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Abstract 

The release of greenhouse gases such as CO2 due to various human activities and 

the use of fossil fuels causes climate change and increases global temperature. For this 

reason, we must create new technologies that help shift energy production away from fossil 

fuels to renewable energy sources. Over the past few decades, researchers in academia and 

industry have focused on developing novel techniques for clean and renewable energy, 

which could in part be mediated by H2 fuel cells. The oxygen reduction reaction (ORR) 

occurs at the cathode of fuel cells and is the rate-limiting reaction. Water can be 

electrolyzed using electricity from renewable sources to generate H2 in a green manner. 

The oxygen evolution reaction (OER) is the rate-limiting reaction for water electrolysis. 

Unfortunately, catalysts based on Pt and Ir have the best performance for the ORR and 

OER, respectively. However, the widespread application of these catalysts is limited 

because of the high cost and scarcity of Pt- and Ir-based catalysts. Non-precious metal 

catalysts such as those based on Cu and Ni are promising alternatives. 

In this dissertation, I have developed a new electrochemical platform that allows 

for the study of the control of electron and proton transfer in the ORR. Specifically, I use 

Cu as one of the non-precious metal catalysts to study the ORR. I prepared a dinuclear Cu 

ORR catalyst that can be covalently attached to thiol-based self-assembled monolayers 

(SAMs) on Au electrodes using azide-alkyne click chemistry. Using this architecture, the 

electron transfer rate to the catalyst is modulated by changing the length of the SAM, and 

the proton transfer rate to the catalyst is controlled with an appended lipid membrane 

modified with proton carriers. By tuning the relative rates of proton and electron transfer, 
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the current density of the lipid-covered catalyst was enhanced significantly without altering 

its core molecular structure. Also, I utilized designer small-molecule proton carriers 

bearing nitrile functional groups that mimic naturally occurring protonophores. These bio-

inspired CN-based proton carriers with tailorable proton kinetics were used to turn on the 

ORR activity of a Cu-based non-precious metal electrocatalyst supported on a modular 

hybrid bilayer membrane platform under alkaline conditions. 

In addition, I designed and developed OER electrocatalysts using non-precious 

metals for energy conversion and storage processes. Hydrogen gas is an alternative fuel 

that is produced from the electrolysis of water, but technical challenges have heretofore 

limited the efficiency of water electrolyzers. In order for hydrogen gas to achieve 

widespread use, it is critical to develop electrocatalysts for the OER that are more cost-

effective and widely available than the current state of the art. Thus, I prepared bimetallic 

electrocatalysts based on Ni and Cu for the OER. I used thin films of Cu2O modified with 

an overlayer of Ni to construct novel electrocatalysts and determined the optimal ratio of 

Ni to cuprous oxide for performing the OER in alkaline conditions by tuning the amount 

of Ni electrodeposited on the Cu2O. Moreover, I developed nanostructured Ni-Cu systems 

by synthesizing both metallic and bimetallic Ni-Cu nanoclusters and nanoparticles. I found 

that, for both nanoclusters and nanoparticles, the ratio of Ni to Cu is highly associated with 

OER electrocatalysis efficiency. 

           Furthermore, I modified carbon electrodes using different compositions of alkyl 

amine SAMs with various chain lengths and diluent ratios. I investigated the role of defect 

sites in the SAMs to understand the electron-transfer properties of the appended ferrocene 

molecules by modifying the SAMs with ZnO electrodeposits. Interestingly, I found that 
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there is a significant change in the electron-transfer rates as a function of SAM linker length 

when the SAM defect sites are blocked with ZnO electrodeposits. The surface modification 

protocols used in this study are important in a wide range of applications such as energy 

catalysis, electroanalysis, and biosensors. 
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Chapter 1: Introduction 

1.1. Energy Demand, Production and Storage 

Energy is one of the most important concerns of the twenty-first century due to 

increasing global energy demand and the rapid depletion of fossil fuels.1-2 In addition to 

adverse effects on human health due to air pollution, the use of fossil fuels such as coal, 

oil, and natural gas with an increase in emissions of greenhouse gases such as CO2 has an 

adverse impact on the Earth’s environment due to global warming, sea level rise, and 

rapidly changing climate.3-5 The current level of CO2 in the Earth’s atmosphere has 

increased abruptly after the industrial revolution in the mid-1700s. The CO2 level in the 

atmosphere is nearly 413 parts per million (ppm), which is about 130 ppm greater 

compared to the pre-industrial era. If fossil fuels continued to be burned at their current 

rate, the level of CO2 will exceed 1500 ppm in a few centuries.5-6 This increase in CO2 will 

result in a further increase in the global temperature, melting of polar ice caps, and a huge 

portion of land on the earth will go below sea level.7 
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Figure 1.1. CO2 emissions and concentrations5 

The electrification of vehicles and a shift to renewable energy sources, such as solar 

and wind, for electricity production, can play a huge role in solving the global CO2 

emission problem.1 Renewable energy sources like windmills and solar cells are non-

continuous and therefore there is a need for an efficient energy storage solution. H2 gas can 

be used as an energy carrier in energy converting/storage systems such as fuel cells. 

Rechargeable grid-scale batteries are another technology that could play a vital role in 

overcoming the intermittent nature of solar and wind energy.8,9 

 

Figure 1.2. Global electric car registrations and automobile market share10 

1.2. Fuel Cells 

Due to the rapid increase in population growth worldwide and depletion of 

carbonaceous fuels, the demand for clean, renewable, and sustainable energy increases day 
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by day.11 Over the past few decades, researchers have focused on developing novel 

techniques for clean and renewable energy, which could in part be mediated by H2 fuel 

cells. Fuel cells are electrochemical devices that convert chemical energy into electrical 

energy by the use of fuels such as methanol.9 In fuel cells, the two electrodes are separated 

by a thin membrane or some other electrolyte and contain the catalyst materials necessary 

for the oxidation and reduction reaction.12,13 

 

Figure 1.3. Schematic representation of the oxygen reduction reaction in a fuel cell 

and the oxygen evolution and hydrogen evolution reactions for water splitting14 
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In a fuel cell, generally H2 is used as fuel. However, methanol, ethanol, formic acid, 

and phosphoric acid have also been used in fuel cells. Recently, fuel cells have been gaining 

much attention because the thermodynamic efficiency of fuel cells is not limited by the 

Carnot cycle, which is the case with an internal combustion engine. However, the 

efficiency of the fuel cell is directly related to the overpotential. The overpotential is the 

potential difference between the experimental and thermodynamic potential of the half-

reactions occurring at each electrode.  

The thermodynamic efficiency of fuel cells has been as high as 90%, but the burning 

of H2 in an internal combustion engine typically results in efficiencies around 10-20%.13 

However, it is hard to achieve such a high efficiency in fuel cells in practice. Current state-

of-the-art fuel cells used in vehicles achieve efficiencies close to 60% that do not account 

for losses that occur when preparing and storing H2. 

1.3. Non-precious Metal Catalysts for O2 Reduction Reaction 

The oxygen reduction reaction (ORR) occurs at the cathode of fuel cells and is the rate-

limiting reaction in fuel cells. The ORR is a complex multi-step reaction with various 

numbers of electrons and protons involved.15-16 The ORR can occur through competing 

pathways to produce O2- , H2O2, and H2O. The production of undesired products such as 

O2- and H2O2 degrade the catalyst, so it is very important to develop a catalyst that produces 

the desired product H2O.2,17,18 

Precious metals such as Pt are used as catalysts in both of the electrodes in a fuel cell. 

These Pt-based catalysts have the best performance for the ORR.13,19,20 However, the 

widespread application of fuel cells is limited because of the high cost, less-than-ideal 

stability, and high overpotential of Pt-based catalysts.21,22 As Pt is the best catalyst for 
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ORR, different strategies have been adopted to reduce the amount of Pt used. Some 

strategies include fabricating Pt alloys with other non-precious metals such as Ni, Co, Mn, 

and Fe.13,23 Incorporating these non-precious metals improves the ORR activity, showing 

the beneficial effect of doping the Pt lattice. The cost of fuel cell vehicles would be 

substantially reduced and become easily accessible to the public if chemists develop a 

highly active and stable ORR catalyst that does not require or contain any precious metals 

such as Pt. Recently, non-precious metal catalysts such as those based on Cu have been 

explored as a promising alternative for ORR.2,12,24,25  

Much effort has been devoted to developing novel electrocatalysts for the ORR, which 

is inspired by biological enzymes such as laccase24,25 and cytochrome c oxidase.26 

Cytochrome c oxidase catalyzes the ORR and contains the non-precious metals Fe and Cu 

in its active site. Laccase is another biological enzyme that catalyzes the ORR. The laccase 

contains three Cu atoms in its active site. It has been observed that the laccase catalyzes 

the ORR with smaller overpotentials as Pt.27 However, the fuel cells developed using 

laccase-decorated electrodes suffer from low power densites28 as these enzymes are much 

larger than Pt atoms. As such, there is a need to develop better ORR catalysts to address 

this problem. 

One of the approaches to overcome this problem is to design and prepare more cost-

effective small-molecule catalysts containing non-precious metals that mimic the active 

site of laccase or cytochrome c oxidase.17,18,23 The search for active and durable ORR 

catalysts that contain non-precious metals such as Cu, Fe, Mn, Co, and Ni started with the 

discovery of the ORR activity of transition metal phthalocyanines.29,30 Since then, a lot of 

non-precious metal catalysts have been explored, such as those containing metal 
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porphyrins,31 N-containing heterocycles,25 doped carbon nanotubes,32 and N-rich polymers 

as precursors.16 Researchers have explored many different synthetic ways to prepare non-

precious metal catalysts for the ORR. However, significant improvement in catalyst 

performance has been hindered by a lack of understanding of the mechanistic details of 

this reaction.  

Recently, the Barile group developed a novel electrochemical platform in which the 

kinetics of proton and electron transfer can be quantitatively controlled to a molecular 

electrocatalyst. The electrodes utilize self-assembled monolayers to alter electron transfer 

rates and lipid monolayers with proton carriers to modulate proton transfer rates. By tuning 

the relative rates of proton and electron transfer, we demonstrate enhanced catalytic activity 

of a Cu-diaminotriazole catalyst for the ORR. 

1.4. Non-precious Metal Catalysts for O2 Evolution Reaction 

H2 gas is considered a promising alternative fuel that can be produced in a clean and 

renewable manner from water electrolysis if the electricity utilized comes from renewable 

resources such as solar energy.33,34 Currently, H2 production primarily relies on fossil fuels 

such as natural gas, oil, and coal. Currently, 48% of H2 production comes from natural gas, 

30% comes from oil, and 18% comes from coal. Only a very small fraction of total H2 

production (4%) comes from the electrolysis of water.33-35 To generate H2 in a clean and 

renewable manner, water can be electrolyzed using electricity from renewable sources.  

Electrochemical water splitting consists of the oxygen evolution reaction (OER) at the 

anode and the H2 evolution reaction (HER) at the cathode. The OER is the rate-limiting 

reaction for water electrolysis.36,37 Catalysts based on Ru and Ir have the best performance 

for the OER. However, the widespread application of these catalysts is limited because of 
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the high cost and scarcity of these two precious metals.38,39. Non-precious metal catalysts 

such as those based on Ni, Fe, Co, and Mn are promising alternatives. Ni-based compounds 

have been known as active OER catalysts since the last century.40,41 

 

Figure 1.4. Resources used for global H2 production42 

A tremendous amount of effort has been invested in attempts to prepare active and 

stable Ni-based catalysts for the OER. Specifically, Ni-based materials such as Ni-based 

phosphides,40,43 NiFe alloys,44 NiFe oxides,45 NiFe layered double hydroxides,46 bimetallic 

Ni-Mn compounds, Ni-Co compounds,47 Ni oxides, and hydroxides have been used for 

water splitting in alkaline media.48 

     Metals are always some of the first candidates for catalysis. Mainly, transition metal 

oxides catalysts have been known to be active catalysts for OER for a long time.49,50 A 

great deal of research efforts has been devoted to improving the performance of these 

catalysts. The transition metal oxides are excellent candidates for OER due to their 

multivalent oxidation states. The OER activities of these metal oxides depend on their 
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morphology, composition, and d electron count. These catalysts can be cost-effective and 

possess good corrosion resistance.51  

 

Figure 1.5. Volcano plot of transition metal oxides for OER52 

A large amount of effort has been devoted to substituting precious metal catalysts with 

non-precious metal catalysts. Figure 1.5 is a volcano plot of some transition metal oxide 

catalysts for the OER, in which the optimal catalysts are at the peak of the volcano. 

Specifically, the transition metals such as NiOx, CoOx, and FeOx are considered potential 

OER catalysts, but they are not stable in acidic media. NiOx, however, is stable under 

alkaline conditions. Therefore, NiO and related transition metal oxides are among the most 

promising OER catalysts. 

Recently, the Barile group developed novel OER electrocatalysts based on Ni and Cu. 

These catalysts were synthesized via the electrodeposition of Ni and Cu2O on tin-doped 

indium oxide (ITO) substrate. Furthermore, in search of inexpensive catalysts for the OER 
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in alkaline media, we designed and developed nanostructured Ni and Cu systems. These 

catalysts exhibited superior performance for the OER in basic media. 

1.5. Chapter Overview 

This dissertation includes the following five chapters that describe each of the author’s 

five papers published in different journals.  

Chapter 2, entitled “Controlling Proton and Electron Transfer Rates to Enhance the 

Activity of an Oxygen Reduction Electrocatalyst,” was published in Angewandte 

Chemie, 2018.20 In this work, we prepared a catalyst consisting of a Cu complex of benzyl 

triazole alkyne by covalently attaching it to a Au electrode with differing chain lengths of 

thiol-linked self-assembled monolayers (SAMs). We used phospholipid 1,2-dimyristoyl-

sn-glycerol-3-phosphocholine to form a thin film held to the SAM catalyst with weak Van 

der Waals interactions. These interactions allowed for the completion of the electrode 

architecture by appending a lipid monolayer with 1-dodecylboronic acid as a proton carrier 

to the top of the SAM. This novel architecture modulates the electron transfer rate to a 

given catalyst by altering the length of the SAM and controls the proton transfer rate to the 

catalyst by appending a lipid membrane modified with proton carriers. This 

electrochemical platform allows for the identification of the optimal kinetic and 

thermodynamic parameters for ORR catalysts. 

Chapter 3, entitled “Nitrile-Facilitated Proton Transfer for Enhanced Oxygen 

Reduction by Hybrid Electrocatalysts,” was published in ACS Catalysis, 2021.21 In this 

research work, we synthesized proton carriers with nitrile groups that can be found in 

protonophores. These bioinspired proton carriers can enable transmembrane proton 

delivery to a hybrid bilayer membrane (HBM)-supported Cu oxygen reduction reaction 
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electrocatalyst under basic conditions. HBM is an electrochemical platform in which a lipid 

layer is appended on top of SAMs covalently attached to the substrate. The stimuli-

responsive proton regulators switch on the activity of the oxygen reduction reaction 

electrocatalyst. This work explores how proton transfer kinetics control the performance 

of electrocatalysts for clean and renewable energy converting systems.  

Chapter 4, entitled “Nanostructured Ni-Cu Electrocatalysts for the Oxygen 

Evolution Reaction,” was published in Catalysis Science & Technology, 2020.53 In this 

work, we prepared metallic and bimetallic OER electrocatalysts based on Ni and Cu. 

Specifically, we synthesized various compositions of Ni and Cu nanostructured systems 

for the OER. The prepared Ni-Cu nanoparticles, nanoclusters, and OER electrocatalysts 

found that Ni-Cu nanoclusters with a 52:48 mol% Ni: Cu bimetallic composition exhibited 

superior OER performance compared to other compositions. 

Chapter 5, entitled “Cuprous Oxide Electrodeposited with Nickel for the Oxygen 

Evolution Reaction in 1M NaOH,” was published in the Journal of Physical Chemistry 

C, 2019.54 This work describes the preparation of OER electrocatalysts using Cu2O thin 

films modified with different Ni overlayers on ITO substrates. We synthesized OER 

electrocatalysts based on Ni and Cu via the electrodeposition of Ni and Cu2O. We then 

revealed the optimal ratio of Ni to Cu2O for OER in alkaline conditions by 

electrodepositing various amounts of Ni on Cu2O, discovering that the top-performing 

catalyst possessed an onset overpotential of 150 mV. We utilized advanced analytical 

techniques including XRD, SEM, EDS, and AFM to perform surface characterization, 

finding that differences in the amount of Ni electrodeposited determined the composition, 

morphology, and performance of the catalyst. 
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Chapter 6, entitled “Preparation and Electron Transfer Properties of Self-

Assembled Monolayers of Ferrocene on Carbon Electrodes,” was published in the Journal 

of Physical Chemistry C, 2021.55 In this research work, we modified glassy carbon 

electrodes using various compositions of alkyl amine SAMs, and then amide coupling 

reactions were performed between ferrocene carboxylic acid and the amine groups of the 

SAM. Furthermore, we also studied the role of defect sites in electron transfer to the 

appended ferrocene molecules by modifying the SAMs with ZnO electrodeposits. The 

SAM-modified carbon electrodes protocol used in this work could be applicable in energy 

catalysis, biosensors, and electroanalysis. 
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2.1. Introduction 

Reactions involving the transfer of multiple protons and electrons are instrumental 

in many renewable energy conversion schemes and biological processes.1-7 One of the most 

important redox reactions that involves proton transfer is the O2 reduction reaction (ORR), 

which occurs at the cathode of fuel cells and in mitochondria present in all aerobic life.8-11 

Unfortunately, the mechanistic details of the ORR are difficult to elucidate because of the 

complex interplay between the thermodynamics and kinetics of the multiple proton and 

electron transfer steps involved.12  

In this work, we design an electrochemical platform that allows for the control of 

the thermodynamics and kinetics of proton and electron transfer to a Cu-based molecular 

ORR catalyst. It is well known that the electrode potential dictates the thermodynamics of 

electron transfer and that the pH of the bulk solution controls the thermodynamics of proton 

transfer in many metal-centered proton transfer reactions.13-16 The kinetics of electron 

transfer can be modulated to a molecular catalyst through the use of self-assembled 

monolayers (SAMs) with varying alkyl chain lengths.17-19 However, there are few methods 

to control the kinetics of proton transfer to a catalyst in an unconvoluted manner. Gewirth 

and coworkers recently developed proton-permeable lipid membranes to alter the proton 

transfer kinetics to a catalyst without perturbing its molecular identity. 20,21 These 

membranes contain amphiphilic alkyl proton carriers that deliver protons via a flip-flop 

diffusion process. 22  
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Here, we develop an electrode architecture containing an ORR catalyst that allows 

for both the control of proton transfer rates through the use of lipid membranes and the 

control of electron transfer rates through the use of a modular SAM scaffold that takes 

advantage of azide-alkyne click chemistry. The click chemistry approach enables us to 

attach a synthesized ORR catalyst to a SAM surface. The length of the catalyst-modified 

SAM can be facilely modified without changing the identity of the catalyst. Together, this 

click platform provides a means to control electron transfer kinetics to the catalyst. By 

altering the amount of proton carrier in the lipid layer of the same platform, proton transfer 

kinetics can also be tuned. 

2.2. Experimental Section 

2.2.1. General Procedures 

All starting materials and electrolyte chemicals were obtained from commercially 

available sources and used without further purification. The benzyl triazole alkyne (BTA) 

ligand and the azide-terminated thiols were synthesized following procedures described in 

the “Synthetic Procedures” section. Electrochemical studies were carried out using a VSP-

300 Biologic potentiostat. For electrochemical studies, a three-electrode system was used 

with a Pt counter electrode, a Ag/AgCl reference electrode, and Au or glassy carbon as the 

working electrode. Au working electrodes were prepared according to a literature 

procedure. 23 
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2.2.2. Experiments with Au Electrodes 

A 1 mM thiol solution in ethanol containing either 1-azido-11-undecanethiol or 1-

azido-5-pentanethiol with 100 mM LiClO4 was added to the Au electrodes. The self-

assembled monolayers (SAMs) were formed electrochemically by cycling between 0 V 

and -0.7 V four times at a scan rate of 10 mV/s. Similar electrochemical procedures have 

been used to form thiol-based SAMs previously.24 The Au electrodes were subsequently 

rinsed three times with ethanol and DI water. The azide-alkyne click solution was prepared 

by combining 2.3 mL 3:1 vol % DMSO and water, 300 µL of 8 mM aqueous Cu(NO3)2, 

300 µL 8 mM tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) in DMSO,  300 

µL 100 mM sodium ascorbate, and 72 µL of 4 mM BTA in DMSO. About 300 µL of the 

click solution was added on each surface and allowed to sit on the surfaces for 1 hour in 

the dark. The Au electrodes were rinsed twice with DI water and soaked in about 300 µL 

of 100 mM aqueous Cu (NO3)2 solution for 1 hour. The Au electrodes were then rinsed 

three times with DI water before lipid formation.  

The lipid film was prepared by adding 5 mg 2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) with and without varying amounts of 1-dodecylboronic acid 

(DBA) as a proton carrier in a 20 mL vial. The vial containing DMPC with or without DBA 

was dissolved in 1-1.5 mL of CHCl3. The CHCl3 was removed under a gentle stream of 

air, and the film was further dried in a vacuum desiccator for 30 minutes. 83 µL of 

isopropanol, followed by 10.5 mL of 100 mM potassium phosphate pH 7 buffer was added 

to the vial drop wise via syringe, and the solution was sonicated for 30 minutes. pH 7 buffer 

solutions were sparged with O2 for 15 minutes prior to running each O2 reduction 
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experiment. For all experiments with a lipid layer, an electrochemical blocking experiment 

was conducted in an aqueous solution containing 1 mM K3Fe (CN)6 and 100 mM NaCl to 

confirm the integrity of the lipid monolayer as demonstrated previously.25 All experiments 

were carried out at room temperature (25 ± 1) °C.  

2.2.3. Experiments on Glassy Carbon Electrodes 

Experiments on glassy carbon electrodes were conducted using a modified 

literature protocol.26 1.0 g of Vulcan XC-72 and 0.2 g of CuSO4•5H2O were added to a 

vial.  20.0 mL of DI water was added to the vial, and the resulting suspension was sonicated 

to form a viscous suspension. 0.159 g of 3,5-diamino-1,2,4-triazole or 0.11 g of 1,2,3-

triazole was dissolved in 10.0 mL DI water and then this solution was added dropwise with 

constant stirring to the previously prepared solution. The combined mixture was stirred for 

18 hours followed by suction filtration. The solids formed were collected, dried in a 

vacuum oven for 3 hours at 90oC, and pulverized using a mortar and pestle.  

A stock solution was prepared by combining 1 mg of the Cu complex and Vulcan 

mixture and 4 µL of Nafion in 1.0 mL of DI water. About 20 µL of this stock solution was 

drop-casted onto a glassy carbon electrode and dried under a stream of air for 10-15 

minutes. O2 reduction experiments were then performed using the modified glassy carbon 

electrode as the working electrode. 
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2.2.4. Cu Coverage Calculations 

 The cross-sectional area calculated with Spartan ’08 (Wavefunction, Inc.) v. 1.2.0 

of a Cu complex of BTA is 395 Å2. The surface coverage using this area and assuming a 

smooth Au surface is 4.2 x 10-11 mol cm-2, which is similar to the experimentally observed 

Cu coverage. 

2.2.5. Synthetic Procedures 

 Dichloromethane (DCM), dimethyl sulfoxide (DMSO), ethyl acetate (EtOAc), and 

methanol (MeOH) were of reagent grade and used without further purification. Column 

chromatography was performed using 230-400 mesh silica gel. Ratios of solvents for 

chromatography are reported as volume ratios. NMR spectra were obtained using a Varian 

400 MHz NMR Spectrometer in the Shared Instrument Laboratory (SIL) in the Department 

of Chemistry at the University of Nevada, Reno (UNR). 1H NMR spectra were recorded in 

CDCl3 and referenced to the residual protio solvent peak at 7.26 parts per million (ppm). 

13C NMR spectra were recorded in CD3OD and referenced to the residual protio solvent 

peak at 49 ppm. Chemical shifts (d) and coupling constants (J) are reported in ppm and 

hertz (Hz), respectively. High-resolution mass spectrometry with electrospray ionization 

(ESI-HRMS) analysis was obtained using an Agilent G6230B time-of-flight mass 

spectrometer in the SIL at UNR. 

The azide-terminated thiols, 1-azido-11-undecanethiol and 1-azido-5-pentanethiol, 

were synthesized according to previously reported literature procedures. 27, 28 N3-benzyl-

N5-(but-3-yn-1-yl)-1H-1,2,4-triazole-3,5-diamine (BTA) was synthesized in four steps 

starting from benzylamine. BTA was synthesized from N5-benzyl-1H-1,2,4-triazole-3,5-



22 

 

 

 

diamine and but-3-yn-1-yl methanesulfonate starting materials. N5-benzyl-1H-1,2,4-

triazole-3,5-diamine was synthesized in two steps from benzylamine following a literature 

protocol.29 A previously reported procedure was used to synthesize but-3-yn-1-yl 

methanesulfonate from but-3-yn-1-ol.30  

 To synthesize BTA, a solution of N5-benzyl-1H-1,2,4-triazole-3,5-diamine (1.09 

mg, 5.8 mmol) in DMF (8 mL) was added dropwise to but-3-yn-1-ol (385 mg, 2.6 mmol). 

The solution was refluxed under N2 for 48 hr. After cooling, the reaction mixture was 

poured into water (10 mL) and extracted with DCM (3x 100 mL). The organic layers were 

washed with brine (10 mL), dried over Na2SO4, and removed under reduced pressure. The 

resulting residue was purified by gradient column chromatography (EtOAc:MeOH = 1:0 

to 9:1) to give the final product as a yellow solid (75 mg, 12%). 1H NMR d 7.28-7.40 (m, 

5 H), 4.40 (s, 2 H), 3.92 (t, 2 H, J = 6.4), 2.67 (td, 2 H, J1 = 6.4, J2 = 2.6), 2.05 (t, 1 H, J = 

2.6), 13C NMR d 163.2, 129.5, 129.3, 128.8, 128.6, 128.3, 81.4, 72.0, 47.2, 46.0, 24.0, ESI-

HRMS (m/z): calc for [M+H]+ 242.1406, found 242.1392. 
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1H NMR Spectrum of BTA: 
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13C NMR Spectrum of BTA: 

 

 

2.3. Results and Discussion 

We first designed a ligand that supports an active ORR catalyst that can be 

incorporated into an electrode architecture with tunable proton and electron transfer 

kinetics. The ligand, N3-benzyl-N5-(but-3-yn-1-yl)-1H-1,2,4-triazole-3,5-diamine (BTA), 

was synthesized in four steps from benzylamine and contains three important features 

(Figure 2.1.). First, the BTA ligand contains a diaminotriazole core which upon 
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coordination to Cu forms a highly active ORR catalyst. This core is inspired by previous 

studies with a dinuclear Cu complex of 3,5-diamino-1,2,4-triazole, which in terms of 

overpotential is one of the most active molecular Cu ORR catalysts known. 31-33 Second, 

BTA contains an alkyne moiety, which allows it to undergo the azide-alkyne click reaction 

with azide-terminated SAMs. Lastly, BTA possesses a benzyl group, which enables lipid 

monolayers to assemble on top of a BTA SAM. 20 The hydrophobic tails of the lipid 

monolayer are appended to the hydrophobic benzyl groups of the BTA SAM via Van der 

Waals interactions. 

 

Figure 2.1. Synthesis of BTA with three important features highlighted along with the 
structure of the dinuclear CuBTA complex.  
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Electrodes containing the CuBTA ORR catalyst with tunable proton and electron 

transfer rates were constructed in three steps (Figures 1 and S2.1). First, Au electrodes were 

modified with SAMs of azide-terminated thiols with different alkyl chain lengths. Next, 

the BTA ligand was covalently attached to the SAM using azide-alkyne click chemistry 

and subsequently immersed in a Cu2+ solution to form the active dinuclear Cu complex. 

Lastly, a lipid monolayer containing 1-dodecylboronic acid (DBA) as a proton carrier was 

appended on top of the SAM to complete the electrode architecture. 

 

Figure 2.2. Schematic of the fabrication of lipid-modified SAMs used to control the 
electron and proton transfer rates to a molecular O2 reduction catalyst. 

 

Electrochemical techniques were used to assess the chemical structure of the 

electrodes at each fabrication stage. Electrodes containing the CuBTA catalyst were first 

assembled using an azide-terminated thiol containing 5 methylene groups (Figures 2.1 and 

S2.1, n = 5). The presence of Cu in the catalyst was confirmed by a Cu(I)/Cu(II) couple in 
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cyclic voltammetry (CV) experiments (Figure S2.2). By integrating the charge of the Cu 

couple in the CV, the amount of Cu catalyst on the surface was determined to be 1.3 x 10-

11 mol cm-2, a value that matches what is expected for a full monolayer of Cu (see SI). A 

linear sweep voltammogram (LSV) of the CuBTA assembly without a lipid layer 

demonstrates that CuBTA is an active ORR catalyst that exhibits an onset potential of about 

0 V vs. Ag/AgCl and an O2 diffusion-limited peak current density of about -900 µA cm-2 

in O2-sparged pH 7 buffer (Figure 2.3, black line).  

 

Figure 2.3. Linear sweep voltammograms of O2 reduction by the CuBTA catalyst using 
an azide-terminated thiol SAM containing 5 methylene groups (black line) covered by a 
DMPC lipid monolayer (red line) with 10 mol% DBA proton carrier (blue line) at 10 
mV/s in O2-saturated pH 7 buffer. Dashed lines are the corresponding voltammograms in 
N2-saturated pH 7 buffer. 
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Control experiments in the absence of O2 (Figures 2.3 and 2.4, dashed lines), with 

Zn, or without performing the click chemistry do not exhibit significant ORR activity, 

further demonstrating that Cu is necessary to produce an active catalyst (Figures S2.3 and 

S2.4). Further control experiments comparing the activity of Cu complexes of 3,5-

diamino,1,2,4-triazole and 1,2,3-triazole indicate that the Cu-1,2,3-triazole complex is not 

a competent ORR catalyst, demonstrating that the 1,2,3-triazole linker formed from the 

azide-alkyne click chemistry is not contributing to the ORR activity measured (Figure 

S2.5). 

 

Figure 2.4. Linear sweep voltammograms of O2 reduction by the CuBTA catalyst using 
an azide-terminated thiol SAM containing 11 methylene groups (black line) covered by 
a DMPC lipid monolayer (red line) with 10 mol% DBA proton carrier (blue line) at 10 
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mV/s in O2-saturated pH 7 buffer. Dashed lines are the corresponding voltammograms 
in N2-saturated pH 7 buffer. 

 

Having established that the CuBTA complex catalyzes the ORR, we next evaluated 

the ORR activity of CuBTA when the SAM is covered by a monolayer of 1,2-dimyristoyl-

sn-glycero-3-phosphocholine (DMPC) lipid. A LSV of CuBTA in the presence of lipid 

displays an onset potential of about -0.2 V and a peak current density of about -250 µA cm-

2 (Figure 2.3, red line). The negative shift in onset potential and reduction in current density 

indicates that the ORR activity of CuBTA significantly decreases upon lipid formation. 

This inhibition of catalytic activity arises from impeded proton transport across the 

hydrophobic lipid membrane as has been observed in other lipid-covered electrodes34 and 

is also manifested by an about 50 mV negative shift in the midpoint potential of the 

Cu(I)/Cu(II) couple (Figure S2.2). O2 diffusion through the lipid monolayer is fast, and 

hence the ORR by lipid-covered CuBTA is not limited by a lack of O2 (Figure S2.6). 

Results obtained from electrochemical impedance spectroscopy demonstrate that the 

molecular length of the system increases upon performing the click reaction and further 

increases upon lipid formation, as expected (Figure S2.7). Upon incorporating the DBA 

proton carrier in the lipid, the CuBTA catalytic current density increases to about -425 µA 

cm-2, but the onset potential does not change considerably (Figure 2.3, blue line). This 

result demonstrates that the presence of the proton carrier enhances the kinetics of the ORR 

without significantly altering the thermodynamics of the reaction. The peak in the LSV in 

the presence of lipid and proton carrier is due to kinetically limited proton transfer. DBA 

delivers protons across the lipid membrane via flip-flop diffusion in a kinetically-controlled 
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fashion as discussed previously.21 Electrochemical blocking experiments using Fe (CN)63- 

demonstrate that the ORR does not compromise the integrity of the lipid layer regardless 

of whether the proton carrier is present (Figure S2.8). 

To modify the electron transfer kinetics to the CuBTA catalyst, we changed the 

SAM to an azide-terminated thiol containing 11 methylene groups (Figures 2.2 and S2.1, 

n = 11). As measured using Laviron analysis 35 (Figure S2.9), this longer-chained SAM, 

which possesses a greater barrier for electron tunneling, exhibits about 30 times slower 

electron transfer than the previously described thiol containing 5 methylene groups ((1.2 ± 

0.2 ) s-1 and (39 ± 3) s-1 for the C11 and C5 SAMs, respectively). A LSV of O2 reduction by 

CuBTA attached to the C11 SAM displays an onset potential of about 0 V and a peak current 

density of about -275 µA cm-2 (Figure 2.4, black line). The onset potentials for ORR using 

C11 and C5 SAMs are similar because the active catalyst is the same in both cases, which 

means that the thermodynamics for catalyzing the ORR do not change when altering the 

SAM. However, the peak current density is significantly less for the C11 SAM due to the 

slower electron transfer rate. Also, the Tafel slope of the LSV for the C11 SAM is 

significantly higher than that of the C5 SAM, further indicating that electron transfer 

kinetics are impeded in the C11 case (Figure S2.10). Upon covering the C11-linked catalyst 

with lipid, the current density decreases and the onset potential shifts negative in a manner 

similar to what is observed with the lipid-covered catalyst on C5 SAM (Figure 2.3, red 

line). Incorporation of the proton carrier also enhances the catalytic current, but does not 

significantly alter the onset potential for catalysis (Figure 2.4, blue line). In short, similar 
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changes in the ORR voltammetry occur using both the C11 and C5 SAMs, but the slower 

electron transfer rate for the C11 SAM decreases the overall kinetics of catalysis. 

        To complement the modulation of electron transfer rates using SAMs, we also varied 

the proton transfer rate to the CuBTA catalyst by changing the concentration of proton 

carrier in the lipid layer. The data in Figure S2.11 show that as the amount of proton carrier 

in the lipid layer increases, the current enhancement afforded by the lipid layer compared 

to the lipid-only case correspondingly increases. The current enhancement observed 

saturates when around 10 mol% of proton carrier is added to the lipid membrane, which is 

the maximum amount of DBA that can incorporate in the lipid during vesicle formation.21 

Since proton transfer rates across this lipid membrane have already been measured (Figure 

S2.12),21 we calculated the ratio of the proton and electron transfer rates to CuBTA (kH+/ke-

). The ORR current density enhancement by the proton carrier increases as a function of 

kH+/ke- (Figure 2.5).  
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Figure 2.5. O2 reduction current density enhancement by CuBTA imparted by the 
incorporation of the DBA proton carrier in the lipid as a function of the ratio of proton 
and electron transfer rates (kH+/ke-) using an azide-terminated thiol SAM containing 5 
(red points) and 11 (black points) methylene groups.  
 

In the absence of the proton carrier, proton transfer to the catalyst is almost entirely 

blocked by the hydrophobic lipid layer, and as a result, the 1 e- reduction of O2 to 

superoxide predominantly occurs.36 With added proton carrier, kH+/ke- increases, which 

favors the 4 e- reduction of O2 to H2O as evidenced by dye-based spectroelectrochemical 

experiments quantifying the amount of partially reduced oxygen species (Figure S2.13) 

and results in increased current density (Figure S2.14). Therefore, the addition of proton 

carrier changes the rate-determining step (RDS) for the ORR. In particular, the RDS 

changes from electron transfer with lipid in the absence of proton carrier to proton transfer 

in the presence of proton carrier as discussed previously.20 The use of both the C11 and C5 

SAMs with different electron transfer rates allows for two orders of magnitude of kH+/ke- 
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to be accessed. The current enhancement using the C11 SAM is greater than the 

enhancement measured on the C5 SAM regardless of the amount of proton carrier in the 

lipid layer (compare black points to red points, Figure 2.5). The greater enhancement with 

the C11 SAM occurs because the accelerated proton transfer rate with the proton carrier has 

a larger relative impact on the catalytic current density when the electron transfer rate to 

the catalyst is slow. In contrast, with a C5 SAM in which relatively fast electron transfer 

occurs, the proton carrier’s ability to enhance the ORR activity is not as pronounced. 

Strikingly, the current density enhancements are similar for the C5 SAM with the maximum 

amount of proton carrier (10 mol%) and the C11 SAM with the minimum amount of proton 

carrier (0.2 mol%) because the two cases have similar kH+/ke- values (compare rightmost 

red point and leftmost black point, Figure 2.5). These results demonstrate that the interplay 

between proton and electron transfer rates dictates the overall activity of the ORR catalyst. 

We note that relative changes in the peak current density do not strictly reflect changes in 

the catalytic rate due to small shifts in the position of the peaks, but these effects are 

minimal. 
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2.4. Conclusions 

To the best of our knowledge, this work is the first example of an electrochemical 

platform that allows for the quantitative control of both the electron and proton transfer 

rates to a single molecular catalyst without changing its identity. For the CuBTA ORR 

catalyst studied here, tuning the relative rates of proton and electron transfer enable the 

catalytic activity to be substantially enhanced by (297 ± 73)% compared to the lipid-only 

case. We envision that this sort of electrode scheme will enable researchers to elucidate the 

kinetic parameters needed for optimal catalysis, not only for the ORR, but for any reaction 

involving the transfer of protons and electrons. 

 

 



35 

 

 

 

2.5. References 

1. C. J. Chang, M. C. Y. Chang, N. H. Damrauer, D. G. Nocera, Biochim. Biophys. 
Acta 2004, 1655, 13-28. 

2. D. R. Weinberg, C. J. Gagliardi, J. F. Hull, C. F. Murphy, C. A. Kent, B. C. 
Westlake, A. Paul, D. H. Ess, D. G. McCafferty, T. J. Meyer, Chem. Rev. 2012, 
112, 4016-4093. 

3. J. M. Mayer, I. J. Rhile, Biochim. Biophys. Acta 2004, 1655, 51-58. 
4. C. A. Farberow, A. Godinez-Garcia, G. Peng, J. F. Perez-Robles, O. Solorza-Feria, 

M. Mavrikakis, ACS Catalysis 2013, 3, 1622-1632. 
5. L. Trotochaud, S. L. Young, J. K. Ranney, S. W. Boettcher, J. Am. Chem. Soc. 

2014, 136, 6744-6753 
6. C. M. Che, K. Lau, T. C. Lau, C. K. Poon, J. Am. Chem. Soc. 1990, 112, 5176-

5181. 
7. K.-F. Chin, K.-Y. C.-M. Wong, J. Chem. Soc. Dalton 1993, 1, 197-198. 
8. A. M. Pasqualeti, E. Padgett, D.-Y. Kuo, D. A. Muller, F. H. B. Lima, J. J. 

Suntivich, Electrochem. Soc. 2017, 164, F645-F650. 
9. J. Suntivich, H. A. Gasteiger, N. Yabuuchi, H. Nakanishi, J. B. Goodenough, Y. 

Shao-Horn, Nat. Chem. 2011, 3, 546. 
10. J. A. Herron, J. Jiao, K. Hahn, G. Peng, R. R. Adzic, M. Mavrikakis, 

Electrocatalysis 2012, 3, 192-202. 
11. D. Banham, F. Feng, K. Pei, S. Ye, V. J. Birss, Mater. Chem. A 2013, 1, 2812-

2820. 
12. A. A. Gewirth, M. S. Thorum, Inorg. Chem. 2010, 49, 3557-3566. 
13. A. J. Bard, L. R. Faulkner, Electrochemical Methods: Fundamentals and 

Applications, 2nd ed., John Wiley & Sons, Inc. Hoboken, NJ, 2001. 
14. J. L. Oberst, M. S. Thorum, A. A. Gewirth, J. Phys. Chem. C 2012, 116, 25257-

25261. 
15. R. Boulatov, J. P. Collman, I. M. Shiryaeva, C. J. Sunderland, J. Am. Chem. Soc. 

2002, 124, 11923-11935. 
16. C. C. L. McCrory, X. Ottenwaelder, T. D. P. Stack, C. E. D. Chidsey, J. Phys. 

Chem. A 2007, 111, 12641-12650. 
17. C. E. D. Chidsey, Science 1991, 251, 919. 
18. J. P. Collman, N. K. Devaraj, T. P. A. Eberspacher, C. E. D. Chidsey, Langmuir 

2006, 22, 2457-2464. 
19. N. K. Devaraj, R. A. Decreau, W. Ebina, J. P. Collman, C. E. D. Chidsey, J. Phys. 

Chem. B 2006, 110, 15955-15962. 
20. C. J. Barile, E. C. M. Tse, Y. Li, T. B. Sobyra, S. C. Zimmerman, A. Hosseini, A. 

A. Gewirth, Nat. Mater. 2014, 13, 619-623. 
21. E. C. M. Tse, C. J. Barile, N. A. Kirchschlager, Y. Li, J. P. Gewargis, S. C. 

Zimmerman, A. Hosseini, A. A. Gewirth, Nat. Mater. 2016, 15, 754-759. 
22. C. J. Barile, E. C. M. Tse, Y. Li, J. P. Gewargis, N. A. Kirchschlage, S. C. 

Zimmerman, A. A. Gewirth, Biophys. J. 2016, 110, 2451-2462. 
23. L. Angnes,  E. M. Richter,  M. A. Augelli, G. H. Kume,  Anal. Chem. 2000, 72, 

5503-5506. 



36 

 

 

 

24. J. P. Collman,  R. A. Decréau,  H. Lin,  A. Hosseini,  Y. Yang,  A. Dey, T. A. 
Eberspacher, P. Natl. Acad. Sci. U.S.A. 2009, 106, 7320. 

25. E. C. M. Tse, C. J. Barile, J. P. Gewargis, Y. Li, S. C. Zimmerman, A. A. Gewirth,  
Anal. Chem. 2015, 87, 2403-2409. 

26.  M. S. Thorum,  J. Yadav, A. A. Gewirth,  Angew. Chem. Int. Edit. 2009, 48, 165-
167. 

27. N. K. Devaraj,  R. A. Decreau,  W. Ebina,  J. P. Collman, C. E. D. Chidsey,  J. 
Phys. Chem. B 2006, 110, 15955-15962. 

28. X. Han,  S. Bian,  Y. Liang,  K. N. Houk, A. B. Braunschweig, J. Am. Chem. Soc. 
2014, 136, 10553-10556. 

29. Y. Li,  E. C. M. Tse,  C. J. Barile,  A. A. Gewirth, S. C. Zimmerman, J. Am. Chem. 
Soc. 2015, 137, 14059-14062. 

30. M. S. Thorum, J. Yadav, A. A. Gewirth, Angew. Chem. Int. Edit. 2009, 48, 165-
167. 

31. L. Iannazzo,  D. Soroka,  S. Triboulet,  M. Fonvielle,  F. Compain,  V. Dubée,  J.-
L. Mainardi,  J.-E. Hugonnet,  E. Braud,  M. Arthur, M. Etheve-Quelquejeu, J. Med. 
Chem. 2016, 59, 3427-3438. 

32. M. A. Thorseth, C. E. Tornow, E. C. M. Tse, A. A. Gewirth, Coordin. Chem. Rev. 
2013, 257, 130-139. 

33. A. A. Gewirth, J. A. Varnell, A. M. DiAscro. Chem. Rev. 2018, 118, 2313-2339.  
34. Y. Li, E. C. M. Tse, C. J. Barile, A. A. Gewirth, S. C. Zimmerman, J. Am. Chem. 

Soc. 2015, 137, 14059-14062. 
35. E. Laviron, J. Electroanal. Chem. Interf. Electrochem. 1974, 52, 355-393. 
36. A. Hosseini, C. J. Barile, A. Devadoss, T. A. Eberspacher, R. A. Decreau, J. P. 

Collman, J. Am. Chem. Soc. 2011, 133, 11100-11102. 

 



37 

 

 

 

Chapter 3: Nitrile-Facilitated Proton Transfer for Enhanced Oxygen Reduction by 

Hybrid Electrocatalysts 

Reprinted with permissions from Zeng, T; Gautam, Rajendra P.; Barile, Christopher J.; 

Li, Ying.; Tse, Edmund C. M. ACS Catalysis, 2020, 10, 13149-13155. Copyright 2020 

American Chemical Society. 
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3.1. Introduction 

Energy catalysis powered by alternative energy sources holds the promise to a 

sustainable society.1-6 Broadly speaking, energy catalysis encompasses renewable fuel 

generation and utilization as well as electrochemical energy conversion and storage.7-12 

Low-temperature polymer electrolyte membrane fuel cells (PEMFCs) are considered to be 

a next-generation technology for the transportation sector, and the oxygen reduction 

reaction (ORR) is the chemical reaction occurring at a PEMFC cathode that fundamentally 

limits the overall performance of a PEMFC.13-15 The ORR is challenging to optimize 

because multiple proton and electron transfer steps are involved while partially reduced 

oxygen species (PROS) such as hydrogen peroxide and superoxide can be generated as 

deleterious side products.16-20 Currently, state-of-the-art catalysts consist of Pt on carbon 

(Pt/C), which is scarce and thus expensive.21-23 Non-precious metal (NPM) alternatives 

have been actively explored as alternatives to Pt as ORR electrocatalysts.24-27 Although 

commercial PEMFCs operate under acidic conditions to enhance the proton conductance 

of the Nafion membranes, Fe/N/C nanomaterials under alkaline conditions possess 

selectivity and activity for the ORR that rivals those of Pt/C catalysts.28-30 However, when 

compared to ORR enzymes such as laccase in nature,31 there is still plenty of room for 

improvements regarding the activity and selectivity of artificial catalysts.32-34 

 To enhance the activity and selectivity of ORR electrocatalysts, more thorough 

understanding and control of the proton and electron transfer steps involved in the ORR is 

necessary.1, 35-37 Immense spectroscopic and theoretical efforts have been invested to reveal 

that both proton transfer and electron transfer play major roles in dictating the ORR 

mechanism.38-43 Recently, hybrid bilayer membranes (HBMs) have been developed as an 
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experimental platform to regulate independently the thermodynamics and kinetics of 

proton and electron transfer steps (Figure 3.1).44-48 A HBM consists of a lipid monolayer 

appended on top of a self-assembled monolayer (SAM),49 thereby allowing us to take 

advantage of the knowledge gained through biophysical and spectroscopic membrane 

studies.50-53 HBMs with transition metal complexes installed at the SAM-lipid interface 

have been utilized as versatile electrochemical platforms to regulate electrocatalytic 

processes that involve multiple proton and electron transfer steps.54 The catalytic sites 

embedded in HBM systems usually contain NPM ORR catalysts or ferrocene- or quinone-

based redox probes.55-57 Previously, HBM constructs containing 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC) lipid with catalytic amounts of 1-dodecylboronic acid 

(DBA) added in the lipid layer were used to regulate reaction pathways and product 

selectivity of the ORR.45 DBA undergoes a “flip-flop” diffusion mechanism to deliver 

protons from the external bulk solution through the hydrophobic tail region of the lipid 

layer to the embedded ORR catalytic unit.58 Control over ORR activity and selectivity is 

achieved by tuning the thermodynamics and kinetics of proton and electron transfer 

processes independently.59 
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Figure 3.1. Schematic of the HBM electrochemical platform utilized to widen the pH 
window for proton delivery across lipid membranes for O2 reduction. 
 

 HBMs can be used to turn on and off the ORR activity of an embedded catalytic 

unit via several means. A light-triggered proton switch was achieved using a stiff-stilbene 

proton transfer agent incorporated into the lipid layer of a HBM.60 A pH-sensitive proton 

switch has also been realized by using mono-N-dodecylphosphate (MDP) as the proton 

carrier.44 However, up until now, no proton switch can be turned on in basic condition and 

off in acidic condition. This limitation is due to the mode of proton delivery used in HBMs. 

Known proton transfer agents rely on protonation of acidic head groups to form neutral 

moieties that are hydrophobic enough to penetrate the hydrophobic tail region of the lipid 

layer. This protonation-based working principle renders the transmembrane proton 
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delivery process unfavourable in basic conditions. New modes of proton transfer in HBMs 

could overcome this limitation. 

 In this work, we utilize a bioinspired strategy to design HBMs with active proton 

carriers under alkaline conditions. In nature, protonophores uncouple oxidative 

phosphorylation by decreasing the inner mitochondria membrane potential via proton 

translocation through lipids across a wide pH range.61 Here, inspired by the cyano (CN) 

functional groups found in typical protonophores, alkyl-CN molecules are designed and 

synthesized as membrane-associated proton carriers in HBM platforms. In our HBM 

construct, the ORR catalyst is a dinuclear Cu complex of a benzyltriazolethiol (BTT) 

ligand, which is similar in structure to one of the best performing artificial di-Cu molecular 

ORR catalysts.62-64 The BTT unit is also equipped with a hexylthiolate arm to form a 

uniform SAM on Au with an electron transfer rate fast enough to support the ORR as well 

as a phenyl prosthetic group to facilitate Van der Waal’s interaction between the 

hydrophobic DMPC lipid tail and the aromatic ring (Figure. 3.2). ORR activity is then used 

to gauge the proton transfer performance of the new class of CN-based proton delivery 

agents. The overall goal is to develop unique CN-based proton carriers with a new proton 

transfer mechanism to deliver protons, thereby filling this knowledge gap and facilitating 

ORR investigations under basic conditions.  
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Figure 3.2. Preparation scheme of hybrid bilayer membrane (HBM) platform containing 
bio-inspired CN-based proton carriers with tailorable transmembrane proton delivery rates 
to a non-precious Cu ORR electrocatalyst under basic conditions. 
 
3.2. Methods and Materials 

Chemicals were obtained from commercial sources and used without further 

purification unless otherwise specified. For experiments from pH 6 to 9, potassium 

phosphate buffer solutions (100 mM) were prepared using Milli-Q water (> 18 MΩ cm) 

and adjusted to the desired pH using H3PO4 (85 wt % ACS reagent grade, Sigma-Aldrich) 

and NaOH (analytical grade, Dieckmann Chemical). Solutions were sparged with N2 

(99.995% high purity grade, Linde HKO) and O2 (99.995% high purity grade, Linde HKO) 

for 30 min prior to each experiment. 

Electrochemical studies were carried out using a 660E Electrochemical 

Workstation (CH Instruments). For studies in aqueous solutions a three-electrode cell was 

used with a carbon counter electrode. Electrochemical potentials are measured and reported 

with respect to a “no-leak” Ag/AgCl (3 M KCl, ESA Inc.) reference electrode. A Ti 

adhesion layer (20 nm), followed by an Au layer (100 nm), was deposited on microscope 
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glasses (11 mm in length × 11 mm in width × 1 mm in thickness) as electrodes using an 

electron-beam vacuum evaporator (Kao Duen Tech. Corp.). The Au working electrodes 

were rinsed with water and EtOH prior to use. 

The experiments were conducted at room temperature (26 ± 1) °C and low 

temperature (4±1) °C. For voltammetry collected under N2 and O2, the scan rate was 100 

and 10 mV/s, respectively. For blocking experiments using 1 mM K3Fe(CN)6 in 100 mM 

KCl solution, the scan rate was 50 mV/s.  

Preparation of the HBM system was reported elsewhere.[44, 45] In short, 6-((3-

(benzylamino)-1,2,4-triazol-5-yl)amino)hexane-1-thiol (BTT) was synthesized and 

deposited as a SAM on an Au working electrode. Cu ions were incorporated into the BTT-

modified Au surface using an ethanolic solution of Cu(ClO4)2, which was then embedded 

inside a monolayer of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) with 1 

equivalent of tridecanenitrile (C12-CN) molecule. HBMs incorporated with other proton 

carriers mentioned in this paper were all prepared in the same manner. 

Caution! Perchlorate salts are potentially explosive. Only small amounts of 

materials should be prepared.  

 
3.3. Results and Discussion 

3.3.1. Designing an Active Proton Carrier under Alkaline Conditions 

To widen the effective pH range for proton delivery in HBM, C12-CN was chosen as 

a potential proton carrier candidate based on its molecular features and favorable lipid 

permeable parameter (LPP), which suggests it easily diffuses across lipid membranes (see 

SI note 3.1 and Figure S3.1).49 C12-CN exhibits an alkyl tail length similar to previous 
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proton transfer agents such as DBA and MDP that work well with DMPC-appended HBM 

systems 44, 45 C12-CN also displays a LPP value larger than DBA and MDP, potentially 

rendering C12-CN more efficient at proton delivery.  

 

 

 

Figure 3.3. (a) O2 reduction reaction (ORR) linear sweep voltammograms (LSVs) of a 
SAM of CuBTT (blue), with a monolayer of DMPC appended (red), and with 1 equivalent 
of C12-CN in the lipid layer (green) in O2-saturated pH 8 phosphate buffer at a scan rate 
of 10 mV s-1. (b) Maximum cathodic current densities measured at 0.137 V vs. RHE of a 
SAM of CuBTT covered by a monolayer of DMPC with 1 equivalent of C12-CN added to 
the DMPC layer on Au at room temperature (RT, black) and 4 °C (red) as a function of 
pH. 
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Taking these molecular design features into consideration, we conducted 

electrochemical experiments to investigate the proton delivery ability of C12-CN in a HBM 

construct. Here, ORR was used as a proxy readout to quantify the effectiveness of C12-CN 

at ferrying protons across DMPC membrane because ORR contains PCET steps. Figure 

3.3a shows LSVs of the HBM system with C12-CN in pH 8 aqueous solutions saturated 

with O2. The CuBTT electrocatalyst displays an ORR onset potential at (0.718 ± 0.001) V 

vs. RHE and a current density of (270 ± 36) µA/cm2 at 0.137 V vs. RHE (Figure 3.3a, blue 

line) at pH 8. Upon appending a DMPC lipid layer on top of the CuBTT SAM, the onset 

potential shifts to (0.487 ± 0.042) V vs. RHE and the current density measured decreased 

to (88 ± 8) µA/cm2 (Figure 3a, red line). This (181 ± 27) µA/cm2 decrease in current density 

is likely caused by the hydrophobicity of the DMPC layer, which limits proton availability 

to CuBTT. The integrity of the DMPC layer before and after ORR was verified by an 

electrochemical blocking test using ferrocyanide (Figure S2.2c). Upon incorporating C12-

CN into the lipid layer, the ORR onset potential remains at (0.528 ± 0.006) V vs. RHE 

(Figure 3.3a, green line), suggesting that there is minimal change to the thermodynamics 

of the HBM system. Intriguingly, the ORR current density of CuBTT embedded inside a 

HBM containing C12-CN is revived to (215 ± 15) µA/cm2, a value higher than the DMPC 

only case by (126 ± 6)  µA/cm2 and lower than the CuBTT-SAM system by  (55 ± 20) 

µA/cm2. This recovery in ORR activity is likely due to C12-CN facilitating proton delivery 

from the bulk solution through the DMPC layer to the underlying CuBTT SAM. These 

results suggest that C12-CN restores the proton transfer kinetics across a lipid membrane 

at pH 8, a property not observed in previously used proton carriers such as DBA or MDP. 
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We next investigated the ability of C12-CN to deliver protons across membranes in pH 

6, 7, and 9. Figure 3.3b shows the ORR current density measured at 0.137 V vs. RHE using 

HBM systems bearing C12-CN as the proton carrier. HBM containing C12-CN exhibits a 

low ORR current density of around (87 ± 43) μA/cm2 at pH 6, indicating that 

transmembrane proton transfer by C12-CN is limited under a mildly acidic condition. The 

ORR activity observed increases as the pH of the bulk solution increases to 7, reaches a 

maximum at pH 8, and plateaus at pH 9 at ca. (223 ± 1) μA/cm2 (Figure 3.3b and S3.3). 

Low temperature studies at 4 °C in pH 6-9 demonstrate that the ORR activity of HBMs 

containing C12-CN in the lipid layer is suppressed at temperatures below the gel-phase 

transition temperature of DMPC,44, 65 corroborating that protons are delivered via a flip-

flop diffusion mechanism (Figure S3.4).44, 45, 58  Electrochemical blocking experiments 

with ferrocyanide confirmed that the integrity of the lipid layer in the HBMs containing 

C12-CN remains intact and relatively pinhole-free between pH 6-9 (Figure S3.2). Taken 

together, these results demonstrate that enhanced transmembrane proton transfer can be 

achieved under alkaline conditions in a HBM system for the first time. 

3.3.2. Identifying the Molecular Site Responsible for Proton Delivery   

 C12-CN was chosen as a proton carrier due to the presence of the CN group that is 

found in CN-containing protonophores in nature. However, for C12-CN, there is no 

obvious protonation site for proton transfer due to the high pKa of tridecanenitrile. In lieu 

of the lack of a basic function group to bind a proton, other molecular features that might 

lead to proton delivery are then explored. The protons on the carbon next to the CN group 

are potential candidates, though the mechanism of such proton delivery is ambiguous. 

Molecular modifications to C12-CN were then designed to probe the role of these α-
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protons, and C12-CN will be termed as C12-CN-2H in the sections 3.2.2 and 3.2.3 to 

highlight the structural modifications used as well as make the comparison among the C12-

CN derivatives easier to follow. 

We synthesized additional proton carriers in which the α-protons of C12-CN-2H 

are switched to methyl groups to test the hypothesis that α-protons are responsible for 

transmembrane proton transfer activities. Figure 3.4 displays LSVs of HBMs containing 

C12-CN with 0, 1, or 2 α-protons replaced by methyl groups, which are named as C12-

CN-2H, C12-CN-H-Me, and C12-CN-2Me, respectively. Compared to C12-CN-2H, C12-

CN-H-Me displays a (39 ± 11) % decrease in ORR activity (Figure 3.4, orange line), while 

C12-CN-2Me exhibits a (65 ± 12) % decrease in ORR activity. The current density 

measured for C12-CN-2Me is similar to DMPC only, indicating that C12-CN with 2 α-

methyl groups lacks any significant proton transfer capability. The proportional trend 

observed between proton transfer capacity and number of α-methyl groups adjacent to the 

CN chain-end groups suggest that the α-protons in C12-CN-2H are associated with 

delivering protons across the lipid membrane of HBMs.  
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Figure 3.4. (a) O2 reduction CVs of a HBM containing C12-CN-2H (red), C12-CN-HMe 
(orange), and C12-CN-2Me (brown) in O2-saturated pH 7 phosphate buffer at a scan rate 
of 10 mV s-1. (b) ORR current density measured at 0.137 V vs. RHE of HBMs containing 
C12-CN (red), C12-CN-H-Me (orange), and C12-CN-2Me (brown) in O2-saturated pH 7 
phosphate buffer. (c) Schematic depicting how C12-CN-2H delivers protons at a higher 
rate than C12-CN-HMe, which is in turn faster than C12-CN-2Me across the lipid layer 
of a HBM for O2 reduction. 
 
3.3.3. Elucidating the Mechanism of Proton Transfer via Deuterated Studies 

 To investigate if the enhanced proton transfer activity is due to a direct or indirect 

involvement of the α-protons, we also synthesized nitrile proton carriers with selectively 

deuterated α-protons. The synthesized C12-CN carriers with 1 or 2 α-protons replaced by 

(a) (b) 

(c) 



49 

 

 

 

deuterons (C12-CN-HD and C12-CN-2D) were used to examine if direct deprotonation 

and re-protonation occurs at the α position. Solid lines in Figure 3.5a-c represent the ORR 

LSVs in pH 7 buffer of HBMs containing C12-CN-2H, C12-CN-HD, and C12-CN-2D, 

respectively. Compared to C12-CN-2H (Figure 3.5a, solid line), C12-CN-HD displays a 

(43 ± 3) % decrease in ORR activity (Figure 3.5b, solid line), while C12-CN-2D exhibits 

a (64 ± 4) % decrease in ORR activity (Figure 3.5c, solid line). The current density 

measured for C12-CN-2D is similar to DMPC only, indicating that C12-CN with 2 α-

deuterons lacks any significant proton transfer capability (Figure S3.5). The proportional 

trend observed between proton transfer capacity and number of α-deuterons adjacent to the 

CN chain-end groups suggest that the α-protons in C12-CN-2H are required for efficient 

proton delivery across the lipid membrane of HBMs. 

 Now that the importance of the α-protons in C12-CN-2H for transmembrane proton 

transfer has been established, we next explore the potential proton transfer mechanism of 

CN-based proton carriers. One possible mechanism requires the direct consumption of the 

α-protons, and the other mechanism involves an indirect involvement of the α-protons.  
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Figure 3.5. O2 reduction CVs of HBMs containing one equivalent of (a) C12-CN-2H 
(orange), (b) C12-CN-HD (red), and (c) C12-CN-2D (green) in O2-saturated pH 7 and pD 
7 phosphate buffer at a scan rate of 10 mV s-1. (d) ORR current density measured at 0.137 
V vs. RHE of HBMs containing C12-CN-2H (orange), C12-CN-HD (red), and C12-CN-
2D (green) in O2-saturated pH 7 and pD 7 phosphate buffer. (e) Schematic illustrating how 
C12-CN-2H delivers protons at a higher rate than C12-CN-HD, which is in turn faster than 
C12-CN-2D across the lipid layer of a HBM for O2 reduction. 
 

 We first explore whether the direct consumption of the α-protons is a viable 

mechanism. If the α-protons are consumed during the proton delivery process, the α-

position of these proton carriers would be replenished by protons in the bulk solution. For 

the case of C12-CN-2D in pH 7 buffer shown in Figure 3.5c, if the direct consumption of 

α-protons mechanism is at play, the α-deuterons would be exchanged by protons in the 

protic bulk solution. As only a catalytic amount of proton carrier is present in the lipid layer 

(see Appendices SI note 3.6 and Figure S3.6), if deprotonation occurs at the α-position, the 

deuteron would be expected to be removed and then replaced by a proton available in the 

bulk solution, thereby leading to an anticipated revival of the ORR current to a level similar 

to that of C12-CN-2H. However, the ORR activity of C12-CN-2D did not recover after 

passing a current density of (5.2 ± 0.1) µA/cm2, the point at which all the deuterons in C12-

CN-2D would have been replaced if the α-deuterons were consumed directly. Analogous 

logic can be applied to the C12-CN-HD case to demonstrate that α-protons and α-deuterons 

were not consumed and replaced during ORR in HBM. Together with the trend observed 

across Figure 3.5a-c in which an increasing number of deuterons result in a decrease in 

proton delivery activity, these results suggest that α-protons do not undergo direct 

deprotonation during proton transfer to the CuBTT ORR catalytic site.  



53 

 

 

 

 The next possible mechanism for proton transfer by alkyl nitriles is for it to be 

mediated by water molecules associated to the nitrile head groups via hydrogen bonds. To 

interrogate if CN-based proton carriers transport water across lipid membranes, ORR LSVs 

of HBMs containing C12-CN-2H, C12-CN-HD, and C12-CN-2D were recorded in pD 7 

buffer solutions (Figure 3.5a-c, dashed lines). The ORR current densities found for HBMs 

with C12-CN-2H and C12-CN-HD in pD 7 were found to be less than those in pH 7. In all 

cases, upon using a deuterated buffer solution, the proton transfer abilities observed of 

C12-CN-2H, C12-CN-HD, and C12-CN-2D were similar to that found for the DMPC only 

case in pH 7 (Figure S3.7), suggesting that proton/deuteron delivery was significantly 

inhibited in pD 7.  

Figure 3.5d summarizes two major effects of deuterating the α-position and the bulk 

solution on the ORR current densities recorded at 0.137 V vs. RHE. First, deuteration at 

the α-position decreases the ORR current density measured in pH 7 while minimally 

affecting that in pD 7. Second, all ORR current densities observed in pD 7 are similar to 

the case with C12-CN-2D in pH 7 and the DMPC-only control case. These observed trends 

are a consequence of stronger deuteron bonding as compared to hydrogen bonding, a 

phenomenon that has been observed previously.66-69 Previous studies have established that 

the rate-determining step (RDS) of the ORR in a HBM system is the physical flip-flop 

diffusion step of the proton carrier going through the lipid layer of the HBM.44,45 

Combining these two pieces of information, we posit that D2O is bound to proton carriers 

in all pD 7 cases more tightly than H2O bound to proton carriers in all pH 7 cases. 

Specifically, slow deuteron dissociation from the proton carrier to the embedded CuBTT 

catalytic unit is expected in pD 7. Analogously, in pH 7 cases, deuteration at the α-position 
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results in forming tighter H2O…D bonds, thereby lowering the deprotonation step in which 

a proton from H2O is transferred to the CuBTT catalytic moiety. Taken together, we 

propose that alkyl nitrile proton carriers utilize hydrogen-bonded water as a proton carrier 

to deliver protons across lipid membranes from bulk solution to the CuBTT active site 

embedded in the HBM. 

  

  

Figure 3.6. (a) Chronoamperometry of CuBTT on Au covered by lipid (red) with C12-CN 
incorporated (blue) in O2-saturated pH 6 buffer solution at 0.137 V vs. RHE. NaOH was 
added after 30 s (arrow 1) to adjust the solution to pH 9 and H3PO4 was added after 60 s 
(arrow 2) to adjust the solution to pH 6. (b) pH-dependent ORR current density 
enhancement of CuBTT on Au covered by lipid (red) with C12-CN incorporated (blue). 
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Each data point is averaged across the current density observed over the 5 s period right 
before each pH jump is triggered.  
 

To demonstrate the feasibility of switching on proton delivery under alkaline 

conditions, a HBM containing C12-CN in the lipid layer is subjected to a pH-jump 

experiment in which the pH of the solution is toggled between pH 6 and 9. Figure 3.6a 

shows the ORR current response of HBMs with and without C12-CN in the lipid layer over 

a period of 90 s while holding the electrode potential at 0.137 V vs. RHE with the solution 

initially set to pH 6. Base was added after 30 s (arrow 1) to adjust the solution pH from 6 

to 9, and subsequently acid was added after 60 s (arrow 2) to adjust the solution pH from 

9 back to 6. For the control case without C12-CN, the ORR activity remains relatively 

constant throughout the whole 90 s period (Figure 3.6a, red line). This observation 

indicates that a change in pH does not alter the transmembrane proton kinetics as no proton 

carrier is present in the lipid layer of the HBM (Figure 3.6b, red).  

For the case with C12-CN added to the DMPC layer of a HBM, the ORR activity 

recorded for the HBM with C12-CN is similar to the DMPC only case between 0 and 30 s 

(Figure 3.6a, blue line). This observation matches with the trend observed in Figure 3.3b 

that C12-CN does not transfer protons efficiently across the DMPC lipid layer in pH 6. 

After switching to pH 9 at 30 s, the ORR activity of the HBM containing C12-CN increases 

significantly (Figure 3.6a, blue line). The observed 70% boost in current density 

enhancement indicates that the proton switch is in the “on” state and that C12-CN delivers 

protons from the bulk solution across the lipid membrane to the CuBTT ORR catalytic site 

efficiently at pH 9 (Figure 3.6b, blue). Upon switching the solution pH back to 6 at 60 s, 

the ORR activity decreases to a level similar to the case at “0 s” time point. This observation 
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indicates that the proton switch is turned off and proton transfer at pH 6 is inhibited. Taken 

together, a unique proton switch that operates by turning off under acidic condition and 

turning on under basic condition is constructed and its utility in regulating the activity of 

an ORR catalyst is demonstrated. 

3.4. Conclusions 

In this report, a major bottleneck in the field of artificial transmembrane proton 

transfer has been overcome. Previously, proton switches could only be turned on upon 

acidification in hybrid bilayer membrane (HBM) electrocatalytic platforms. Here, a 

protonophore-inspired alkyl-CN has been developed to trigger and facilitate proton 

delivery across the lipid membrane of a HBM upon basification with high H+ transfer 

kinetics under pH 8 and 9 against the proton gradient. Supported by low temperature, 

selective methylation, and isotopic labelling studies, the proton transfer mechanism was 

found to be consistent with the “flip-flop” diffusion mechanism. Unlike previous boronic 

acid and phosphate-based proton carriers, the alkyl-CN proton transfer agent was 

determined to facilitate proton delivery through bound water molecules that were 

hydrogen-bonded to the α-protons immediately adjacent to the CN functional group. The 

applicability of this unique proton gate was demonstrated through an “on-off-on” 

experiment. The alkyl-CN proton switch can be turned from the “off” state to the “on” state 

by adjusting the pH from 6 to 9 and vice versa in an in-situ fashion. The breakthroughs 

achieved by the designer proton carriers synthesized in this study represent the first 

example of enhancing proton delivery under basic conditions in an HBM for oxygen 

reduction electrocatalysis, and these proton regulators are envisioned to be broadly useful 

for studying other redox processes that involve electron and proton transfer steps. 
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Chapter 4: Nanostructured Ni-Cu Electrocatalysts for the Oxygen Evolution 

Reaction 
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4.1. Introduction  

The production of hydrogen gas from renewable energy is at the center of 

hydrogen-based energy storage schemes. One method of producing hydrogen in a clean 

and renewable manner is from the electrolysis of water. However, the efficiency of current 

water electrolyzers is limited by the slow kinetics of the oxygen evolution reaction (OER).1-

2 Although there are several possible OER mechanisms, all pathways involve several 

proton and electron transfer steps, which give rise to large reaction barriers and necessitate 

the application of high overpotentials to drive the reaction at reasonable rates. Noble metal 

OER catalysts such as RuO2, IrO2, and Pt exhibit high OER activity, but their scarcity and 

high cost make large-scale utilization impractical.3-5 Therefore, the development of 

inexpensive OER catalysts from nonprecious metals that possess high activity and good 

durability is still an unresolved challenge. 

Ni-based bimetallic systems such as Ni-Co, Ni-Mn, and Ni-Fe are commonly 

explored classes of nonprecious metal OER catalysts that exhibit low overpotentials and 

enhanced activity compared to pure Ni. For example, Antar et al. electrodeposited Ni-Co 

thin film OER catalysts with a conducting polymer.6 Fu et al. synthesized a series of Ni-

Co phosphides with a cage-like structure.7 Similarly, Qiu et al. designed Ni-Co phosphide 

nanocages by tuning the molar ratio of Ni/Co atoms that led to catalysts with an 

overpotential of 300 mV at 10 mA cm-2.2 Cheng et al. reported bimetallic Ni-Fe catalysts 

on N-doped carbon nanotubes that significantly enhanced OER activity by forming bridged 

Ni-Fe bimetallic dual atom active sites for the OER.8 Both Nai et al. and Zhu et al. reported 

on porous and hollow Ni-Co oxide nanostructures that demonstrated enhanced OER 

activity by varying the Ni-Co composition.9-10 
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Our group recently demonstrated that Ni-Cu surfaces are another promising class 

of bimetallic Ni catalysts.11 To construct Ni-Cu catalysts, we electrodeposited Ni overlayers 

of different thicknesses on top of Cu2O thin films. OER catalysts with an optimal Ni:Cu2O 

ratio exhibit an onset overpotential of only 150 mV. Although these catalysts display 

promising onset overpotentials, they do not operate at low overpotentials at high current 

densities because they are bulk materials incapable of supporting high reaction rates. In 

this manuscript, to overcome the current density issue of the electrodeposited Ni-Cu OER 

catalysts, we developed nanostructured Ni-Cu systems. We synthesized bimetallic Ni-Cu 

nanoclusters (<20 metal atoms) and nanoparticles (20-50 nm) to increase the current 

density for catalysis while maintaining the low OER overpotential intrinsic to Ni-Cu 

systems. For both the nanoparticles and the nanoclusters, the Ni to Cu ratio significantly 

affects the efficiency of OER electrocatalysis. The Ni-Cu nanocluster catalyst with a 52:48 

Ni-Cu mol % exhibits an onset overpotential of only ~50 mV and an overpotential of only 

~150 mV at an industrially relevant rate (10 mA cm-2).  

4.2. Experimental Section 

4.2.1. General Procedures  

Chemicals were obtained from commercially available sources and used without 

further purification. Electrochemical studies were carried out using a VSP-300 Biologic 

potentiostat using a three-electrode system with a Pt counter electrode, a Ag/AgCl 

reference electrode, and a glassy carbon working electrode. All experiments were 

conducted at room temperature (26 ± 1) °C in 1 M NaOH at a scan rate of 10 mV/s unless 

otherwise noted. Most experiments were conducted in unpurified NaOH (Oakwood 
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Chemicals, 99%) electrolytes. For some experiments, NaOH electrolytes were purified 

following a literature protocol.12 The purified and unpurified electrolytes contained 2 ppb 

and 115 ppb of Fe, respectively, as determined by inductively coupled plasma-mass 

spectrometry (ICP-MS). The OER LSVs reported were IR corrected using the solution 

resistance value obtained from electrochemical impedance spectroscopy. All LSV 

experiments were at least triplicated. Onset potentials were calculated by determining the 

potential at which the current density reached 10% of its maximum current density. Tafel 

slopes were calculated using a voltage range of 1.2-1.8 V.  

4.2.2. Synthesis of Nanoparticles 

Nanoparticles were synthesized through a procedure modified from the work of 

Argueta-Figueroa et al.13 For the synthesis of Cu and Ni metallic and bimetallic 

nanoparticles, varying amounts of CuSO4 and NiSO4•6H2O were dissolved in 100 mL 

water. For the synthesis of pure Cu or Ni metallic nanoparticles, 1.596 g of CuSO4 or 2.809 

g of NiSO4•6H2O was dissolved in 100 mL water, and the pH of the solution was adjusted 

to 8 with 0.1 M NaOH. For the synthesis of 59:41 mol % Ni-Cu bimetallic nanoparticles, 

1.404 g of NiSO4•6H2O and 0.798 g CuSO4 was used. Similarly, for the synthesis of 46:54 

mol % Ni-Cu bimetallic nanoparticles, 0.702 g of NiSO4•6H2O and 1.197 g CuSO4 was 

taken. Finally, for the synthesis of 71:29 mol % Ni-Cu bimetallic nanoparticles, 2.107 g of 

NiSO4•6H2O and 0.040 g CuSO4 was taken. The pH of the solutions were adjusted to 8 

with 0.1 M NaOH and bubbled with N2 for at least 30 minutes. Next, 0.5 mL of 0.04 M 

NaBH4 was added quickly under vigorous stirring and stirred for 2 hours to complete the 

reaction. The precipitate was then collected by vacuum filtration and washed three times 
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with distilled water and once with acetone. Finally, the obtained nanoparticles were 

collected and stored under isopropyl alcohol. 

4.2.3. Synthesis of Nanoclusters 

The synthesis procedure described by Gao et al. was used with slight 

modification.14 For the synthesis of Cu and Ni metallic and bimetallic nanoclusters, varying 

amounts of CuCl2 and NiCl2 were dissolved in 25 mL water. For the synthesis of pure Cu 

and Ni metallic nanoclusters, 0.169 g of CuCl2 and 0.163 g of NiCl2 were used. For the 

synthesis of 43:57 mol % Ni-Cu bimetallic nanoclusters, 0.163 g of NiCl2 and 0.169 g 

CuCl2 was taken. Similarly, for the synthesis of 25:75 mol % Ni-Cu bimetallic 

nanoclusters, 0.163 g of NiCl2 and 0.338 g CuCl2 was used. For the synthesis of 52:48 mol 

% Ni-Cu bimetallic nanoclusters, 0.326 g of NiCl2 and 0.169 g CuCl2 was taken. After 

dissolving the salts in 25 mL water, the metal salt solution was added to 16.5 mL aqueous 

solution containing 0.765 g of glutathione while stirring. After the pH of the solution 

dropped to 2-3, 250 µL of 50 mmol NaOH was added slowly. After 10 minutes, 0.5 mL 

hydrazine monohydrate was added dropwise to the reaction mixture. After 3 hours of 

stirring, the resulting solution was stored at 5 °C overnight. The obtained nanoclusters were 

then centrifuged at 3300 rpm for 3-5 minutes and washed once with ethanol. The final 

nanoclusters were collected by centrifugation and stored in water for further use. 

4.2.4. Experiments on Glassy Carbon Electrodes 

The catalysts were loaded onto a glassy carbon electrode (0.196 cm2 geometric 

area) by mixing 0.11 g of Vulcan XC-72, 0.04 g of polyvinylidene fluoride (PVDF, Kynar 

Flex 2751-00), and 0.01 g of catalyst in a small vial. Acetone (1.0 mL) was added to the 
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vial and the resulting mixture was sonicated for 10 minutes. This solution (20 µL) was 

dropcasted onto a glassy carbon electrode and dried under a gentle stream of air for 5 

minutes. Electrodes using TiO2 nanoparticles (Anatase, ~21 nm, Sigma Aldrich) were 

fabricated by dropcasting a suspension of TiO2 (10 mg/mL in acetone) onto a carbon 

support. After the TiO2 has dried, Ni-Cu nanoclusters (10 mg/mL in acetone) were then 

dropcasted on the TiO2/carbon substrate and dried in air. 

4.3. FTIR Characterization 

The FTIR spectrum of the as-synthesized 52:48 mole % Ni-Cu glutathione-

nanocluster complex was collected in D2O. The same nanocluster complex was subjected 

to OER catalysis in 1 M NaOH for 1 hr of chronopotentiometry at 10 mA cm-2 in H2O 

using a glassy carbon working electrode. After catalysis, the nanoclusters were lyophilized 

and suspended in D2O before FTIR was conducted. Additionally, the FTIR spectrum of the 

glutathione ligand in D2O was collected to determine the signatures of free ligand in 

solution. All IR spectra were collected on a ThermoNicolet 6700 FTIR spectrometer, 

equipped with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector, at 1 

cm-1 resolution using a homemade two-compartment CaF2 sample cell with a 56 µm Teflon 

spacer. The cell was divided into two compartments to collect IR measurements of the 

reference and the sample under similar experimental conditions and to eliminate laser drift. 

An automated translation stage moved the sample cell between the reference and the 

sample side collecting a single beam spectrum for each side, and the final IR spectrum was 

processed as a ratio of the sample and reference single beam.  
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4.3.1. Other Materials Characterization 

Scanning electron microscope (SEM) images were obtained using a Hitachi S-4700 

II Field Emission SEM with an Energy Dispersive Spectrometer (EDX) at an acceleration 

voltage of 15 kV. X-ray diffraction (XRD) was performed using a Bruker D2 X-ray 

Diffractometer using carbon paper as a substrate (Fuel Cell Store, AvCarb EP40T). ICP-

MS was conducted by Western Environmental Testing Laboratory (Sparks, NV). All Ni:Cu 

ratios reported in this manuscript come from ICP-MS results as opposed to the nominal 

ratios of the Ni and Cu salts used during synthesis. The Faradaic efficiency for O2 evolution 

was determined using a SRI 8610C gas chromatograph equipped with a thermal 

conductivity detector and a previously described custom-built electrochemical cell.15 

Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectra were 

recorded on a Bruker microflex MALDI-TOF spectrometer using 2,5-dihydroxybenzoic 

acid as the matrix. High-resolution mass spectrometry with electrospray ionization (ESI-

MS) analysis was obtained using an Agilent G6230B time-of-flight mass spectrometer. 

Fluorescence spectroscopy was performed with a Jobin Yvon Horiba FluoroMax-3 using 

an excitation wavelength of 365 nm and ethanol as a solvent. 

4.4. Results and Discussion  

Ni and Cu metallic and bimetallic nanoparticles were synthesized from aqueous 

solutions of NiSO4 and CuSO4 using NaBH4 as a reducing agent through a modified 

literature procedure.13 SEM-EDX analysis of the bimetallic Ni-Cu nanoparticles 

demonstrates that the nanoparticles were successively synthesized with particle diameters 

ranging between 20-50 nm (Figure S4.1, Appendices). To compare the effect of particle 

size on the OER electrocatalytic activity, we also synthesized metallic and bimetallic Ni-
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Cu nanoclusters. To form the smaller nanoclusters, glutathione is used as a stabilizing 

ligand that kinetically traps the particles such that they form nanoclusters containing 5-20 

metal atoms. Furthermore, glutathione is a small enough ligand that it should not 

significantly impede electron transfer rates relative to typical OER turnover frequencies.16 

Fluorescence spectroscopy (Figure S4.2, Appendices) indicates that the Cu nanoclusters 

emit visible light upon ultraviolet radiation, as has been previously shown for similar 

systems.17-19 We quantified the Ni:Cu ratio of both the nanoparticles and nanoclusters using 

ICP-MS.  

The size and composition of the Ni-Cu bimetallic nanoclusters were further 

characterized by MALDI-TOF MS and high resolution ESI-MS. MALDI-TOF MS of pure 

Cu nanoclusters synthesized using glutathione (GS) is known to yield a series of ions 

corresponding to bare Cu nanoclusters and Cu nanoclusters bound to the glutathione 

ligands.20 The MADLI-TOF MS of pure Cu nanoclusters we synthesized also has peaks 

ascribable to a similar set of ions (Figure S4.3, Table S4.1, Appendices). More importantly, 

we also conducted mass spectrometry of the bimetallic Ni-Cu nanoclusters. The most 

intense mass peak in the MALDI-TOF spectrum of the 52:48 mol % Ni-Cu nanoclusters 

occurs at a m/z of 1078.5 (Figure 4.1A), which within the resolution of MADLI m/z values 

(2-3 amu) can be assigned to either the bimetallic ion [Cu9Ni3GS + Na]+ or the 

monometallic [Cu7GS2 + Na]+ ion. The most intense peak at a similar m/z value in the 

MALDI-TOF spectrum of the pure Cu nanoclusters (Figure S4.3, Appendices) suggests 

that the peak is due to the monometallic [Cu7GS2 + Na]+ species. However, several other 

peaks in the MALDI-TOF spectrum of the 52:48 mol % Ni-Cu nanoclusters can only be 

assigned to ions corresponding to bimetallic species. For example, one of the most intense 
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peaks in the spectrum occurs at a m/z of 1343.8 (Figure 4.1A) and can only be ascribed to 

bimetallic ions such as [Cu6Ni6GS2 + H]+. To confirm the presence of bimetallic species, 

we performed high-resolution ESI-MS on the bimetallic nanoclusters (Figure 4.1B). The 

top panel in Figure 4.1B shows the theoretical isotopic splitting pattern for a 1:1:1 mixture 

of [Cu7Ni5GS2 + H]+, [Cu6Ni6GS2 + H]+, and [Cu5Ni7GS2 + H]+ ions. The experimental 

ESI-MS spectrum from 1340-1360 m/z matches well with this theoretical spectrum 

(bottom panel, Figure 4.1B), indicating that bimetallic species are indeed present in the 

bimetallic nanoclusters. 

   

 

Figure 4.1. Positive-mode MALDI-TOF mass spectrum of the as-synthesized 52:48 mol 
% Ni-Cu nanoclusters (A). Calculated (B, top panel) isotopic pattern and experimental 
mass spectrum obtained from high resolution ESI mass spectrometry (B, bottom panel) of 
the nanoclusters. 
 

1078.5 

A) 

B) 

1343.8 
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 A thorough assignment of peaks in the MALDI-TOF spectra (Figures S4.4-S4.6, 

Appendices) for both the monometallic and bimetallic Ni-Cu nanoclusters is presented in 

Table S4.1, Appendices. For all of the bimetallic nanoclusters, several additional peaks are 

present in the mass spectra that can only be assigned to bimetallic clusters (bold entries in 

Table S4.1, Appendices). Because these same peaks are absent from the spectra of the 

monometallic nanoclusters, this analysis further demonstrates that heterobimetallic clusters 

were formed, not just composites of individual Ni and Cu nanoclusters. MALDI-TOF MS 

of the Ni-Cu bimetallic nanoclusters after immersing them overnight in the 1 M NaOH 

electrolyte used for our OER electrocatalytic studies shows that the composition of the 

bimetallic nanoclusters remains the same after electrolyte immersion (Figure S4.7, 

Appendices). 

 

Figure 4.2. Linear sweep voltammograms at 10 mV s-1 of the oxygen evolution reaction 
in 1 M NaOH using a glassy carbon working electrode modified with a mixture of Ni-Cu 
bimetallic nanoparticles (NPs, A) or nanoclusters (NCs, B), Vulcan XC-72, and PVDF. Ni-
Cu bimetallic NPs and NCs with various molar ratios were tested (colored lines) along with 
pure Ni (black lines) and pure Cu (Figure S11, ESI) NPs and NCs. Current densities are 
reported against the geometric electrode area. 
 

A) B) 
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 Having synthesized an array of Cu and Ni nanostructured systems, we next assessed 

their ability to function as OER electrocatalysts. Catalysts were prepared on glassy carbon 

working electrodes, and linear sweep voltammograms (LSVs) in 1 M NaOH were 

conducted at a scan rate of 10 mV s-1. For all catalysts, O2 bubbles vigorously evolved from 

the electrode surface at voltages above 1.4 V vs. RHE. The LSVs show that the molar 

composition of the nanoparticles dramatically affects their OER activity (Figure 4.2A). The 

current density is highest for the 71:29 mol % Ni-Cu bimetallic nanoparticles (green line) 

as compared to other compositions of bimetallic nanoparticles. For the Ni (black line), 

59:41 mol % Ni-Cu (blue line), and 46:54 mol % Ni-Cu nanoparticles (red line), there is a 

peak at approximately 1.5 V vs. RHE. This peak has been observed previously in other Ni-

based OER catalysts and is due to the electrochemical oxidation of Ni(OH)2, which 

spontaneously forms when Ni is immersed in alkaline solutions, to NiOOH.21 Cyclic 

voltammetry experiments in the appropriate voltage range demonstrate that this NiOOH 

can be converted back to Ni(OH)2 upon reduction (Figure S4.8, Appendices). The reason 

for the lack of a NiOOH peak in the LSV for the 71:29 mol % Ni-Cu is not clear. 

Furthermore, prominent peaks near 1.5 V are not present in the LSVs of the Ni-Cu 

nanoclusters. The Ni in these cases is bonded to the thiol group in the glutathione ligand, 

and we hypothesize that this added stability inhibits the Ni(OH)2/NiOOH wave. Analagous 

experiments with Ni-Cu nanoclusters show that the OER current density measured is much 

greater than the nanoparticles due to an increase in the surface area of the small 

nanoclusters, which results in a greater number of active catalytic sites (Figure 4.2B). The 

results also demonstrate that like the nanoparticles, the catalytic activity of the nanoclusters 

depends strongly upon the molar ratio of Ni and Cu present. In particular, nanoclusters 
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with 52:48 mol % Ni-Cu possess the highest OER current density (Figure 4.2B, green line). 

An OER LSV of the 52:48 mol % Ni-Cu nanoclusters in a purified NaOH electrolyte that 

contained only 2 ppb Fe is similar to the analagous LSV in an unpurified electrolyte with 

115 ppb Fe (Figure S4.9, Appendices). This finding demonstrates that possible Fe 

incorporation into the Ni-based catalysts from electrolyte impurities does not play a 

significant role in dictating catalyst activity. However, there is a small peak at 

approximately 1.85 V in the LSV with the unpurified electrolyte that is not present in the 

LSV with the purified electrolyte. These results suggest that the peak at about 1.85 V is 

due to the activity of a Ni-Fe species. A LSV of the 52:48 mol % Ni-Cu nanoclusters at a 

slower scan rate of 2 mV s-1 exhibits less current density as expected, but possesses a 

similar onset potential as the corresponding LSV at 10 mV s-1 (Figure S4.10, Appendices). 

Lastly, we note that the OER current densities obtained for the monometallic systems are 

much less than those of any of the bimetallic systems and are about 10 times less than those 

of the bimetallic systems with optimal compositions (Figures 4.2 and S4.11, Appendices). 

In other words, bimetallic Ni-Cu nanoparticles and nanoclusters exhibit far superior 

performance than either of their pure Ni or pure Cu counterparts. 
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Figure 4.3. Plots of onset overpotentials (A) and overpotentials at 10 mA cm-2 (B) for the 
oxygen evolution reaction in 1 M NaOH using various compositions of Ni-Cu bimetallic 
nanoclusters (NCs, black) or nanoparticles (NPs, red) on a glassy carbon working 
electrode. 
 

 The onset overpotentials of the Ni-Cu electrocatalysts also depend strongly on the 

ratio of Ni and Cu present. The lowest overpotentials obtained for both the nanoparticles 

and nanoclusters is about 50 mV (Figure 4.3A). This result suggests that the intrinsic 

surface chemistry that enables catalysis for the nanoparticles and nanoclusters is similar, 

although the optimal molar composition to achieve this surface chemistry differs when the 

catalyst size changes. We also evaluated the overpotentials of the nanoparticles and 

nanoclusters at a current density of 10 mA cm-2 because the overpotential at this current 

density is the primary figure of merit for a practical water-splitting device.22 Among the 

Ni-Cu nanoparticles, the particles with 71:29 mol % Ni-Cu possess the lowest overpotential 

of ~350 mV at 10 mA cm-2. However, the nanoclusters with 52:48 mol % Ni-Cu exhibit 

the lowest overpotential of only ~150 mV at 10 mA cm-2, 200 mV less than that of the 

nanoparticles and among the lowest reported for any OER electrocatalyst (Table S4.2). 

A) B) 
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Although the nanoparticles and nanoclusters with the lowest overpotentials at 10 mA cm-2 

have two different molar ratios, the optimal nanoclusters possess a lower overpotential than 

the nanoparticles. The enhanced activity of the Ni-Cu nanostructured catalysts can be 

attributed to synergistic effects between Ni and Cu, resulting from differences in bimetallic 

surface reactivity towards oxygen radical intermediates.7 For other Ni-Cu materials, it has 

been demonstrated that oxygen in the form of O22-/O- on the catalyst surface are strongly 

electrophilic reactants that are very active towards oxidation. These oxygen species are 

coordinatively unsaturated oxygen complexes that enhance catalyst activity.23-25 These 

species also contribute to an increased number of oxygen defects on the catalyst, which act 

as charge traps and adsorption sites that facilitate charge transfer.26 

 In addition to determining reaction overpotentials, we also evaluated the Tafel 

slopes of the catalysts from the OER LSVs (Figure S4.12, Appendices). The Ni 

nanoclusters and nanoparticles possess Tafel slopes near 120 mV dec-1, a value indicative 

of a rate-limiting single electron transfer step as has been reported for other OER catalysts 

based on Ni and Ni-Fe.5 For most of the bimetallic Ni-Cu catalysts, however, the Tafel 

slopes are much greater than 120 mV dec-1. Large Tafel slopes like these observed with 

previous OER catalysts typically are indicative of impeded electron transfer kinetics due 

to surface passivation. The exact origin of surface passivation in these Ni-Cu catalysts is 

unknown but given that these large Tafel slope values are not seen in the Ni only catalysts, 

it is possible that surface passivation results from Cu oxide species formed during catalysis.   

We also assessed catalyst activity of the nanoclusters and nanoparticles when taking 

into account the electrochemically  active surface area (ECSA) of the catalysts. The ECSAs 

of the catalysts were calculated using Pb underpotential (Figure S4.13, Appendices), which 
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is widely used to measure the ECSAs of Cu and Ni systems.27-29 Because of  their smaller 

diameters, the nanoclusters were found to have ECSAs ~250 times greater than the 

nanoparticles. When the currents of the OER LSVs of the catalysts are normalized using 

the ECSAs, the current densities of the nanoclusters are ~10 times less than that of the 

nanoparticles (Figure S4.14, Appendices). The decreased intrinsic activity of the 

nanoclusters, at least in terms of reaction kinetics, could be caused by impeded mass 

transfer arising from the tightly packed layer of capping glutathione ligands that stabilizes 

nanocluster formation. Nonetheless, the nanoclusters still exhibit lower reaction 

overpotentials and enhanced geometric current densities as compared to the nanoparticles 

as discussed earlier.  

 In addition to catalyst activity, catalyst stability is an important consideration when 

developing OER electrocatalysts. To assess stability, a series of chronopotentiometry tests 

of the nanoclusters with the highest OER activity (52:48 mole % Ni-Cu) were performed 

at a current density of 10 mA cm-2 for 1 hour in 1 M NaOH (Figure 4.4). We first tested the 

nanoclusters on a typical carbon support (Vulcan XC-72) on a glassy carbon electrode. In 

this case, the voltage increased quickly and reached 3 V vs. RHE in less than 6 minutes 

(blue line), indicating that the nanoclusters are highly unstable under these conditions. The 

instability of the nanoclusters is also demonstrated by cyclic voltammetry (Figure S4.15, 

Appendices), which shows that the catalytic current density decreases significantly during 

multiple cycles.  To enhance the stability of the nanoclusters, we turned to TiO2 

nanoparticles on carbon paper as an electrode support. Control experiments with bare 

carbon paper (black line) and TiO2 nanoparticles on bare carbon paper (red line) show 

excellent stability over 1 hour, requiring a voltage of 2.6 and 2.4 V vs. RHE for bare carbon 
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and TiO2 on bare carbon, respectively. When the nanoclusters are supported by TiO2 on 

carbon, the voltage decreased to 1.6 V vs. RHE (green line) and increased much less than 

without TiO2 (blue line) over the course of 1 hour. Gas chromatography experiments 

indicate that the Faradaic efficiency for O2 production by these Ni-Cu nanoclusters on TiO2 

is 95%. SEM-EDX images of the nanoclusters supported on TiO2 reveal that the ~20 nm 

diameter TiO2 particles were successfully deposited on the carbon paper electrode (Figure 

S4.16, Appendices). We attribute the enhanced stability of the nanoclusters on TiO2 to the 

bonding that occurs between the oxygen in TiO2 and the carboxylate groups in the 

glutathione-capped nanoclusters. Analogous TiO2-carboxylate interactions are widely used 

in dye-sensitized solar cells and other electrode architectures to enhance device stability.30-

32 The bonding of the nanoclusters to the TiO2 nanoparticles likely enhances stability by 

preventing nanocluster aggregation and subsequent catalyst inhibition. Future work will 

explore other conjugate chemistries that could improve the covalent tethering of the 

nanocluster catalysts to electrode surfaces with the goal of further increasing the stability 

of these catalysts.   
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Figure 4.4. Chronopotentiometry curves of carbon (black line), TiO2 nanoparticles on 
carbon (red line), Ni-Cu nanoclusters with PVDF on carbon (blue line), and Ni-Cu 
nanoclusters on TiO2 nanoparticles on carbon (green line) electrodes at a current density 
of 10 mA cm-2 in 1 M NaOH. 
 

Although the improved catalytic stability of the nanoclusters when anchored to 

TiO2 suggests that one degradation mechanism of the catalysts is their detachment from 

the electrode, electrochemical corrosion of the metals and/or ligand scaffold could also be 

operative. To evaluate these possibilities, we first conducted MALDI-TOF MS of the 52:48 

mol % Ni-Cu nanoclusters after catalysis (Figure S4.17, Appendices). The peak positions 

in the mass spectra before and after catalysis are similar, indicating that intact glutathione-

nanocluster complexes still exist after catalysis. We also performed XRD analysis of the 

Ni-Cu nanoclusters as-deposited on carbon paper and after ten OER voltammetry cycles 

(Figure 4.5). Before catalysis, the XRD spectrum contains peaks ascribable to Ni, Cu, 

carbon, and polytetrafluoroethylene (PTFE), the last of which is present on the 

commercially-obtained carbon paper.15 After catalysis, in addition to the metallic Ni and 
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Cu peaks, additional peaks arising from NiOOH and Cu2O appear in the spectrum. These 

results, coupled with the previously discussed voltammetry of the Ni(OH)2/NiOOH redox 

couple (Figure S4.8), suggest that the active form of the catalyst consists, at least partially, 

of NiOOH and Cu2O. The Cu Pourbaix diagram indicates that Cu2O and CuO22- are the 

thermodynamically preferred Cu species under the conditions of the OER LSVs.33 It is 

therefore possible that in addition to Cu2O formation, soluble CuO22- is leached from the 

electrolyte after prolonged catalysis.  

 

Figure 4.5. XRD spectra of the 52:48 mol % Ni-Cu nanoclusters before (A) and after (B) 
OER catalysis. 
 

Although the MS and XRD results reveal important structural details of the Ni-Cu 

nanoclusters, the data do not give information about the structure of the glutathione ligand 

network, which could dictate catalytic activity. To investigate ligand structure, the FTIR 

spectra of the nanoclusters were collected in the amide I region. The amide I region (1600-

1700 cm-1) of IR spectra are routinely used to determine peptide secondary structures in 

A) B) 
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solution.34-36 The IR spectrum of the glutathione-nanocluster complex in solution before 

catalysis (Figure 4.6, blue) has three distinct peaks at 1620 cm-1, 1636 cm-1, and 1673 cm-

1. The peak at 1636 cm-1 is assigned to the formation of beta-sheets in small peptides as has 

been observed previously.37 Furthermore, a sharp, narrow, intense peak at ~1680 cm-1 and 

a second weaker band at lower frequency are characteristic of peptide aggregation.38-40 

These findings suggest that the as-synthesized nanoclusters contain a well-packed ligand 

network. In contrast, the IR spectrum of the nanoclusters after catalysis does not show the 

signature aggregation band at 1673 cm-1 (Figure 4.6, gray). Instead, the major spectral 

feature, a distinct band at 1641 cm-1 is indicative of a random coil structure. Because the 

catalyst degrades, these results suggest that the catalysts facilitate the OER at a lower 

overpotential with a well-ordered ligand network. As a control experiment, the IR spectrum 

of glutathione by itself was measured (Figure 4.6, orange). The spectrum has similar 

spectral features to the complex after catalysis, indicating that the ligand structure of the 

nanoclusters depends upon catalyst activity. Taken together, from IR analysis and the TiO2 

experiments, we conclude that nanocluster degradation on carbon electrodes occurs both 

because the catalysts detach from the electrodes and because of changes in ligand structure. 

Despite these degradation pathways however, the nanoclusters remain largely intact after 

catalysis as is evidenced by the similarity of the mass spectra before and after catalysis. 



79 

 

 

 

  

Figure 4.6. Normalized FTIR spectra of the 52:48 mole % Ni-Cu nanoclusters before 
(blue) and after (gray) catalysis along with the spectrum of glutathione (orange). 
 

4. 5. Conclusions  

In conclusion, we synthesized various compositions of metallic and bimetallic Ni-

Cu nanostructured electrocatalysts for the OER. MALDI-TOF MS, high resolution ESI-

MS, ICP-MS, XRD, FTIR, and SEM-EDX measurements confirmed the size, molar ratio, 

and morphology of the nanoclusters and nanoparticles. An optimal molar ratio of Ni-Cu 

bimetallic nanoclusters (52:48 mol % Ni-Cu NCs) possess an overpotential of ~150 mV at 

10 mA cm-2, making it one of the most efficient nonprecious metal OER catalysts reported. 

The durability of the nanoclusters for OER catalysis can be improved by tethering them 

via glutathione ligands to an electrode modified with TiO2 nanoparticles. The promising 

performance of the Ni-Cu nanoclusters with controllable size and composition opens up 

future research on this new class of OER electrocatalysts. 
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Chapter 5: Cuprous Oxide Electrodeposited with Nickel for the Oxygen Evolution 

Reaction in 1 M NaOH 

Reprinted with permission from Lee, Yi Teng; Gautam, Rajendra P.; Islam, Shakirul M.; 

Barile, Christopher, J. Journal of Physical Chemistry C, 2018, 123, 1287-1292. Copyright 

2018 American Chemical Society. 
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5.1. Introduction  

Energy storage technologies are instrumental in facilitating our transition away 

from fossil fuels and towards renewable energy sources. Hydrogen gas is an attractive fuel 

for clean energy storage if the hydrogen utilized is produced using renewable processes.1 

Hydrogen could be produced in a green manner via the electrolysis of water.2 However, 

the design of robust and inexpensive electrocatalysts for the oxygen evolution reaction 

(OER) is a key hurdle in developing practical water electrolyzers.3 High-performing OER 

catalysts are also critical in the design of metal-air batteries.4,5 

In an effort to develop superior OER electrocatalysts, various metal and metal oxide 

materials for the OER have been studied.6 Despite much theoretical and experimental 

research, the discovery of an ideal OER catalyst, one that is durable, inexpensive, and 

operates at a low overpotential with high current density, remains elusive. Traditional OER 

catalysts are based on Ru and Ir, but the precious nature of these metals limits their practical 

utility.7 As an alternative, metal oxides containing Ni, Co, Fe, and Mn have been developed 

as stable OER electrocatalysts at high pH.8 Regardless of the catalyst employed, the high 

overpotential for the OER limits the efficiency of water electrolysis. Recently, bimetallic 

catalysts have been explored as a strategy to reduce the overpotential for the OER.9,10 

Studies show that bimetallic Ni-Fe and Ni-Co electrocatalysts are particularly effective at 

lowering the OER overpotential.11-13 Other examples of bimetallic Ni-based catalysts 

include those that contain Ce or W.14-17 

In this manuscript, we develop bimetallic OER electrocatalysts based on Ni and Cu 

that operate under basic conditions. These catalysts are synthesized via the 
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electrodeposition of Ni and Cu2O. We chose to electrodeposit Ni because Ni-based OER 

catalysts are among the most active known due to an optimal difference in the free energy 

associated with the adsorption of O and OH species on NiOx surfaces.18 Furthermore, 

previous studies have shown that bimetallic Ni-based catalysts modified with Fe and Co 

exhibit improved performance.19 With the proper composition and morphology, the Ni-

Cu2O catalysts developed here rival those containing Ni-Fe and Ni-Co in terms of 

minimizing the OER overpotential.  

5.2. Experimental 

5.2.1. Chronoamperometric Electrodeposition of Cuprous Oxide 

Cu2O was electrodeposited onto a tin-doped indium oxide (ITO, Xin Yan, Inc.) 

glass slide at 50°C for 30 minutes using a published procedure.20 A one-compartment, 

three-electrode electrochemical cell was used with ITO as the working electrode, Cu foil 

as the counter electrode, and Ag/AgCl (3 M KCl, eDaq, Inc.) as the reference electrode. 

The sheet resistance of the ITO electrode was 10 Ω/sq, and the immersed geometric surface 

area of the electrode was 2 cm2. The electrodeposition bath consisted of 7.5 M lactic acid 

and 0.66 M CuSO4 adjusted to pH 12 with NaOH. The electrodeposition was carried out 

in the dark at a constant voltage of -0.45 V vs. Ag/AgCl. The thin film was left to dry in 

ambient atmosphere after electrodeposition and rinsed gently with DI water to remove any 

residual CuSO4 on the surface. Then, the thin film was either electrodeposited with Ni or 

directly studied using linear sweep voltammetry (LSV).  
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5.2.2. Chronopotentiometric Electrodeposition of Nickel  

Ni was electrodeposited on top of the Cu2O thin film at room temperature. Similar 

to the Cu2O electrodeposition method, a three-electrode cell was used except that a Pt wire 

was used as the counter electrode instead of Cu foil. The electrodeposition bath consisted 

of 0.5 M NiSO4 and 0.4 M boric acid (H3BO3) that was adjusted to pH 3 using H2SO4. 

Chronopotentiometry at -4 mA/cm2 for varying time periods was conducted to 

electrodeposit Ni films of different thicknesses. Next, the ITO electrodeposited with Ni on 

top of Cu2O was left to dry in ambient air.  

5.2.3. Electrochemical Measurements  

To evaluate the OER activity of the thin films, the working electrodes were studied 

using LSV in 1 M NaOH at room temperature using a one-compartment, three-electrode 

configuration. The thin film on ITO functioned as the working electrode, a Pt wire was 

used as a counter electrode, and a Ag/AgCl electrode was used as the reference electrode. 

The OER LSVs reported are IR corrected using the solution resistance value obtained from 

electrochemical impedance spectroscopy as discussed previously.21 All values are reported 

versus the reversible hydrogen electrode (RHE). Onset potentials for the OER are 

determined when the slope of the I-V curve reaches 17 Ω-1 cm-2. The onset overpotential 

(η) is defined as the difference in the measured onset potential (Eonset) and the 

thermodynamic potential (E° = 1.23 V vs. RHE) for the oxygen evolution reaction such 

that η = Eonset - E°. All electrochemical measurements were performed using a VSP-300 

Biologic Potentiostat. All experimental results were at least triplicated. Error bars presented 
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signify one standard deviation of experimental results. Representative voltammograms are 

shown. 

5.2.4. Material Characterization  

Scanning electron microscope (SEM) images were obtained for each sample using 

a Hitachi S-4700 II Field Emission SEM with an Energy Dispersive Spectrometer (EDS) 

at an acceleration voltage of 15 kV. X-Ray diffraction (XRD) was performed using a 

Bruker D2 X-Ray Diffractometer. Atomic force microscopy (AFM) images were obtained 

using a Nanosurf EasyScan 2 microscope operated in contact mode using a silicon tip with 

an aluminium reflective coating (ContAl-G, TedPella, Inc.). 

5.3. Results and Discussion  

5.3.1. Electrodeposition of Ni-Cu2O Thin Films  

 Cu2O thin films were formed on ITO electrodes using an electrodeposition 

procedure reported previously.20 To modify these films with Ni, Ni was electrodeposited 

on top of the Cu2O thin films using chronopotentiometry at -4 mA/cm2 in a Ni plating bath. 

By varying the electrodeposition time, the thickness of Ni on top of the Cu2O can be tuned. 

Assuming a uniform Ni overlayer, we calculate the thickness of the layer from the charge 

passed during chronopotentiometry using equation 1 below  

   Thickness =	 !"#$%&     (1)                                      

in which Q is charge, M is molecular weight, A is electrode area, F is Faraday’s constant, 

ρ is the density of Ni, and n = 2 is the number of electrons transferred in the reaction  
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Ni2+ + 2 e- à Ni(s). Table 1 lists the calculated thicknesses of the Ni overlayer for five 

different plating times studied in this work. We note that SEM images (vide infra) indicate 

that the Ni layer electrodeposited is not uniform, and thus the calculated thickness values 

can only be interpreted as average thicknesses across the entire sample area.  

 

Time (s) Calculated Ni 
Thickness (µm) 

Calculated Cu2O:Ni 
Mass Ratio 

20 0.7 38.5:1 

100 3.2 8.4:1 

160 5.3 5.1:1 

200 6.8 4.0:1 

500 15 1.8:1 

 

Table 5.1. Calculated thicknesses of Ni obtained during electrodeposition for various 
plating times and calculated Cu2O:Ni mass proportions of the samples.   

 

5.3.2. OER Activity of Ni-Cu2O Thin Films 

 Figure 5.1 compares IR-corrected LSVs of an unmodified Cu2O thin film with 

Cu2O substrates that have been electrodeposited with Ni for 100 s and 500 s.  In all three 

voltammograms, the current abruptly rises once a positive enough potential is reached to 

allow the OER to commence. At high current densities (> ~5 mA cm-2), O2 bubbles are 

vigorously generated from the electrode surface. However, the onset potentials of the LSVs 
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for the samples with Ni are about 130 mV more negative than the unmodified Cu2O 

electrode (Figure 1B). Therefore, the addition of Ni to the electrode enhances the activity 

of the OER catalyst in terms of overpotential. 

 

Figure 5.1. Linear sweep voltammograms of the oxygen evolution reaction in 1 M NaOH 
using Cu2O on ITO working electrodes that have been electrodeposited with Ni for 0 s (red 
line), 100 s (orange line), and 500 s (blue line) at a scan rate of 10 mV/s. Panel B is an inset 
of panel A. 
 

 We tested three additional Ni electrodeposition times (20 s, 160 s, and 200 s) in an 

effort to determine the optimal Ni thickness for the Ni-Cu2O catalyst (Figure 5.2A). These 

three catalysts also exhibited more negative onset potentials for the OER as compared to 

the unmodified Cu2O control, although the extent of the enhancement varied. Importantly, 

control experiments measuring the LSVs of Cu and Ni foils both show much more positive 

OER onset potentials as compared to any of the Ni-Cu2O electrodes (Figure 5.2B).   
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Figure 5.2. Linear sweep voltammograms of the oxygen evolution reaction in 1 M NaOH 
using Cu2O on ITO working electrodes that have been electrodeposited with Ni for 20 s 
(A, green line), 160 s (A, red line), and 200 s (A, purple line) at a scan rate of 10 mV/s. 
Analogous experiments were also performed with Cu (B, black line) and Ni (B, red line) 
foils. 

Figure 5.3 plots the calculated overpotential for the onset of the OER for Ni-Cu2O 

catalysts with five different Ni overlayer thicknesses along with the overpotentials for 

control experiments. First, all of the Ni-Cu2O catalysts possess an overpotential for the 

OER that is less than that of the Cu2O, Cu, and Ni control experiments. Second, as the Ni 

electrodeposition time increases from 0 s to 20 s to 100 s, the OER overpotential decreases. 

However, once the Ni electrodeposition time exceeds 100 s, the OER overpotential 

increases. These results demonstrate that there is an optimal Ni to Cu2O ratio to minimize 

the OER overpotential. The 100 s sample has the lowest overpotential (0.15 V), which is 

among the lowest for an OER catalyst operated under either acidic or basic conditions. 

Table S5.1 summarizes the overpotentials and current densities for a wide range of OER 

catalysts reported in the literature. The Ni-Cu2O catalyst we developed has a comparable 

or lower overpotential than previously developed Ni-based OER catalysts. 
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Figure 5.3. Plot of overpotentials for the onset of the oxygen evolution reaction using 
various working electrodes in 1 M NaOH. 
 

5.3.3. Surface Characterization of Ni-Cu2O Thin Films 

 In an effort to determine why the Ni-Cu2O catalyst formed via 100 s of Ni 

electrodeposition has the optimal amount of Ni for decreasing the OER overpotential, we 

characterized the composition and structure of the catalysts using XRD, SEM-EDS, and 

AFM. We performed these characterization techniques on the samples after Ni 

electrodeposition but before OER voltammetry was conducted. The XRD spectrum of the 

Ni-Cu2O catalyst confirms the presence of the ITO substrate and the electrodeposited films 

of Cu2O and Ni on the electrode surface as expected (Figure 5.4). The positions of the 

peaks match the values previously reported for these three components.20,22,23 
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Figure 5.4. XRD spectrum of a Cu2O on ITO electrode with a Ni overlayer formed using 
100 s of Ni electrodeposition.  
 

We next analyzed the morphology of Cu2O electrodes modified with varying 

amounts of electrodeposited Ni using SEM. The unmodified electrodeposited Cu2O thin 

film consists of triangular-shaped crystallites (Figure 5.5A) with (111) faces exposed as 

shown previously.24 Figures 5.5B-5.5F show SEM images of Ni-Cu2O thin films in order 

of increasing thicknesses of electrodeposited Ni. In all of these cases, the morphology 

obtained is different from the triangular facets observed without Ni. As the Ni 

electrodeposition time increases, the facets become sphere-like and agglomerate into 

larger-sized particles. We hypothesize that this agglomeration takes place due to etching 

of the Cu2O crystals by the boric acid present in the Ni electrodeposition bath since Cu2O 

is not stable in acid. Indeed, simply soaking a Cu2O thin film in boric acid causes its 

original triangular morphology to change (Figure S5.1A). However, the morphological 
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change induced by the boric acid does not significantly affect the OER onset potential of 

the Cu2O thin film (Figure S5.1B), indicating that Ni plays a role in the enhanced activity 

of the Ni-Cu2O catalysts.  

     

Figure 5.5. SEM images of Cu2O on ITO electrodes with a Ni overlayer formed via 0 s 
(A), 20 s (B), 100 s (C), 160 s (D), 200 s (E), and 500 s (F) of Ni electrodeposition. 
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Since the Ni-Cu2O catalyst formed using 100 s of Ni electrodeposition was found  

to have the lowest OER overpotential, we performed SEM-EDS mapping of this electrode 

(Figures 5.6, S5.2 and S5.3). As a whole, the SEM-EDS mapping results indicate that the 

electrode contains Ni-modified Cu2O particles. The overall EDS spectrum of the SEM 

image in Figure 5.6A is given in Figure 5.6B. The spectrum contains peaks associated with 

Ni, Cu, O, and S along with unlabelled In and Sn peaks from the ITO substrate. The first 

two elements come from the Ni and Cu2O thin films, the O arises from both Cu2O and ITO, 

and the S originates from NiSO4 used in the Ni electrodeposition bath. An elemental map 

of the Cu content of the electrode shows that the bright sphere-like particles on the surface 

are Cu2O (Figure 5.6C). Unlike the Cu coverage, the Ni distribution does not consist of 

discrete particles. Instead, Figure 5.6D shows that the Ni layer is fairly uniform across the 

surface although it is noticeably absent where the ITO substrate is exposed (e.g. see the top 

left of the image). The S elemental map mostly overlaps with the Ni distribution because 

the S originates from the Ni electrodeposition bath (Figure 5.6E).  Lastly, the O content 

detected by EDS is greatest where bare ITO is present, and hence is roughly inversely 

correlated with the Ni distribution (Figure 5.6F).  
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Figure 5.6. SEM image (A), EDS spectrum (B), and corresponding elemental distribution 
maps (C-F) as determined by EDS of a Cu2O on ITO electrode with a Ni overlayer formed 
using 100 s of Ni electrodeposition. Brighter colors in the EDS maps represent higher 
relative elemental concentrations. 

 

Lastly, we conducted AFM images of the Ni-Cu2O electrode formed using 100 s of 

Ni electrodeposition (Figure S5.4). The AFM images confirm that there are low, smooth 

spots on the electrodes where bare ITO is present. The high-lying sphere-like particles are 

the agglomerates of Ni and Cu2O. 

Taking together the SEM, EDS mapping, and AFM results, we can now more fully 

understand the chemical identity of the components present in the SEM image of the 

optimal Ni-Cu2O catalyst presented in Figure 5.5C formed via 100 s of Ni 
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electrodeposition. The sphere-like particles can be assigned to Cu2O, and the wispy-like 

platelets are Ni (Figure 5.5C, inset). This morphology contains a fairly uniform mixture of 

Cu2O and Ni components, and this even distribution with many bimetallic sites may 

explain why this surface structure leads to optimal OER electrocatalysis. Previous studies 

with OER catalysts have shown that bimetallic active sites often lead to lower OER 

overpotentials and outperform their monometallic counterparts.25 For example, a 

synergistic effect between Ni and Fe sites in Fe-doped NiOOH leads to enhanced OER 

electrocatalysis.26 Finally, we note that metallic Ni is unstable in the NaOH electrolyte we 

used for conducting the OER voltammetry.27 The active catalyst during OER is therefore 

a mixture of Ni/Cu (oxy)hydroxides.  

5.4. Conclusions    

 We synthesized a series of Ni-Cu2O electrocatalysts for the OER by sequentially 

electrodepositing Cu2O and Ni on ITO substrates. By altering the amount of Ni on the 

surface, the activity of the electrocatalysts varies substantially. An optimal thickness of Ni 

yields a catalyst with an improved onset overpotential of 0.15 V. Characterization using 

XRD, SEM, EDS, and AFM demonstrates that the composition and morphology of the 

electrocatalysts are dependent upon the amount of Ni electrodeposition and dictate catalyst 

performance.  
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Chapter 6: Preparation and Electron Transfer Properties of Self-Assembled 

Monolayers of Ferrocene on Carbon Electrodes 
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6.1. Introduction 

 Carbon and its compounds are important materials due to their good chemical, 

electrochemical, and thermal stability. Because of these properties, carbon materials have 

been widely used in electroanalysis, chemical and biological sensing, energy storage and 

conversion, and catalysis.1-6 The functionalization of carbon electrodes in a controlled 

manner is important for many of these applications, both from a technological and 

scientific standpoint.7 One method of modifying glassy carbon electrodes is through self-

assembled monolayers (SAMs). SAMs can be used to modulate the surface reactivity, 

hydrophobicity, and wettability among other attributes.8,9 In addition, SAMs can function 

as stable anchors for other molecules to electrode surfaces through covalent bonds.8,10 

SAMs on carbon covalently modified with molecules vastly increase the functionality of 

carbon electrodes and for appended species that are redox active, the electrodes can be used 

to study electron transfer properties. 7-9,11 

In this work, the electron transfer properties of ferrocene attached to SAMs on 

carbon electrodes are studied. The SAMs are fabricated electrochemically from alkyl 

diamines as was first pioneered by Sanchez et al.12  and Deinhammer et al.13 After SAM 

formation, amide coupling is elicited between ferrocenecarboxylic acid and the terminal 

amine groups of the SAM. This coupling reaction, mediated by 1-ethyl-3-(3-

(dimethylamino) propyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS) in aqueous solution, goes to completion quickly at room temperature and is 

experimentally straightforward to perform.1,14-16 

Previous studies have applied this coupling reaction to SAMs on both carbon and 

Au electrodes.2,8,11,17-19,20 EDC/NHS coupling is one of the most popular and widely used 



101 

 

 

 

methods for the covalent attachment of small molecules, nanoparticles, and various 

biomolecules such as proteins and nucleic acids to SAMs. These SAMs have found 

numerous applications in biosensors due to their biocompatibility and ability to offer 

molecular level control over surface chemistry and dynamics.6,13,14,21-23 

Taken together, the amine-SAM formation step followed by EDC/NHS coupling 

provides a facile route to the preparation of ferrocene-modified carbon electrodes. We 

modify the glassy carbon electrode with various compositions and chain lengths of SAMs 

to study how these variables affect surface coverage and electron transfer properties. In 

addition, we interrogate the role of defect sites in the SAMs on electron transfer to the 

appended ferrocene by further modifying the SAMs with ZnO electrodeposits. 

6.2. Methods 

6.2.1. General Procedures  

All chemicals were purchased from commercially available sources and used 

without further purification. All electrochemical studies were carried out using a VSP-300 

Biologic potentiostat. Electrochemical studies were conducted using a three-electrode 

system in which a Pt wire was used as the counter electrode, Ag/AgCl/3 M KCl (Edaq, 

Inc.) as the reference electrode, and a bare or modified glassy carbon surface (5 mm 

diameter) as the working electrode. The voltammetry data were collected using a potassium 

phosphate (100 mM) pH 7 aqueous buffer solution at various scan rates. For studies with 

other types of carbon, glassy carbon electrodes were modified with 0.11 mg of single-

walled carbon nanotubes (Tuball, OCSiAl, Inc.) or 0.11 mg of Vulcan XC-72 and 0.04 g 

polyvinylidene fluoride (PVDF, Kynar Flex 2751-00) dropcast in acetone (1.0 mL) or 
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Nafion 117 (FuelCellStore, Inc., 5 µL). All of the cyclic voltammograms (CVs) reported 

are the second scan unless specified otherwise. Atomic force microscopy (AFM) images 

were obtained using a Nanosurf EasyScan 2 microscope operated in contact mode using 

silicon tips with an aluminum reflective coating (ContAl-G, TedPella, Inc.). X-ray 

photoelectron spectroscopy (XPS) was conducted with a PHI 5600 spectrometer with 

monochromatic Al Kα radiation and a diameter of analysis of 800 μm. 

 

6.2.2. Experiments on Glassy Carbon Electrodes  

Prior to their modification, glassy carbon electrodes were polished with an alumina 

(0.05 µm in diameter) slurry followed by cleaning with DI water. Then the electrodes were 

sonicated in DI water for 10 minutes and allowed to dry at room temperature. For solutions 

of C2 and C6 SAMs, aqueous solutions were prepared using different proportions of 

ethylenediamine, ethanolamine, hexamethylenediamine, hexylamine, and 6-amino-1-

hexanol with a total concentration of 100 mM. For solutions of C12 SAMs, 1,12-

diaminododecane and dodecylamine were added in different proportions in acetonitrile 

with a total concentration of 10 mM. Tetrabutylammonium tetrafluoroborate (100 mM) 

was also added for the C12 SAM solutions. 

The SAMs were formed using chronoamperometry at 1.6 V for various times. After 

SAM formation, EDC and NHS solutions were prepared by mixing them in a 1:1 molar 

ratio (20 mM total concentration) and vortexing for 2 minutes.  Ferrocenecarboxylic acid 

(Fc-COOH) solutions (250 µM) were freshly prepared in dimethyl sulfoxide (DMSO) for 

each experiment.15 The electrode was then soaked in a mixture of the EDC/NHS (1.5 mL) 
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and Fc-COOH solutions (0.5 mL) for 18 hours. Lastly, the glassy carbon electrodes were 

rinsed with pH 7 buffer solution followed by DI water, and voltammetry was conducted. 

6.2.3. ZnO Electrodeposition  

ZnO electrodeposition on SAM-modified glassy carbon electrodes was carried out 

in an aqueous solution containing KCl (100 mM) and Zn(NO3)2  (50 mM) using 

chronoamperometry at -1.2 V for 20 s, unless the amount of time was otherwise specified.24 

After ZnO electrodeposition, the glassy carbon electrodes were gently rinsed with DI water 

and soaked in the same mixture of EDC/NHS/Fc-COOH described above for 18 hours. 

Afterward, the glassy carbon electrodes were rinsed with pH 7 buffer solution followed by 

DI water, and voltammetry was conducted. 

6.3. Results and Discussion 

6.3.1. SAM Chain Length and Diluent Effects 

Glassy carbon electrodes were modified with different compositions of SAMs 

having various alkyl chain lengths (Figure 6.1). In the first step, chronoamperometry was 

performed to oxidize the alkyl amines and attach the SAMs to the glassy carbon electrodes. 

In some experiments, we used a mixture of alkyl monoamines and diamines to control 

surface coverage. These mixed monolayers with monoamine diluents create a SAM with a 

controllable density of terminal amine groups that in turn affect the density of ferrocene 

appended to the surface in the subsequent coupling step. SAMs with low surface coverages 

can be, for example, used to delineate the effect of intermolecular reactions of appended 

species because, at low surface coverages, the species will be site isolated.2,15,25 In the 
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second surface attachment step, the SAM-modified glassy carbon electrodes were soaked 

in a mixture of EDC/NHS/Fc-COOH to attach the ferrocene. 

 

Figure 6.1. Schematic of the modification of carbon electrodes with various chain lengths 
of SAMs to attach ferrocene with controllable surface coverage.  
 

The black line in Figure 6.2A shows a cyclic voltammogram at a scan rate of 300 

mV s-1 of a diamine SAM containing 2 methylene groups (C2 SAM) without monoamine 

diluent. The CV shows one set of peaks corresponding to the reversible Fe3+/Fe2+ couple 

of ferrocenes. Randles-Sevcik analysis of experiments performed at different scan rates 

demonstrate that the ferrocene is attached to the surface as opposed to freely diffusing in 

solution (Figure S6.1). Control experiments show that unmodified electrodes, electrodes 

subjected to EDC/NHS/Fc-COOH without a SAM, and SAM-modified electrodes 

subjected to Fc-COOH without EDC/NHS all do not exhibit any redox peaks (Figure S6.2). 

These findings demonstrate that ferrocene is attached to the glassy carbon electrodes only 

when all of the reaction components are present. The lack of redox activity in the control 

experiments indicates that ferrocene is not simply physisorbed and instead is covalently 

bound to the electrode via the SAM. 
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We soaked the electrodes in the EDC/NHS/Fc-COOH mixture for 18 hours to 

perform the amide coupling reaction. Experiments conducted with a longer immersion time 

(e.g. 48 hours) did not result in a significant increase in surface coverage compared to the 

18 hours experiments (Figure S6.3), indicating that 18 hours is enough time for the 

coupling reaction to go to completion. We also modulated the voltage range scanned during 

the CV experiments. When extending the anodic sweep limit to 1.0 V vs. Ag/AgCl, there 

is a rise in the anodic current at voltages greater than 0.8 V, indicating that a second 

electrochemical process occurs (Figure S6.4). Because further cycling of the electrode 

under these conditions leads to a decrease in the current density of the ferrocene redox 

couple, we ascribe this anodic feature starting at 0.8 V to the irreversible oxidation and 

decomposition of the amine SAM. 

 To control the surface coverage of ferrocene, ferrocene was attached to C2 SAMs 

on glassy carbon electrodes using NH2(CH2)2NH2 and the diluent NH2(CH2)2OH in various 

molar ratios. With 50 mol % diluent (Figure 6.2A, red line), the peak shape in the CV 

sharpens as compared to the CV of the SAM without diluent (Figure 6.2B, black line). 

Without diluent, adjacent ferrocene molecules are closer to one another than when they are 

spaced with the diluent. Ferrocenes adjacent to one another can undergo intermolecular 

electron transfer, which results in a wider distribution of voltages at which electron transfer 

occurs, yielding a broader peak in the CV. In contrast, with 50 mol % diluent, more of the 

ferrocenes are site-isolated, which gives rise to a narrower peak. Further increasing the 

concentration of the diluent results in a decrease in the peak current density due to lower 

surface coverages of ferrocene (Figure 6.2A blue and pink lines and Figure S6.5). 
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Figure 6.2. Cyclic voltammograms at 300 mV s-1 in pH 7 buffer of ferrocene attached to 
C2 SAMs on glassy carbon electrodes using 100 mM NH2(CH2)2NH2 and NH2(CH2)2OH 
in various molar ratios (A). Plot of anodic peak charge (red) and cathodic peak charge 
(black) of ferrocene attached to C2 SAMs with different molar ratios of NH2(CH2)2NH2 
and NH2(CH2)2OH diluent. 
 

 Figure 6.2B plots the integrated charges for the anodic and cathodic peaks of the 

ferrocene modified C2 SAMs as a function of the amount of diluent. From 0% to 50% 

diluent, the integrated charge remains fairly constant because there is a maximum amount 

of ferrocene that can sterically fit onto the electrode. At diluent proportions greater than 

50%, the magnitudes of the integrated charges decrease with increasing diluent due to 

lower surface coverages of ferrocene. We note that the absolute value of the cathodic 

charges are significantly less than those of the anodic charges. For a reversible redox couple 

such as ferrocene, these two values are expected to be the same.26  The origin of this 

discrepancy arises from the relatively large background current caused by the capacitance 

of the glassy carbon electrode, which disproportionately affects the integration calculations 

of the cathodic peaks. The anodic charges for the SAMs range from 1.6 mC to 5.2 mC 

B) A) 
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across the different diluent ratios, which corresponds to a ferrocene surface density ranging 

between 2.8 x 10-7 mol cm-2 to 8.5 x 10-8 mol cm-2. 

 Many previous works have established that the CVs of SAMs of ferrocene on Au 

electrodes exhibit zero peak separation for a reversible system.27-33 Additionally, 

theoretical analysis of the peak shape indicates that for a monolayer of non-interacting 

redox active species, the full width at half maximum (FWHM) of the peak is 90.6 mV.34-36 

The CVs obtained in this study for a monolayer of ferrocene using NH2(CH)2NH2 without 

diluent possess a peak separation of (142 ± 14) mV and a FWHM of (150 ± 15) mV. These 

values are both higher than the theoretical values and those obtained on Au monolayers 

because the appended ferrocenes are not site-isolated and hence interact with one another. 

Furthermore, as discussed later in the manuscript, the monolayers are not well ordered, and 

the resulting inhomogeneity in the monolayer causes variations in the chemical 

environment of each ferrocene, which leads to peak broadening. Dilution of the monolayers 

with NH2(CH)2OH decreases both the peak separation and FWHM values of the CVs 

(Figure S6.6) due to decreased ferrocene-ferrocene interactions. However, the values 

measured are still significantly higher than the theoretical values, indicating that the diluted 

monolayers are still highly heterogeneous.  
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Figure 6.3. Cyclic voltammograms at 300 mV s-1 in pH 7 buffer of ferrocene attached to 
SAMs on glassy carbon electrodes using 50 mM NH2(CH2)2OH diluent and 50 mM 
NH2(CH2)2NH2 (black), 50 mM NH2(CH2)6NH2 (red), and 50 mM NH2(CH2)12NH2 (blue). 
 

To understand the effect of chain length on the surface coverage of ferrocene, in 

addition to C2 SAMs, we performed experiments using SAMs containing 6 and 12 

methylene groups. Whereas both the C2 and C6 SAM solutions are soluble in water and 

thus can be attached using the same chronoamperometry conditions, the C12 SAM is not 

soluble in water due to its long hydrophobic tail. For this reason, we prepared C12 SAM 

solutions in acetonitrile and first optimized the amount of time (8 hours) needed during 

chronoamperometry to maximize the surface coverage of ferrocene (Figure S6.7). The CVs 

of the ferrocene C12 SAMs at different scan rates are shown in Figure S6.8.  

Figure 6.3 shows cyclic voltammograms of ferrocene attached to SAMs containing 

2, 6, and 12 methylene groups with 50 mol % of the NH2(CH2)2OH diluent at 300 mV s-1. 

The Fe 2p XPS spectra of these SAMs match previous literature reports2,37 of ferrocene-

modified carbon electrodes and indicate that ferrocene was successfully attached to the 
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electrodes regardless of the number of methylene groups in the SAMs (Figure S6.9). 

Interestingly, the peak separations between the anodic and cathode waves of the three CVs 

are fairly similar to one another. This result is in sharp contrast to what is observed when 

ferrocene and other redox active molecules are attached to SAMs of alkanethiols on Au 

electrodes.20 In this case, longer-chained SAMs exhibit slower electron transfer kinetics, 

resulting in a larger peak-to-peak separation as compared to shorter-chained SAMs. The 

slower electron transfer kinetics arise from electron tunneling that occurs through the 

insulating alkyl chains in the well-packed SAMs. With the SAMs studied here on carbon, 

however, the similar peak separation values across the three different chain lengths suggest 

that the electron transfer rates through the three SAMs are also similar. Quantification of 

these electron transfer rates using Laviron analysis confirms that the SAMs possess similar 

transfer kinetics (vide infra). We propose that disorder in the SAMs allows for the alkyl 

chains of the SAM to bend, which enables the ferrocene molecules to be in close contact 

with defect sites on the electrode. Compared to well-defined Au electrodes such as 

Au(111), carbon is a much more poorly-defined surface that contains a high defect density. 

Moreover, the use of a short C2 diluent in the SAMs used for the CVs in Figure 6.3 further 

contributes to a high degree of structural disorder in these systems. Longer chain lengths 

of SAMs are known to have greater packing densities and less defect sites due to a greater 

number of Van der Waals interactions between the alkyl chains. For the C6 and C12 

experiments (Figure 6.3, red and blue lines), the large difference in lengths between the 

linker and the diluent and the resulting disordered SAMs with increased ferrocene-

ferrocene interactions may explain the broadening of the peaks of the ferrocene redox 

couple as compared to the CV of the SAM with the C2 linker (Figure 6.3, black line). 
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Taken together, these attributes of the SAMs allow the appended ferrocene molecules to 

orient themselves close to the electrode surface, which results in fast electron transfer rates, 

regardless of the linker length in the SAM used.   

 

Figure 6.4. Cyclic voltammograms at 300 mV s-1 in pH 7 buffer of ferrocene attached to 
C6 SAMs on glassy carbon electrodes using 100 mM NH2(CH2)6NH2 (black), 50 mM 
NH2(CH2)6NH2 and 50 mM NH2(CH2)6OH (red), and 50 mM NH2(CH2)6NH2 and 50 mM 
NH2(CH2)5CH3 (blue). 
 

To fabricate SAMs with less disorder, we increased the chain of the length of the 

diluent.  The red line in Figure 6.4 displays a CV of a ferrocene-modified SAM with a C6 

linker and 50 mol % of a diluent of similar length (NH2(CH2)6OH). Compared to a 

ferrocene modified C6 SAM without diluent (Figure 6.4, black line), the CV shows that 

ferrocene was attached with a significantly lower surface coverage. This result suggests 

that the C6 diluent impedes the attachment of ferrocene to the SAM, likely through 

unfavorable steric interactions during the amide coupling reactions. We also compared the 

effect of modifying the electrodes with diluents with a hydrophobic methyl head group as 

opposed to a hydrophilic alcohol head group. With 50 mol % of a hydrophobic C6 diluent, 
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the ferrocene-modified SAM shows only a negligible amount of ferrocene attachment 

(Figure 6.4, blue line). A similar result is obtained with a C12 SAM and 50 mol% of a 

hydrophobic C12 diluent (Figure S6.10). Evidently, the hydrophobic head groups of the 

SAMs further impede ferrocene attachment because it is unfavorable for the hydrophilic 

reactants and products of the amide coupling chemistry to react at the hydrophobic SAM 

interface. The non-Faradaic current density of the CV with the hydrophobic C6 diluent 

(Figure 6.4, blue line) is also significantly less than that of the hydrophilic C6 diluent 

(Figure 6.4, red line). This difference arises from the lower quantity of hydrophilic ions 

that accumulate at the SAM-water interface when the SAM is hydrophobic. A smaller 

number of ions gives rise to a smaller non-Faradaic capacitive current density. In summary, 

both the length and functionality of the diluent have a profound effect on the dynamics of 

ferrocene attachment. 

6.3.2. Defect Blocking Experiments with ZnO Electrodeposits 

In the previous section, we established a hypothesis as to why the electron transfer 

rate to ferrocene did not vary with the chain length of the SAM linker. We suggested that 

perhaps defect sites not modified with SAM on the carbon electrode allow the alkyl groups 

of the SAM linker to bend towards the electrode surface, enabling electron transfer to occur 

directly from the electrode to ferrocene, instead of via a tunneling mechanism through the 

insulating SAM linkers. To further explore this hypothesis, here we investigate the role of 

defect sites in the SAMs on ferrocene electron transfer dynamics by modifying the SAMs 

with ZnO electrodeposits. Because electrodeposition is preferred on portions of the 

electrode that are not modified with SAM, the ZnO electrodeposition can be elicited 
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selectively on the unmodified defect sites. In this way, the defect sites of the SAM can be 

blocked, and their role in ferrocene electron transfer dynamics can be probed. 

Towards this end, we first optimized the amount of time needed to conduct ZnO 

electrodeposition to block the defect sites (Figure S6.11). If too much ZnO is 

electrodeposited, the ZnO buries the ferrocene, thus rendering it redox inactive (Figure 

S6.11, dark blue line). On the other hand, if too little ZnO is electrodeposited, not all of the 

defect sites are blocked, and the resulting CV is similar in appearance to a CV without any 

ZnO electrodeposits (Figure S6.11, red line). Under the chronoamperometry conditions 

used for ZnO electrodeposition, 20 s was the maximum amount of electrodeposition time 

that did not result in a significant decrease in ferrocene surface coverage, thus implying 

that the majority of the defect sites on the SAM are blocked by the ZnO electrodeposits. In 

addition to voltammetry experiments, we used AFM to characterize the electrodes with and 

without ZnO electrodeposits. Images of a bare glassy carbon electrode are relatively 

smooth, but reveal the presence of scratches caused by polishing the surface with alumina 

during the cleaning procedure (Figure S6.12). Similar morphologies of glassy carbon 

electrodes have been reported previously.38 Upon attaching a SAM of ferrocene on the 

electrode (Figure S6.13) and subsequently electrodepositing ZnO (Figure S6.14), the 

roughness of the surfaces progressively increases. In particular, high-lying particles in the 

AFM image of the ZnO-modified electrode (Figure S6.14A) indicate the presence of ZnO 

electrodeposits, which presumably nucleated in the exposed defect sites of the SAM. The 

Fe 2p XPS data of the ZnO-modified electrode demonstrate that ferrocene remains attached 

to the surface after ZnO electrodeposition (Figure S6.15). The positions of the Fe 2p peaks 

are not perturbed by the ZnO electrodeposits, indicating that the short-range chemical 
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environment of the attached ferrocene is not altered by the ZnO. Furthermore, the Zn 2p 

XPS and Zn Auger LMM peaks match previous literature values for ZnO electrodeposits,39 

which together demonstrate that ZnO was successfully electrodeposited (Figure S6.16). 

 

Figure 6.5. Cyclic voltammograms at 300 mV s-1 in pH 7 buffer of ferrocene attached to 
SAMs on glassy carbon electrodes using 50 mM NH2(CH2)2OH diluent and 50 mM 
NH2(CH2)2NH2 (A) or 50 mM NH2(CH2)12NH2 (B) with (red) and without (black) 20 s of 
ZnO electrodeposition. 
 

Figure 6.5A displays a CV of a ferrocene modified C2 SAM with 50 mol % C2 

diluent with (red line) and without (black line) ZnO electrodeposits. After ZnO 

electrodeposition, there is a large increase in electrode capacitance. This increase can be 

ascribed to the addition of high surface area ZnO electrodeposits to the surface. In contrast, 

on C6 and C12 SAMs with 50 mol % C2 diluent, this same increase in capacitance is not 

observed (Figures 6.5B and S6.17). Presumably, the C6 and C12 SAMs are more ordered 

and well-packed, and so there are not as many ZnO electrodeposits on the surface, or the 

electrodeposits are more compact and have less surface area. 

A) B) 
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Although there is a change in capacitance, the CVs of the ferrocene-modified C2 

SAMs with and without ZnO electrodeposits exhibit similar peak broadness (Figure 6.5A). 

In the case of the C12 SAMs, however, the peaks in the CV with the ZnO electrodeposits 

are much sharper than in the CV without ZnO (Figure 6.5B). In the absence of ZnO, we 

hypothesize that bending of the alkyl linking groups enables ferrocene molecules to not 

only directly interact with the electrode but with one another. The resulting ferrocene-

ferrocene interactions give rise to peak broadness. Upon electrodeposition of ZnO in the 

defect sites of the SAM, this bending does not occur as readily, which prevents ferrocene-

ferrocene interactions and thus results in a sharper peak in the CV. 

 

Figure 6.6. Calculated cathodic electron transfer rates using the Laviron equation of 
ferrocene SAMs using 50 mM of different chain length of diamines and 50 mM 
NH2(CH2)2OH with (blue) and without (red) 20 s of ZnO electrodeposition. 
 

Using the Laviron method,36 we calculated the electron transfer rates to ferrocene 

on SAMs with and without ZnO electrodeposits (Figures 6.6 and S6.18). As mentioned 

before, the Laviron rates are similar for all three SAM linker lengths in the absence of ZnO 

electrodeposits (Figure 6.6, red bars). This result is consistent with previous studies on 
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vertically aligned carbon nanofibers modified with ferrocene SAMs.2 We hypothesize that 

relatively fast electron transfer occurs regardless of the SAM linker length because in these 

disordered SAMs, the alkyl linkers can bend towards the electrode and allow the ferrocene 

molecules to directly interact with the electrode through defect sites in the SAM.  

Interestingly, there is significant change in the electron transfer rates versus SAM 

linker lengths with the ZnO electrodeposits (Figure 6.6, blue bars). In particular, as the 

chain length increases, the electron transfer rate decreases. This trend matches what is 

observed with ferrocene appended to alkyl SAMs on well-ordered Au electrodes.19, 22 On 

Au electrodes, electron transfer to ferrocene occurs via electron tunneling through the 

insulating alkyl linkers of the SAM (Figure 6.7A), and so longer chain lengths result in 

slower electron transfer. Our finding that ZnO electrodeposits cause the ferrocene-modified 

SAMs on glassy carbon to behave more like those on Au implies that ZnO electrodeposits 

are blocking the defect sites on the carbon surfaces (Figure 6.7B). Furthermore, these 

experiments are consistent with an electron transfer mechanism in the absence of ZnO 

electrodeposits in which ferrocene directly interacts with the electrode through these defect 

sites as opposed to electron tunneling through the alkyl linkers (Figure 6.7C). 
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Figure 6.7. Schematic showing the tunneling mechanism of electron transfer to ferrocene 
on Au SAMs (A) and how ZnO electrodeposits block defect sites on carbon electrodes (B). 
In the absence of ZnO, electron transfer occurs directly from the carbon electrode to 
ferrocene (C). 
 

Aside from these mechanistic findings, we now comment on some other aspects of 

these electron transfer rates. First, compared to ferrocene-modified SAMs on Au, the 

electron transfer rate with the C12 linker with ZnO electrodeposits is still very fast. This 

finding suggests that the ZnO electrodeposits do not block all of the electrode defect sites 

and that the electron transfer rate measured is reflective of a combination of tunneling and 

defect-mediated pathways or alternatively, ZnO-mediated charge transfer. Second, the 

electron transfer rates to ferrocene on C2 and C6 SAMs with ZnO electrodeposits are faster 

than without ZnO. This effect could be due to electron transfer occurring through the 

semiconducting ZnO electrodeposits to ferrocene. 

We also compare our results to those found by Ruther et al., who analyzed the 

electron transfer kinetics of ferrocene SAMs attached to boron-doped diamond 

electrodes.40 In a manner similar to the results reported here, the authors found that there 

was not a strong dependence of the electron transfer rates on the length of the alkyl linker 

used in the SAM. The authors attributed these findings to conformational flexibility within 

the disordered SAMs. The ZnO electrodeposition studies conducted here that suggest 

defect-mediated electron transfer agree well with the conclusions reported by Ruther et al. 

Although the electron transfer rates measured in this work are similar to those previously 

measured on ferrocene SAMs on vertically-aligned carbon nanotubes,2 the electron transfer 

rates measured on boron-doped diamond electrodes are approximately three orders of 

magnitude faster. These results suggest that the enhanced conductivity of boron-doped 
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diamond electrodes as compared to carbon electrodes contributes to this electron transfer 

rate enhancement.41,42 

6.3.3. Ferrocene-modified SAMs on other Types of Carbon Electrodes 

We also attached ferrocene to three different types of carbon electrodes to 

complement our studies on glassy carbon electrodes. Ferrocene was attached via SAMs 

formed using 50 mol % NH2(CH2)2NH2 and 50 mol % NH2(CH2)2OH diluent on glassy 

carbon electrodes that were modified with Vulcan XC-72 and PVDF, carbon nanotubes 

and Nafion, and Vulcan XC-72 and Nafion (Figure 6.8). The reversible CVs obtained in 

all cases show that the ferrocene modification strategy developed in this work is applicable 

to a wide range of carbon surfaces.  

 

 

Figure 6.8. Cyclic voltammograms at 300 mV s-1 in pH 7 buffer of ferrocene attached to 
SAMs using 50 mM NH2(CH2)2NH2 and 50 mM NH2(CH2)2OH diluent on glassy carbon 
electrodes modified with Vulcan XC-72 and PVDF (black), carbon nanotubes and Nafion 
(red), and Vulcan XC-72 and Nafion (blue). 
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The surface coverages of ferrocene increase as follows for the four carbon 

substrates: Vulcan XC-72/Nafion > Carbon nanotubes/Nafion > Vulcan XC-72/PVDF > 

unmodified glassy carbon electrode. CVs of the Fe(II)/Fe(III) couple in aqueous 

K3Fe(CN)6 using these four carbon electrodes without ferrocene SAMs exhibit current 

densities with magnitudes in this same order (Figure S6.19). This finding demonstrates that 

the different surface coverages of ferrocene observed on the four carbon electrodes are due 

to the varying electrochemically active surface areas of the carbons. 

6.4. Conclusions 

SAM-modified carbon electrodes are important in a wide range of applications, 

including electroanalysis, biosensors, and catalysis. We modified glassy carbon electrodes 

with ferrocene using different compositions of alkyl amine SAMs with various chain 

lengths and diluents. An amide coupling reaction was carried out between Fc-COOH and 

the terminal amine groups of the SAMs using EDC and NHS in an aqueous solution. In 

addition, we investigated the role of defect sites in the SAMs to understand the electron 

transfer properties to the appended ferrocene by modifying the SAMs with ZnO 

electrodeposits. Our results show that the electron transfer rates increase as the SAM linker 

chain length increases with ZnO electrodeposits, but there is no significant change in the 

electron transfer rates without ZnO electrodeposits. These studies were used to 

discriminate between defect-mediated electron transfer and electron tunneling 

mechanisms. 
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Chapter 7: Conclusions and Future Directions 

The primary motivation of this dissertation is to design and develop new 

electrocatalyst materials for the oxygen reduction reaction (ORR) and the oxygen evolution 

reaction (OER) using non-precious metal catalysts for energy conversion and storage. At 

present, Pt-based catalysts display the best performance for the ORR, which is a 

fundamental electrochemical reaction occurring at the cathode of fuel cells. H2 is an 

alternative fuel that can be produced from the electrolysis of water in a clean and 

sustainable manner, but technical challenges have heretofore limited the efficiency of water 

electrolyzers. To generate H2 in a green manner, water can be electrolyzed using electricity 

from renewable sources. The OER is the rate-limiting reaction for water electrolysis. The 

catalysts based on Ir have the best performance for the OER. Yet the high cost and scarcity 

of Pt- and Ir-based catalysts have resulted in a search for alternatives.  

I prepared a catalyst consisting of a copper complex of benzyl triazole alkyne 

(BTA) by covalently attaching a Au electrode with differing chain lengths of thiol-linked 

self-assembled monolayers (SAMs). I continued by using the phospholipid 1,2-

dimyristoyl-sn-glycerol-3-phosphocholine to form a thin film held to the SAM catalyst 

with weak Van der Waals interactions. These steps allowed for the completion of the 

electrode architecture by appending a lipid monolayer with 1-dodecylboronic acid as a 

proton carrier on the top of the SAM. The designed novel electrode architecture modulates 

the electron transfer rate to a given catalyst by altering the length of the SAM and also 

controls the proton transfer rate to the catalyst by appending a lipid membrane modified 
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with proton carriers. Thus, the designed new electrochemical platform allows for the 

identification of the optimal kinetic and thermodynamic parameters for ORR catalysts. 

Also, I designed a hybrid bilayer membrane (HBM) with active proton carriers 

bearing nitrile groups found in protonphores. The designer small-molecule proton carriers 

synthesized are among the first demonstrated examples of proton delivery enhancement in 

alkaline conditions for ORR electrocatalysis in an HBM. The transmembrane proton 

delivery mechanism was elucidated using a series of temperature, head group modification, 

and deuteration studies. These results contribute to a complete understanding of the role of 

proton transfer kinetics in ORR and other renewable energy conversion and electrocatalytic 

processes.  

In addition, I prepared bimetallic electrocatalysts based on Ni and Cu for the OER. 

I used thin films of Cu2O modified with an overlayer of Ni to construct novel 

electrocatalysts and determined the optimal ratio of Ni to Cu2O for performing OER in 

alkaline conditions by tuning the amount of Ni electrodeposited on the Cu2O. Then, I 

proceeded to develop nanostructured Ni-Cu systems by synthesizing both metallic and 

bimetallic Ni-Cu nanoclusters and nanoparticles. I discovered that, for both nanoclusters 

and nanoparticles, the ratio of Ni to Cu is highly associated with OER electrocatalysis 

efficiency.  

Furthermore, I modified carbon electrodes using various compositions and chain 

lengths of alkyl amine and diamine SAMs with different proportions of diluent. The role 

of defect sites in the SAMs was investigated to understand the electron transfer properties 

of the ferrocene modified SAMs with ZnO electrodeposits. Interestingly, I found that the 
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electron transfer rates as a function of SAM chain length changes significantly only when 

the SAM defect sites are blocked with ZnO electrodeposits. The surface modification 

protocol developed in this study could be useful in a wide range of applications, including 

electroanalysis, biosensors, and energy catalysis. 

The non-precious metal electrocatalysts such as those based on Cu and Ni for ORR 

and OER developed in this dissertation showed improved catalytic activity. However, these 

electrocatalysts degrade over time. Therefore, future research should focus on how to 

improve the stability of these materials under ORR and OER conditions. Electrochemical 

impedance spectroscopy (EIS) study can give important catalyst stability information. To 

understand what makes these Ni-Cu systems better OER electrocatalysts, transmission 

electron microscopy (TEM) can be helpful. TEM can provide atomic-level resolution, 

which could be helpful to better understand the chemistry undergoing on bimetallic Ni-Cu 

nanostructured systems. Also, the use of different ligands for the synthesis of Ni-Cu 

bimetallic nanoclusters could improve the stability issue of these electrocatalyst materials 

under OER conditions. 
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Figure S2.1. Schematic of the fabrication of lipid-modified SAMs used to control the 
electron and proton transfer rates to a molecular O2 reduction catalyst. 
 
 

 
 
Figure S2.2. Cyclic voltammograms of the CuBTA catalyst (black) covered by a lipid 
monolayer (red) with 10 mol% DBA (blue) using an azide-terminated thiol SAM 
containing 11 methylene groups at 10 mV/s in N2-saturated pH 7 buffer. The midpoint 
potentials of the Cu(I)/Cu(II) are +112 mV, +54 mV, and +62 mV, for the no lipid, lipid, 
and lipid with DBA cases, respectively. 
 

 

Figure S2.3. Linear sweep voltammograms of O2 reduction by the CuBTA catalyst (black), 
the ZnBTA control (blue), and the no catalyst modification control (red) using an azide-
terminated thiol SAM containing 11 methylene groups at 10 mV/s in O2-saturated pH 7 
buffer. 
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Figure S2.4. Linear sweep voltammograms of O2 reduction by the CuBTA catalyst (black) 
and the ZnBTA control (blue) using an azide-terminated thiol SAM containing 5 methylene 
groups at 10 mV/s in O2-saturated pH 7 buffer. 
 

 

Figure S2.5. Linear sweep voltammograms of a glassy carbon electrode modified with Cu 
complexes of 1,2,3-triazole (black) and 3,5-diamino-1,2,4-triazole (red) in O2-sparged pH 
7 buffer at a scan rate of 10 mV/s. 
 	
" = 	 〈%〉

''
4)  

Figure S2.6. Equation describing the time (t) it takes a gas molecule to diffuse across an 
average path length (x) based on its diffusion coefficient (D). 

O2 has a partition coefficient of greater than 2 in DMPC relative to water at 25 °C.1 

The diffusion coefficient of O2 at 25 °C in a DMPC bilayer is 1.8 x 10-5 cm2/s,2 which is 
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comparable to that of water (1.9 x 10-5 cm2/s).3 The time required for a molecule of O2 to 

diffuse through 21 Å (the experimental length of the lipid layer as determined by 

ellipsometry4) of the HBM can be calculated using the equation below and is less than 2 

ns.5 In comparison, it is calculated that the fastest catalyst reported in this work (CuBTA 

with a C5 SAM and 10 mol % proton carrier) takes an average of 12 ms to react with an O2 

molecule. Therefore, the catalyst cannot be limited by O2 diffusion through the lipid layer 

since this process is about 106 times faster than the intrinsic kinetics of the ORR.  

 
Figure S2.7. Electrochemical impedance spectroscopy (EIS) Nyquist plots of an azide-
terminated thiol SAM containing 11 methylene groups (black) modified using the CuBTA 
catalyst (red) covered by a DMPC lipid monolayer (blue) in O2-saturated pH 7 buffer. 
(Inset) Circuit diagram used for modeling the EIS results (Table S1). 
 

 Rsln (kΩ) Clayer (nF) RCT (kΩ) Experimental 
Length (Å) 

Theoretical 
Length (Å) 

C11 SAM 4.0 220 23.4 20.4 18.0 
C11-CuBTA 4.1 132 92.8 34.1 29.6 
C11-CuBTA 

with lipid 4.6 80 753 56.0 51.6 
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Table S2.1. SAM and HBM modeling data from EIS Nyquist plots in Figure S7 of an 
azide-terminated thiol SAM containing 11 methylene groups modified using the CuBTA 
catalyst covered by a DMPC lipid monolayer at 10 mV/s in O2-saturated pH 7 buffer. A 
dielectric constant of 2.1 was used for all calculations. 6,7 

 

 
 
Figure S2.8. Cyclic voltammograms of a SAM containing 11 methylene groups with the 
CuBTA catalyst (black) with a lipid layer (red) containing 1 molar equivalent of DBA 
proton carrier (blue) in an aqueous solution containing 1 mM K3Fe(CN)6 and 100 mM 
NaCl at a scan rate of 50 mV/s.  
 

These electrochemical “blocking” experiments probe the integrity of the lipid layer 

and are conducted after performing each O2 reduction LSV. Analogous experiments have 

been reported previously.8 The presence of a clear, but irregularly shaped Fe(CN)63-

/Fe(CN)64- wave in the absence of the lipid indicates that electron transfer occurs from the 

Au electrode to the K3Fe(CN)6 in bulk solution. Electron transfer is slightly impeded by 

the presence of the SAM, giving rise to the irregularly shaped wave. In contrast, when a 

lipid layer covers the electrode the wave is almost entirely suppressed indicating that the 

lipid effectively blocks electron transfer to the K3Fe(CN)6 in bulk solution. These 
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experiments indicate that the lipid layer both with and without proton carrier remains intact 

after O2 reduction. 

 
 
Figure S2.9. Laviron plots of the cathodic (black) and anodic (red) peak potential versus 
the natural log of scan rates for the CuBTA catalyst using an azide-terminated thiol SAM 
containing (A) 11 and (B) 5 methylene groups at 10 mV/s in N2-saturated pH 7 buffer. 
Electron transfer rates calculated from the above plots (Table S2). 
 

SAM Cathodic Rate (s-1) Anodic Rate (s-1) 
C11 1.2 ± 0.2 0.6 ± 0.1 
C5 39 ± 3 15 ± 3 

 

Table S2.2. Cathodic and anodic electron transfer rates found for the CuBTA catalyst using 
an azide-terminated thiol SAM containing 11 and 5 methylene groups.  

A
) 

B
) 
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Figure S2.10. Tafel plots of the ORR currents of the CuBTA catalyst using an azide-
terminated thiol SAM containing (A) 5 and (B) 11 methylene groups at 10 mV/s in O2-
saturated pH 7 buffer. The change in Tafel slope with varying chain length of SAMs has 
been observed previously 9,10 

 

 

 

 
Figure S2.11. Plot of the cathodic ORR current versus the amount of proton carrier in the 
lipid layer of the CuBTA catalyst using an azide-terminated thiol SAM containing 11 
(black) and 5 (red) methylene groups at 10 mV/s in O2-saturated pH 7 buffer. 
 
 

A
) 

B
) 
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Figure S2.12. O2 reduction current density enhancement by CuBTA imparted by the 
incorporation of the DBA proton carrier in the lipid as a function of the proton transfer rate 
(kH+) in units of protons transferred per second per CuBTA catalyst using an azide-
terminated thiol SAM containing 5 (red points) and 11 (black points) methylene groups. 
 
 
 
 
 
 
 

SAM kH+/ke- Current Density 
Enhancement 

C5 0.06 ± 0.01 (39 ± 45) % 
C5 0.11 ± 0.02 (50 ± 31) % 
C5 0.72 ± 0.18 (64 ± 43) % 
C5 1.0 ± 0.23 (70 ± 54) % 
C11 1.8 ± 0.49 (82 ± 53) % 
C11 3.5 ± 1.0 (197 ± 58) % 
C11 24 ± 6.7 (259 ± 79) % 
C11 32 ± 10 (297 ± 73) % 

 
Table S2.3. Tabulated values of current density enhancement and the ratio of proton and 
electron transfer rates (kH+/ke-). These values are displayed graphically in Figure 4. 
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Figure S2.13. Amount of partially reduced oxygen species (PROS) detected using a 
spectroelectrochemical assay during ORR by the lipid-covered CuBTA as a function of the 
proton transfer rate (kH+) in units of protons transferred per second with the azide-
terminated thiol SAM containing 5 (red points) and 11 (black points) methylene groups.  
 

The assay used follows a literature protocol 10 and is based on horseradish peroxide 

and an Amplex Red dye, which enables the quantification of the total amount of H2O2 and 

O2- generated. The data indicate that increasing the proton transfer rate by increasing the 

concentration of DBA proton carrier in the lipid layer decreases the amount of PROS 

produced from ~50% to 1-2%, thus favoring the 4 e- reduction of O2 to H2O. By 

comparison, the CuBTA without a lipid produces (12 ± 2) % and (16 ± 2) % PROS when 

using the C5 and C11 SAMs, respectively. These results demonstrate that the selectivity of  

the catalyst can be improved through the use of a lipid and proton carrier and are 

comparable to previous studies of an analogous electrochemical platform. 10 
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Figure S2.14. O2 reduction pathways as a function of different proton transfer rates and 
electrochemical environments, PC = proton carrier.  
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8.3. Supporting Information for Chapter 3 

8.3.1. General Procedures 

All reagents were purchased from commercial suppliers and were of analytical grade and 

used without further purification unless otherwise noted. Reaction progress was monitored 

by thin-layer chromatography on EMD 60 F254 plates, visualized with a hand-held UV 

lamp and KMnO4 stain. Compounds were purified via flash column chromatography using 

Davisil 60 Å 40-63 micron silica gel. Anhydrous solvents acetonitrile (MeCN), 

dichloromethane (DCM), methanol (MeOH), tetrahydrofuran (THF), dimethylformamide 

(DMF) and lithium diisopropylamide (LDA) were purchased from J&K in Sure/Seal™ 

bottles and used without further treatment. N,N-Diisopropylethylamine (DIPEA) was 

purchased from J&K and incubated with freshly activated molecular sieve prior use. All 

reaction vessels were dried in an oven (85 °C) prior to use. NMR spectra were acquired 

with Bruker Advanced spectrometers. All spectra were acquired at 298 K. 1H-NMR spectra 

were acquired at 500 MHz. 13C-NMR spectra were acquired at 125 MHz. Chemical shifts 

are reported in ppm relative to residual non-deuterated NMR solvent, and coupling 

constants (J) are provided in Hz. All NMR spectra were analyzed using MestReNova 

reader software.  
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Scheme S3.1. Synthesis of BTT. 

 

BTT was synthesized following our published protocol.1 NMR and mass spectrometry 
data were consistent with our previous report.2  
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8.3.2. Synthesis Methods 

 

Compound 1. To a solution of lithium diisopropylamide (2.5 mL, 5 mM) in 2 mL of dry 

THF cooled to –78 °C was added tridecanenitrile (0.5 mL, 2.1 mmol) in 2 mL of dry THF. 

The mixture was stirred for 1 hour at –78 °C. To the mixture was added CH3I (0.2 mL, 

3.21 mmol). The solution was warmed up to room temperature and stirred for another 18 

hours. The solvent was removed using a rotary evaporator. The residue was dissolved in 

ethyl acetate and washed by H2O and aqueous saturated brine. The organic layer was dried 

over Na2SO4, concentrated down using a rotary evaporator and purified by column 

chromatography (ethyl acetate: hexanes = 1:80) to afford the final product as a light-yellow 

oil (0.23 g, 53 %). 1H NMR (400 MHz, CDCl3) δ 2.59 (dd, J = 14.1, 7.0 Hz, 1H), 1.60 (d, 

J = 10.5 Hz, 1H), 1.56 – 1.45 (m, 2H), 1.29 (dd, J = 14.9, 8.0 Hz, 18H), 0.88 (t, J = 6.8 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 123.31 (s), 34.22 (s), 32.05 (s), 29.74 (s), 29.66 (s), 

29.51 (s), 29.48 (s), 29.22 (s), 27.18 (s), 25.66 (s), 22.83 (s), 18.18 (s), 14.26 (s). 
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1H NMR of 1: 
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13C NMR of 1: 
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Compound 2. To a solution of lithium diisopropylamide (2.5 mL, 5 mM) in 2 mL of dry 

THF cooled to –78 °C was added compound 1 (0.234 g, 1.12 mmol) in 1 mL of dry THF. 

The mixture was stirred for 1 hour at –78 °C. To the mixture was added CH3I (0.2 mL, 

3.21 mmol). The solution was warmed to room temperature and stirred for another 18 

hours. The solution was removed using a rotary evaporator. The residue was dissolved in 

ethyl acetate and washed by H2O and aqueous saturated brine. The organic layer was dried 

over Na2SO4, concentrated down using a rotary evaporator and purified by column 

chromatography (ethyl acetate: hexanes = 1:80) to afford the final product as a light-yellow 

oil (0.11 g, 45 %). 1H NMR (500 MHz, CDCl3) δ 1.42 (dd, J = 6.6, 4.6 Hz, 2H), 1.26 (s, 

2H), 1.23-1.20 (m, 18H), 0.82 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 125.42 

(s), 41.25 (s), 32.52 (s), 32.04 (s), 29.82 – 29.63 (m), 29.55 (s), 29.47 (s), 26.82 (s), 25.39 

(s), 22.81 (s), 14.25 (s). 
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1H NMR of 2: 
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13C NMR of 2: 
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Compound 3. To a solution of lithium diisopropylamide (5 mL, 5 mM) in 5 mL of dry 

THF cooled to –78 °C was added tridecanenitrile (1 mL, 2.1 mmol) in 1 mL of dry THF. 

The mixture was stirred for 2 hours at –78 °C. To the mixture was added deuterium oxide 

(1 mL, 100 mmol) in a dropwise fashion. The solution was warmed up to room temperature 

overnight. The solvent was then removed using a rotary evaporator. The residue was 

dissolved in ethyl acetate and washed with H2O and aqueous saturated brine. The organic 

layer was dried over Na2SO4, concentrated down using a rotary evaporator and purified by 

column chromatography (ethyl acetate: hexanes = 1:9) to afford the final product as a light-

yellow oil (0.37 g, 44 %). 1H NMR (400 MHz, CDCl3) δ 2.31 (t, J = 7.2 Hz, 1H), 1.63 (dd, 

J = 14.9, 7.0 Hz, 2H), 1.46 – 1.37 (m, 2H), 1.24 (s, 16H), 0.86 (t, J = 6.8 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 119.96 (s), 31.99 (s), 31.00 (s), 29.68 (s), 29.59 (s), 29.42 (s), 29.40 

(s), 28.86 (s), 28.74 (d, J = 3.1 Hz), 25.47 (s), 25.37 (s), 22.77 (s), 17.20 (s), 14.20 (s).  
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1H NMR of 3: 
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13C NMR of 3: 
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Compound 4. To a dry 25-mL round-bottom flask was added 300 mg LiAlD4 in 10 mL of 

dry THF, and the suspension was cooled to 0 °C. To the mixture was added ethyl caproate 

(0.800 g, 3.5 mmol, dried over fresh molecular sieves) in 3 mL of dry THF. The reaction 

slowly warmed up to room temperature and was stirred overnight. The mixture was cooled 

to 0 °C, diluted with ether, and H2O was added to quench the reaction. The organic layer 

was dried over Na2SO4, concentrated down using a rotary evaporator and used without 

further purification. 

 To the above crude compound was added 5 mL of dry DMF, methanesulfonyl 

chloride (MsCl, 0.3 mL, 3.9 mmol) and DIPEA (0.7 mL, 4.2 mmol, dried over fresh 

molecular sieves) at 0 °C. The mixture was slowly warmed up to room temperature and 

stirred for additional 3 hours. To the reaction mixture was added NaN3 (0.23 g, 3.5 mmol), 

and the mixture was heated to 60 °C overnight. The reaction was diluted with ether and 

washed with aqueous saturated brine. The organic layer was combined, dried over Na2SO4, 

concentrated down using a rotary evaporator and purified by column chromatography 

(ethyl acetate: hexanes = 1:9) to afford the final product as a light-yellow oil (0.12 g, 17 % 

over three steps). 1H NMR (500 MHz, CDCl3) δ 1.66 – 1.60 (m, 2H), 1.46 – 1.39 (m, 2H), 

1.26 (d, J = 15.0 Hz, 16H), 0.87 (t, J = 6.8 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 119.93 
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(s), 32.01 (s), 29.73 (d, J = 1.6 Hz), 29.69 (s), 29.60 (s), 29.44 (s), 29.40 (s), 28.87 (s), 

28.70 (s), 25.28 (s), 22.78 (s), 14.21 (s). 

 

1H NMR of 4: 
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13C NMR of 4: 
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Figure S3.1. Electrostatic potential map of tridecanenitrile (C12-CN). 
 
 
LPP(A–) = 0.5χpKa (HA) +0.5(1-χdipole (HA ))                               (1) 

Where χpKa and χdipole is a scaling factor defined as: 

*pKa(,-) =
()!(+#)-()!.+#"/#$%

()!(+#"")#!&-()!(+#")#$%
                                    (2) 

*dipole(,-) =
01(234(+#)-01(234.+#"/#$%

01(234(+#"")#!&-01(234(+#")#$%
                               (3) 

 

The pKa of C12-CN is about 30.9,3 and the dipole moment of C12-CN is calculated 

using Spartan ’08 (Wavefunction, Inc.) version 1.2.0 to be 4.94 D. Using equations 1, 2, 

and 3, the LPP of C12-CN is determined to be 1.67. The LPP values of DBA and MDP, 

which are proton carriers used in previous studies,2, 4 are 1.11 and 0.57, respectively. The 

larger the LPP value, the more readily that molecule diffuses across lipids.5 Therefore, the 

membrane crossing capacity of C12-CN is expected to be higher than those of DBA and 

MDP. 



151 

 

 

 

8.3.3. Probing the Integrity of HBMs containing DMPC with and without C12-CN 

Incorporated 

 

 
 
Figure S3.2. Cyclic voltammograms (CVs) of a SAM of the CuBTT, a SAM of CuBTT 
covered by a monolayer of DMPC, and the HBMs containing DMPC with one equivalent 
of C12-CN in a solution of K3Fe(CN)6 (1 mM) with KCl (100 mM) at a scan rate of 50 
mV/s after testing the O2 reduction performance in (a) pH 6, (b) pH 7, (c) pH 8, and (d) pH 
9.  
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 (a) 
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Figure S3.3. (a) O2 reduction reaction (ORR) linear sweep voltammograms (LSVs) of a 
SAM of CuBTT with a monolayer of DMPC appended and with 1 equivalent of C12-CN 
in the lipid layer in O2-saturated pH 6 (yellow), 7 (orange), and 9 (blue) phosphate buffer 
at a scan rate of 10 mV s-1. (b) Qualitative relative H-bonding strengths between the α-
protons of C12-CN (H-bond donors) and species in water (H-bond acceptors) under acidic, 
neutral and basic environment. (c) Schematic of two plausible transmembrane proton 
delivery pathways that involve (left) H3O+ and H2O species and (right) H2O and –OH 
species. 
 
 The pH-dependent transmembrane proton delivery activity can be understood as 

follows (Figure 3.3b and S3.3a). Results from low-temperature, methylation, and 

deuteration experiments suggest that CN-based proton carriers transfer protons via 

hydrogen-bonded water through a “flip-flop” diffusion mechanism (Figure 3.4-3.5 and 

S3.4-S3.7). The α-protons on CN-based proton carriers remain as H-bond donors under the 

mild acidic to mild basic aqueous conditions used in this study (Figure S3.3b). H3O+, H2O, 

and –OH are weak, intermediate, and strong H-bond acceptors in acidic, neutral, and basic 

environments, respectively.6 Under acidic condition, because the association of H3O+ to 

C12-CN is weak, proton transfer efficiency across the lipid layer of a HBM is thus low. On 

the other hand, an increase in the bulk solution pH strengthens the H-bond between C12-

CN and water species, therefore leading to the observed increase in the transmembrane 

proton delivery activity (Figure S3.3c). 
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Figure S3.4. O2 reduction CVs of a SAM of CuBTT covered by a monolayer of DMPC 
with 1 equivalent of C12-CN in the lipid layer in O2-saturated pH 6, 7, 8 and 9 phosphate 
buffer at 4 °C at a scan rate of 10 mV s-1.  
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Figure S3.5. O2 reduction CVs in O2-saturated pH 7 phosphate buffer with a scan rate of 
10 mV s-1 of HBMs containing C12-CN-2Me and C12-CN-2D at room temperature and a 
HBM containing C12-CN-2H at 4 °C.  
 

The proton switch is considered to be in the “off” state in all three cases in Figure S3.5. 

Though C12-CN-2H is an active proton carrier at room temperature, its proton delivery 

ability is inhibited at temperatures below the gel-phase transition temperature of DMPC 

because the proton carrier is frozen in place inside the gel-like lipid matrix. Since C12-CN-

2Me does not have α-protons available for hydrogen bonding with water, its proton transfer 

capability is suppressed. In all three cases, the proton delivery outcome is similar to the 

DMPC only case (Figure S3.7, black dashed line). 

 
  

0.2 0.4 0.6 0.8

-45

-30

-15

0 pH 7

 

 

C
ur

re
nt

 D
en

si
ty

 (µ
A

/c
m

2 )

Potential versus RHE (v)

 C12-CN-2H@4oC
 C12-CN-2Me@RT
 C12-CN-2D@RT



156 

 

 

 

8.3.4. Estimating the Number of Protons Needed to Revive the Activity of C12-CN-

2D 

The lateral packing density of DMPC is 3.3 × 10-10 mol×cm-2.7 By assuming that the 

lateral packing density of HBMs containing DMPC with and without proton carriers are 

comparable to each other, the density of C12-CN-2D in HBMs containing DMPC with one 

equivalent of C12-CN-2D system is expected to be 1.7 × 10-10 mol×cm-2. Given that each 

C12-CN-2D molecule contains 2 deuterons, the deuteron density in the DMPC layer of a 

HBM is calculated to be 3.3 × 10-10 mol×cm-2. With a Au surface area of 0.219 cm2, the 

total number of deuterons present on a HBM-modified Au surface is computed to be 7.3 × 

10-11 mol. If all the deuterons of C12-CN-2D are replaced by protons during the ORR 

process, the number of protons required is 7.3 × 10-11 mol. For ORR, 1 H+ is transferred for 

every e-, so the number of electrons required is 7.3 × 10-11 mol. The amount of total charge 

transferred therefore equals to 7.0 × 10-6 C, which is equivalent to the point at which the 

ORR current density reaches 4.0 µA/cm2. This overestimation places an upper bound on 

the protons needed to replace the deuterons on C12-CN-2D because it excludes the amount 

of charge passed before reaching 4.0 µA/cm2. Since the ORR current density recorded for 

C12-CN-2D remains low after passing 7.0 × 10-6 C, it is highly likely that the deuterons in 

C12-CN-2D remain intact and are not replaced by protons during ORR. 
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Figure S3.6. Schematic showing how C12-CN-2D transfers protons from bulk solution 
through the lipid layer to the interior of a HBM during ORR. Hydrogen bonds are 
established between water molecules and the deuterons on the proton carrier (a). The 
proton carrier then undergoes flip-flop diffusion in the lipid layer (b) before it releases the 
water molecules on the opposite side of the membrane (c). Finally, the dehydrated proton 
carrier reorients itself with its head group at the lipid-water interface (d) where it can 
associate with additional water molecules. 
 
  

(a) (b) 

(c) (d) 
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8.3.5. Deuterated Buffer Inhibits Deuteron Delivery across the HBM Lipid Layer 

 
Figure S3.7. O2 reduction CVs of HBMs containing C12-CN-2H, C12-CN-HD, and C12-
CN-2D in O2-saturated pD 7 phosphate buffer (solid lines) and a HBM that contains DMPC 
only in O2-saturated pH 7 phosphate buffer with a scan rate of 10 mV s-1 at room 
temperature. 
 

The proton switch is considered to be in the “off” state in all cases in Figure S3.7. 

When the experiments were done in pD 7 buffer, the ORR activities of HBMs carrying 

proton carriers were found to be as low as that of the DMPC only case, suggesting that 

deuteron delivery is not as efficient as proton delivery for this class of CN-based proton 

transfer agents.  
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8.5. Supporting Information for Chapter 4 

  

C) 

 

 

Figure S4.1. SEM images of 46:54 mol % (A) and 71:29 mol % (B) Ni-Cu NPs. 
Representative energy-dispersive X-ray (EDX) spectrum of Ni-Cu bimetallic nanoparticles 
on a 100 nm-thick Au on Cr on glass substrate (C). The elements detected are Ni, Cu, Au, 
Cr, O, C, Si, Ca, and Na. The Au, Cr, O, Si, Ca, and Na detected is from the substrate. C is 
a common impurity detected in EDS measurements. 
 

100 
nm 

100 
nm 

A) B) 
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Figure S4.2. Fluorescence spectra of Cu nanoclusters. 
 
 
 
 
 
 

 

Figure S4.3. The positive-mode MALDI-TOF MS of the as synthesized 100 mol % Cu 
nanoclusters.  
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Figure S4.4. The positive-mode MALDI-TOF MS of the as synthesized 25:75 mol % Ni-
Cu nanoclusters.  
 

 

 

Figure S4.5. The positive-mode MALDI-TOF MS of the as synthesized 43:57 mol % Ni-
Cu nanoclusters.  
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Figure S4.6. The positive-mode MALDI-TOF MS of the as synthesized 100 mol % Ni 
nanoclusters.  
 

 

 

Figure S4.7. Positive-mode MALDI-TOF mass spectrum of the 52:48 mol % Ni-Cu 
nanoclusters after being immersed overnight in 1 M NaOH and washed with water. 
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Figure S4.8. Cyclic voltammetry at a scan rate of 10 mV s-1 of glassy carbon electrodes 
modified with Ni nanoparticles (black line), 59:41 mol % Ni-Cu nanoparticles (red line), 
and 46:54 mol % Ni-Cu nanoparticles (blue line) along with Vulcan XC-72 and PVDF. 
 

 

Figure S4.9. Linear sweep voltammograms of the oxygen evolution reaction in purified (2 
ppb Fe, black line) and unpurified (115 ppb Fe, red line) 1 M NaOH using a glassy carbon 
electrode modified with a mixture of 52:48 mol % Ni-Cu nanoclusters, Vulcan XC-72, and 
PVDF at a scan rate of 10 mV s-1. 
 



165 

 

 

 

 

Figure S4.10. Linear sweep voltammograms of the oxygen evolution reaction in 1 M 
NaOH at a scan rate of 2 mV s-1 (black line) and 10 mV s-1 (red line) on glassy carbon 
electrodes modified with 52:48 mol % Ni-Cu nanoclusters, Vulcan XC-72, and PVDF. 
 

 

 

Figure S4.11. Linear sweep voltammograms of the oxygen evolution reaction in 1 M 
NaOH on glassy carbon working electrodes that have been modified with Cu nanoclusters 
(100 mol % Cu NCs, blue line) and Cu nanoparticles (100 mol % Cu NPs, red line). A 
control with the electrode modified with only Vulcan XC-72 and PVDF is also shown 
(black line). 
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Figure S4.12. Tafel slopes calculated from linear sweep voltammograms of the oxygen 
evolution reaction in 1 M NaOH on glassy carbon working electrodes that have been 
modified with nanoclusters (NCs, black line) and nanoparticles (NPs, red line).  
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A)  

  

 

 

 

 

B)  
 

 

Figure S4.13. Pb UPD experiments of nanoclusters (black) and nanoparticles (red) in an 
Ar-sparged solution containing 100 mM HClO4, 1 mM Pb(ClO4)2, and 20 mM KCl at a 
scan rate of 10 mV/s (A). Calculated electrochemically active surface areas of the 
nanoclusters (black) and nanoparticles (red) as a function of Cu composition in the catalysts 
(B). 
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A)  

  

B)  
 

 

Figure S4.14. Linear sweep voltammograms at 10 mV s-1 of the oxygen evolution reaction 
in 1 M NaOH using a glassy carbon working electrode modified with a mixture of Ni-Cu 
bimetallic nanoparticles (NPs, A) or nanoclusters (NCs, B), Vulcan XC-72, and PVDF. Ni-
Cu bimetallic NPs and NCs with various molar ratios were tested (colored lines) along with 
pure Ni NPs and NCs (black lines). Current densities are reported against the 
electrochemically active surface areas reported in Figure S9. 



169 

 

 

 

 

Figure S4.15. Linear sweep voltammograms of multiple cycles of the oxygen evolution 
reaction in 1 M NaOH using 52:48 mol % Ni-Cu nanoclusters.  
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C) 

 

 

Figure S4.16. SEM images of an electrode containing 52:48 mol % Ni-Cu nanoclusters on 
TiO2 nanoparticles on carbon paper (A, B). The EDX spectrum of the electrode (C) 
demonstrates the presence of Ni and Cu from the core of the Ni-Cu nanoclusters, S from 
the glutathione ligand of the nanoclusters, and Ti and O from the TiO2 nanoparticles. 
 

50 nm 100 
nm 

B) A) 
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Figure S4.17. Positive-mode MALDI-TOF mass spectrum of the 52:48 mol % Ni-Cu 
nanoclusters after OER catalysis at 10 mA cm-2 for 1 hr. 
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Assignment m/z Calculated 100% 
Cu 

25%:75% 
Ni:Cu 

43:57 
Ni:Cu 

52:48 
Ni:Cu 

100% 
Ni 

[Cu2Ni2GS + Na]+ or 
[Cu9 + H]+ or [Cu5Ni4 
+ Na]+ or [Cu3NiGS + 
Na]+ 

572.79 or 
573.37 or 
575.37 or 

577.79 

   575.5 
(18%)  

[CuNi10 + Na]+ or 
[Cu3Ni3GS + H]+ or 
[Cu6Ni5 + H]+ or 
[Cu2Ni9 + Na]+ 

673.26 or 
673.67 or 
674.25 or 

676.26 

   673.8 
(15%)  

[Cu3GS2 + H]+ 803.95 806.5 
(18%)     

[Cu2Ni6GS + Na]+ or 
[Cu9Ni4 + H]+ or 
[Cu5Ni8 + Na]+ or 
[Cu7NiGS + H]+ 

806.53 or 
807.11 or 
809.11 or 

809.52 

  807.9 
(20%)   

[Ni3GS2 + Na]+ 810.94     809.7 
(78%) 

[Cu5Ni8 + Na]+ or 
[Cu7NiGS + H]+ or 
[Ni3GS2 + Na]+ or 
[Cu3Ni5GS + Na]+ or 
[Cu10Ni3 + H]+ 

809.11 or 
809.52 or 
810.94 or 

811.52 or 812.1 

   811.0 
(32%)  

[Ni4GS2 + H]+ 846.9     846.5 
(77%) 

[Cu5Ni9 + H]+ or 
[Ni4GS2 + H]+ or 
[Cu3Ni6GS + H]+ or 
[Cu6Ni8 + H]+ 

845.06 or 846.9 
or 849.47 or 

850.05 
  847.6 

(26%) 
847.6 
(59%)  

[Ni4GS2 + H]+ or 
[Cu3Ni6GS + H]+ or 
[Cu6Ni8 + H]+ or 
[CuNi3GS2 + H]+ 

846.9 or 849.47 
or 850.05 or 

851.89 
 849.3 

(11%)    
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[Ni10GS + H]+ 892.42     895.4 
(32%) 

[Cu8NiGS + Na]+ or 
[CuNi9GS + H]+ 

896.43 or 
897.42   896.6 

(16%) 
897.9 
(32%)  

[Cu9GS + Na]+ 901.43 899.5 
(31%)     

[Ni10GS + Na]+ 914.41     916.3 
(50%) 

[Ni5GS2 + Na]+ 926.81     927.9 
(11%) 

[Cu5Ni10 + Na]+ or 
[Cu7Ni3GS + H]+ or 
[Cu10Ni5 + H]+ or 
[Cu3Ni7GS + Na]+ or 
[Cu5GS2 + H]+ or 
[Cu6Ni9 + Na]+ or 
[Cu8Ni2GS + H]+ or 
[CuNi4GS2 + Na]+ 

926.97 or 
927.39 or 
929.97 or 
929.39 or 
929.81 or 
931.97 or 
932.38 or 

931.81 

   929.9 
(59%)  

[Ni7GS2 + H]+ 1022.7     1020.9 
(32%) 

[Cu8Ni4GS + Na]+ or 
[Cu6NiGS2 + Na]+ 

1072.23 or 
1074.65   1073.9 

(100%)   

[Cu7GS2 + Na]+ 1079.65 1077.0 
(100%)     

[Cu9Ni3GS + Na]+ or 
[Cu7GS2 + Na]+ 

1077.23 or 
1079.65    1078.5 

(100%)  

[Cu9Ni3GS + Na]+ or 
[Cu7GS2 + Na]+ or 
[Cu10Ni2GS + Na]+ or 
[Ni8GS2 + H]+ 

1077.23 or 
1079.65 or 
1082.22 or 

1082.63 

 1079.9 
(100%)    

[Ni8GS2 + H]+ 1082.63     1082.5 
(100%) 
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[Ni8GS2 + H]+ or 
[Cu3Ni10GS + H]+ or 
[CuNi7GS2 + H]+ or 
[Cu4Ni9GS + H]+ 

1082.63 or 
1083.21 or 
1087.63 or 

1088.21 

  1085.5 
(12%)   

[CuNi7GS2 + H]+ or 
[Cu4Ni9GS + H]+ 

1087.63 or 
1088.21  1089.0 

(20%)    

[CuNi7GS2 + H]+ or 
[Cu4Ni9GS + H]+ or 
[Cu2Ni6GS2 + H]+ 

1087.63 or 
1088.21 or 

1092.62 
   1089.9 

(30%)  

[Ni3GS3 + H]+ 1095.04     1095.1 
(56%) 

[Cu3Ni5GS2 + H]+ or 
[CuNi2GS3 + H]+ or 
[Cu6Ni7GS + H]+ or 
[Cu9Ni9 + H]+ or 
[Cu4Ni4GS2 + H]+ 

1097.62 or 
1100.03 or 
1098.2 or 
1100.77 or 

1100.61 

   1099.1 
(13%)  

[Ni3GS3 + Na]+ 1117.02     1118.6 
(14%) 

[Cu3NiGS3 + Na]+ or 
[Cu6Ni3GS2 + Na]+ or 
[Cu9Ni5GS + Na]+ or 
[Cu4GS3 + Na]+ 

1189.94 or 
1192.52 or 
1193.1 or 
1194.93 

   1192.8 
(23%)  

[CuNi4GS3 + H]+ or 
[Cu4Ni6GS2 + H]+ or 
[Cu7Ni8GS + H]+ or 
[Ni10GS2 + Na]+ or 
[Cu2Ni3GS3 + H]+ or 
[Cu10Ni10 + H]+ 

1217.9 or 
1218.48 or 
1221.06 or 
1220.48 or 
1222.9 or 
1221.64 

   1220.3 
(13%)  

[CuNi10GS2 + H]+ or 
[Cu9NiGS2 + Na]+ 

1263.43 or 
1265.44  1264.8 

(27%) 
1262.8 
(14%) 

1263.7 
(30%)  

[Cu6GS3 + H]+ 1300.81 1299.8 
(21%)     
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[CuNi5GS3 + Na]+ or 
[Cu4Ni7GS2 + Na]+ or 
[Cu7Ni9GS + Na]+ or 
[Cu6GS3 + H]+ or 
[Cu2Ni4GS3 + Na]+ or 
[Cu9Ni2GS2 + H]+ 

1297.82 or 
1300.39 or 
1300.97 or 
1300.81 or 
1302.81 or 

1301.39 

   1300.3 
(16%)  

[Cu7Ni9GS + Na]+ or 
[Cu6GS3 + H]+ or 
[Cu2Ni4GS3 + Na]+ or 
[Cu9Ni2GS2 + H]+ or 
[Cu5Ni6GS2 + Na]+ or 
[Cu8Ni8GS + Na]+ or 
[Cu10NiGS2 + H]+ 

1300.97 or 
1300.81 or 
1302.81 or 
1301.39 or 
1305.39 or 
1305.97 or 

1306.39 

 1303.7 
(12%)    

[Cu5NiGS3 + Na]+ or 
[Cu8Ni3GS2 + Na]+ 

1317.8 or 
1318.38  1319.6 

(10%)    

[Cu2Ni10GS2 + H]+ or 
[Cu10NiGS2 + Na]+ or 
[Ni7GS3 + H]+ 

1326.36 or 
1328.37 or 

1328.78 
   1327.7 

(13%)  

[Cu3Ni9GS2 + H]+ or 
[CuNi6GS3 + H]+ 

1331.35 or 
1333.77  1333.3 

(12%)    

[Cu5Ni7GS2 + H]+ or 
[Cu8Ni9GS + H]+ or 
[Cu3Ni4GS3 + H]+ or 
[Cu6Ni6GS2 + H]+ 

1341.34 or 
1341.92 or 
1343.76 or 

1346.34 

   1343.8 
(57%)  

[Cu9Ni8GS + H]+ or 
[Cu8Ni9GS + H]+ or 
[Cu3Ni4GS3 + H]+ or 
[Cu6Ni6GS2 + H]+ 

1346.92 or 
1341.92 or 
1343.76 or 

1346.34 

  1344.5 
(42%)   

[Cu2Ni10GS2 + Na]+ or 
[Cu9Ni8GS + H]+ or 
[Cu4Ni3GS3 + H]+ or 
[Cu6Ni6GS2 + H]+ 

1348.34 or 
1346.92 or 
1348.75 or 

1346.34 

 1347.0 
(57%)    

[Cu8Ni4GS2 + Na]+ or 
[Cu6NiGS3 + Na]+ 

1378.31 or 
1380.73   1379.5 

(16%)   
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[Cu6NiGS3 + Na]+ or 
[Cu9Ni3GS2 + Na]+ 

1380.73 or 
1383.3    1382.6 

(25%)  

[Cu3Ni5GS3 + H]+ or 
[Cu6Ni7GS2 + H]+ or 
[Cu9Ni9GS + H]+ 

1403.69 or 
1404.27 or 

1406.85 
   1405.5 

(16%)  

[Cu4Ni10GS2 + Na]+ or 
[Cu6Ni3GS3 + H]+ or 
[Cu2Ni7GS3 + Na]+ or 
[Cu9Ni5GS2 + H]+ or 
[Cu5Ni9GS2 + Na]+ or 
[Cu4GS4 + H]+ or 
[Cu7Ni2GS3 + H]+ or 
[Ni4GS4 + Na]+ 

1476.2 or 
1476.61 or 
1478.61 or 
1477.19 or 
1481.19 or 
1479.03 or 
1481.61 or 

1481.03 

   1478.7 
(23%)  

[Cu3Ni2GS4 + Na]+ or 
[Cu6Ni4GS3 + Na]+ or 
[Cu9Ni6GS2 + Na]+ or 
[Cu4NiGS4 + Na]+ or 
[Cu7Ni3GS3 + Na]+ 

1555.95 or 
1556.53 or 
1559.11 or 
1560.94 or 

1561.52 

   1558.7 
(20%)  

[CuNi6GS4 + Na]+ or 
[Cu8Ni4GS3 + H]+ or 
[Cu4Ni8GS3 + Na]+ or 
[Cu6NiGS4 + H]+ or 
[Cu2Ni5GS4 + Na]+ 

1661.83 or 
1662.4 or 
1664.41 or 
1664.82 or 

1666.82 

   1663.9 
(22%)  

[Cu9Ni8GS2 + Na]+ or 
[Cu7Ni5GS3 + Na]+ or 
[Cu5Ni2GS4 + Na]+ or 
[Cu10Ni7GS2 + Na]+ 

1676.97 or 
1679.39 or 
1681.81 or 

1679.97 

   1679.9 
(24%)  

[Cu2Ni6GS4 + H]+ or 
[Cu5Ni8GS3 + H]+ or 
[Cu8Ni10GS2 + H]+ 

1704.77 or 
1705.35 or 

1707.93 
   1705.0 

(22%)  

[Cu10Ni3GS3 + H]+ or 
[Cu2Ni6GS4 + Na]+ or 
[Cu9Ni4GS3 + H]+ or 
[Cu5Ni8GS3 + Na]+ or 

1726.76 or 
1725.33 or 
1727.34 or 
1729.75 or 

   1727.9 
(12%)  



177 

 

 

 

[Cu7NiGS4 + H]+ or 
[Cu8Ni10GS2 + Na]+ 

1729.91 or 
1730.33 

[Cu6Ni8GS3 + Na]+ or 
[Cu8NiGS4 + H]+ or 
[Cu4Ni5GS4 + Na]+ or 
[Cu9Ni10GS2 + Na]+ 

1792.26 or 
1792.68 or 
1794.68 or 

1792.84 

   1794.2 
(25%)  

[Cu7Ni10GS3 + Na]+ or 
[Cu9Ni3GS4 + H]+ or 
[Cu5Ni7GS4 + Na]+ 

1973.06 or 
1973.48 or 

1975.48 
   1974.8 

(10%)  

 

Table S4.1. MALDI-TOF peak assignments for Cu, Ni, and Ni-Cu nanoclusters. 
Assignments in bold are peaks that can only be ascribed to a bimetallic species. 
Assignments in blue are bimetallic species detected in the spectra of all three bimetallic 
nanoclusters compositions. Normalized peak intensities are listed in parenthesis after each 
found m/z value. Peaks were considered present if they possessed a normalized intensity 
of at least 10%. Peaks were assigned to a species if the calculated m/z value for the 
isotopically most abundant peak matched within 3 amu. 

 

Catalyst Electrolyte 

Onset 
E 

(VRHE
) 

Onset 
overpotenti
al (VRHE – 

1.23 V) 

Overpotential 
(mV) at 

specific current 
density 

Ref-
erenc

e 

Precious metal 

Ru60-Co40 0.1 M 
HClO4 1.41 0.18 - 4 

Ru70-Ir30 
0.1 M 
HClO4 1.40 0.27 - 4 

RuO2 0.1 M KOH 1.44 0.21 425 @ 20 
mA/cm2 5 

IrO2 1 M KOH 1.51 0.28 340 @ 10 
mA/cm2 6 

Spinel family 

CoFe2O4 on GCE 0.1 M KOH 1.58 0.35 443 @ 10 
mA/cm2 7 

Mn3O4 on GCE 1 M KOH 1.68 0.45 >600 @ 3 
mA/cm2 8 

Co3O4 on Au 1 M KOH 1.56 0.33 400 @ 10 
mA/cm2 9 
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Mn2.1Co0.9O4 1 M KOH 1.64 0.41 490 @ 3 
mA/cm2 8 

ZnCo2O4 on Pt 1 M KOH 
(pH 13.8) 1.62 0.39 450 @ 20 

mA/cm2   10 

NiCo2S4 nanostructure  1 M KOH 1.50 0.27 260 @ 10 
mA/cm2 24 

FeCo oxide on Ni foam 1 M KOH 1.49 0.26 205 @ 10 
mA/cm2 25 

Layer-structure type family 

CoOOH on PtO/AuO 0.1 M 
KOH/LiOH 1.48 0.25 450 @ 5 

mA/cm2 11 

3D Ni-Fe LDH on Ni 
foam 0.1 M KOH 1.46 0.23 280 @ 30 

mA/cm2 12 

Co-Ni LDH on FTO 

0.1 M 
potassium 
phosphate 

(pH 7) 

1.623 0.393 490 @ 1 
mA/cm2 13 

Co-Co LDH 

0.1 M 
potassium 
phosphate 

(pH 7) 

1.638 0.408 610 @ 1 
mA/cm2 13 

Zn-Co LDH on GCE 0.1 M KOH 
(pH 13) 1.57 0.34 - 14 

Co-Fe LDH (1:0.35) on 
GCE 0.1 M KOH 1.52 0.29 350 @ 10 

mA/cm2 15 

Co-Cr LDH (2:1) on 
GCE 0.1 M KOH 1.47 0.24 340 @ 10 

mA/cm2 5 

Ni-Fe-Mn LDH on CFP 1 M KOH 1.43 0.20 289 @ 20 
mA/cm2 16 

��Ni(OH)2 
nanoparticle film 0.1 M KOH 1.55 0.32 450 @ 30 

mA/cm2 12 

Co-Ni based 
nanotubes/nanosheets 

on Cu 
1 M KOH 1.50 0.27 280 @ 10 

mA/cm2 17 

Exfoliated Ni-Fe 
nanosheets on GCE 1 M KOH 1.49 0.26 300 @ 10 

mA/cm2 6 

Exfoliated Ni-Co 
nanosheets on GCE 1 M KOH 1.52 0.29 385@ 10 

mA/cm2 6 

Exfoliated Co-Co 
nanosheets on GCE 1 M KOH 1.53 0.30 390 @ 10 

mA/cm2 6 

Fe-Ni nanoparticles on 
GCE 1 M NaOH 1.40 0.17 

256 @ 1 
mA/cm2 

311 @ 10 
mA/cm2 

18 



179 

 

 

 

Fe-Ni4.34 on FeNi foil 1 M KOH 1.49 0.26 283 @ 10 
mA/cm2 26 

NiCu-MOF nanosheet 
on Ni foam 1 M KOH 1.35 0.12 309 @ 10 

mA/cm2 27 

3D Cu-Ni oxide on Ni 
foam 1 M NaOH 1.42 0.19 319 @ 10 

mA/cm2 28 

Ir-Ni oxide thin film 0.1 M 
HClO4 1.49 0.26 - 29 

Ni-Ir thin film 0.1 M KOH 1.48 0.25 - 30 

NiO-Fe on Ni foam 1 M KOH 1.46 0.23 240 @ 10 
mA/cm2 31 

2D Ir-Ni oxide 
nanoframes 

0.1 M 
HClO4 1.50 0.27 - 32 

NiCo2.7(OH)x 
Amorphous double 

hydroxide 
1 M KOH 1.48 0.25 350 @ 10 

mA/cm2 33 

3D FeCoW 1 M KOH 1.42 0.19 191 @ 10 
mA/cm2 34 

CNTs or carbon fiber supported 

NiFe-LDH/CNT 1 M KOH 1.45 0.22 149 @ 10 
mA/cm2 19 

M-CNTs-Arc 1 M KOH 1.48 0.25 152 @ 10 
mA/cm2 20 

NiFeOx/CFP 1 M KOH 1.43 0.20 146 @ 10 
mA/cm2 21 

20%Ir/C 1 M KOH 1.50 0.27 152 @ 10 
mA/cm2 22 

FeNi on N-doped CNT 0.1 M KOH 1.59 0.36 810 @ 10 
mA/cm2 35 

Co6Mo6C2 on N-doped 
reduced graphene oxide 

film 
1 M KOH 1.46 0.23 260 @ 10 

mA/cm2 36 

Other 

Fe nanoparticles 1 M NaOH 1.56 0.33 421 @ 1 
mA/cm2 18 

Ni nanoparticles 1 M NaOH 1.34 0.11 476 @ 1 
mA/cm2 18 

Ni-FeOx/C (69:31) 
nanoparticle on carbon 

black 
1 M KOH 1.41 0.18 280 @ 10 

mA/cm2 23 

Ir/C catalyst 0.1 M KOH 1.50 0.27 390 @ 30 
mA/cm2 12 

NiFe phosphide 
nanoparticles  1 M KOH 1.51 0.28 270 @ 10 

mA/cm2 37 
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NiCuOx nanoparticles 1 M 
Na2CO3 1.55 0.32 680 @ 5 

mA/cm2 38 

Ni-Cu nanoparticles in 
MOF 1 M KOH 1.68 0.45 640 @ 6 

mA/cm2 39 

Ni@Pt core-shell 
nanoplates 1 M KOH 1.51 0.28 330 @ 10 

mA/cm2 40 

CoNiPO 1 M KOH 1.49 0.26 320 @ 10 
mA/cm2 41 

Ni-Co oxide hollow 
nanosponges 0.1 M KOH 1.50 0.27 362 @ 10 

mA/cm2 42 

Ni0.6Co1.4P nanocages 1 M KOH 1.52 0.29 300 @ 10 
mA/cm2 43 

Nanoporous (Co1-

xFex)2P 1 M KOH 1.49 0.26 64 @ 10 
mA/cm2 44 

Nanoporous Co3Ni1P 1 M KOH 1.48 0.25 281 @ 10 
mA/cm2 45 

 

Table S4.2. Summary of performance of various OER electrocatalysts reported in the 
literature arranged by catalyst family.  
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8.7. Supporting Information for Chapter 5 

 

 

Figure S5.1. SEM images of a Cu2O on ITO working electrode that has been soaked in 0.4 
M boric acid for 100 s (A) and a linear sweep voltammogram of the same electrode in 1 M 
NaOH at a scan rate of 10 mV/s (B). 
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Figure S5.2. SEM image (A) of a Cu2O on ITO electrode with a Ni overlayer formed using 
100 s of Ni electrodeposition and EDS spectra taken at points 1 (B) and 2 (C) of the SEM 
image. 
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Figure S5.3. EDX spectrum of a Cu2O on ITO electrode with a Ni overlayer formed using 
500 s of Ni electrodeposition. The corresponding SEM image is shown in Figure 5F. 
 

 

 

Figure S5.4. AFM images of a Cu2O on ITO electrode with a Ni overlayer formed using 
100 s of Ni electrodeposition. 
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Catalyst Electrolyte 
Onset E 

(VRHE) 

Onset 

overpotential 

(VRHE – 1.23 V) 

 

Overpotential 

(mV) at 

specific current 

density 

 

Ref

-

eren

ce 

Precious metal 

Ru60-Co40 
0.1 M 

HClO4 
1.41 0.18 - 1 

Ru70-Ir30 
0.1 M 

HClO4 
1.40 0.27 - 1 

RuO2 0.1 M KOH 1.44 0.21 
425 @ 20 

mA/cm2 
2 

IrO2 1 M KOH 1.51 0.28 
340 @ 10 

mA/cm2 
3 

Spinel family 

CoFe2O4 on GCE 0.1 M KOH 1.58 0.35 
443 @ 10 

mA/cm2 
4 

Mn3O4 on GCE 1 M KOH 1.68 0.45 
>600 @ 3 

mA/cm2 
5 

Co3O4 on Au 1 M KOH 1.56 0.33 
400 @ 10 

mA/cm2 
6 

Mn2.1Co0.9O4 1 M KOH 1.64 0.41 
490 @ 3 

mA/cm2 
5 

ZnCo2O4 on Pt 
1 M KOH 

(pH 13.8) 
1.62 0.39 

450 @ 20 

mA/cm2 
7 

Layer-structure type family 

CoOOH on 

PtO/AuO 

0.1 M 

KOH/LiOH 
1.48 0.25 

450 @ 5 

mA/cm2 
8 
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3D Ni-Fe LDH on 

Ni foam 
0.1 M KOH 1.46 0.23 

280 @ 30 

mA/cm2 
9 

Co-Ni LDH on 

FTO 

0.1 M 

potassium 

phosphate 

(pH 7) 

1.623 0.393 
490 @ 1 

mA/cm2 
10 

Co-Co LDH 

0.1 M 

potassium 

phosphate 

(pH 7) 

1.638 0.408 
610 @ 1 

mA/cm2 
10 

Zn-Co LDH on 

GCE 

0.1 M KOH 

(pH 13) 
1.57 0.34 - 11 

Co-Fe LDH 

(1:0.35) on GCE 
0.1 M KOH 1.52 0.29 

350 @ 10 

mA/cm2 
12 

Co-Cr LDH (2:1) 

on GCE 
0.1 M KOH 1.47 0.24 

340 @ 10 

mA/cm2 
2 

Ni-Fe-Mn LDH on 

CFP 
1 M KOH 1.43 0.20 

289 @ 20 

mA/cm2 
13 

��Ni(OH)2 

nanoparticle film 
0.1 M KOH 1.55 0.32 

450 @ 30 

mA/cm2 
9 

Co-Ni based 

nanotubes/nanoshe

ets on Cu 

1 M KOH 1.50 0.27 
280 @ 10 

mA/cm2 
14 

Exfoliated Ni-Fe 

nanosheets on 

GCE 

1 M KOH 1.49 0.26 
300 @ 10 

mA/cm2 
3 

Exfoliated Ni-Co 

nanosheets on 

GCE 

1 M KOH 1.52 0.29 
385@ 10 

mA/cm2 
3 
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Exfoliated Co-Co 

nanosheets on 

GCE 

1 M KOH 1.53 0.30 
390 @ 10 

mA/cm2 
3 

Fe-Ni 

nanoparticles on 

GCE 

1 M NaOH 1.40 0.17 

256 @ 1 

mA/cm2 

311 @ 10 

mA/cm2 

15 

CNTs or carbon fiber supported 

NiFe-LDH/CNT 1 M KOH 1.45 0.22 
149 @ 10 

mA/cm2 
16 

M-CNTs-Arc 1 M KOH 1.48 0.25 
152 @ 10 

mA/cm2 
17 

NiFeOx/CFP 1 M KOH 1.43 0.20 
146 @ 10 

mA/cm2 
18 

20%Ir/C 1 M KOH 1.50 0.27 
152 @ 10 

mA/cm2 
19 

Other 

Fe nanoparticles 1 M NaOH 1.56 0.33 
421 @ 1 

mA/cm2 
15 

Ni nanoparticles 1 M NaOH 1.34 0.11 
476 @ 1 

mA/cm2 
15 

Ni-FeOx/C (69:31) 

nanoparticle on 

carbon black 

1 M KOH 1.41 0.18 
280 @ 10 

mA/cm2 
20 

Ir/C catalyst 0.1 M KOH 1.50 0.27 
390 @ 30 

mA/cm2 
9 

 

Table S5.1. Summary of performance of various OER electrocatalysts reported in the 
literature arranged by catalyst family.  
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8.9. Supporting Information for Chapter 6 

 
 
Figure S6.1. Cyclic voltammograms at 50 mV s-1 (black), 100 mV s-1 (red), 150 mV s-1 
(blue), 200 mV s-1 (pink), and 250 mV s-1 (green) in pH 7 buffer of ferrocene attached to 
SAMs on glassy carbon electrodes using 50 mM NH2(CH2)2OH diluent and 50 mM 
NH2(CH2)2NH2 (A). Randles-Sevcik analysis of the anodic peak current density (B) as a 
function of the scan rate (black) and the square root of the scan rate (red). The better linear 
fit obtained from the data plotted versus the scan rate indicates that the ferrocene is attached 
to the glassy carbon electrode as opposed to freely diffusing in solution. 
 

 
 
Figure S6.2. Control experiments showing cyclic voltammograms at 300 mV s-1 in pH 7 
buffer of a bare glassy carbon electrode (black), a glassy carbon electrode immersed in 

A) B) 
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EDC/NHS/Fc-COOH without SAM (red), and a glassy carbon electrode modified with 
NH2(CH2)2NH2 without EDC/NHS/Fc-COOH (blue). 
 

 
 
Figure S6.3. Cyclic voltammogram at 300 mV s-1 in pH 7 buffer of ferrocene attached to 
a SAM on a glassy carbon electrode using 50 mM NH2(CH2)2NH2 and 50 mM 
NH2(CH2)2OH after immersion in EDC/NHS/Fc-COOH for 48 h. 
 
 

 
 
Figure S6.4. Cyclic voltammograms at 250 mV s-1 in pH 7 buffer of ferrocene attached to 
C2 SAMs on glassy carbon electrodes using 100 mM NH2(CH2)2NH2 at different voltage 
ranges. 
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Figure S6.5. Cyclic voltammograms at 300 mV s-1 in pH 7 buffer of ferrocene attached to 
C2 SAMs on glassy carbon electrodes using 100 mM NH2(CH2)2NH2 and NH2(CH2)2OH 
in various molar ratios. 
 

 
 
Figure S6.6. Peak separation (black) and full width at half maximum values of the anodic 
peaks (red) of cyclic voltammograms at 300 mV s-1 in pH 7 buffer of ferrocene attached to 
C2 SAMs on glassy carbon electrodes using 100 mM NH2(CH2)2NH2 and NH2(CH2)2OH 
in various molar ratios. 
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Figure S6.7. Cyclic voltammograms at 300 mV s-1 in pH 7 buffer of ferrocene attached to 
C12 SAMs on glassy carbon electrodes using a 10 mM NH2(CH2)12NH2 and 100 mM 
tetrabutyl ammonium tetrafluoroborate in acetonitrile for different amounts of time. 
 

 
 
Figure S6.8. Cyclic voltammograms at 50 mV s-1 (black), 100 mV s-1 (red), 150 mV s-1 
(blue), 200 mV s-1 (pink), and 250 mV s-1 (green) in pH 7 buffer of ferrocene attached to 
SAMs on glassy carbon electrodes using 50 mM NH2(CH2)2OH diluent and 50 mM 
NH2(CH2)12NH2. 
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Figure S6.9. XPS Fe 2p spectrum of ferrocene attached to SAMs on glassy carbon 
electrodes using 50 mM NH2(CH2)2OH diluent and 50 mM NH2(CH2)2NH2 (black), 50 
mM NH2(CH2)6NH2 (red), and 50 mM NH2(CH2)12NH2 (blue). 
 

 
 
Figure S6.10. Cyclic voltammograms at 300 mV s-1 in pH 7 buffer of ferrocene attached 
to a SAM on a glassy carbon electrode using 5 mM NH2(CH2)12NH2 and 5 mM 
NH2(CH2)11CH3 and 100 mM tetrabutyl ammonium tetrafluoroborate in acetonitrile. 
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Figure S6.11. Cyclic voltammograms at 300 mV s-1 in pH 7 buffer of ferrocene attached 
to C12 SAMs on glassy carbon electrodes using 10 mM NH2(CH2)12NH2 and 100 mM 
tetrabutyl ammonium tetrafluoroborate in acetonitrile with ZnO electrodeposition for 
different amounts of time. 
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A)       B) 

 

Figure S6.12. Atomic force microscopy images of 50 x 50 µm (A) and 5 x 5 µm (B) of a 
bare glassy carbon electrode. 
 

A)       B) 

 

Figure S6.13. Atomic force microscopy images of 50 x 50 µm (A) and 5 x 5 µm (B) of a 
SAM of ferrocene on a glassy carbon electrode formed using 50 mM  NH2(CH2)12NH2 and 
50 mM NH2(CH2)2OH. 
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A)       B) 

 

Figure S6.14. Atomic force microscopy images of 50 x 50 µm (A) and 5 x 5 µm (B) of a 
SAM of ferrocene on a glassy carbon electrode formed using 50 mM NH2(CH2)12NH2 and 
50 mM NH2(CH2)2OH with ZnO electrodeposition conducted using 20 s of 
chronoamperometry. 

 
 
Figure S6.15. XPS Fe 2p spectrum of ferrocene attached to a SAM on a glassy carbon 
electrode using 50 mM NH2(CH2)2NH2 and 50 mM NH2(CH2)2OH with ZnO 
electrodeposition conducted using 20 s of chronoamperometry. 
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A)       

   
 
 
B) 

 
 
Figure S6.16. XPS Zn 2p spectrum (A) and Auger LMM spectrum (B) of ferrocene 
attached to a SAM on a glassy carbon electrode using 50 mM NH2(CH2)2NH2 and 50 mM 
NH2(CH2)2OH with ZnO electrodeposition conducted using 20 s of chronoamperometry. 
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Figure S6.17. Cyclic voltammograms at 300 mV s-1 in pH 7 buffer of ferrocene attached 
to SAMs on glassy carbon electrodes using 50 mM NH2(CH2)6NH2 and 50 mM 
NH2(CH2)2OH with (red) and without (black) 20 s of ZnO electrodeposition. 
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Figure S6.18. Representative Laviron plots of ferrocene SAMs using 50 mM 
NH2(CH2)2OH and 50 mM of NH2(CH2)2NH2 (A, B), NH2(CH2)6NH2 (C, D), or 
NH2(CH2)12NH2 (E, F) with (B, D, F) and without (A, C, E) 20 s of ZnO electrodeposition. 
 

A)       B) 

C)       D) 

E)       F) 
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The cathodic Laviron rates were calculated using the following equation: 

Ep = E0 + (RT/anF) ln (RTKet/anF) + (RT/anF) ln n  

where Ep is the peak cathodic potential, E0 is the formal redox potential, T = 298 K is the 

absolute temperature, R = 8.314 J/K-mol is the universal gas constant, n = 1 is the number 

of electrons transferred during the redox process, F = 96485 C/mol is Faraday’s constant, 

n is the scan rate, a is the transfer coefficient, and Ket is the cathodic Laviron electron 

transfer rate.  

Figure S18 above plots Ep vs ln n for the different electrodes. The slopes of the best linear 

fits of these plots were used to calculate a from the following relationship. 

slope = (RT/anF) 

Once a is determined, the x-intercepts of the Ep vs ln n plots were then used to calculate 

Ket from the following relationship. 

intercept = E0 + (RT/anF) ln (RTKet/anF) 

Rearranging this equation allows Ket to be solved. 
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Figure S6.19. Cyclic voltammograms at 300 mV s-1 in 1 mM of K3Fe(CN)6  and 100 mM 
of KCl on glassy carbon electrodes (black) modified with Vulcan XC-72 and PVDF (red), 
carbon nanotubes and Nafion (blue), and Vulcan XC-72 and Nafion (pink). 
 
 
 

 

 

 

 
 

 

 

 

 

 

 


