 mM KCN (long and short dashed lines). Data were recorded 

at 1600 rpm and 5 mV s
−1

. 
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Appendix A. Gold Roughening Macro 

Macro commands for roughing Au electrodes on a CH Instruments potentiostat: 

tech: ssf 

sens: 1e-2 

qt=0 

ei1=-0.25 

ef1=1.25 

v1=1 

es1=1.25 

st1=1.3 

ei2=1.25 

ef2=-0.25 

v2=0.5 

es2=-0.25 

st2=10 

for: 25 

run 

next 

 

Figure A.1. Schematic of the potential waveform generated by the macro. 

E1 = E3 = −0.25 V (Ag/AgCl), E2 = 1.25 V (Ag/AgCl),  

 1 = 1 V/s,  2 = 0.5 V/s, t1 = 1.3 s, t2 = 10 s,  

N = 25 cycles.
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