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Abstract 

There has been a resurgence of interest in electrocatalysis because interesting chemistry 

frequently happens at the electrochemical interface between electrodes and electrolytes that are 

relevant to energy conversion processes. The focus of this dissertation is on the electrocatalytic 

reduction of oxygen (O2) and nitrate (NO3-) to water (H2O) and ammonia (NH3), respectively, 

using molecular- and surface-based Cu electrocatalysts. The oxygen reduction reaction (ORR) is 

important due to its application in the cathode of fuel cells. The nitrate reduction reaction (NRR) 

can be used to generate NH3 as an alternative to the traditional Haber-Bosch process.  

The first part (chapter 1) of this thesis discusses the importance of electrocatalysis in the 

field of energy conversion and storage technologies. 

The second part of this thesis (chapters 2 and 3) focusses on the ORR. Due to the high 

reduction potential and slow kinetics of the ORR, fuel cells are not being fully commercialized. 

This part discusses efforts to understand the ORR reaction mechanism and develop new ORR 

electrocatalysts using Cu tripeptide complexes. Laccase is a well-known Cu-containing ORR 

enzyme with a low overpotential, but it is only stable in a narrow pH range. Here, we synthesized 

Cu-tripeptide complexes and investigated their ORR activities in a wide pH range from 2.5 to 10 

and determined the effect of peptide aggregation and Cu-peptide binding constant on ORR 

performance. In the last parts of chapter 2 and 3, we discuss some future prospects of the ORR 

using non-precious Cu-based electrocatalysts. 

The third part (chapters 4 and 5) of this thesis discusses the NRR. Here, we fabricated 

Nafion-modified metals electrodes and tested the activity of theses electrodes for the NRR to 

produce NH3 electrochemically. We interrogate the mechanism of NH3 production from NO3- 

reduction using electrochemical experiments, surface-enhanced Raman spectroscopy, and density 
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functional theory calculations. We also explore this NO3- reduction reaction for Nafion-modified 

electrodeposited Cu electrodes to increase the current density and NH3 Faradaic efficiency. Lastly, 

we discuss the future prospect of this electrocatalytic NRR using different fluoropolymers instead 

of Nafion and propose methods to increase the durability of the catalysts.  
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1 Chapter One 
1.1 Introduction 

Fossil fuels, once acknowledged as a benefit to industrialization and modern living, now 

are a global problem because they are the primary drivers of increasing greenhouse gas emissions. 

Greenhouse gases trap heat within the Earth’s atmosphere and lead to global warming. This 

increasing temperature causes rising sea levels, changes conditions for plants and animals, and 

results in more evaporation, all of which adversely affect ecosystems (Figure 1.1). Transitioning 

to renewable energy sources offers a sustainable solution to reducing greenhouse gas emissions. 

Renewable energy comes from nearly unlimited, naturally replenished resources, such as the sun, 

tides, and wind. About 20% of all U.S. electricity comes from the renewable energy, and this 

percentage is steadily growing. However, renewable energy sources produce electricity 

intermittently, and solar and wind production varies with weather conditions. Electrocatalysis 

plays a crucial role in converting this electricity into storable and transportable forms of energy. 

 

Figure 1.1: Effects of increasing greenhouse gases in the atmosphere (Source: US Environmental 
Protection Agency). 
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Electrocatalysis 

Electrocatalysis is a process that involves catalysts to accelerate electrochemical reactions. 

Electrocatalysis has emerged as a pivotal area of research in the field of renewable energy. The 

electrocatalytic oxygen reduction reaction (ORR) and the nitrate reduction reaction are two 

important reactions in electrocatalysis. These reactions hold significant implications for both 

energy conversion and environmental sustainability, making them focal points in recent research. 

Electrocatalytic Oxygen Reduction Reaction (ORR) 
 

The most abundant element in the Earth’s crust is oxygen. The O2 reduction reaction (ORR) 

is an important reaction in energy converting systems such as fuel cells, metal air batteries, and 

corrosion.1–3 The thermodynamic potential and mechanism of the ORR largely depend on the 

electrolytes (Table 1.1). In aqueous medium, the ORR can occur in two pathways: i) a four-electron 

four-proton (H+) reduction pathway to form water (H2O), and ii) a two-electron two-proton 

pathway to form hydrogen peroxide (H2O2). On the other hand, in non-aqueous aprotic medium, a 

one-electron reduction pathway can also occur to produce superoxide (O2-). 

The ORR is the central reaction in the cathode of fuel cells. At the anode of a hydrogen 

(H2) fuel cell, H2 is oxidized to produce protons and electrons. Electrons travel to the cathode 

through an external circuit and generate electrical energy. Protons travel to the cathode through 

the electrolyte and a proton-exchange membrane to reduce O2 (Figure 2). Fuel cells are interesting 

because fuel cells have the potential to extract most of the available energy from the fuels without 

Carnot cycle limitations. In contrast, combustion engines can extract only 20-40% the energy in 

fuel as the rest of the energy is lost in heating and other processes.  
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Figure 1.2: Proton exchange membrane fuel cells (PEMFCs) (https://prepp.in/news/e-492-fuel-
cells-environment-notes) 

Although fuel cells have been used since the 1960s in a variety of applications, there are 

several factors which limit the widespread use of fuel cells. One of the largest challenges is the 

sluggishness and high overpotential of the ORR. Due to these issues, fuel cells are not able to 

deliver the full 1.23 V that a H2/O2 fuel cell should deliver from a thermodynamic standpoint. At 

practical current density, fuel cells are only able to deliver 40-60% of their potential based on 

thermodynamic values. The origin of this high overpotential comes from the strong strength of the 

dioxygen double bond energy (498 kJ mol-1).4 In an attempt to overcome these limitations, 

catalysts are used at the cathode of fuel cells. At the current stage of fuel cell technology, platinum 

(Pt) or its alloys are the most applied catalysts, which have an overpotential of ~300 mV for the 

ORR.5,6 Unfortunately, a large amount of Pt or Pt alloys are required for practical implication of 

fuel cells. Furthermore, due to issues such as catalyst durability and susceptibility towards 

poisoning, it is challenging to use fuel cells in commercial applications. Over the past several 

decades, extensive research has focused on developing alternative ORR catalysts including non-

noble metal catalysts.  
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Table 1.1: Thermodynamic electrode potentials of electrochemical O2 reductions7 

Electrolyte ORR reactions 

Thermodynamic electrode 

potential at standard 

conditions, V 

Acidic aqueous solution 

O2 + 4H+ + 4e- ® H2O 

O2 + 2H+ + 2e- ® H2O2 

H2O2 + 2H+ + 2e- ® 2H2O 

1.229 

0.70 

1.76 

Alkaline aqueous solution 

O2 + H2O + 4e- ® 4OH- 

O2 + H2O + 2e- ® HO2- + OH- 

HO2- + H2O + 2e- ® 3OH- 

0.401 

0.065 

0.867 

Non-aqueous aprotic 

solvents 

O2 + e- ® O2- 

O2- + e- ® O22- 

 

Values strongly depend on the 

solvent used 

 

A few biological systems such as laccase enzymes show promising ORR activity with even 

smaller overpotential compared to Pt-based catalysts.8 Laccases are multicopper oxidases that 

couple one-electron oxidation of four substrate equivalents with the four-electron reduction of 

dioxygen to water. The mechanism of the ORR in laccase follows a ping-pong mechanism. First, 

substrates are oxidized near the solvent-accessible T1 site, and then electrons transfer through 

protein via a Cys-His pathway to a trinuclear Cu center where the ORR takes place.9  

Inspired by the ORR activity of laccase, researchers tested different Cu-based systems as 

ORR electrocatalysts including Cu complexes with porphyrins, phthalocyanines, amino-alkyl 

ligands, 1,10-phenanthrolines, other aromatic N-donor ligands, tris(2-pyridylmethyl)amine, and 

substituted triazoles.10–15 Despite these numerous studies, the native laccase enzyme shows the 

best ORR catalytic activity, and replicating this activity with synthetic compounds remains elusive. 
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Electrochemical Nitrate Reduction reaction (NO3RR) 

The nitrogen cycle (N-cycle) is important in connecting aspects of human life with the 

ecosphere. On Earth, N can exist in various oxidation states, ranging from +5 (e.g., NO3-) to -3 

(e.g., ammonia, NH3).16–18 Since global N circulation is being severely affected due to the use of 

N-containing fertilizers and chemicals in agriculture and many other fields, recently, N-containing 

chemistry has been a center of scientific researcher. Electrochemistry has become a promising 

solution to modulate the N-cycles and concomitant effects such as ground water pollution, 

eutrophication, and photochemical smog.19,20  

Every year, the global production of NH3 is around 176 million tons, making it one of the 

highest produced chemicals by volume.21 NH3 is central to the fertilizer industry and also as 

precursor to produce a series of N-containing chemicals including nitric acid, amino acids, urea, 

and organonitrogen compounds.22 Additionally, NH3 can be used as a clean energy carrier in fuel 

cells due to its high hydrogen content (17.6 wt%) and easy liquification at ambient temperature 

(25°C).23,24 The current industrial technology for NH3 production is the Haber-Bosch process in 

which N2 and H2 combine at high temperature and pressures in the presence of a Fe-based catalyst. 

This technology is energy intensive (1-2% of global energy consumption), and it is also responsible 

for substantial global CO2 emissions (~1.5%). Besides, the conversion rate of NH3 is very low in 

the Haber-Bosch process (12% single-pass conversion at 550°C and 20.3 MPa).25,26 

Although electrochemical N2 reduction reaction (NRR) is a promising alternative to the 

Haber-Bosch process, the high dissociation energy of the N≡N triple bonds (945 kJ mol−1) and the 

low solubility of N2 in aqueous solution decrease the efficiency of NH3 production.27,28 Another 

challenge of electrochemical N2 reduction is the quantification of NH3 due to low yield rate and 

various potential contamination from different sources.29,30 Recently, N2 reduction on Li electrodes 



 

 

6 

 

has been shown to reach high Faradaic efficiency under ambient condition assisted by forming 

lithium nitride (Li3N). This high efficiency is achieved in organic electrolytes, and the mechanism 

is not fully understood, especially at the solid-electrolyte interphase.31  

As opposed to N2 reduction, NO3- is an alternate nitrogen source for NH3 production as 

NO3- exists ubiquitously in wastewater and polluted water. Additionally, the electrochemical 

nitrate reduction reaction (NO3RR) is more kinetically favorable due to the lower N=O bond 

energy (204 kJ mol-1) and higher solubility of NO3- in water.32,33 Therefore, electrochemical 

NO3RR shows higher Faradaic efficiency for NH3 production compared to the NRR. Powered by 

renewable energy, NO3RR holds the opportunity of achieving decentralized NH3 production to 

lower fertilizer manufacturing costs as well as converting pollutant NO3- into valuable NH3.34 
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Chapter Overview 

Chapter 2: In this chapter, an amino-ferrocene modified glutathione-Cu complexes (Cu-GSH-

NHFc) was synthesized in five steps for use as an ORR catalyst. Inductively coupled plasma mass 

spectrometry (ICP-MS) indicates that Cu binds with GSH-NHFc in 1:1 ratio. Cyclic voltammetry 

demonstrates that the integrated charge of Cu-GSH-NHFc under the redox waves approximately 

doubles compared to GSH-NHFc. This finding suggests that the redox wave with Cu is due to two 

electrons being transferred through the Cu2+/Cu+ and Fe3+/Fe2+ processes and this electron 

availability at the metal centers could facilitate the activation of O2. Rotating disk electrode (RDE) 

and rotating ring disk electrode (RRDE) measurements demonstrate that O2 is reduced by four 

electrons to H2O at pH values between 4 and 7 in two different buffer systems. 

Chapter 3: In this chapter, we synthesized four different novel tripeptide derivatives of glutathione 

and tested the ORR activity of the resulting Cu-tripeptide complexes (Cu-GSHAmide, Cu-NCG, 

Cu-ECG and Cu-QCG) using RRDE in pH range of 2.5 to 10.  According to ICP-MS results, Cu 

binds with tripeptide by 1:1 ratio like Cu-GSH-NHFc. After investigating the ORR properties of 

these Cu-tripeptides complexes, we determined that the ORR activities not only depend on the 

structures of the tripeptides, but also on the binding constants of Cu2+ with peptides in the 

complexes as well as the orientation of the peptides on the electrode surface. 

Chapter 4: In this chapter, we fabricated Nafion-modified metal electrodes for electrochemical 

NO3RR to NH3 using simple drop casting methods. Among the different electrodes tested, Cu 

modified with a 6 µm-thick layer of Nafion reduces NO3- with up to a 91% Faradaic efficiency for 

NH3. X-ray photoelectron spectroscopy shows that polycrystalline Cu foils contain mostly Cu 

metal along with a small amount of CuO. Cross-sectional scanning electron microscopy imaging 
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demonstrates that Nafion forms a uniform overlayer on the Cu surface, and electrochemical 

impedance spectroscopy experiments indicate that ions can be stored on the electrode surface due 

to the charge properties of the Nafion structures. Corroborating electrochemical experiments, 

surface-enhanced Raman spectroscopy, and DFT calculations indicate that Nafion helps to activate 

the N-O bonds, which drives selective NH3 production. This Nafion-modified Cu electrode is also 

highly efficient at removing NO3- from a real groundwater sample. 

Chapter 5: In this chapter, we increased the surface area of the Cu electrodes using Cu 

electrodeposition from electrolyte on Cu foils. The NO3- reduction activities of these 

electrodeposited Cu electrodes with and without a Nafion overlayer were tested. Atomic force 

microscopy and cycling voltammetry using Ru(NH3)6Cl3 shows that the surface roughness 

increases with increasing electrodeposition voltages. X-ray diffraction experiments and chloride 

tests demonstrate that Cu(220) faces are the most active face for electrochemical NO3- reduction 

to selectively produce NH3. 
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2 Chapter Two 
Four-electron Electrocatalytic O2 Reduction by a Ferrocene-modified 

Glutathione Complex of Cu 

2.1 Introduction. 
Energy conversion technologies mediated by electrocatalysis are pivotal in transitioning to 

a clean and renewable energy economy.1–7 Fuel cells (Figure 2.1A) are a promising technology 

that could play a critical role in this transition. Although the fuels utilized at the anode vary, the 

O2 reduction reaction (ORR) occurs at the cathode in almost every fuel cell design. Through the 

ORR, a molecule of O2 reacts with four protons and four electrons to yield two molecules of water. 

The performance of fuel cells is largely limited by the high overpotential needed to drive the ORR.8 

Over the last forty years, a wide range of ORR electrocatalysts have been developed in an 

attempt to decrease the overpotential of this reaction. Pt-based materials and laccase enzymes 

(Figure 1.1B) are the catalysts that exhibit the lowest overpotentials.9-12 The figure 2.1B is colour-

ramped from the N-terminus (blue) to the C-terminus (red). The Cu atoms are shown as shaded 

spheres, with the T1 site in blue and the T3 pair in yellow. This figure (Figure 2.1B) is in divergent 

(wall-eyed) stereo.  

However, the high cost and scarcity of Pt and the low current densities of laccases hinder 

their widespread use as ORR catalysts.13-18 For these reasons, the development of stable, active, 

and earth-abundant ORR catalysts is an ongoing grand challenge.  
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Non-precious metal ORR catalysts, particularly those comprised of Fe or Cu complexes 

with nitrogen-rich ligands, are actively being studied as practical alternatives to Pt and laccases.21 

For example, Fe complexes with porphyrins or other nitrogen-containing macrocycles have been 

explored for decades as promising catalysts.22 More recently, Cu catalysts have been investigated 

for the ORR. One promising class of Cu catalysts are those based on dinuclear Cu complexes with 

triazoles, which possess a similar overpotential to Pt, but suffer from poor durability.23 

Additionally, Cui et. al prepared single atom Cu catalysts by pyrolyzing Cu phthalocyanine. In 

alkaline media, these materials catalyze the ORR at an overpotential that is 30 mV lower than a 

commercial Pt/C catalyst.24 Recently, Lu et. al demonstrated that electron density on the d orbitals 

of Cu weakens the O-O bonds, which results in the high ORR activity of Cu complexes.25 

We were inspired to use Cu complexes of glutathione to develop a new class of non-

precious metal ORR catalysts. Glutathione is a tripeptide and nitrogen-rich ligand that is known to 

bind Cu ions in a wide variety of coordination environments.26,27 Additionally, the ability of 

glutathione to be oxidized and reduced via the thiol/disulfide couple increases the chemical 

diversity of these complexes through, for example, the formation of dimers. Previous work has 

A) 
B) 

Figure 2.1: Fuel cell, comprised of an electrolyte, an anode and a cathode (A).19 Cartoon 
representation of the three-dimensional structure of the Coprinus cinereus laccase (B).20 
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also shown that glutathione can be modified with a range of pendant species such as quantum dots 

and ferrocene for use in a multitude of applications.26-28 

 This chapter evaluates the ORR activity of Cu complexes of glutathione and glutathione 

covalently bound to a pendant ferrocene moiety. By increasing the electron transfer rate to the Cu 

active site, the complex with bound ferrocene catalyzes the ORR via four electrons to water. From 

these experiments, we propose a mechanism for ORR by these complexes that invokes the 

differential rates of electron and proton transfer to explain differences in the reactivities of the Cu 

complexes with and without bound ferrocene. 

2.2 Experimental Methods. 

2.2.1 General Procedures  
The synthesis of GSH-Fc is described in the “Synthesis of GSH-NHFc” section. All other 

chemicals were obtained from commercially available sources and used directly in experiments 

without further purification. A VSP-300 Biological potentiostat was used for all electrochemical 

studies. All electrochemical studies were performed in a three-electrode system in which modified 

glassy carbon, Pt wire, and Ag/AgCl/3 M KCl (eDaq, Inc.) were the working, counter, and 

reference electrodes, respectively. Prior to use, glassy carbon working electrodes were polished 

using a suspension of 0.05 µm alumina followed by sonication for 10 minutes in water. A similar 

electrochemical experiment was done using carbon as a counter electrode which shows the similar 

result like Pt counter electrode which makes sure that the Pt counter electrode couldn’t enhance 

the ORR current by dissolving in electrolyte solution. 

 

2.2.2 Homogeneous Catalysis  
The solution for homogeneous catalysis was prepared using 1 mM CuSO4, 1 mM GSH-Fc, 

and 100 mM tetrabutylammonium perchlorate (TBAClO4) in 70% MeOH and 30% water. 5 mL 
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of this solution was used in each electrochemical cell and sparged with O2 or N2 for 7 minutes 

prior to running voltammetry. 

2.2.3 Heterogeneous Catalysis 
GSH-NHFc (5.0 mg), CuSO4 (3.0 mg), carbon (5.0 mg, Vulcan XC-72), MeOH (5.0 mL), 

and Nafion solution (25 μL, 5 wt %, D520, Fuel Cell Store, Inc.) were added to a vial. The resulting 

mixture was sonicated for 10 min to yield a homogeneous suspension. About 80 μL of the 

suspension was dropcast on a glassy carbon electrode (5 mm in diameter) and dried under ambient 

conditions using a custom-built upright rotator at a rotation speed of 8 rpm. This modified electrode 

was then used as the working electrode for rotating disk electrode (RDE) and rotating ring-disk 

electrode (RRDE) experiments using an electrode rotator (MSRX Pine Research, Inc.). Unless 

noted otherwise, Britton−Robinson buffers (40 mM H3BO3, 40 mM H3PO4, 40 mM CH3COOH) 

were used and adjusted to the desired pH using NaOH. Voltammetry was performed with 45 mL 

of buffer solution sparged with O2 for at least 7 min. 

2.2.4 UV-Visible Spectroscopy 
Solutions with a total concentration of 5 mM in DMSO contained CuSO4 and GSH-Fc, 

GSH, or GSSG in DMSO. The molar ratio between the two components was varied for each trial, 

and the absorbances versus a DMSO solvent blank were recorded using quartz cuvettes with a path 

length of 0.1 cm and a Shimadzu UV-2550 spectrometer. 

2.2.5 ICP-MS Studies 
GSH-NHFc was dissolved in EtOAc (3 mM), and an aqueous CuSO4 solution (6 mM) with 

the same volume was added to the GSH-NHFc solution. Cu-GSH-NHFc formed in the organic 

layer, which was separated from the aqueous layer and subsequently dried with anhydrous 

Na2SO4. The solvent was then removed under vacuum, and inductively coupled plasma-mass 

spectrometry (ICP-MS) analysis was conducted to quantify the Cu and Fe in the complex. 
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2.2.6 Synthesis of GSH-NHFc 
The synthesis of GSH-NHFc was accomplished in four steps starting from GSSG. Boc-

GSH was first synthesized in two steps from GSSG following established methods from the 

literature except the equivalents of di-t-butyl dicarbonate were increased by three times.31 Next, to 

synthesize Boc-GSH-NHFc, Boc-GSH (0.10 g, 0.25 mmol) was dissolved in DMSO (20 mL) and 

Et3N (0.12 mL, 3.0 mmol), HBTU (0.532 g, 1.32 mmol), and aminoferrocene (0.055 g, 0.274 

mmol) were added. This mixture was continuously stirred for 18 hours at room temperature. The 

mixture was then diluted with EtOAc (200 mL) and washed with water (200 mL) followed by 

brine (3x 200 mL). The organic layer was dried over anhydrous Na2SO4, filtered, and removed 

under vacuum. The crude product was purified by flash chromatography on silica (ethyl acetate: 

hexane = 2:1, Rf = 0.5) to yield Boc-GSH-Fc (32 mg, 22% yield) with a 1H NMR spectrum similar 

to literature.28 Finally, we deprotected the amino group from Boc-GSH-Fc to yield GSH-NHFc 

according to a literature method.28 
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2.3 Results and Discussion. 

2.3.1 Voltammetric Studies 
 We first synthesized a conjugate of glutathione and ferrocene (GSH-NHFc, Figure 2.2) in 

four steps following procedures modified from the literature.28,31  

 

                 Figure 2.2: Structures of ligands used in this study            

We then used cyclic voltammetry (CV) to evaluate the redox properties of glutathione 

(GSH), GSH-NHFc, and their Cu complexes. A CV of GSH-NHFc dissolved in a solution 

containing MeOH, water, and a TBAClO4 supporting electrolyte exhibits one redox coupling with 

a midpoint potential (E1/2) of about 0.33 V vs. Ag/AgCl (Figure 2.3A, black line). This couple is 

due to the Fe3+/Fe2+ redox and not the glutathione moiety because a control experiment with GSH 

shows no redox activity (Figure 2.3B, black line). 

The red line in Figure 2.3A shows a CV with 1 equivalent of CuSO4 added to the GSH-

NHFc solution. Compared to the CV of the solution without CuSO4 (Figure 2.3A, black line), the 

magnitude of the current density increases. In fact, the integrated charge under the redox waves 

approximately doubles (7.0 µC without Cu and 15.5 µC with Cu for the anodic peaks). This finding 

suggests that the redox wave with Cu is due to two electrons being transferred through the 

Cu2+/Cu+ and Fe3+/Fe2+ processes. A control experiment with CuSO4 without GSH-NHFc only 

shows a redox couple with a very small amount of current density (Figure 2.3B, red line). The 

differences between the CuSO4 CVs with and without GSH-NHFc suggest that CuSO4 forms a Cu 

complex with GSH-NHFc, which we denote as Cu-GSH-NHFc.  
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To analyze the effect of having a glutathione moiety covalently bound to ferrocene, we 

studied CVs of free ferrocene and GSH. A CV of free ferrocene by itself contains one reversible 

redox couple with an E1/2 value of about 0.43 V (Figure 2.3C, black line), which matches literature 

values.26 Adding glutathione to the ferrocene solution does not significantly alter the ferrocene CV 

(Figure 2.3C, red line). This result indicates that the covalent nature of the GSH-NHFc system 

causes it to exhibit significantly different electrochemical behavior as compared to a solution 

B) 

C) 

A) 

Figure 2.3: Cyclic voltammograms of a glassy carbon electrode at a 500 mV s-1 in solutions containing 
100 µM GSH-NHFc (A, black), 100 µM Cu-GSH-NHFc (A, red), 100 µM GSH (B, black), 100 µM 
CuSO4 (B, red), 100 µM Cu-GSH (B, blue),100 µM ferrocene (C, black), 100 µM ferrocene and 100 
µM GSH (C, red), 100 µM ferrocene and 100 µM CuSO4 (C, blue), and 100 µM ferrocene, 100 µM 
CuSO4, and 100 µM GSH (C, green). All solutions also contained 70% MeOH and 30% aqueous 100 
mM TBAClO4. 
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containing free ferrocene and free GSH. In particular, the E1/2 value of free ferrocene is 0.1 V more 

positive than that of GSH-NHFc. This positive shift in redox potential is due to the electron 

donating nature of the amide linkage of GSH-NHFc. 

CVs of free ferrocene and CuSO4 with and without GSH (Figure 2.3C, blue and green 

lines) also display the Fe2+/Fe3+ redox couple at 0.43 V. In addition, these CVs contain a weak 

Cu+/Cu2+ couple with an E1/2 value of about 0.1 V that is similar to those observed in CVs of 

CuSO4 by itself and CuSO4 with only GSH (Figure 2.3B, red and blue lines). The similarity of the 

Cu+/Cu2+ couples with and without free ferrocene indicate that the Fe2+/Fe3+ couple in ferrocene 

and the Cu+/Cu2+ couple are largely independent from one another unlike in Cu-GSH-NHFc. These 

results imply that the covalent nature of Cu-GSH-NHFc allows for electronic interactions between 

the Fe2+/Fe3+ and Cu+/Cu2+ redox couples. 

Further evidence of electronic coupling between the two redox couples in Cu-GSH-NHFc 

can be gleaned from Randles-Ševčík analysis. Figure 2.4 shows Randles-Ševčík plots for the 

anodic and cathodic peak current densities of CVs of free ferrocene as a function of scan rate. As 

expected, a better linear fit is obtained when the data are plotted versus the square root of the scan 

rate as opposed to the scan rate. As observed previously, this result indicates that free ferrocene 

diffuses to and from the electrode surface during the CVs and is not bound to the electrode.30 

Analogous experiments with GSH-NHFc show the same trend (Figures 2.5), which also indicate 

that the GSH-NHFc molecule undergoes diffusion during its redox. 
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Figure 2.4: Anodic (A) and cathodic (B) Randles-Sevcik plots of 100 µM ferrocene in 70% MeOH 
and 30% aqueous 100 mM TBAClO4. 

 
Figure 2.5: Anodic (A) and cathodic (B) Randles-Sevcik plots of 100 µM GSH-NHFc in 70% 
MeOH and 30% aqueous 100 mM TBAClO4. 

Interestingly, a different trend is observed in the Randles-Ševčík analysis of Cu-GSH-

NHFc (Figures 2.6). At slow scan rates (≤ 250 mV s-1), a better linear fit is obtained when the data 

are plotted versus the square root of the scan rate as is observed for free ferrocene and GSH-NHFc. 

However, at fast scan rates (≥ 250 mV s-1), the data is linear with respect to the scan rate. We 

hypothesize that at faster scan rates intramolecular electron transfer within Cu-GSH-NHFc results 

in a quasi-reversible redox, which is perhaps mediated by electrode absorption, resulting in the 

observed nonlinearity with respect to the square root of the scan rate. Regardless, these findings 

demonstrate that the electrochemistry of Cu-GSH-NHFc is more complex than that of free 

A) B) 

A) B) 



 

 

22 

 

ferrocene or GSH-NHFc and that this complexity arises from the covalent linkage of the two redox 

couples. 

 
Figure 2.6: Anodic (A) and cathodic (B) Randles-Sevcik plots of 100 µM Cu- GSH-NHFc in 70% 
MeOH and 30% aqueous 100 mM TBAClO4. 

2.3.2 Homogeneous Oxygen Reduction Catalysis 
 Having established the differences in electrochemistry between Cu-GSH-NHFc and its 

individual components, next evaluated the ability of Cu-GSH-NHFc to electrocatalyze the ORR. 

A CV of an O2-sparged solution containing Cu-GSH-NHFc exhibits enhanced cathodic current 

density compared to a control experiment with a N2-sparged solution (Figure 2.7A). These results 

indicate that Cu-GSH-NHFc is a competent ORR electrocatalyst. Furthermore, the onset potential 

for O2 reduction, defined here as the potential of the negative-going scan at which the current 

density reaches 10% of its maximum value, is -0.29 V vs. AgAgCl. This onset potential is 

comparable to those observed with previously reported Cu-based molecular ORR catalysts.31,32 

B) A) 
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A CV under the same conditions with GSH-NHFc yields a lower quantity of cathodic 

current and a more negative onset potential as compared to the CV of Cu-GSH-NHFc (Figure 

2.7B, blue line). This finding demonstrates that the presence of Cu aids in the ORR 

electrocatalysis. Moreover, a CV of a mixture of the three individual free components of Cu-GSH-

NHFc (e.g. ferrocene, CuSO4, and GSH) also exhibits less cathodic current and a more negative 

onset potential (Figure 2.7B, red line). This result demonstrates that these three components must 

be covalently linked to achieve superior ORR activity. Lastly, CVs of any one or two individual 

components also result in significantly less cathodic current compared to Cu-GSH-NHFc (Figure 

2.8), which further reveal the superior electrocatalytic properties of Cu-GSH-NHFc. 

 

A) B) 

Figure 2.7: Cyclic voltammograms of electrocatalytic O2 reduction on a glassy carbon electrode 
at a scan rate of 10 mV s-1 in solutions containing 100 µM Cu-GSH-NHFc (A, black and B, black), 
100 µM ferrocene, 100 µM CuSO4, and 100 µM GSH (B, red), and 100 mm GSH-NHFc (B, blue). 
The red line in panel A displays a control experiment in which the Cu-GSH-NHFc solution was 
sparged with N2 instead of O2. All solutions also contained 70% MeOH and 30% aqueous 100 mM 
TBAClO4. 
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Figure 2.8: Cyclic voltammograms of electrocatalytic O2 reduction on a glassy carbon electrode 
at a scan rate of 10 mV s-1 in solutions containing 100 µM Cu-GSH-NHFc (black), 100 µM CuSO4 
(red), 100 µM ferrocene (blue), 100 µM ferrocene and 100 µM CuSO4 (green), 100 µM CuSO4 
and 100 µm GSH (purple), and 100 µM ferrocene and 100 µM GSH (yellow). All solutions also 
contained 70% MeOH and 30% aqueous 100 mM TBAClO4. 

 

2.3.3 Heterogeneous Oxygen Reduction Catalysis and Rotating Disk Experiments 
 We next heterogenized the Cu-GSH-NHFc catalyst on a glassy carbon electrode so that its 

ORR activity could be evaluated in a completely aqueous electrolyte. Figure 2.9A shows LSVs in 

O2-sparged pH 5.5 buffer of a glassy carbon rotating disk electrode (RDE) modified with Cu-GSH-

NHFc on Vulcan-XC 72 carbon with a Nafion binder. As expected, the ORR current density 

increases with increasing rotation speed due to enhanced mass transfer at higher rotation speeds.  
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Figure 2.9: Electrocatalytic O2 reduction by Cu-GSH-NHFc at pH 5.5 on a rotating disk electrode 
at 10 mV s-1 at different rotation speeds (A). Number of electrons transferred per O2 consumed 
using Cu-GSH-NHFc (black) and Cu-GSH (red) catalysts as determined by Koutecký-Levich 
analysis from rotating disk electrochemistry (B). 

The number of electrons transferred during O2 reduction is calculated from the rotating 

disk electrode experiments using the Levich equation, which is shown below. 

 

𝐼 = (0.620)𝑛𝐹𝐴𝐷! "# 𝜔$
!# 𝜈%$ &# 𝐶 

In this equation, I is the steady-state current, taken to occur at -0.75 V vs. Ag/AgCl, n is the number 

of electrons transferred, F is Faraday’s constant in C/mol, A is the area of the electrode in cm2, D 

is the diffusion coefficient of the reactant in cm2/s, ω is the rotation speed of the electrode in rad/s, 

ν is the kinematic viscosity of the electrolyte in cm2/s, and C is the concentration of the reactant in 

mol/cm3. 

 

Linear plots are obtained when the steady-state current (I) is plotted against the square root of the 

electrode rotation speed (ω1/2). The slope of this line is equal to: 

𝑆𝑙𝑜𝑝𝑒 = 𝑛𝑥 

A) B) 
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where n is the number of electrons and x embodies all of the other values in the above expression, 

which remain constant across experiments. 

Because it is known that unmodified glassy carbon electrodes operate via a two-electron O2 

reduction pathway,1 the number of electrons can be calculated by comparing the slopes of the 

modified and unmodified glassy carbon electrodes as follows.	

2
𝑆𝑙𝑜𝑝𝑒'()*+*,)
𝑆𝑙𝑜𝑝𝑒-.'()*+*,)

= 𝑛 

This procedure has been widely used elsewhere.33 

Through Koutecký-Levich analysis, we calculated the average number of electrons 

consumed per O2 during catalysis by Cu-GSH-NHFc as a function of pH (Figure 2.9B, black 

points). Figure 2.10 represents the respective LSVs in RDE experiments. Within experimental 

error, Cu-GSH-NHFc reduces O2 through a four electron pathway at pH values of 4.0, 5.5, and 

7.0, which for most applications, such as fuel cells, is desirable. In contrast, at pH values of 2.5, 
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8.5, and 10.0, Cu-GSH-NHFc catalyzes the ORR with an average of less than four electrons per 

O2. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

C) D) 

E) 

B) A) 

Figure 2.10: Electrocatalytic O2 reduction by Cu-GSH-NHFc at pH 2.5 (A), pH 4 (B), pH 7 (C), pH 
8.5 (D), and pH 10 (E) on a rotating disk electrode at 10 mV s-1 at different rotation speeds. 
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To evaluate the of pH and counter ions effect, we did the rotating ring disk electrode 

(RRDE) experiments with 400 RPM ratation using 1.2 M Britton – Robinson (BR) buffer which 

shows the similar number of  electrons transfering duing the ORR with small experimental errors 

(Figure 2.11). The ideal rotating rind disk electrode experimental graphs show in figures 2.12 and 

2.13 for CuGSH and Cu-GSH-NHFc, respectivley.   

 
Figure 2.11: Number of electrons transfering per molecule of O2 during ORR in rotating ring disk 
electrode (RRDE) experiments using 1.2 M Britton-Robinson (BR) buffers at -0.75 V. 
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Figure 2.12: Electrocatalytic O2 reduction by Cu-GSH at pH 2.5 (A), pH 4 (B), pH 5.5 (C), pH 7 
(D), pH 8.5 (E), and pH 10 (F) on a rotating ring disk electrode at 10 mV s-1 at different rotation 
speeds. 

A) B) 

C) 
D) 

E) F) 
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Figure 2.13: Electrocatalytic O2 reduction by Cu-GSH-NHFc at pH 2.5 (A), pH 4 (B), pH 5.5 (C), 
pH 7 (D), pH 8.5 (E), and pH 10 (F) on a rotating ring disk electrode at 10 mV s-1 at different 
rotation speeds. 

C) D) 

A) B) 

E) F) 
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These results indicate that at pH values outside the 4-7 range, Cu-GSH-NHFc generates a 

significant fraction of H2O2 during the ORR. Because these two pH regimes correspond well with 

the pKa values of glutathione, we hypothesize that protonation and deportonation events of 

glutathione outside of the pH 4-7 range cause the Cu coordination environment in Cu-GSH-NHFc 

to change in a manner that is less amenable to the four electron reduction pathway. Assuming 

similar pKa values for unmodified GSH as compared to GSH-NHFc, the relevant pKa values are 

2.12 for the carboxylic acid, 8.66 for the primary amine, and 9.62 for the thiol.34 Therefore, at pH 

values from 4-7, GSH-NHFc will be zwitterionic. In contrast, a large fraction of GSH-NHFc 

molecules will be cationic or anionic at pH values of 2.5 or 8.5 and 10.0, respectively. As is 

observed here, protonation events of other ORR catalysts comprised of Cu complexes of nitrogen-

containing ligands dramatically affect ORR activity.35,36  

 We also compared the number of electrons reduced during ORR by Cu-GSH-NHFc to Cu-

GSH (Figure 2.9B, red points). The later of which does not contain the appended ferrocene moiety. 

Figure 2.14 represents the ideal RDE figures of Cu-GSH for ORR in different pH buffer solution.  

At all pH values tested, Cu-GSH catalyzes the ORR with an average of less than four electrons per 

O2. This finding indicates that the covalently attached ferrocene moeity in Cu-GSH-NHFc is 

instrumental in enabling the catalyst to reduce O2 by four electrons and avoid the production of 

H2O2.  
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Figure 2.14: Electrocatalytic O2 reduction by Cu-GSH at pH 2.5 (A), pH 4 (B), pH 5.5 (C), pH 7 
(D), pH 8.5 (E), and pH 10 (F) on a rotating disk electrode at 10 mV s-1 at different rotation speeds. 

A) B) 

C) D) 

E) F) 
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UV-Vis spectroscopy was used to detect partially reduced O2 product H2O2. The procedure 

is following: 

UV-Vis spectrum of resorufin formed from an Amplex Red assay for H2O2. Rotating disk 

electrochemistry was performed with a glassy carbon electrode modified with Cu-GSH in a 

solution containing pH 7 phosphate buffer (4.85 mL, 100 mM), Amplex Red (50 µL, 10 mM in 

DMSO), and 0.1 mg horseradish peroxidase. Before electrochemistry was performed, the solution 

was clear. After electrochemistry, the solution turned pink due to absorbance by resorufin with a 

peak absorbance at 571 nm (Figure 2.15). This experiment demonstrates that H2O2 was formed 

during the electrochemistry. The same assay has previously been used to detect H2O2 produced by 

other O2 reduction electrocatalysts.37 

 
Figure 2.15: UV-Vis spectrum for detecting H2O2. 

2.4 Mechanism of Oxygen Reduction by Cu-GSH-NHFc and Cu-GSH. 
 We now discuss a possible mechanistic rationalization for why the ferrocene moiety in Cu-

GSH-NHFc allows the catalyst to favor the four-electron pathway for the ORR. A careful analysis 

of the literature describing molecular Cu ORR catalysts reveals that multinuclear (typically 

dinuclear) Cu centers are involved in catalysts that reduce O2 via the four-electron pathway.37,38 

Even catalysts containing nominally mononuclear Cu complexes were later shown to operate via 
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a dinuclear mechanism.39 For these reasons, we propose that the Cu complexes here also reduce 

O2 via a dinuclear Cu center, but studies in our laboratory are ongoing to further interrogate this 

point.  

 In order to propose a mechanism, it is useful to determine the stoichiometry of Cu-GSH-

NHFc. By collecting UV-visible absorbance spectra across different molar ratios of Cu ions and 

GSH-NHFc, we used Job plot analysis to determine that in Cu-GSH-NHFc, Cu and the GSH-

NHFc ligand exist in a 1:1 molar ratio (Figure 2.16). This Job plot analysis was also confirmed by 

ICP – MS analysis which shows that the Cu : Fe ration is 0.98 : 1 close to the theoretical 1:1 value.  

 
Figure 2.16: Job plot (A) and corresponding representative UV-Vis data (B) for Cu-GSH-NHFc. 

Similar UV-vis experiments with Cu-GSH also suggest a 1:1 molar ratio between Cu and 

the ligand (Figure 2.17). Although there is debate over the Cu coordination environment in Cu-

GSH,24,25,41 most studies suggest involvement of the carboxylate and amine moieties of the 

glutamate residue and/or the thiol group. Our finding that a 1:1 Cu to ligand stoichiometry exists 

in both Cu-GSH and Cu-GSH-NHFc is consistent with the Cu in Cu-GSH-NHFc having an 

analogous coordination environment as in Cu-GSH, especially when considering that the Fc is 

A) B) 
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attached via the pendant glycine residue. In biological contexts, Cu-GSH has been shown to 

chemically react with O2 to form Cu complexes of oxidized glutathione (Cu-GSSG).41,42  

 
Figure 2.17: Job plot (A) and corresponding representative UV-Vis data (B) for Cu-GSH. 

A further set of experiments with Cu and oxidized glutathione demonstrates that under our 

conditions, the Cu:GSSG ratio is 2:1 in the Cu-GSSG complex (Figure 2.18). Because this 

stoichiometry is different from those found for Cu-GSH and Cu-GSH-NHFc, this finding suggests 

that within the time scale of our experiments, the GSH in Cu-GSH-NHFc is not chemically 

oxidized by dissolved O2 to form GSSG. In other words, the GSH moiety is stable within Cu-GSH-

NHFc and does not form GSSG, at least in the absence of any electrochemistry.  

 

A) B) 
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Figure 2.18: Job plot (A) and corresponding representative UV-Vis data (B) for Cu-GSSG. 

Based on these findings and previous dinuclear Cu ORR mechanisms31,43 we propose a 

mechanism for ORR by both Cu-GSH-NHFc and Cu-GSH (Figure 2.19). First, two Cu-containing 

complexes react with O2 to form a dimeric Cu-O-O-Cu intermediate in a two-electron transfer step. 

When electron transfer is relatively rapid, further electron transfer can occur to yield the four-

electron product, H2O (blue box). We hypothesize that the covalently bound ferrocene moieties 

increase electron transfer rates to the Cu active site, thus explaining why Cu-GSH-NHFc is capable 

of catalyzing the ORR by four electrons.  

 

Figure 2.19: Proposed mechanism for electrocatalytic O2 reduction by Cu-GSH-NHFc and Cu-

GSH. 

A) B) 
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In contrast, without the appended ferrocene groups, the electron transfer rates to the Cu 

active site are slower. In this case, protonation of the Cu-O-O-Cu intermediate occurs as a side 

reaction, which results in the formation of the two-electron product, H2O2 (red box). This 

production of H2O2 at relatively slow electron transfer rates explains why Cu-GSH does not reduce 

O2 by four electrons regardless of the pH. Our finding that covalently attached ferrocene groups 

can improve the ORR catalyzed by Cu complexes is similar to previous work demonstrating that 

ferrocene-modified Fe porphyrins also catalyze the ORR by four electrons.42  

We view using ferrocene to accelerate electron transfer as a complimentary approach to 

previous studies in which the rates of proton transfer were decreased to dinuclear Cu ORR catalysts 

using membranes.43 In these studies, the slower proton transfer rates are thought to decrease the 

rates of protonating the Cu-O-O-Cu intermediate, thus avoiding the production of H2O2 (red box) 

Here, with a ferrocene-modified Cu ORR catalyst, the opposite approach is taken whereby faster 

electron transfer rates favor O-O bond breaking (blue box), which also avoids H2O2 production 

and yields a catalyst that selectively produces H2O. 

 

2.5  Conclusions. 
We synthesized Cu complexes of glutathiones and evaluated their catalytic activity towards 

ORR. CV studies demonstrate that intermolecular electron transfer in Cu-GSH-NHFc occurs 

between Cu and the Fe in the ferrocene-modified glutathione ligand. Homogeneous catalysis 

results show that Cu, GSH and ferrocene by themselves do not have the same ORR activity as Cu-

GSH-NHFc, thus proving the utility of covalently binding these components together. Rotating 

disk electrode and rotating rind disk electrodes experiments indicate that Cu-GSH-NHFc catalyzes 

the ORR through a four-electron pathway at pH 4.0-7.0, while the Cu-GSH catalyst without the 
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appended ferrocene catalyzes the ORR with less than four electrons regardless of pH. These 

findings imply that the attached ferrocene in Cu-GSH-NHFc is instrumental in the catalyst’s ability 

to reduce O2 to H2O. We propose a mechanism based on competing rates of proton and electron 

transfer events that is consistent with these findings. We anticipate that this understanding will 

contribute to the development of future non-precious metal ORR catalysts based on rational design 

rules.  
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3 Chapter Three 
Electrocatalytic Oxygen Reduction by Cu Complexes of Tripeptide 

Derivatives of Glutathione 

3.1 Introduction. 
The O2 reduction reaction (ORR) is a central reaction in fuel cells, air batteries, and 

corrosion.1–3 Although fuel cells have been used commercially since the 1960’s, they have not 

been adopted on a large scale due to the slow kinetics and extensive overpotential of the ORR, 

which limits the energy efficiency and operating voltage of fuel cells. This large overpotential 

originates from the high strength of the O=O double bond (489 kJ/mol).4  

A wide variety of different catalysts have been studied to decrease ORR overpotential. Pt-

based ORR catalysts are the most successful with an overpotential of ∼300 mV.4–6 However, the 

high cost of Pt-based catalysts has prevented their widespread adoption. For this reason, a large 

amount of research has focused on the development of efficient non-precious metal ORR 

catalysts.7-16 Biological systems indicate that it is possible to develop non-precious metal ORR 

catalysts that operate at low overpotentials. For example, laccase, a multicopper protein, exhibits 

diffusion-limited O2 reduction with an overpotential of only ∼70 mV.17,18 Unfortunately, laccase 

is not stable over a wide pH range, and its large volume results in a low current density.19-21  

The development of synthetic small-molecule Cu complexes is a promising strategy to 

produce inexpensive ORR catalysts with high current densities.22-24 Beyond the ORR, Cu-based 

catalyst have emerged as promising non-precious metal catalysts in general.25-28 Anson and co-

workers demonstrated that Cu complexes of 1,10-phenanthroline (phen) on graphite catalyze the 

four-electron reduction of O2 to H2O.29-31 Chidsey and co-workers synthesized mononuclear Cu 

complexes with modified phen-based ligands and determined relationships between the electronic 
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and steric properties of the ligands and the O2 reduction performances.32 Karlin and co-workers 

developed a mononuclear Cu(II) complex that efficiently catalyzes the four-electron reduction of 

O2 to H2O via a peroxodicopper(II) complex that is chemically reduced in the presence of 

decamethylferrocene.33 Cao and co-works described a dinuclear Cu complex with pyridine and 

polyamide motifs for the four-electron reduction of O2 to H2O.34 

In chapter two, we have discussed the ORR activities of Cu complexes of a simple 

tripeptide, glutathione (GSH).35 In particular, we synthesized a ferrocene-modified glutathione that 

facilitates fast electron transfer to Cu, which results in higher selectivity for the four-electron 

reduction of O2 to H2O than the unmodified Cu-GSH complex. These results imply that glutathione 

can serve as an appropriate scaffold for efficient Cu ORR catalysts if properly modified.  

In this chapter, to further pursue the strategy of using GSH as a research direction for 

creating active Cu ORR catalysts, we systematically study the relationship between tripeptide 

compositional relatives of GSH and the O2 reduction activities of their Cu complexes. We 

rationalize the observed electrochemical trends by using physicochemical models that account for 

Cu2+-peptide binding constants and molecular aggregation quantified using FTIR spectroscopy. 

3.2 Methods. 

3.2.1 General Procedures  
Peptide syntheses are described in the section below. All other chemicals were procured 

from commercial sources and used without purification. All electrochemical studies were 

performed using a VSP-300 Biologic potentiostat. A four-electrode cell was utilized in which 

modified glassy carbon served as the disc working electrode, Pt ring served as the ring electrode, 

a graphite rod functioned as the counter electrode, and a Ag/AgCl/3 M KCl (eDaq, Inc.) electrode 

was used as the counter electrode. Glassy carbon electrodes were polished using a suspension of 

0.05 μm alumina followed by sonication for 8 min in water. The Pt ring electrodes (Pine Research 
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Instrumentation, Inc.) were cleaned electrochemically in 15 mL of 0.1 M HClO4 solution by 

cycling from -0.4 V to +1.7 V vs. Ag/AgCl at 100 mV/s until the oxide stripping at ∼0.35 V 

remained constant.24 

3.2.2 Peptide Synthesis 
3.2.2.1 Glutathione Amide Synthesis  
Glutathione amide (GSHAmide) was synthesized via a two-step process based on a slightly 

modified literature procedure.36 Briefly, in the first step to form the monoethyl ester, 2 g of reduced 

glutathione (GSH) was dissolved in 25 mL of 1.8 M methanolic HCl. The mixture was 

continuously stirred for 3 hours at room temperature. The resulting solution was cooled at 0°C, 

and 180 mL of ice-cold diethyl ether was added. After letting the reaction mixture stand for 1.5 

hours at 0°C, the ether was decanted. The precipitate was then washed two times with 60 mL of 

ice-cold water and dried under reduced pressure. 1.8 g GSH-ester (90% yield) was produced in the 

first step. 1H NMR (MeOD-d4) d 4.52 (t, 1H, CysCH), 4.02 (m, 3H, GlyCH2, GluCH), 3.75 (s, 3H, 

-OCH3), 2.91 (dd, 2H, CysCH2), 2.57 (m, 2H, -CH2CH2CO-), 2.20 (m, 2H, -CH2CH2CO-). In the 

second step, which is an aminolysis reaction with ammonia, we followed the literature procedure 

to produce GSHAmide. 

3.2.2.2 Syntheses of Other Peptides: Glutamic Acid-Cysteine-Glycine (ECG), 
Asparagine-Cysteine-Glycine (NCG), and Glutamine-Cysteine-Glycine (QCG) 

ECG, NCG, and QCG peptides were synthesized using standard Fmoc-protocols 

employing Knorr resin on a PS3 automated peptide synthesizer (Protein Technologies, Inc., 

Woburn, MA). The crude peptides were cleaved from the resin by addition of 92.5% trifluoroacetic 

acid (TFA), 2.5% distilled water, 2.5% triisopropylsilan, and 2.5% 1,2-ethanedithiol with stirring 

for 3 hours. Then, the peptides were purified by reverse-phase high-performance liquid 

chromatography (HPLC, Waters) using a Vydac C18 column. The residual TFA from the peptide 
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cleavage and purification was then removed by subsequent reconstitutions with 0.1% HCl 

followed lyophilization. 

The peptides structures are characterized by matrix-assisted laser desorption ionization 

(MALDI) mass spectroscopy (Bruker Microflex Daltonics, Inc., Billerica, MA). First, a saturated 

matrix, α-cyano-4-hydroxycinnamic acid, was prepared in 55%/44% water/acetonitrile solution. 

For the MALDI mass spectra, a drop of a saturated matrix was added and left to dry on the MALDI 

plate. Then, a drop of one of the diluted peptides (~1 mM water/acetonitrile solution) was added 

to the MALDI plate and left to dry. Figure 3.1 shows MALDI mass spectra of QCG, ECG, and 

NCG peptides and the spectral regions zoomed containing the peptide masses. Panel D of Figure 

3.1 shows the MALDI spectrum of matrix, α-cyano-4-hydroxycinnamic acid, alone.  

Upon careful inspection, the peaks in the mass spectra of QCG, ECG, and NCG can be 

accounted for by direct comparison to the matrix mass spectrum by itself. It should be noted that 

the intensities of the matrix peaks can vary due to application to the MALDI plate. Any small peak 

contributions to the mass spectrum can further be accounted for by residual sample left on the 

MALDI plate after cleaning. It should be noted that the total masses corresponding to QCG 

isotopes were also found at m/z 307.067, 308.045, 309.04, and m/z 310.037. A single peak 

corresponding to the total mass of NCG was observed at m/z 293.087. Note, the peaks 

corresponding to the isotopic distribution of the NCG peptide does not appear in the MALDI mass 

spectrum due to overlap with the matrix. The total mass and corresponding isotopic distribution of 

ECG was detected at m/z 308.028, 309.04, 310.037, and m/z 311.036 (Figure 1).  
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Figure 3.1: MALDI mass spectra of QCG, ECG, NCG, and matrix. 

 

3.2.3 Binding Constant Determination 
A Shimadzu UV-2550 spectrometer was used to measure the binding constants of Cu2+ to 

the various peptides. An aqueous peptide solution (0.4 mL of 2 mM except for GSHAmide, which 

was 10 mM) was used, and an aqueous CuSO4 solution (0.5 M for ECG, 0.4 M for QCG and NCG, 

0.1 M for GSHAmide) was added in intervals of 2.5 µL. UV-Vis absorbances were measured in 

the 200-500 nm range, and the absorbance peak at ~225 nm was plotted versus the number of 

equivalents of Cu2+ added. To calculate the binding constants, fits to these plots were obtained 

using the single ligand binding saturation macro (y = Bmaxx/(Kd + x), where Kd is the dissociation 

constant, in SigmaPlot. 

A) B) 

C) D) 
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3.2.4 Electrochemical Experiments  
Peptide (3.0 mg), CuSO4 (3.0 mg), carbon (5.0 mg, Vulcan XC-72), and Nafion solution 

(30 μL, 5 wt %, D520, Fuel Cell Store, Inc.) were mixed and vortexed for 5 minutes. After 

vortexing, 5.0 mL MeOH was added, and the mixture was sonicated for 10 minutes to give a 

homogeneous suspension. About 80 μL of the suspension was drop cast on the glassy carbon 

electrode (5 mm in diameter) and dried using a custom-built upright rotator at a rotation speed of 

8 rpm to ensure uniform film formation. This modified electrode was then used as the working 

electrode for rotating ring-disk electrode (RRDE) experiments using an electrode rotator (MSRX, 

Pine Research, Inc.). The ring potential was held constant at +1.5 V vs. Ag/AgCl during RRDE 

experiments. 1.2 M Britton-Robinson buffers (400 mM H3BO3, 400 mM H3PO4, 400 mM 

CH3COOH) were used and adjusted to the desired pH using NaOH. Voltammetry was performed 

with 45 mL of buffer solution after it was sparged with O2 for at least 10 minutes. Onset potentials 

were determined by calculating the voltage at which the current density for each voltammogram 

is equal to 10% of the current density at -1 V vs. Ag/AgCl. All reported error bars represent 

standard errors obtained from experiments that were at least duplicated. Potentials were converted 

to RHE using the following equation: V (vs. RHE) = V (vs. Ag/AgCl) + 0.21 + 0.059*pH. 

3.2.5 FTIR Experiments  
Deuterium exchange of the amide residues was achieved by performing 2-3 reconstitutions 

in D2O followed by lyophilization. Additional 1.2 M Britton-Robinson buffer solutions were 

prepared with CuSO4 (6 mg of CuSO4 in 10 mL buffer solution) and exchanged with D2O. 

Following the final deuterium exchange, the samples were reconstituted in D2O, sonicated for 15 

minutes, and then filtered with a 0.2 µm syringe filter. 

 For the FTIR experiments, a stock solution for each peptide was prepared by dissolving 

~20-30 mg of peptide in 10 mL of D2O (~0.1 OD at 1650 cm-1).  This stock solution was separated 
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equally among twelve vials and lyophilized to maintain a similar amount of product in each 

container. Each Cu2+ peptide complex and peptide alone was suspended in equal volumes of the 

prepared buffer solutions at different pHs and sonicated for 15 minutes. 

FTIR spectra were obtained using a ThermoNicolet 6700 FTIR spectrometer equipped with 

a liquid nitrogen-cooled mercury cadmium telluride (MCT) detector. To collect higher sensitivity 

spectra and correct the baseline more accurately, the IR beam was routed into a home-built 

temperature-controlled setup.37 A homemade CaF2 sample holder was divided into two 

compartments with a 50 μm Teflon spacer for better background subtraction (i.e., buffer) under 

identical conditions. An automated translation stage moves the sample cell between the reference 

and the sample side collecting a single beam spectrum to account for drift and stability. All 

measurements were carried out in a nitrogen-purged chamber at ambient temperatures of 20°C. 

The sample and background spectra were averaged over 128 scans.   

3.2.6 ICP-MS Analysis 
A peptide solution in EtOAc (3 mM) was mixed with an equal volume of an aqueous 

solution of Cu(ClO4)2. The Cu complex of the peptide that formed in the EtOAc layer was 

separated from the aqueous layer and dried over anhydrous Na2SO4. The organic solvent was 

subsequently removed via reduced pressure. Inductively coupled plasma-mass spectrometry (ICP-

MS) was performed to quantify the Cu and S in the complex. 

3.2.7 Modeling  
FTIR data were utilized to quantify the total amount of peptide aggregation as a function 

of sequence as well as over a variety of pHs for each peptide alone and the Cu2+ peptide complexes. 

The vibrational spectra were decomposed into component peaks using a fitting method that 

included a sum of Gaussian functions, 𝑦 = 𝐴 ∗	𝑒%/∗12(!)∗
("#"$)&

'& , where xc is the center frequency, 
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A is the amplitude, and w is the full-width at half maximum (FWHM). Then, the total amount of 

aggregation was quantified by taking the product of the FWHM and the amplitude of the peaks at 

~1620 cm-1 and ~1680 cm-1, corresponding to anti-parallel beta sheets aggregates.38-40 Linear 

combinations of the relative populations of each vibrational transition were screened during 

modeling, and a linear combination of 66% of the 1620 cm-1 and 34% of the 1680 cm-1 yielded the 

best-fit to the models.  

Binding constants, which were obtained from UV-Vis spectra as described above, were 

measured at unadjusted pH. Binding constants could not be determined experimentally at different 

pH values due to the poor solubility of the Cu complexes in water. For this reason, the binding 

constants at different pH values were estimated by considering how the denticity of the peptide 

changes with pH. The amine group (-NH2) on the N-terminus of each peptide and the carboxylate 

group (COO-) on peptides containing a glutamate residue, both of which readily bind to Cu2+, were 

each considered to increase the denticity of the peptide by one vis-à-vis peptides that do not contain 

these groups or contain protonated forms of these groups (i.e. -NH3+ and –COOH). Binding 

constants at different pH values were then calculated assuming the binding constants increased by 

a factor of 100 per increase in denticity, which is a reasonable approximation for Cu2+ complexes 

of aminocarboxylate ligands.41 The denticity values were adjusted at the various pH values 

according to the relative populations of protonated and deprotonated forms according to the 

Henderson-Hasselbalch equation. 

 The aggregation and binding constant values were then normalized on a scale from 0 to 1. 

Similarly, the number of electrons transferred per mole of O2 reduced as determined by RRDE and 

the logarithms of the maximum magnitude of the ORR currents measured during voltammetry per 

mole of catalyst were normalized on a scale from 0 to 1. The current per mole of catalyst was 
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determined by first calculating the amount of catalyst loaded on each disc electrode. These values 

were determined by integrating the Cu(II)/Cu(I) redox couple measured during voltammetry under 

the assumption that each peptide binds to Cu in a 1:1 ratio, as determined by ICP-MS results. The 

maximum magnitude of ORR current was then divided by the calculated moles of Cu catalyst. 

 The models compared the normalized electrochemistry data to linear combinations of the 

normalized aggregation and binding constant values. Normalized values are referred to as “scores” 

from 0 to 1 throughout the manuscript. Each model consisted of a different linear combination 

with a weighting of 0 ≤ x ≤ 1 for the aggregation values and a weighting of 0 ≤ 1-x ≤ 1for the 

binding constant values. An increment of 1% was used for x to give 101 different sets of weighting 

values. For each of these 101 weighting values, positive and negative correlations were evaluated. 

In other words, four different sets of models were considered, those that compared the 

electrochemistry data to 1) increasing aggregation and increasing binding constant, 2) increasing 

aggregation and decreasing binding constants, 3) decreasing aggregation and increasing binding 

constants, and 4) decreasing aggregation and decreasing binding constants. Therefore, in total, 404 

(101 x 4) models were considered. For both the number of electron and current data, the selected 

best-fit models were the ones that possessed the lowest residues between the modeled values and 

experimental electrochemistry data. 
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3.3 Results and Discussion. 

3.3.1 Structure and Synthesis of Peptides 

 
Figure 3.2: Predominant chemical structures of GSH (A), GSHAmide (B), ECG (C), QCG (D), 
and NCG (E) at neutral pH. 

 
 

The Cu complexes of five different peptides were evaluated as ORR catalysts. The baseline 

catalyst is the previously studied Cu complex of glutathione (Cu-GSH). Glutathione is a tripeptide 

with a gamma linkage between the side chain of glutamate and the amine group of cysteine (Figure 

3.2A). Three additional peptides in this work were synthesized using standard Fmoc-based solid-

GSH 

A) 

GSHAmide 

B) 

ECG 

C) D) 

QCG 

E) 

NCG 
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phase peptide synthesis with rink amide resin, which results in amidation of the C-terminal glycine 

residue (Figures 3.2C-3.2E). An additional peptide, GSH-carboyxamide (GSHAmide), was 

synthesized from the amidation of the C-terminus of glutathione (Figure 3.2B). Together, the four 

amidated peptides allow for a fair set of comparison of catalytic activities for the Cu complexes. 

Previous studies demonstrate that the carboxylate on the glycine of glutathione does not bind to 

Cu2+, and we therefore hypothesize that modification of the glycine with an amide would not 

significantly affect the Cu2+ binding constants of the peptides. Indeed, measurements discussed in 

detail later in this chapter indicate that the binding constants of Cu-GSH and GSHAmide are 

similar. The Cu complex of ECG (Cu-ECG) was considered because ECG is a glutathione analog 

in which the glutamate residue is attached via a normal peptide linkage to cysteine instead of a 

gamma linkage (Figure 3.2C). We also evaluate Cu-QCG and Cu-NCG. QCG is a glutamine 

analog of ECG in which the carboxylate side chain is replaced by an amide (Figure 3.2D), and 

NCG (Figure 3.2E) contains one less methylene group on the sidechain than QCG. These peptides 

allow us to investigate the effects of carboxylate versus amide side chains of different lengths in 

the binding pocket of Cu2+ and the resulting effects on ORR catalysis. 

3.3.2 Rotating Ring-Disc Electrochemistry 
 

First, we investigated the ORR catalysis of different Cu2+-peptide complexes by rotating 

ring-disc electrode (RRDE) experiments using O2-saturated Britton-Robinson buffers at different 

pH values ranging from 2.5-10 (Figures 3.3-3.10). For all catalysts studied and at all pH values, 

the ORR onset potentials for each Cu2+-peptide complex were significantly more positive than 

those of the corresponding peptide without Cu (Table 3.1). These results indicate that Cu is needed 

to increase ORR activity.  
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Figure 3.3: Electrocatalytic O2 reduction by GSHAmide at pH 2.5 (A), pH 4 (B), pH 5.5 (C), pH 
7 (D), pH 8.5 (E), and pH 10 (F) on a rotating ring-disk electrode at 10 mV s-1 at 500 rpm. 

A) B) 

C) D) 

E) F) 
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Figure 3.4: Electrocatalytic O2 reduction by Cu-GSHAmide at pH 2.5 (A), pH 4 (B), pH 5.5 (C), 
pH 7.0 (D), pH 8.5 (E), and pH 10 (F) on a rotating ring-disk electrode at 10 mV s-1 at 500 rpm. 

A) B) 

C) D) 

E) F) 
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Figure 3.5: Electrocatalytic O2 reduction by ECG at pH 2.5 (A), pH 4 (B), pH 5.5 (C), pH 7 (D), 
pH 8.5 (E), and pH 10 (F) on a rotating ring-disk electrode at 10 mV s-1 at 500 rpm. 

A) B) 

C) D) 

E) F) 
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Figure 3.6: Electrocatalytic O2 reduction by Cu-ECG at pH 2.5 (A), pH 4 (B), pH 5.5 (C), pH 7.0 
(D), pH 8.5 (E), and pH 10 (F) on a rotating ring-disk electrode at 10 mV s-1 at 500 rpm. 

A) B) 

C) D) 

E) F) 
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Figure 3.7: Electrocatalytic O2 reduction by QCG at pH 2.5 (A), pH 4 (B), pH 5.5 (C), pH 7 (D), 
pH 8.5 (E), and pH 10 (F) on a rotating ring-disk electrode at 10 mV s-1 at 500 rpm. 

A) B) 

C) D) 

E) F) 



 

 

61 

 

 
Figure 3.8: Electrocatalytic O2 reduction by Cu-QCG at pH 2.5 (A), pH 4 (B), pH 5.5 (C), pH 7 
(D), pH 8.5 (E), and pH 10 (F) on a rotating ring-disk electrode at 10 mV s-1 at 500 rpm. 

A) B) 

C) D) 

E) F) 
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Figure 3.9: Electrocatalytic O2 reduction by NCG at pH 2.5 (A), pH 4 (B), pH 5.5 (C), pH 7 (D), 
pH 8.5 (E), and pH 10 (F) on a rotating ring-disk electrode at 10 mV s-1 at 500 rpm. 

 

A) B) 

C) D) 

E) F) 



 

 

63 

 

 
Figure 3.10: Electrocatalytic O2 reduction by Cu-NCG at pH 2.5 (A), pH 4 (B), pH 5.5 (C), pH 
7.0 (D), pH 8.5 (E), and pH 10 (F) on a rotating ring-disk electrode at 10 mV s-1 at 500 rpm. 

 
 

A) B) 

C) D) 

E) F) 
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Table 3.1: Onset potentials for peptide and Cu2+ peptide complexes vs. RHE as obtained from 
RRDE experiments. 

pH GSHAmide 
Cu-

GSHAmide 
ECG 

Cu-

ECG 
QCG Cu-QCG NCG 

Cu-

NCG 

2.5 
0.08 

 

0.33 

 

-0.10 

 

0.37 

 

0.13 

 

0.31 

 

0.00 

 

0.21 

 

4.0 
0.10 

 

0.39 

 

-0.03 

 

0.45 

 

0.19 

 

0.54 

 

0.22 

 

0.33 

 

5.5 
0.23 

 

0.44 

 

0.23 

 

0.54 

 

0.20 

 

0.56 

 

0.34 

 

0.59 

 

7.0 
0.34 

 

0.51 

 

0.32 

 

0.53 

 

0.35 

 

0.58 

 

0.18 

 

0.60 

 

8.5 
0.41 

 

0.60 

 

0.46 

 

0.69 

 

0.48 

 

0.78 

 

0.56 

 

0.69 

 

10 
0.45 

 

0.71 

 

0.41 

 

0.77 

 

0.57 

 

0.85 

 

0.54 

 

0.69 

 

 

Representative RRDE plots for different Cu2+-peptide complexes at pH 5.5 are displayed 

in Figure 3.11. Interestingly, there is a sharp peak in the O2 reduction curve for the Cu-ECG 

complex at about -0.2 V, and although the origin of this peak is unknown, it is present at other pH 

values as well (Figure 3.6). Among the five Cu2+-peptide catalysts studied, there are significant 

differences in ORR activity. For example, the maximum cathodic ORR current density at -0.45 V 

vs. RHE follows the order of Cu-NCG > Cu-QCG > Cu-ECG > Cu-GSHAmide ~ Cu-GSH. The 

observation that the disc voltammetry curves between Cu-GSHAmide and Cu-GSH are the most 

similar to one another is consistent with the interpretation that the active sites of the two catalysts 

are the same, and the modified glycine residue does not participate in Cu2+ binding. For this reason, 
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we focus on relationships among the four catalysts with a C-terminal amide group (Cu-

GSHAmide, CuECG, Cu-QCG, and Cu-NCG).  

 
Figure 3.11: Electrocatalytic O2 reduction by Cu-GSH (black line), Cu-GSHAmide (red line), Cu-
ECG (blue line), Cu-QCG (green line) and Cu-NCG (purple line) in 1.2 M O2-saturated Britton-
Robinson Buffer at pH 5.5 using RRDE at 10 mV s-1 at 500 rpm. Solid line and dotted lines indicate 
the disk current density and ring current, respectively.  
 

At this level of analysis, however, there is no obvious relationship between the structure of 

the five catalysts and their ORR current densities. In an attempt to determine the molecular origin 

of the differences in ORR current, we analyzed the measured currents on per mole of catalyst 

bases. The number of moles of catalyst in each case was calculated by integrating the Cu(II)/Cu(I) 

redox couple measured during voltammetry. Representative figure of Cu(II)/Cu(I) redox couple is 

shown in figure 3.12. We assumed that each peptide binds to Cu in a 1:1 ratio, which has been 

demonstrated previously to be true for CuGSH and a related Cu tripeptide complex.31 ICP-MS 

measurements on the Cu complexes corroborate this assumption, which indicate that the Cu:S 

ratios in Cu-QCG, Cu-ECG, Cu-NCG, and Cu-GSHAmide are 1.02, 1.03, 0.94, and 1.04, 

respectively, all of which are close to the expected 1:1 ratio.  
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Figure 3.12: Representative LSVs at pH 5.5 showing the Cu(II) to Cu(I) transition that occurs 
before ORR. 

At pH 5.5, the ORR currents per mole of catalyst follows the order of Cu-QCG > Cu-ECG 

> Cu-NCG > Cu-GSHAmide (figure 3.13). Although this order is different than the raw current 

density data, there is still no obvious trend (e.g. carboxylate side chains vs. amide side chains) 

between peptide structure and current. The complete set of data at all pH values for each current 

per mole of catalyst is displayed in Figure 3.13. The currents per mole of catalysts vary by a factor 

of more than 1,000. By comparison, the diffusion coefficients of the catalysts as determined by the 

Levich equation vary less than twofold, which is expected given the generally similar structure of 

the catalysts.  Interestingly, the order of the currents across the five catalysts is different for each 

of the six pH values studied. These results suggest that there is a complicated relationship between 

catalyst activity, structure, and pH. Later in this chapter, we develop a model that takes into account 

Cu2+-peptide binding strength and peptide aggregation to rationalize the observed trends in ORR 

current as a function of pH. 
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Figure 3.13: Logarithms of maximum ORR cathodic current per mole of catalyst measured during 
RRDE for Cu-GSHAmide (black), Cu-ECG (red), Cu-QCG (blue), and Cu-NCG (green) at 
different pH values. 

In addition to the changes in the RRDE disc currents across the five catalysts that are 

reflective of ORR activity, there are also significant differences in the RRDE ring currents, which 

are reflective of ORR selectivity.42-44  In aqueous electrolytes, the ORR can occur via a four-

electron reduction pathway to produce H2O or a two-electron reduction pathway to produce H2O2. 

The one-electron reduction of O2 to superoxide generally does not occur in aqueous systems.45 In 

fuel cells, the four-electron pathway to H2O is desired because it gives the highest voltage output, 

and the reactivity of H2O2 limits device durability. By comparing the ring and disc currents and 

accounting for the collection efficiency of the ring, the average number of electrons transferred 

per O2 during ORR can be determined assuming only the two- and four-electron pathways are 

operative. 

 Figure 3.14 displays the average number of electrons transferred per O2 as calculated from 

the RRDE experiments at -0.9 V vs. Ag/AgCl across all five Cu2+-peptide catalysts and pH values. 

In general, the number of electrons transferred per O2 increases with pH. This trend indicates that 

the selectivities of the Cu2+-peptide catalysts for H2O production increase in higher pH electrolytes. 
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Enhanced selectivity with increasing pH has been observed previously for other classes of 

molecular Cu and other ORR catalysts.46-51 For both Cu-GSH and Cu-GSHAmide, the number of 

electrons transferred increases from pH 2.5 to pH 5.5, then slightly decreases at pH 7 before 

increasing at higher pH values (Figure 3.14A). The observation that the trends of Cu-GSH and Cu-

GSHAmide for ORR selectivities are the same across pH further supports the notion that 

modification of the glycine residue outside the Cu2+-binding pocket does not significantly affect 

ORR activity.  

 
Figure 3.14: Number of electrons transferred per O2 at -0.9 V vs. Ag/AgCl by Cu-GSHAmide (A, 
black points), Cu-GSH (A, red points), Cu-ECG (B, black points), Cu-QCG (B, red points), and 
Cu-NCG (B, blue points) as calculated from RRDE experiments. 

 The selectivities for the other three Cu2+ peptide catalysts also vary widely as a function of 

pH (Figure 3.14B). Notably, the number of electrons transferred for Cu-QCG at pH 4 is 3.46 ± 

0.06, which is the highest value among the five catalysts at this pH. This result indicates that the 

Cu-QCG catalyst exhibits good selectivity for the four-electron reduction of O2 to H2O despite the 

low pH, which is uncommon for Cu-based ORR catalysts.52,53  

 

A) B) 
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3.3.3 Cu2+-peptide Binding Measurements 
 
 In an attempt to understand the various relationships between pH, peptide structure, and 

catalyst performance, we first measured the Cu2+-peptide binding constants using UV-Vis 

spectroscopy. Absorbance vs. mole equivalent of Cu2+ from UV-Vis spectroscopy for different 

peptides are shown in  Figure 3.15 for the complexes. 

 

Figure 3.15: Absorbance vs. mole equivalent plots of Cu2+ with GSHAmide (A), ECG (B), QCG 
(C), and NCG (D). 

 Cu2+-peptide binding constants values calculated from UV-Vis spectroscopy is represented 

in figure 16. Cu2+ binding to GSH is known to occur in a pocket that involves the thiol group of 

cysteine and the carboxylate and amine of glutamate. We find that the Cu2+-binding constants to 

GSH and GSHAmide are similar, which is expected given that the two peptides only differ in 

A) B) 

C) D) 
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whether or not the glycine residue, which is not directly involved in binding, contains an amide 

cap. In contrast, the Cu2+-binding constant to ECG is significantly smaller than that of GSHAmide. 

Although the structures of these two peptides are similar, ECG contains a normal glutamate 

linkage, while GSHAmide contains a gamma glutamate linkage. This difference causes the amine 

group of the glutamate residue, which is protonated at neutral pH, to be closer to the thiol on the 

cysteine in ECG. Because protonated amines do not bind to Cu2+ due to electrostatic repulsion, 

this effect results in a decreased binding constant for Cu-ECG as compared to Cu-GSHAmide. 

Furthermore, the Cu2+-binding constants for QCG and NCG are the lowest among all five Cu 

complexes. The weaker binding constants for these two peptides arise from the lack of carboxylate 

on the side chain of the N-terminal residue. In the other three Cu complexes, the carboxylate binds 

to Cu2+, leading to increased binding constants. Lastly, the Cu2+-binding constant to QCG is 

significantly lower than to NCG due to differences in the distance of the amide side chain to the 

Cu2+-binding site. The amide is further away from the Cu2+-binding site in QCG, which decreases 

the overall binding constant. 

 
Figure 3.16: Binding constant of different Cu2+-peptide complexes. 

3.3.4 3.3.4. Infrared Spectroscopy and Peptide Aggregation 
 In addition to evaluating Cu2+-peptide binding constants, we utilized infrared spectroscopy 

to quantify the total peptide aggregation as the main peptide structural component. Since the amide 
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I absorption band is primarily derived from backbone carbonyl stretching vibrations with some 

NH bending, it has been extensively used to characterize the amount of native structure present in 

protein and peptide systems including aggregation.52-54 This sensitivity to peptide structure results 

from the excitonic coupling of the carbonyl modes along the backbone,55,56 hydrogen bonding,57 

and degrees of hydration.58,59 Upon aggregation, it is therefore expected that the peptide stacking, 

increased hydrogen bonding, and the degree of exposure to water of the amide group of the peptide 

will have a profound effect on, not only the vibrational frequency of the amide I, but also the 

FWHM of the observed peaks.  

 
 Two of the main absorption bands, observed at ~1620 cm-1 and ~1680 cm-1 in the infrared 

spectrum, correspond to the formation of in-phase and out-of-phase anti-parallel ꞵ-sheets, 

respectively. The vibrational frequency and amplitude of the transition at ~1680 cm-1 are not 

sensitive to the size of the sheets. However, the opposite is true of the ~1620 cm-1 band, which is 

sensitive to the dimensions of the sheets.39,60,61 This effect is largely due to the in-phase oscillation 

of the residues in-register between strands having a transition dipole perpendicular to the β-

strands.61 To quantify the amount of aggregation present, the parameters associated with these two 

absorption bands are determined by Gaussian peak fitting of the infrared spectrum. Although both 

absorption bands are often present in the infrared spectrum of aggregates, it appears that out-of-

phase anti-parallel β-sheets were more pronounced in the spectra of the peptide alone, while the 

infrared spectra of the peptide bound to the Cu2+ in the complex showed more in-phase anti-parallel 

β-sheets. 

 
In Figure 3.17, the fitting of the lower frequency aggregation band as a function of pH is shown 

for the Cu-NCG complex in D2O exchanged Britton-Robinson buffer solution.  



 

 

72 

 

 

Figure 3.17: Representation of typical normalized infrared spectrum of peptide complexes, Cu2+-
NCG.  The dotted lines demonstrate the increase of the aggregation peak, 1620 cm-1, at the 
indicated pH values. 

The total peak fitting reveals three distinct absorption bands: the two aggregation bands at 

~1620 cm−1 and ~1680 cm−1 with another absorption band at ~1650 cm−1 due to the presence of 

random coil.53,62 The pH dependency of aggregations bands and Gaussian peak fitting of different 

components of the amide I band for different tripeptides and Cu2+-tripeptides complexes are 

discussed in bellow: 

Figure 3.18 shows the pH dependency of aggregation bands at 1620 cm-1 and 1605 cm-1 of 

GSHAmide and Cu-GSHAmide in 0.1 M Britton-Robinson Buffer solution, respectively. The 

GSHAmide peptide and Cu2+-peptide complex aggregation increased significantly with increasing 

pH.  
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Figure 3.18: Normalized IR spectra of GSHAmide and the Cu-GSHAmide complex at 
different pHs. 

 

 

Figure 3.19 shows the results of the Gaussian peak fitting of the different components of 

the amide I band of GSHAmide as a function of pH in D2O exchanged Britton-Robinson Buffer 

solution. The graphs below show an increase in in-phase aggregation with increasing buffer pH at 

1620 cm-1.  

   

 
  

Figure 3.19: Gaussian peak fitting of the infrared spectra of GSHAmide at different pHs. 
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Figure 3.20 shows the Gaussian peak fittings of the amide I bands of Cu-GSHAmide as a 

function of pH in D2O exchanged Britton-Robinson Buffer solution. Based on the graphs below, 

in-phase aggregation at 1605 cm-1 increases with increasing pH. Note that the in-phase aggregation 

band slightly shifted to lower frequencies in the Cu-GSHAmide complexes as opposed to the 1620 

cm-1 band observed for other peptides and complexes. 

 
Figure 3.21 displays pH-dependent aggregation bands of ECG and Cu-ECG in 0.1 M 

Britton-Robinson Buffer solution at 1680 cm-1 and 1620 cm-1, respectively. Increasing  pH 

significantly decreased peptide and Cu2+-peptide aggregation at 1680 cm-1. Cu-ECG showed the 

opposite direction in terms of pH dependence for the in-phase distribution of species, i.e. 

aggregation decreased as pH increased.  

 

  

 

Figure 3.20: Gaussian peak fitting of the infrared spectra of Cu-GSHAmide at different pHs 
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Figure 3.22 shows the results of the Gaussian peak fitting of the different components of 

the amide I band of ECG as a function of pH in D2O exchanged Britton-Robinson Buffer solution. 

The graphs below shows a decrease in out-of-phase aggregation with increasing buffer pH at 1680 

cm-1. The 1620 cm-1 aggregation band remained relatively unchanged with respect to pH. 

Figure 3.21: Normalized IR spectra of ECG and Cu-ECG complex at different pHs. 
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Figure 3.23 shows the results of the Gaussian peak fitting of the different components of 

the amide I band of Cu-ECG complex as a function of pH in D2O exchanged Britton-Robinson 

Buffer solution.  

 

  

 

Figure 3.22: Gaussian peak fitting of the infrared spectra of ECG at different pHs. 

Figure 3.23: Gaussian peak fitting of the infrared spectra of Cu-ECG at different pHs 
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Figure 3.24 shows pH-dependent aggregation bands of QCG and Cu-QCG in 0.1 M 

Britton-Robinson Buffer solution. For QCG in solution, the aggregation band at 1680 cm-1 grows 

as the pH increases. Cu-QCG did not show significant change in aggregation with respect to pH.  

 

 

Figure 3.25 shows the results of the Gaussian peak fitting of the different components of 

the amide I band of QCG as a function of pH in D2O exchanged Britton-Robinson Buffer solution. 

The QCG peptide demonstrated the least amount of aggregation for both the 1620 cm-1 and 1680 

cm-1 bands. 

 

 

 

Figure 3.24: Normalized IR spectra of QCG and Cu-QCG complex at different pHs. 
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Figure 3.26 shows the results of the Gaussian peak fitting of the different components of 

the amide I band of the Cu-QCG complex as a function of pH in D2O exchanged Britton-Robinson 

Buffer solution. Cu-QCG shows minimal changes with respect to pH. 

 

 

Figure 3.25: Gaussian peak fitting of the infrared spectra of QCG at different pHs. 
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Figure 3.27 shows pH-dependent aggregation bands of NCG and Cu-NCG in 0.1 M 

Britton-Robinson Buffer solution. While NCG alone shows a significant pH dependency for the 

out-of-phase aggregation band at 1680 cm-1, the Cu-NCG complex showed the highest aggregation 

amount at 1620 cm-1. 

 

 

 

 
 
 
 
 

 

Figure 3.26: Gaussian peak fitting of the infrared spectrum of Cu-QCG at different pHs. 

Figure 3.27: Normalized IR spectra of NCG and Cu-NCG complex at different pHs. 
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Figure 3.28 shows the results of the Gaussian peak fitting of the different components of 

the amide I band of NCG as a function of pH in D2O exchanged Britton-Robinson Buffer solution.  

 

  

 

  

Figure 3.29 shows the results of the Gaussian peak fitting of the different components of 

the amide I band of the Cu-NCG complex as a function of pH in D2O exchanged Britton-Robinson 

Buffer solution.  

Figure 3.28: Gaussian peak fitting of the infrared spectra of NCG at different pHs. 
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In figure 3.17, two smaller additional absorption bands are observed at ~1710 cm−1 and 

<1600 cm−1 originating from the carboxylic group protonation and deprotonation states, 

respectively. The infrared spectra of the GSHAmide, ECG, and QCG peptides exhibited similar 

number of peaks at the same frequencies, but different amplitudes and FWHM for the varying 

levels of aggregation.  

 

 According to aggregation analysis of QCG, NCG, ECG, and GSHAmide peptides alone 

(without Cu2+ present), the absorption bands, observed at ~1680 cm-1 and ~1620 cm-1, clearly show 

a dependence on pH. At an initial pH, the infrared spectrum of each peptide was divided into 

Gaussian components via least squares fitting. Then, the peptide aggregation level was quantified 

by fixing the vibrational frequencies of the peaks for all amide I transitions and varying the 

amplitude and FWHM of each peak for a given pH (Figures 3.30-3.31).  

 

Figure 3.29: Gaussian peak fitting of the infrared spectra of Cu-NCG at different pHs. 
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When the pH was decreased from 10 to 2.5 for the NCG, QCG, and ECG peptides, an 

increase in intensity of the out-of-phase antiparallel β-sheet transition, 1680 cm-1, was observed 

(Figure 3.32B). However, the 1620 cm-1 transition remained mostly invariant, likely due to the 

peptides in solution forming small sized less ordered aggregates (Figure 3.32A).61 NCG 

demonstrates the most sensitivity to pH changes followed by ECG, while QCG had the least 

variation as well as the least total aggregation population. These results indicate that the aggregate 

formation is likely aided by the neutralization of the charges on the sidechains at lower pHs for 

easier β-strand stacking despite steric effects of the longer sidechains. On the other hand, the 

A) B) C) 

A) B) C) 

Figure 3.30: Relative aggregation analysis for Cu2+-peptide complexes at pH=2.5 

Figure 3.31: Relative aggregation analysis for Cu2+-peptide complexes at pH=8.5 
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shorter asparagine (N) sidechain of NCG acts as another possible hydrogen bond to stabilize the 

β-sheet stacking. 

 

 

 

 

 

 

 

 

 

 In contrast to NCG, QCG, and ECG peptides, the infrared spectra of the GSHAmide 

peptide displays in-phase aggregation at ~1620 cm-1 without the presence of the 1680 cm-1 

absorption band. This result suggests that the gamma linkage may allow for better stacking of the 

β sheets in solution and provides better ordering of hydrogen bonding. As further evidence of this 

phenomenon, the GSHAmide peptide aggregation showed reverse dependence on change of pH, 

increasing significantly with higher pH. As in the NCG above, the higher pH would afford more 

in-register hydrogen bonding across the gamma linkage providing better β-strand stacking. In 

general, Figure 3.33 illustrates the highest total aggregation population of each peptide in solution 

varies in the following way: GSHAmide > NCG > ECG > QCG. This overall trend coincides with 

the physical interpretations discussed above. 

 

A) B) 

Figure 3.32: Aggregation level analysis of peptides in 0.1 M Britton-Robinson Buffer 
solution at different pHs. 
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Figure 3.33: Total aggregation population of peptides in 0.1 M Britton-Robinson Buffer solution. 

 In the presence of Cu2+, the peptides undergo significant changes in the types of aggregates 

formed, indicated by the increase in the absorption band at ~1620 cm-1. As mentioned above, the 

amplitudes of the 1620 cm-1 transitions signify the presence of a much larger size and ordered β-

strand stack.61 The ability of the metals to trigger aggregation formation is not uncommon, 

especially for Cu2+ ions.63-66 Using a similar aggregation analysis as above, the Cu2+-peptide 

complexes were assessed for the total population aggregation. In QCG, ECG, and NCG Cu2+-

peptide complexes, the in-phase beta-sheet (frequency distributions at ~1620 cm-1) increases as 

the pH increases with the exception of ECG. Cu-ECG, due to the repulsive effect of the carboxylate 

sidechain at high pH, demonstrates the most aggregation at lower pH. The 1680 cm-1 aggregation 

band remains relatively independent of the protonation states of surrounding solvent molecules. 

Cu-ECG demonstrates the most sensitivity to pH as observed in this high frequency aggregation 

band due to the removal of the charge of the carboxylate sidechain leading to the highest total 

aggregation population at low pH (Figure 3.30C).  
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Figure 3.34: Relative aggregation analysis for Cu2+-peptide complexes at pH=5.5 

To compare the total aggregation population in the all Cu2+-peptide complexes, the 

percentages (i.e. coefficients) of each contributing aggregation band were obtained from the model 

of the catalytic behavior. A resultant linear combination of 66% and 34% of the two aggregation 

bands were used to assess the overall trends in total aggregation population at pH = 5.5 (Figure 

3.34C) (other pHs are shown in Figures 3.30C and 3.31C). This analysis at pH = 5.5 indicates the 

following ordering of total aggregation population: Cu-GSHAmide > Cu-ECG > Cu-QCG > Cu-

NCG (Figure 3.34C). However, the Cu2+-NCG peptide displayed the highest aggregation potential 

overall at high pH (Figure 3.31C), while the Cu2+-GSHAmide was equally large independent of 

the pH (Figure 3.30C and 3.31C). This trend is similar to the peptides alone, and overall expected 

because the gamma linkage and the shorter sidechain would likely enhance the in-register 

hydrogen bonding during stacking. The Cu2+-ECG has the next largest aggregation population at 

the lowest pH, which becomes inhibited at higher pHs due to repulsion of the carboxylate. Lastly, 

the Cu-QCG tends to be the least prone to aggregation.  

 

Finally, after understanding the above trends of the peptides with sequence and pH, we 

wanted to determine if the aggregation of the peptides in solution correlated to the total aggregation 

population of the Cu2+-peptide complexes. As seen in Figure 3.35, a clear trend was observed 

A) B) C) 
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between the smaller unordered solution phase aggregates and the larger ordered aggregates found 

in the Cu2+-peptide complexes. Figure 3.35 was produced by applying point for point analysis of 

each peptide starting at the highest aggregation population found in solution versus the highest 

total aggregation population found in the complex. Then, the next highest aggregation points were 

added to the plot and so on.  This linear correlation plot indicates that the short peptides can first 

be assessed for their likelihood to aggregate in solution alone to screen the one most advantageous 

ones for catalytic behavior. For example, later in this manuscript, we demonstrate how a model 

accounting for catalyst aggregation is a good predictor of catalytic current. Ultimately, these 

relationships between peptide aggregation, Cu2+-peptide complex aggregation, and catalyst 

activity could allow for a reduction in the number of systems needed for screening to discover new 

active catalysts.  

 

Figure 3.35: Total aggregation population of the Cu2+-peptide complexes vs total aggregation 
population of the peptide alone. 

3.3.5 Modeling Catalyst Performance 
 Considering both the Cu2+-binding constants and aggregation of the Cu2+-peptide 

complexes, we now seek to understand the physicochemical origins of the various electrocatalytic 

activities of the Cu2+-peptide catalysts in different pH buffers. To more readily identify possible 
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trends between catalytic activity, binding constants, and the degrees of complex aggregation, we 

quantified all of these attributes on a normalized scale from 0 to 1 across the four Cu complexes 

with C-terminal amide-capped peptides and across varying pH. For Cu2+-binding constants and 

complex aggregation metrics, a value of 0 represents the weakest binding constant and smallest 

amount of aggregation, while a value of 1 represents the strongest binding constant and largest 

quantity of aggregation. Similarly, electrocatalytic ORR metrics were also normalized. A value of 

0 represents the lowest selectivity for H2O production and the lowest current on a per catalyst 

basis, while a value of 1 represents the highest selectivity for H2O production and the highest 

current on a per catalyst basis. We call these sets of normalized values “scores.”  

When considered individually, there is no evident correlation between catalyst selectivity 

scores or catalyst current scores and binding constant scores or aggregation scores. For this reason, 

we considered linear combinations of binding constant and aggregation scores to model the 

electrochemical data. Specifically, we considered all possible linear combinations of binding 

constant and aggregation scores with weighting values in increments of 1% for both catalyst 

selectivity and catalyst current (see the “Modeling” portion of the “Experimental” section for more 

details).  
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Figure 3.36: Comparison of catalyst ORR selectivity scores (A) and ORR current scores (B) of 
the four Cu complexes with C-terminal amide-capped peptides at various pH values and scores 
calculated from best-fit models that account for the strength of Cu2+ binding and peptide 
aggregation. 

 For catalyst selectivity, the best-fit model is a linear combination consisting of a 89% 

weighting for the binding constant scores and a 11% weighting for the aggregation scores. In this 

model, the binding constants increase as the selectivities increase, and the degrees of aggregation 

decrease as the selectivities increase. For catalyst current, the best-fit model is a linear combination 

consisting of a 16% weighting for the binding constant scores and a 84% weighting for the 

aggregation scores. In this model, both the binding constants and the degrees of aggregation 

decrease as the currents increase. These two models based on binding constant and aggregation 

fairly accurately predict catalyst selectivity and catalyst current (Figure 3.36). 

 Aside from being predictive of electrocatalytic activity, the results of these two models can 

be rationalized from a physical chemistry perspective. First, the selectivity model suggests that 

well-defined Cu complexes with stronger Cu2+-binding constants that are relatively non-

aggregated possess a narrower range of reactivity, which results in more selective ORR catalysis 

(Figure 3.36A). Second, the current model suggests that loose binding and less aggregation allows 

B) A) 
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for fast electron transfer, which enhances catalytic current (Figure 3.36B). In other words, tightly 

bound Cu adducts have a lower propensity to bind to O2, which decreases current. Similarly, more 

aggregated active sites could both decrease O2 mass transfer and decrease electron transfer, also 

decreasing current. 

3.3.6 Design Rules for Cu2+-peptide ORR Catalysts 
 These models give rise to important and clear design rules for promising ORR fuel cell 

catalysts based on Cu2+-peptide complexes that are both highly selective for the four-electron 

reduction of O2 to water and that can operate at high rates. To design selective catalysts, complexes 

with relatively strong Cu2+ binding constants and weak peptide aggregation should be targeted. 

This set of design rules should also lead to catalysts that display relatively fast ORR kinetics. Even 

though strong Cu2+ binding constants are predicted to decrease catalytic current density, the 

weighting factor of the current density model as it relates to binding is small (16%), and so the 

advantageous effect of weak peptide aggregation in promoting catalytic current should outweigh 

the detrimental effect of tighter binding. In other words, our results imply that researchers should 

target Cu2+-peptide complexes with strong binding constants and weak peptide aggregation to 

further develop a promising class of non-precious metal ORR catalysts that simultaneously exhibit 

high selectivity and fast kinetics. 

3.4 Conclusions. 
A series of novel Cu2+ complexes of tripeptides, inspired by glutathione, were investigated 

as electrocatalytic ORR catalysts using rotating ring-disk electrochemistry. The tripeptide 

complexes studied and compared are Cu-GSH, Cu-GSHAmide, Cu-ECG, Cu-NCG, and Cu-QCG, 

each of which has varying catalytic activity with respect to solution pH. The selectivity and kinetic 

parameters of the catalysts were evaluated using rotating ring-disk electrochemistry. Using binding 

constant measurements and quantitative peptide aggregation measurements obtained from infrared 



 

 

90 

 

spectroscopy, we explain trends in both the selectivities and current densities of the Cu2+-peptide 

electrocatalysts. In particular, our modeling indicates that Cu2+-peptide complexes with relatively 

strong binding constants and weak peptide aggregation facilitates fast and selective catalyst 

formation for the four-electron reduction of O2 to water. We anticipate that this fundamental 

insight into catalyst design should aid in the development of future highly-active non-precious 

metal ORR electrocatalysts based on molecular Cu complexes. 
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4 Chapter Four 
Membrane-modified Electrocatalysts for Nitrate Reduction to Ammonia with 

High Faradaic Efficiency 

4.1 Introduction. 
Ammonia (NH3) is an extremely important chemical feedstock and is used extensively in 

the fertilizer, pharmaceutical, and dye industries.1-4 As a result, NH3 is the fifth most produced 

chemical in the world by volume.5 Additionally, NH3 has recently been considered as an 

alternative renewable fuel in fuel cells.6,7 The most well-established route to generate NH3 on an 

industrial scale is the Haber-Bosch process.6,8-11 Because the Haber-Bosch process is energy 

intensive and because a massive quantity of NH3 is generated annually, NH3 production is 

responsible for 1-2% of total world energy consumption and causes ~1% of global anthropogenic 

CO2 emissions.2,12-14 Another route to produce NH3 is through the electrochemical generation of 

H2 from water coupled with subsequent N2 reduction.1 However, there are several large challenges 

associated with electrochemical N2 reduction including low selectivity, low current densities, low 

N2 solubility in water, and the high dissociation energy of the N≡N bond, all of which have 

prevented the use of electrochemical N2 reduction to NH3 outside of research settings.13,15  

Alternatively, NH3 can be produced electrochemically from the nitrate anion (NO3-). In 

many respects, NO3- is a better source of nitrogen because of its high water solubility and the low 

dissociation energy of the N=O bond compared to N≡N, which allows for faster reaction kinetics.16 

Another value of using NO3- is its high natural abundance, 17,18 particularly in agricultural settings 

where it is a major environmental pollutant. Thus, the electrochemical generation of NH3 from 

NO3- under ambient conditions has the potential not only to save energy consumption vis-à-vis the 

Haber-Bosch process, but it could also play an important role in environmental remediation. For 
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example, high concentrations of NO3- in drinking water cause several health problems including 

blue baby syndrome, thyroid disease, birth defects, and cancer.19 For this reason, the United States 

Environmental Protection Agency (EPA) has set a limit of 10 mg/L of NO3- in drinking water. 20,21 

In contrast, NH3 is comparatively less toxic, and the EPA has not established a threshold for NH3 

concentration in drinking water. 

Previous research has demonstrated the activity of monometallic catalysts such as Pd,22 

Pt,22 Ag,23 Cu,23 Sn,24 and Rh for NO3- and/or nitrite (NO2-) reduction.23 Bimetallic catalysts 

including Pt-Cu,22,25 Pd-Cu,22 Pd-Sn,26 Sn-Rh,27 Sn-Ru,27 and Sn-Ir27 have also been used. 

Nonetheless, selectivity remains a challenge, and for NO3- to NH3 catalysts, N2 and H2 are common 

side products that diminish NH3 Faradaic efficiency.28  

Electrocatalyst selectivity is a concern for all reactions involving multiple proton and 

electron transfer steps and is not just limited to the NO3- reduction reaction. For example, our group 

designed new membrane-modified catalysts that can be used to increase the selectivity of the CO2 

reduction reaction.29,30 In particular, we demonstrated that when the fluoropolymer Nafion is used 

as an overlayer that interfaces the catalyst and bulk solution, a bound CO intermediate is activated 

on the catalyst surface.30 This activation of CO allows it to be further reduced to CH4, the most 

highly reduced form of carbon.  

Based on these previous results, we hypothesize that a similar strategy can be used to 

increase the selectivity of NO3- to NH3 catalysts. In NO3- reduction, NH3 is the most reduced 

product, making it the direct analog of CH4 in CO2 reduction. Furthermore, the electronic and 

structural properties of NO and CO are similar, and NO is a key intermediate in the NO3- reduction 

reaction just as CO is an important intermediate in CO2 reduction.31-34 For these reasons, we 

speculate that a metal-NO intermediate could be activated by a Nafion overlayer to increase the 
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selectivity of NH3 production. This chapter provides experimental and computational evidence in 

support of this central hypothesis.  

Nafion is a widely used fluoropolymer that is often mixed with electrocatalysts to facilitate 

proton transport or used as a separator between two half reaction compartments in full NO3- 

reduction devices.35,36 In contrast to these uses of Nafion, this work studies different metallic 

electrodes covered by Nafion overlayers. In this architecture, Nafion affects the reactivity of 

intermediates at the catalyst surface, and thus its role here is fundamentally different from the other 

common uses of fluoropolymers in electrocatalyst research. 

4.2 Experimental procedures. 

4.2.1 Materials and Electrode Preparation  
Nafion D520 dispersion was purchased from Fuel Cell Store, Inc. Cu foil (99.99%) was 

purchased from All-Foils, Inc. Ti foil (99.99%) was purchased from Stanford Advanced Materials, 

Pb foil was purchased from KRT Distributions (99.9%), and Zn foil (99.99%) was purchased from 

Belmont Metals. NaNO3 (> 99%) and Na2SO4 (> 99%) were purchased from Sigma Aldrich. 

NaNO2 (98%) was purchased from Oakwood Chemicals, Inc. The pH of solutions was measured 

using a Go Direct pH sensor (Vernier, Inc.). The unadjusted pH of the electrolytes was 

approximately 5.5 due to the presence of atmospheric CO2 in the water. More acidic electrolytes 

were pH adjusted with sulfuric acid. Nafion-modified electrodes were fabricated by drop-casting 

the Nafion dispersion directly onto the metal surfaces. To modify the thickness of the Nafion layer, 

multiple rounds of drop-casting were performed. In between each round of drop-casting, the 

Nafion dispersion was dried in an oven for 7 min at 65 °C. 

4.2.2 Electrochemical Measurements 
A VSP-300 Biologic potentiostat was used for electrochemical studies. All electrochemical 

studies were performed in a three-electrode system in which metal surfaces, a platinized-titanium 
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electrode (Rio Grande, Inc.), and a leakless Ag/AgCl/3 M KCl (eDaq, Inc.) were the working, 

counter, and reference electrodes, respectively. Current densities are reported with respect to the 

geometric area of the working electrode. The metal electrodes were rinsed with acetone and 

subsequently washed with deionized water several times before use. For evaluating NO3- reduction 

activities of each thin film, the working electrodes were studied in 10 mL of 50 mM NaNO3 and 

100 mM Na2SO4 (unless otherwise mentioned) in a two-compartment cell. The cell consisted of a 

25 mL glass beaker separated by a Nafion 117 membrane (H+ form, 183 µm, Fuel Cell Store, Inc.). 

The working and reference electrodes were in one compartment, while the counter electrode was 

placed in the second compartment. The onset potential was determined by calculating the potential 

at which the current density reached 10% of the maximum current density for each LSV. 

For electrochemical NO2- reduction, we used 10 mL 50 mM NaNO2 and 100 mM Na2SO4 

in a two-compartment electrochemical cell and followed a procedure analogous to those used for 

NO3-. For electrochemical NO reduction, we used 10 mL 100 mM Na2SO4. This electrolyte was 

sparged with NO gas for 10 minutes before running chronoamperometry. NO was synthesized 

from NaNO2 and dilute sulfuric acid according to literature procedures.37 The concentration of NO 

in a saturated aqueous solution is about 2 mM.38 For experiments with groundwater, water was 

obtained from a domestic well in Silver Springs, NV and was used directly in experiments without 

any pretreatment step. 

4.2.3 Materials Characterization 
X-ray photoelectrons spectroscopy (XPS) data was obtained using a Thermo Fischer 

Scientific Nexsa G2 Surface Analysis System using a monochromatic Al X-ray source and a spot 

size of 400 µm. The energy of the spectra was calibrated against the C 1s peak of adventitious 

carbon at 248.6 eV. Scanning electron microscope (SEM) images and energy-dispersive X-ray 
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(EDX) analysis were obtained for each sample using a JEOL JSM-7100F field emission SEM 

operated using an accelerating voltage of 15 kV. X-ray diffraction (XRD) spectra were recorded 

using a Bruker D2 X-ray diffractometer. A Renishaw in Via confocal Raman microscope was used 

to collect Raman spectra of the electrodes. For surface-enhanced Raman spectroscopy experiments 

with NO gas, NO was sparged for 10 minutes on the Cu surface before collecting the spectra. The 

Nafion-modified Cu substrates had a thickness of about 100 nm. Although we also collected 

spectra on Cu with the micron-thick Nafion overlayers used for electrochemical experiments, these 

spectra only possessed Nafion peaks and could not be used to probe the Cu-Nafion interface due 

to their large thicknesses. Before all of the experiments, the instrument was calibrated with a Si 

standard. Spectra were collected with a 10x objective lens and averaged over 10 scans. A 514 nm 

laser with a power of approximately 11 mW was used to illuminate the samples.  

4.2.4 Product Detection 
The concentration of NH3, NO2-, and NO3- after 1 hour of chronoamperometry were each 

evaluated using well-established colorimetric methods. For most electrodes, the voltage values 

used during chronoamperometry were selected such that the current density was approximately 5 

mA cm-2. For experiments with Pb electrodes, the current density decreased significantly over the 

course of 1 hr, and so a high voltage of -2.0 V was used in accordance with previous literature 

methods.39 NH3 was qualitatively detected according to a literature method using iodine.40 After 

chronoamperometry, 1 mL of the electrolyte adjusted to pH 13 with NaOH was poured onto a 3 

mg iodine crystal in a small glass vial. A black precipitate of NH4I3 upon stirring confirms the 

presence of NH3 in electrolyte. The amount of NH3 was quantified from the electrolyte using the 

indophenol method.41 All the reagents were purchased from Sigma Aldrich and were used without 

any further purification. 0.5 mL of the catholyte was taken in a glass vial, and 2 mL of a 1 M 

NaOH solution containing 5 wt. % salicylic acid and 5 wt. % sodium citrate was added. Then, 1 
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mL of 0.5 M NaClO and 0.2 mL of 1 wt. % sodium nitroferricyanide were added to the same vial. 

After waiting for 1 hr at room temperature, UV-Vis spectroscopy was performed (Shimadzu UV-

2550 spectrometer). The concentration of NH3 in the electrolyte was determined using the 

maximum absorbance at 670 nm along with an appropriate calibration curve produced using NH3 

solutions of known concentrations. 

NO3- and NO2- were evaluated using Griess reagents with and without VCl3.42 N-(1-

Naphthyl)ethylenediamine dihydrochloride (NEDD) and sulfanilamide were purchased from 

Sigma Aldrich. A 200 mL 0.5 M Hydrochloric acid solution containing 2 wt. % NEDD and 2 wt. 

% sulfanilamide was first prepared to make the Griess reagents.  

To quantify NO2-, 10 µL of reaction electrolyte was diluted with 2 mL of deionized water, 

and 0.8 mL of the Griess reagents were added. The solution was let to stand at room temperature 

for 30 minutes. The absorbances of the resulting solutions were measured using UV-VIS 

spectroscopy. The concentration of NO2- was calculated from the absorbance at 540 nm along with 

an appropriate calibration curve using NO2- solutions of known concentrations. 

To detect the amount of NO3- consumed during electrochemistry, we used a similar 

procedure as for NO2- detection, except the 200 mL Griess reagent solution contained 0.5 g VCl3 

(Sigma Aldrich). NO3- is reduced into NO2- by VCl3 through a relatively slow process, so the 

reaction was allowed to go to completion by letting the reaction mixture stand at room temperature 

for 6-10 hours. Finally, the amount of NO3- was subtracted from NO2- to determine the amount of 

NO3- remaining after electrochemistry. 

4.2.5 Faradaic Efficiency Calculations 
To calculate the Faradic efficiency (% FE) of NH3 and NO2- production, we used the 

following formula. 
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% FE = 567-89	;*,9)

<=,(>*7*689	;*,9)	
× 100                      …………………. (1) 

 
The Faradic efficiencies of N2 and H2 production were calculated from equations considering the 

feasible NO3- reduction products, which are as follows. 

 
2H+ + 2e- → H2                                                           ………………….. (2) 

9H+ + NO3- + 8e- → NH3 + 3H2O                             ……………..…… (3) 

12H+ + 2NO3- + 10e- → N2 + 6H2O                          …………….……. (4) 

2H+ + NO3- + 2e- → NO2- + H2O                              ………………..… (5) 

The catalysts studied in this work did not produce any measurable quantities (Faradaic 

efficiency > 0.1%) of NO, N2O, or N2H4. NO and N2O were detected using an Agilent 

Technologies GC-MS instrument equipped with a 7890A GC system and 5975C inert MSD with 

a Triple-Axis Detector. N2H4 was detected using the para-dimethylaminobenzaldehyde method.43 

In the absence of NO, N2O, and N2H4 production, the number of moles of N2 can be quantified by 

determining the amount of NO3- consumed (Equation 7). The Faradaic efficiency of N2 was then 

calculated from Equation (1).  

𝑛?@(	–  (initial) = 𝑛?@(	–  (final) + 𝑛?@(	–  (consumed) 

𝑛?@(	–  (consumed) =  𝑛?A(+ 2𝑛?&+ 𝑛?@&–                     …………… (6) 

 

𝑛?&  = 0.5 𝑛?@(	–  (consumed) – 0.5 𝑛?A(  – 0.5 𝑛?@&–     ……………. (7) 

 

H2 production was calculated by subtracting the total Faradaic efficiency for nitrogen-

containing products from 100%. The values obtained from H2 production were also corroborated 

by pH measurements conducted on both compartments of the cell because the number of protons 

transferred for each nitrogen-containing product is known. 
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4.2.6 DFT Calculations 
All calculations were performed with the PBE-D3 density functional in the Quantum 

Espresso package. We used large cells and were thus able to sample the Brillouin zone only at the 

Γ-point. Specifically, we used a 4 * 4 cell with three layers. Scalar-relativistic Projector 

Augmented Wave (PAW) pseudopotentials were employed with kinetic and charge cut-offs of 

50.0 Ry and 420.0 Ry, respectively, while converging all energies to a 10-7 Ry threshold.  

 

4.3 Results and Discussion. 

4.3.1 Electrocatalytic NO3- Reduction of Bare Cu and 6-µm Nafion Modified Cu 
Electrodes 
We proceeded to evaluate the electrochemical activity of Cu electrodes for NO3- reduction 

using linear sweep voltammetry (LSV) with and without NO3- or NO2- in the electrolyte. On an 

unmodified Cu electrode, the cathodic current increases as the voltage is swept negative in a NO3- 

electrolyte (Figure 4.1A, black line). The onset potential of electrocatalytic reduction, defined as 

the potential at which the current reaches 10% of its maximum value during the LSV, is -0.93 V 

vs. Ag/AgCl. The same unmodified Cu electrode in a NO2- electrolyte (Figure 4.1A, red line) 

exhibits a similar amount of current as the NO3- curve with a slightly more positive onset potential 

of -0.92 V. These results match previous literature showing that the ability of Cu to reduce NO2- 

at a more positive potential than NO3- indicates that Cu is a more effective NO3- reduction catalyst 

than most other metals.44 A LSV without NO3- or NO2- containing solely the Na2SO4 supporting 

electrolyte catalyzes the H2 evolution reaction at a much more negative onset potential of -1.42 V.  
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LSVs in the same three electrolytes with Cu electrodes modified with 6 µm of Nafion 

(Figure 4.1B) differ in two important ways from LSVs of unmodified Cu. Firstly, the current 

densities of the LSVs decrease upon addition of Nafion. This result is expected because the Nafion 

membrane slows down mass transport from the bulk solution to the electrode. Secondly, and more 

interestingly, the onset potentials for both NO3- (-0.88 V) and NO2- (-0.86 V) reduction shift to 

more positive values in the presence of the Nafion overlayer. This finding indicates that NO3- 

reduction is more thermodynamically favorable with the Nafion. Furthermore, the onset potential 

for NO3- reduction consistently shifts to more positive values as the thickness of the Nafion 

membrane increases from 3 µm to 10 µm (Figure 4.2). The onset potentials of these LSVs curves 

(defined as the potential at which 10% of the maximum current is attained) are -1.04 V, -0.88 V, -

0.83 V, and -0.75 V for the 3 µm, 6 µm, 8 µm, and 10 µm Nafion layers, respectively. As with the 

unmodified electrode, the Nafion-modified electrode still exhibits a slightly more positive onset 

A)                                                                   B)                                                                   

Figure 4.1: Linear sweep voltammograms at a scan rate of 10 mV s-1 of unmodified Cu (A) and 
Cu modified with 6 µm of Nafion (B) in 50 mM NaNO3 and 100 mM Na2SO4 (black line), 50 
mM NaNO2 and 100 mM Na2SO4 (red line), and 100 mM Na2SO4 (blue line). 
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potential for NO2- compared to NO3-, which indicates that the unique NO3- reactivity on Cu 

discussed in the previous paragraph is maintained in the presence of Nafion.  

 

 
Figure 4.2: Linear sweep voltammograms at a scan rate of 10 mV s-1 in 50 mM NaNO3 and 100 
mM Na2SO4 of Cu modified with 3 µm (red line), 6 µm (blue line), 8 µm (green line), and 10 µm 
(purple line) of Nafion. 

4.3.2 pH Effect Investigation 
Given the increase in thermodynamic feasibility of NO3- reduction with the Nafion-

modified Cu electrode, we wondered if the acidic nature of the sulfonate groups of Nafion altered 

the reactivity of the electrode through a pH effect. To explore this hypothesis, we conducted LSVs 

in pH 1 electrolytes on unmodified Cu electrodes (Figure 4.3A). Although the onset potential of 

the LSV (-0.65 V) in the pH-adjusted NO3- electrolyte (pH 1) shifts positive compared to the 

unaltered NO3- electrolyte (pH 5.5), the current density for the pH 1 electrolyte in the absence of 

NO3- (Figure 4.3A, blue line) is more than double that of the LSV in the presence of NO3- at pH 1 

(Figure 4.3A, black line) at most potentials. This dramatic increase in current density in the absence 

of NO3‑, which does not occur with the Nafion-modified electrodes (Figure 4.1B, blue line), 

suggests that the H2 evolution reaction is accelerated at pH 1. In both pH experiments (pH 1.0 and 
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pH 3.0), because no nitrogen-containing products other than NH3 and NO2- were detected, the 

Faradaic efficiencies for the H2 evolution reaction are high. 

 
Figure 4.3: Linear sweep voltammograms (A) at a scan rate of 10 mV s-1 of unmodified Cu 
electrodes at pH 1.0 with 50 mM NaNO3 and 100 mM Na2SO4 (A, black line) and 100 mM Na2SO4 
(A, blue line). Chronoamperometry of unmodified Cu electrodes in 50 mM NaNO3 and 100 mM 
Na2SO4 at pH 3.0 (B, black line) and pH 1.0 (B, red line) and Faradaic efficiencies of NH3 (red 
bars) and NO2- (blue bars) production after chronoamperometry (C).  

 

Indeed, product detection analysis at both pH 1 and 3 demonstrates that the yield of H2 is 

significantly higher for these unmodified electrodes (Figure 4.3C) as compared to the Nafion-

modified electrode (vide infra). In summary, the differences in both the LSVs and product 

distributions between the Nafion-modified Cu electrode at pH 5.5 and the unmodified Cu electrode 

B)                                                                   A)                                                                   

C)                                                                   
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under more acidic conditions indicate that the changes in the electrochemical behavior upon 

addition of the Nafion layer cannot be fully rationalized by pH changes at the electrode-electrolyte 

interface. Systemic electrochemical analysis, Raman spectroscopy, and density functional theory 

(DFT) calculations presented later in this chapter suggest that it is the activation of a Cu-NO 

intermediate by Nafion that is responsible for the positive shift in the onset potential for NO3- 

reduction on Nafion-modified Cu electrodes.  

4.3.3 NH3 Selectivity from NO3- Reduction Using Bare Cu and 6-µm Nafion Modified Cu 
Electrocatalysts 

 We next evaluated the NO3- product distribution for unmodified and Nafion-modified 

metal electrodes (Figure 4.4). After one hour of chronoamperometry, analytical techniques were 

used to assess for a wide variety of nitrogen-containing reduction products including NH3, NO2-, 

N2, N2H4, NO, and N2O. None of the electrodes studied produced any detectable quantities 

(Faradaic efficiencies > 0.1%) of N2H4, NO, and N2O. With the exception of the unmodified Pb 

electrode which yielded (16 ± 2) % N2, all electrodes generated NH3 and NO2- as the only nitrogen-

containing products. For the unmodified metal electrodes studied, these results are in agreement 

with previous literature reports.39 Because NH3 and NO2- are the only nitrogen-containing 

products, H2, a common side product in NO3- reduction experiments, is assumed to be the 

remaining product.46 At -1.4 V vs. Ag/AgCl, the Cu electrode modified with 6 µm of Nafion 

produces a strikingly high yield of NH3, (91 ± 2) %, a value that is higher than the (62 ± 2) % NH3 

Faradaic efficiency for unmodified Cu. 
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Figure 4.4: Faradaic efficiencies of NH3 (A, red bars) and NO2- (A, blue bars) production after 1 
hour of chronoamperometry from unmodified (bare) and metal electrodes modified with 6 µm of 
Nafion. 

4.3.4 Optimization of Reduction Voltages and Nafion Thickness 
 Systematic variations in the thickness of Nafion used and the applied voltage show that the 

highest yield of NH3, (91 ± 2) %, is obtained with 6 µm of Nafion at -1.4 V (Figure 4.5).  

 

 
Figure 4.5: Faradaic efficiencies of NH3 (red bars) and NO2- (blue bars) production after 1 hour 
of chronoamperometry at -1.4 V vs. Ag/AgCl from Cu electrodes modified with different thickness 
Nafion (A) and after 1 hour of chronoamperometry at different voltage with 6 µm Nafion (B). 

 
 

A)                                                                   B)                                                                   
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Figure 4.6 demonstrate the chronoamperometry and UV-Vis spectra of Bare Cu and also 

Nafion modified Cu with varying thickness. 

 

 
Figure 4.6: Chronoamperometry curves of unmodified (bare) Cu (black line) and Cu modified 
with 3 µm (red line), 6 µm (blue line), 8 µm (green line), and 10 µm (purple line) of Nafion at ‑1.4 
V in 50 mM NaNO3 and 100 mM Na2SO4 (A), and UV-Vis absorption spectra after 
chronoamperometry for NH3 (B) and NO2- (C) detection. 

 

 

 

 

A)                                                

C) 

B)                                                
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Figure 4.7 demonstrate the chronoamperometry and UV-Vis spectra of Bare Cu and 6-µm Nafion 

modified Cu with changing applied voltages. 

 
Figure 4.7: Chronoamperometry curves of Cu modified with 6 µm of Nafion at -1.2 V (black line), 
-1.3 V (red line), -1.4 V (blue line), -1.5 V (green line), and -1.6 V (purple line) in 50 mM NaNO3 
and 100 mM Na2SO4 (A), and UV-Vis absorption spectra after chronoamperometry for NH3 (B) 
and NO2- detection. 

This NH3 yield with the Cu electrode with 6 µm of Nafion is among the highest reported 

across all previous literature reports (Table 4.1). Compared to the rather complex synthetic 

protocols used to synthesize many of these previous catalysts, the Nafion-modified Cu catalyst 

reported here is produced using a simple dropcasting protocol. Due to the high NH3 Faradaic 

efficiency using 6 µm of Nafion, we used this Nafion thickness for all subsequent experiments.  

A) B) 

C) 
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Table 4.1: Previous literature reports of NH3-producing NO3- reduction catalysts compared to 
the Nafion-modified Cu electrode presented in this work. 

Catalyst Electrolyte 
NH3 Faradaic 

Efficiency 

This work 

(Nafion-modified Cu) 
50 mM NaNO3 and 100 mM Na2SO4 91 ± 2 % 

Fe single atom47 500 mM KNO3 and 100 mM K2SO4 75 % 

PTCDA/O-Cu48 100 mM PBS NO3- reduction 77 ± 3 % 

Pd-In / c-Al2O349 3.28 mM NaHCO3 NO3- reduction 71.5 % 

Pt36 3000 mg L-1 NO3- 49 % 

30 % Cu – 70 % Pd50 50 mM KNO3 58 % 

Pd-In / TinO2n-1 

Pd-Cu / TinO2n-1 

Pd-Cu / REM51 

10 mM NaHCO3 buffer NO3- reduction 

19 ± 1 % 

22 ± 2 % 

< 2.3 % 

Co-NAs52 
1 M KOH 

1700 ppm NO3- 
≥ 96 % 

CuFe53 

Pt78Ru22/C 

100 mM K2SO4 

100 mM H2SO4 

1700 ppm NO3- 

94.5 % 

≥ 93.0% 

Bi2O3-CC54 
500 mM Na2SO4 

750 ppm NO3- 
84.9 % 

Co/CoO NSA55 
100 mM K2SO4 

200 ppm NO3- 
93.8 % 

Co3O4/NiO HNTs56 
500 mM Na2SO4 

200 ppm NO3- 
55 % 

Thiourea/Au57 500 mM NaNO3 85 % 

Co3O4/Ti58 
1 M KOH 

50 ppm NO3- 
80 % 

Ir NTs59 
100 mM HClO4 

17000 ppm NO3- 
84.7 % 

 



 

 

116 

 

4.3.5 Effect of Hydrophobicity of Fluoropolymers 
We also investigated dropcasting a mixture of polyvinylidene fluoride (PVDF) and Nafion 

onto the Cu electrodes. PVDF is a hydrophobic polymer that is impermeable to protons, and if 

used in a pure form as a catalyst overlayer, PVDF completely inhibits electrocatalysis.30 For this 

reason, we used mixtures of PVDF and Nafion to explore the effect of the resulting catalysts that 

contain more hydrophobic fluoropolymer overlayers. With a Cu electrode at -1.4 V with an 

overlayer consisting of 10 wt. % PVDF in Nafion, the Faradaic efficiencies for NH3 and NO2- are 

(41 ± 1) % and (26.6 ± 0.1) %, respectively. The same system with a 50 wt. % PVDF in Nafion 

overlayer yields NH3 and NO2- with Faradaic efficiencies of (22 ± 3) % and (18 ± 4) %, 

respectively. These results demonstrate that increasing the hydrophobicity of the fluoropolymer 

overlayer does not increase NH3 Faradaic efficiency. 

4.3.6 Understanding the Catalysts Surface for NO3- Reduction 
 To understand how the Nafion layer, in the absence of PVDF, improves the selectivity of 

Cu for NH3 production, we first determined the interface at which NO3- reduction occurs on 

Nafion-modified electrodes. In principle, NO3- reduction could occur at the polymer-electrolyte 

interface, the electrode-polymer interface, or the electrode-electrolyte interface. The uniform 

nature of the Nafion overlayer (Figure 4.16A, cross sectional SEM image) suggests that NO3- 

reduction does not occur at the electrode-electrolyte interface. Experiments with Nafion-modified 

metals other than Cu demonstrate that the product distributions vary depending upon the identity 

of the metal (Figure 4.4). These results indicate that NO3- reduction does not occur at the polymer-

electrolyte interface because in this case, we would expect to obtain similar Faradaic efficiencies 

regardless of the metal buried below the polymer. As a result, we conclude that NO3- reduction 

occurs at the electrode-polymer interface. 
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4.3.7 NO3- Reduction Activity of Zn and Pb Electrodes with or without Nafion Overlayer 
Unlike Cu, Nafion-modified Zn and Pb electrodes do not exhibit significantly altered NH3 

Faradaic efficiencies relative to their unmodified metal counterparts (Figures 4.4). Figure 4.8 

demonstrate the chronoamperometry and UV-Vis spectra for the NO3- reduction using Zn and 6-

µm Nafion modifed Zn electrode. 

 
Figure 4.8: Chronoamperometry curves of unmodified (bare) Zn (black line) and Zn modified 
with 6 µm of Nafion (red line) at -1.5 V in 50 mM NaNO3 and 100 mM Na2SO4 (A), and UV-Vis 
absorption spectra after chronoamperometry for NH3 (B) and NO2- (C) detection. 

 

 

A) B) 

C) 
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Figure 4.9 demonstrates the chronoamperometry and UV-Vis spectra for the NO3- reduction 

using Pb and 6-µm Nafion modifed Pb electrode. 

 

 
Figure 4.9: Chronoamperometry curves of unmodified (bare) Pb (black line) and Pb modified with 
6 µm of Nafion (red line) at -2.0 V in 50 mM NaNO3 and 100 mM Na2SO4 (A), and UV-Vis 
absorption spectra after chronoamperometry for NH3 (B) and NO2- (C) detection. 

The electrochemical behavior of Nafion-modified Zn and Pb electrodes also differ from 

Nafion-modified Cu in that the LSV onset potentials of the membrane-modified electrodes do not 

change significantly compared to those of the corresponding unmodified metals (Figure 4.10). In 

the presence of 50 mM NaNO3 and 100 mM Na2SO4, the onset potentials of the LSVs curves 

A) B) 

C) 
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(defined as the potential at which 10% of the maximum current is attained) are -1.24 V, -1.23 V, -

0.5 V and -0.49 V for the unmodified Zn, Nafion-modified Zn, unmodified Pb and Nafion-

modified Pb electrodes, respectively. 

 

  

C)                                                                   D)                                                                   

A)                                                         B) 

Figure 4.10: Linear sweep voltammograms at a scan rate of 10 mV s-1 of unmodified Zn (A), Zn 
modified with 6 µm of Nafion (B), unmodified Pb (C) and Pb modified with 6 µm of Nafion (D)  in 50 
mM NaNO3 and 100 mM Na2SO4 (black line), 50 mM NaNO2 and 100 mM Na2SO4 (red line), and 100 
mM Na2SO4 (blue line). 
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4.3.8 NO3- Reduction Activity of Ti and  Nafion-modified Ti Electrodes 
Furthermore, a Nafion-modified Ti electrode generates a lower yield of NH3 compared to 

unmodified Ti (Figures 4.4). Figure 4.11 demonstrates the chronoamperometry and UV-Vis 

spectra for the NO3- reduction using Ti and 6-µm Nafion modifed Ti electrode. 

 
Figure 4.11: Chronoamperometry curves of unmodified (bare) Ti (black line) and Ti modified 
with 6 µm of Nafion (red line) at -1.6 V in 50 mM NaNO3 and 100 mM Na2SO4 (A), and UV-Vis 
absorption spectra after chronoamperometry for NH3 (B) and NO2- (C) detection. 

In the case of the Ti LSVs, the LSV for the Nafion-modified electrolyte possesses a 

significantly more negative onset potential than the LSV of unmodified Ti (Figure 4.12). As, in 

the presence of 50 mM NaNO3 and 100 mM Na2SO4, the onset potentials of the LSVs curves 

A)                                                                B) 

C) 
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(defined as the potential at which 10% of the maximum current is attained) are -1.45 V and -1.48 

V for the unmodified and Nafion-modified Ti electrodes, respectively. 

 

 
Figure 4.12: Linear sweep voltammograms at a scan rate of 10 mV s-1 of unmodified Ti (A) and 
Ti modified with 6 µm of Nafion (B) in 50 mM NaNO3 and 100 mM Na2SO4 (black line), 50 mM 
NaNO2 and 100 mM Na2SO4 (red line), and 100 mM Na2SO4 (blue line). 

4.3.9 Effect of Nafion Overlayer on Thermodynamic Potential in Electrocatalytic NO3- 
Reduction Reaction 
Comparing the LSV and NH3 yield results across the four metal electrodes reveals a 

conspicuous trend. There is a correlation between the differences in onset potentials (DEonset) and 

the differences in NH3 Faradaic efficiencies (DFENH3) between the Nafion-modified and 

unmodified electrodes (Figure 4.13). In particular, the DEonset (+40 mV) and DFENH3 (+30%) values 

for Cu are both much greater than zero, the DEonset (+10 mV) and DFENH3 (-6% for Zn and 0% for 

Pb) values for Zn and Pb are both near zero, and the DEonset (-30 mV) and DFENH3 (-15%) for Ti 

are both much less than zero. This simple relationship could be used as a guide for future 

experimental and computational work striving to design new NO3- reduction catalysts that 

selectively produce NH3. Since Cu and 6-µm Nafion modified Cu electrodes show the promising 

A)                                                                   B)                                                                   
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Faradaic efficiency of NH3 production, the subsequent studies are done based on these two 

electrodes unless mention other electrodes. 

 

Figure 4.13: Differences in onset potentials (DEonset) of LSVs of NO3- reduction between Nafion-
modified and unmodified electrodes. 

4.4 Electrodes Characterization. 

4.4.1 X-Ray Photoelectrons Spectroscopy (XPS) 
Surface composition of Cu metal electrodes (Cu foils) was characterized by XPS. Cu 2p 

spectra demonstrates that electrode contains mostly Cu metals and small amount of Cu(II) oxide 

(Figure 4.14A). Oxide can be also detected from O 1s XPS spectra (Figure 14B) 

 
B) 

A) 
Cu 2p Cu(0) 

Cu(II) 

Figure 4.14: XPS spectra of bare Cu electrode. 
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4.4.2 X-Ray Diffraction (XRD) Study 
Polycrystalline Cu foil was used as the bare Cu electrode. We have done XRD of Cu foil 

to understand the crystals faces presents in the Cu electrode. Figure 4.15 represents the XRD 

spectrum of Bare Cu foil which demonstrates that the (220) face is the most predominate crystal 

faces in Cu foil. Previous experiments with single crystal Cu electrodes demonstrate that the 

electrocatalytic properties of NO3- reduction vary depending upon the crystal face used.45 So, we 

are assuming that Cu (220) faces are the most active faces to produce NH3 selectively from NO3- 

reduction (For details see chapter 5). 

 
Figure 4.15: XRD spectrum of an unmodified Cu electrode. 

4.4.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 
(EDX) 

 SEM-EDX analysis demonstrates the successful fabrication of metal electrodes with 

uniform layers of Nafion with thicknesses ranging from 3-10 µm using a simple dropcasting 

method (Figures 4.16A and 4.17). Figure 4.16A represents the cross sectional SEM image of 6-

µm Nafion modified Cu electrode. Figure 4.16B is the EDX spectra for this electrode. This EDX 

spectra demonstrates that this electrode contains Cu, F, S, C, and O. While Cu originates from the 

Cu electrode, C, S and F come from the Nafion Structure and O come from both sources. EDX 

(111) 
(200) 

(220) 

(311) 
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elemental mapping of Cu and F reveals that the Nafion overlayer is distributed uniformly on the 

top of the Cu electrode (Figures 4.16C and 4.16D, respectively). 

 

Figure 4.16: Cross-sectional SEM image of a Cu electrode modified with 6 μm of Nafion (A). The 
EDX spectrum of this electrode (B). EDX elemental mapping of Cu (C) and F (D) of this  electrode. 
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4.4.4 Electrochemical Impedance Spectroscopy (EIS) 
To calculate the charge stores on the surface of electrodes, we have done electrochemical 

impedance spectroscopy (EIS). EIS was performed on unmodified Cu and Nafion-modified Cu 

electrodes (Figure 4.18A) in 100 mM aq. KCl in open circuit potential (OCP). While a standard 

Randles circuit is used to model the EIS data of the unmodified Cu electrode (Figure 4.18B), a 

5 µm 

A) 

5 µm 

B) 

5 µm 

C) 

Cu 
 

Cu 
 

Nafion 
 

Nafion 
 

N
af
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Cu 
 

Figure 4.17: Cross-sectional SEM images of Cu electrodes modified with Nafion layers with thicknesses 
of about 3 µm (A), 8 µm (B) and 10 µm (C). 
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Randles circuit with one more resistor and capacitor is used to model the EIS data of the Nafion-

modified Cu electrode to account for the Nafion layer (Figure 4.18C). R1 is the solution resistance 

in both circuit diagrams, and it has similar values in both experiments (12 Ω and 11 Ω for bare Cu 

and Nafion-modified Cu, respectively). This similarity is expected because the presence of Nafion 

does not significantly alter the resistance of the bulk electrolyte. R2 = 48 Ω and R3 = 52 Ω are the 

charge transfer resistances of the bare Cu and Nafion-modified Cu electrodes, respectively, which 

are also similar. The added resistance due to the Nafion is reflected in the R2 = 20 Ω component 

of the equivalent circuit for the Nafion-modified Cu electrode. So, the total calculated resistance 

of the Nafion-modified Cu is higher than the unmodified electrode, which is expected due to the 

addition of the resistive Nafion layer.  

C1 = 95 µF and C2 = 230 µF are the double layer capacitances of the bare Cu and Nafion-

modified Cu electrodes, respectively. The Nafion-modified Cu electrode possesses a higher double 

layer capacitance due to the charged nature of the Nafion layer, which increases the quantity of 

ions that are stored in the double layer above the Nafion. The C1 = 6 nF for the Nafion-modified 

Cu electrode indicates that some charge is also stored inside the Nafion layer. equivalent circuits 

used for fitting the data of bare Cu and Nafion-modified Cu are shown in panels B and C, 

respectively. 
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Figure 4.18: EIS spectra of bare Cu (A, black points) and Cu modified with 6 µm of Nafion (A, 
red points) in 100 mM KCl at open circuit potential. The best fits are displayed as the solid lines. 

4.5 Mechanistic Studies of NO3- Reduction. 

4.5.1 Electrochemical NO3-, NO2-, and NO Reduction  
 To further understand the origin of the significant increase in NH3 selectivity upon Nafion 

modification of the Cu electrode, we performed a series of experiments aimed at probing the 

mechanisms of NO3- reduction on Nafion-modified and unmodified Cu. Previous literature 

indicates that NH3 production from NO3- on Cu occurs via the successive production of metal-

bound NO2- and NO intermediates.47 As with NO3- reduction, we find that NO2- reduction at the 

same concentration of electrolyte (50 mM) on Cu results in a greater Faradaic efficiency in the 

presence of the Nafion layer (Figure 4.19, middle two bars). Figure 20, A and B demonstrates the 

chronoamperometry and UV-Vis spectra of this NO2- reduction experiments. Similarly, NO 

reduction from a NO-saturated Na2SO4 electrolyte on the Nafion-modified Cu electrode produces 

NH3 with greater selectivity than on unmodified Cu (Figure 4.19, rightmost two bars). Figure 20, 

C and D demonstrates the chronoamperometry and UV-Vis spectra of this NO reduction 

experiments. These results suggest that the Nafion-induced increase in NH3 selectivity observed 

for NO3- reduction is due, at least in part, to an increase in the kinetics of NO conversion to NH3. 

A) 
B)          

R1 C1

R2 W1

Element Freedom Value Error Error %
R1 Fixed(X) 1 N/A N/A
C1 Fixed(X) 0 N/A N/A
R2 Fixed(X) 0 N/A N/A
W1-R Fixed(X) 0 N/A N/A
W1-T Fixed(X) 0 N/A N/A
W1-P Fixed(X) 0.5 N/A N/A

Data File:
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

C)          
R1 C1

R2 C2

R3 W

Element Freedom Value Error Error %
R1 Fixed(X) 1 N/A N/A
C1 Fixed(X) 0 N/A N/A
R2 Fixed(X) 0 N/A N/A
C2 Fixed(X) 0 N/A N/A
R3 Fixed(X) 0 N/A N/A
W-R Fixed(X) 0 N/A N/A
W-T Fixed(X) 0 N/A N/A
W-P Fixed(X) 0.5 N/A N/A

Data File:
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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This interpretation that NO reactivity on Cu is activated by Nafion is further supported by DFT 

calculations (vide infra). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: Comparison of Faradaic efficiencies for NH3 production from NO3- reduction 
(leftmost two bars), NO2- reduction (middle two bars), and NO reduction (rightmost two bars) 
using Cu electrodes modified with 6 µm of Nafion (red bars) and unmodified Cu electrodes (blue 
bars) after 1 hour of chronoamperometry at -1.4 V. The solutions used contain 100 mM Na2SO4 as 
a supporting electrolyte. 
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 Although the Faradaic efficiencies for NH3 are all greater with Nafion as compared to 

unmodified Cu for NO3-, NO2-, and NO reduction, there is variation in the NH3 yields for the 

Nafion-modified electrodes across the three electrolytes (Figure 4.19, red bars). In particular, the 

Nafion-modified electrode possess a lower selectivity for NH3 during NO2- reduction, (72.8 ± 0.7) 

%, compared to NO3- reduction, (91 ± 2) %. When a Nafion-modified Cu electrode in an electrolyte 

C)                                                         D)      

A)                                                          B)      

Figure 4.20: Chronoamperometry curves of unmodified (bare) Cu (black line) and Cu modified 
with 6 µm of Nafion (red line) at -1.4 V in 50 mM NaNO2 (A) and 2 mM NO (C) containing 100 
mM Na2SO4 and UV-Vis absorption spectra after chronoamperometry for NH3 (B and D) detection. 
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containing 25 mM NaNO3 and 25 mM NaNO2 is used, the Faradaic efficiency for NH3, (71 ± 1) 

%, is the same within experimental error as when the electrolyte contains 50 mM NaNO2, (72.8 ± 

0.7) %. These results indicate that NO3- reduction to NH3 is inhibited in the presence of NO2-, 

which is consistent with previous findings for other Cu-based catalysts that show NH3 production 

can be affected by bulk NO2-.41 Furthermore, the Nafion-modified Cu electrode also exhibits 

decreased NH3 selectivity for NO reduction as compared to NO3- reduction due to the lower 

concentration of NO in a NO-saturated electrolyte (2 mM) compared to the NO3- electrolyte (50 

mM). Indeed, both NO3- and NO2- reduction on unmodified Cu electrodes with lower concentration 

electrolytes (i.e. 2 mM NO3- or 2 mM NO2-) result in significantly diminished NH3 yields, (13 ± 

1) % and (11 ± 1) %, for NO3- and NO2-, respectively. 

4.5.2 Surface Enhance Raman Spectroscopy 

To further investigate the mechanism of NO3- reduction on Nafion-modified Cu, we used 

surface-enhanced Raman spectroscopy (Figure 4.21). First, we collected the Raman spectrum of 

an unmodified Cu substrate, which does not contain any peaks (Figure 4.21, black line). After NO 

was sparged across the Cu surface, the spectrum possesses two broad peaks centered around 1600 

cm‑1 and 1350 cm‑1 (Figure 4.21, blue line). The more intense peak at 1600 cm‑1 is assigned to a 

NO stretching mode in Cu-NO, the frequency of which is similar to previously reported metal-

nitrosyl complexes.60 The broader peak centered around 1350 cm‑1 is assigned to NO stretching in 

bridging species with multiple Cu sites such as Cu2-(µ-NO). As is the case here, the vibrational 

modes of analogous bridging metal-NO and metal-CO species have significantly lower 

wavenumbers than their unbridged counterparts.61,62 The relative broadness of both peaks is likely 

due to the presence of multiple NO binding modes and crystal faces of the polycrystalline Cu 

substrates.   
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Figure 4.21: Surface-enhanced Raman spectra of an unmodified Cu electrode (black line), a 
Nafion-modified Cu electrode (red line), a Cu electrode exposed to NO (blue line), and a Nafion-
modified Cu electrode exposed to NO (green line) at open circuit potential. 

The Raman spectrum of a Nafion-modified Cu substrate possesses a series of weak, but 

relatively sharp peaks from 1200 cm-1 to 1800 cm-1 due to various vibrational modes arising from 

Nafion. After NO was sparged across the Nafion-modified Cu surface, sharp peaks corresponding 

to Nafion are still observed, however, the broad NO peak at 1600 cm-1 on unmodified Cu shifts to 

1550 cm-1 in the presence of Nafion. This decrease in the frequency of NO stretching on the 

Nafion-modified electrode indicates that the NO bond is weakened when it is covered by the 

polymer. This weaker NO bond explains why a Nafion overlayer increases NH3 selectivity on a 

Cu electrode. In other words, the Nafion layer activates the NO bond, which increases the kinetics 

of NH3 formation. Next, we use DFT calculations to further understand the reactivity of NO inside 

Nafion-modified Cu and to corroborate the Raman spectroscopy results. 

 

Cu-NO 
Cu2-(µ-NO) 
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4.5.3 4DFT Calculations  
4.5.3.1 Characteristic of N-O Bonds 
Periodic DFT PBE-D3 calculations were performed on a 4×4 slab of Cu(111) with three 

layers while holding atoms in the bottom layer fixed.63,64 Spurious interactions of images were 

prevented by using a length of 50 Å in the direction perpendicular to the slab surface. Nafion was 

modeled with [CF3O(CF2)2SO3]-[H3O]+(H2O)2; ergo an hydronium and two explicit water 

molecules are associated with the sulfonate group. Without Nafion, we considered absorption with 

a water trimer (Figure 4.22A). In both cases, there are hydrogen-bonding interactions between 

explicit water molecules and NO. The N-O bond distance is 1.247 Å on Cu(111), becoming slightly 

elongated to 1.252 Å when NO interacts with explicit water molecules associated with the sulfonate 

and hydronium of Nafion. The Nafion also causes NO to be more closely bound to the surface, 

1.227 Å, versus 1.235 Å. These structural differences lead to lowered wavenumbers for the N-O 

vibrational stretching mode in the presence of Nafion (Figure 4.22). Indeed, the calculated 

difference in these stretching frequencies, Δυ = 45 cm-1, between the Nafion-modified and 

unmodified Cu(111) surfaces agrees well with the experimental Raman data (Δυ ~ 50 cm-1, Figure 

4.21), although the absolute values of the calculated harmonic frequencies underestimate the 

values measured experimentally. This underestimation is expected and has been observed 

previously for vibrational calculations using the PBE-D3 functional.65  
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Figure 4.22: Structural properties of NO adsorbed at the Cu(111) surface with (A) water and (B) 
a model for Nafion, an associated hydronium, and water molecules. 

4.5.3.2 4.5.3.2. Potential Steps Determination for NH3 Production 
The reaction path for the NO → NH3 process was calculated on Cu(111) and Nafion-coated 

Cu(111) (Figure 4.23). We used a hydronium ion solvated by three water molecules and an excess 

electron, [H9O4], as the source of protons and electrons; following the recommendations of 

Rossmeisl et al.66 We then added an additional H atom after each reduction step. In the presence 

of Nafion, reaction energies of the *NO → *NOH, *NOH → *N + H2O, *N → *NH, *NH → 

*NH2, and *NH2 → *NH3 steps are all lowered. Interestingly, the greatest impact is found for the 

first hydrogenation step, the potential-limiting step, indicating that Nafion and the water around 

its associated proton sufficiently perturb surface-adsorbed NO to affect energetics of NO reduction 

to NH3.67 Analogous computations on Zn(001) and Nafion-coated Zn(001) surfaces provide *NO 

→ *NOH reaction energies of -0.90 eV and -1.02 eV, respectively. Thus for Zn(001), Nafion has 

an impact of -0.13 eV, a factor of 4.1 smaller than the impact on Cu(111) (Figure 4.23), which 

agrees with our experimental data indicating that a Nafion-modified Zn electrode does not display 

a significantly altered NO3- reduction product distribution as compared to unmodified Zn (Figure 

4.4). Taken together, these results demonstrate that it is the activation of the NO bond by Nafion 

that enables the Nafion-modified Cu electrode to display enhanced selectivity for NH3 production.  

A) B) 
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Figure 4.23: Calculated reaction path for NO reduction to NH3 on Cu(111) and Nafion-coated 
Cu(111) obtained from DFT. The impact of Nafion on reaction energies are given in blue and 
insets show optimized structures of the *NOH species. 

4.6 Denitrification of Groundwater. 
 
 Lastly, we tested the practicality of the Nafion-modified Cu electrode by using it to remove 

NO3- from a real-world groundwater sample. We obtained groundwater from a rural residential 

well in Silver Springs, Nevada, which is located in an agricultural valley 30 miles east of Reno, 

Nevada. Groundwater NO3- contamination is common in regions like these due to agricultural 

runoff from fertilizers. The NO3- concentration measured in the well water was 0.24 ppm, which 

is more than double the 0.10 ppm average for commercially treated water in Reno.68  
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Figure 4.24: Chronoamperometry curve of Cu modified with 6 µm of Nafion at -1.4 V in 
groundwater obtained from a well in Silver Springs, Nevada, United States, and UV-Vis 
absorption spectrum after chronoamperometry for NH3 detection (B). 

We used the Nafion-modified Cu electrode to denitrify the well water directly without the 

addition of a supporting electrolyte. After one hour of chronoamperometry at -1.4 V vs. Ag/AgCl, 

the NO3- concentration in the water decreased from 0.24 ppm to 0.008 ppm, which represents a 

97% NO3- removal efficiency (Figure 4.24).  These results demonstrate that the Nafion-modified 

Cu catalyst has potential for practical use in water purification. 

4.7 Conclusions. 
In summary, this work discusses electrochemical NO3- reduction to NH3 using simple 

Nafion-modified metal catalysts. For the case of Nafion-modified Cu, which produces NH3 with 

excellent selectivity, the Nafion overlayer activates the NO bound in a Cu-NO intermediate, which 

accelerates NH3 generation. This interpretation is supported by surface-enhanced Raman 

spectroscopy data and DFT calculations. In addition to demonstrating the practical applicability of 

these catalysts for water purification, this work opens up a new research direction for the 

development of selective NO3- reduction catalysts using membrane-modified electrodes. 

A) B) 
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5 Chapter Five 
Selective Electrocatalytic Nitrate Reduction to Ammonia using Nafion-

covered Cu Electrodeposits 

5.1 Introduction. 
Nitrate (NO3-) conversion or removal is important to balance the nitrogen cycle in the 

environment. NO3- is a common pollutant from agricultural runoff and other industrial activities 

that has caused a misbalance in the natural nitrogen cycle. Excess NO3- is responsible for toxic 

algae blooms in waterways and also poses human health concerns.1 For these reasons, the 

conversion of NO3- into other products is of great research interest.2–5 

As the most important chemical in the nitrogen fertilizer industry, ammonia (NH3) is a 

value-added product attainable from electrocatalytic NO3- reduction.6–10 In fact, NH3 is currently 

the fifth most produced chemical by volume in the world.11 Because the Haber-Bosch process used 

to synthesize NH3 is energy intensive and responsible for 1-2% of anthropogenic CO2 production, 

alternative routes to generating NH3 are needed.12–15 Thus, electrocatalytic NO3- reduction to NH3 

is a potential pathway to both increase energy efficiency and remove environmental NO3- 

contamination. However, a major hurdle facing electrocatalytic NO3- reduction technology is poor 

catalyst selectivity. In particular, converting NO3-  to NH3 (NO3- + 9 H+ + 8 e- à NH3 + 3H2O) 

requires the transfer of 9 H+ and 8 e-, and side products can be generated during this multistep 

process, which decreases the Faradaic efficiency of NH3 production.1,16–20  

To increase the catalyst activity and selectivity, researchers have explored various 

electrocatalysts including noble metal catalysts, transition metals, alloys, and non-metallic 

electrodes.1,21–26 Among them, Cu-based catalysts have been emphasized due to their excellent 

NO3- adsorption properties.5,27,28 For example, Kang et al. developed structure-activity 
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relationships between different Cu materials including Cu nanosheets, nanocubes, nanoparticles, 

and foils.27 Zhang et al. unveiled the active phase of Cu-based electrocatalysts and demonstrated 

that Cu/Cu2O turns into CuO during NO3- reduction, which facilitates the formation of a *NOH 

intermediate and suppresses the H2 evolution reaction.5 Many reports have developed Cu catalysts 

with a second metal such as Ni or Pd, which significantly increase NH3 production due to 

modulated electronic structure and synergistic effects.22,29  

The fluoropolymer Nafion is commonly used as a separator between the two half 

compartments in full electrochemical devices and as a binder in catalyst inks.30,31 In chapter four, 

I used Nafion in a different manner to increase the selectivity of NH3 production from NO3- on flat 

polycrystalline metal electrodes in which a Nafion overlayer covered the electrocatalysts.32 

Surface-enhanced Raman spectroscopy and density functional theory calculations indicate that the 

metal-NO intermediate is activated in the presence of the Nafion layer. In this chapter, we expand 

upon this work by developing NO3- reduction catalysts using Nafion-modified Cu electrodeposits 

that display both enhanced current densities and NH3 selectivities. We elucidate the physical and 

chemical parameters that give rise to this enhanced performance. 

5.2 Methods. 

5.2.1 General Procedures 
A Nafion D520 dispersion was obtained from Fuel Cell Store, Inc. Cu foil (99.99%) was 

obtained from All-Foils, Inc. and was sonicated 8 min in acetone and 10 min in deionized water 

successively before use. NaNO3 (> 99%) and Na2SO4 (> 99%) were procured from Sigma Aldrich, 

while NaNO2 (98%) was purchased from Oakwood Chemicals, Inc. KH2PO4 and Ru(NH3)6Cl3 

were obtained from Fischer Scientific. Cu electrodeposits were formed on Cu foil using 

chronoamperometry for 30 min in 0.8 M CuSO4 and 1 M H2SO4 solution at either -0.14 V or -0.5 

V using a three-electrode electrochemical cell with the Cu foil serving as the working electrode, a 
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leakless Ag/AgCl/ 3 M KCl (eDaq, Inc.) reference electrode, and a Pt wire counter electrode. After 

washing with water, the electrodeposited electrode was dried at room temperature in air overnight. 

Nafion-modified electrodes were fabricated by drop-casting the Nafion dispersion directly on each 

side of the electrodeposited Cu surfaces. Each side of the Nafion film was dried at room 

temperature for 15 min before use. The thickness of the Nafion was modulated by using multiple 

rounds of dropcasting and drying. 

5.2.2 Electrochemical Measurements 
Electrochemical studies were performed using a VSP-300 Biologic potentiostat. A three- 

electrode system was used with modified Cu surfaces, a Pt-coated Ti mesh electrode (Rio Grande, 

Inc.), and a leakless Ag/AgCl/ 3 M KCl (eDaq, Inc.) electrode were used as working, counter, and 

reference electrodes, respectively for all electrochemical experiments unless mentioned otherwise. 

All electrochemical potentials were reported with respect to a Ag/AgCl reference electrode. 

Current densities are calculated with respect to the electrochemically active surface area of the 

working electrodes. The electrochemically active surface areas of the electrodes were obtained by 

performing cyclic voltammetry (CV) in a 0.1 M pH 7.0 phosphate buffer solution containing 1 

mM Ru(NH3)6Cl3 from -0.1 V to 0.5 V at 50 mV/s in a one compartment cell (Figure 5.3). The 

second cycle of each CV was used to calculate the electrochemical surface area by integrating the 

charge under the Ru2+ to Ru3+ couple. The integrated charge for each surface was then compared 

to the integrated charge for a flat Cu electrode to determine the electrochemically active surface 

area.  

A two-compartment cell containing 10 mL of 50 mM NaNO3 and 100 mM Na2SO4 was 

used for studying NO3- reduction activities for different working electrodes. The Pt-coated Ti 

counter electrode was put in one compartment, which was separated from the working and 

reference electrodes by a Nafion 117 membrane (183 µm thick, Fuel Cell Store, Inc.). This 
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membrane prevents possible reoxidation of NO3- reduction products formed on the working 

electrode by the positive potential of the counter electrode. For all linear sweep voltammetry (LSV) 

experiments, onset potentials were calculated by determining the voltage at which 10% of the 

maximum current density was attained. 

For electrochemical NO2- reduction studies, an electrolyte containing 50 mM NaNO2 and 

100 mM Na2SO4 in a two-compartment cell was used following a procedure analogous to NO3- 

reduction. For electrochemical NO reduction, the electrolyte consisted of 100 mM Na2SO4 and 

was sparged with NO gas for 10 minutes before conducting electrochemistry in a two-compartment 

cell. NO gas was prepared from NaNO2 and 1 M H2SO4 following literature procedures.33 The 

produced NOx species were washed with NaOH, which absorbs acidic NO2, resulting in a NO 

stream. The NO concentration in solution before electrochemistry was 2 mM.34 

5.2.3 Materials Characterization 
Scanning electron microscope (SEM) images and energy-dispersive X-ray (EDX) analysis 

were obtained using a JEOL JSM-7100F field emission SEM operated using an accelerating 

voltage of 15 kV. Atomic force microscopy (AFM) images were obtained for each sample using a 

Nanosurf EasyScan 2 microscope operated in contact mode using a silicon tip with an aluminum 

reflective coating (ContAl-G, TedPella, Inc.). A Rame-Hart 100-00 goniometer was used to 

measure contact angles. 20 µL of distilled water was placed on each electrode surface using a 

micropipette. The contact angles were measured at room temperature within 5 s of dispensing the 

water droplet. Reported contact angles are calculated from the average of the left and right angles 

of the droplet, and each measurement was conducted three times. X-ray diffraction (XRD) data 

was collected with a Bruker D2 X-ray diffractometer. 
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5.2.4 Product Detection  
Standard colorimetric methods were used to detect the concentration of NH3, NO2-, and 

NO3- after chronoamperometry. The amount of NH3 was quantified using the indophenol 

method.35 Required reagents were purchased from Sigma Aldrich and used without further 

purification. In a typical preparation, 0.5 mL of the catholyte was taken in a glass vial, and 2 mL 

of a 1 M NaOH solution containing 5 wt. % salicylic acid and 5 wt. % sodium citrate was added. 

Then, 1 mL of 0.05 M NaClO and 0.2 mL of 1 wt. % sodium nitroferricyanide were added to the 

same vial. After this mixture was let to stand at 2 h at 4°C, UV-Vis spectroscopy was performed 

using a Shimadzu UV-2550 spectrometer. The concentration of NH3 in the electrolyte was 

determined using the maximum absorbance at 670 nm along with an appropriate calibration curve 

produced using NH3 solutions of known concentrations. 

Griess reagents with and without VCl3 were used to quantify the NO3- and NO2-, 

respectively.36 The Griess reagent was first prepared by dissolving 2 wt. % NEDD (N-(1-

naphthyl)ethylenediamine dihydrochloride) and 2 wt. % sulfanilamide in 200 mL of 0.5 M HCl 

solution. 

10 µL of the catholyte was diluted with 2 mL water in a glass vial to quantify NO2- 

concentration. 0.8 mL of the Griess reagent was added in that vial, and the mixture was let to stand 

for 2 h at room temperature to allow the reaction to go to completion. The absorbance at 540 nm 

was used to calculate the NO2- concentration using an appropriate calibration curve constructed 

from NO2- solutions of known concentrations. 

To calculate the amount of NO3- consumed after chronoamperometry, 5 µL of the catholyte 

was diluted with 2 mL of water. Then, 200 mL of the Griess reagents solution was made as 

described previously, and 0.5 g VCl3 was added. 0.8 mL of this solution was added to the above 

mixture, and it was let to stand overnight at room temperature to allow the reaction to go to 
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completion. NO3- is reduced to NO2- in the presence of VCl3 and that total NO2- concentration was 

quantified using UV-Vis spectroscopy using the maximum absorbance at 540 nm. The total NO2- 

concentration was subtracted from the above NO2- concentration to determine the unconverted 

NO3- during chronoamperometry. 

5.2.5 Faradaic Efficiency Calculations 
Faradaic efficiency (% FE) values of NH3 and NO2- production were calculated using the 

established procedures.32 The catalysts studied in this project did not yield any measurable 

quantities (Faradaic efficiency > 0.1%) of N2, NO, N2O, or N2H4 as determined by previously 

described methods.32 Faradaic efficiency for H2 production was not explicitly reported, but it can 

be found by subtracting the Faradaic efficiency for all nitrogen-containing products from 100%. 

5.3 Results and Discussion. 

5.3.1 Electrode characterization 
5.3.1.1 Scanning Electron Microscopy (SEM) of Electrodeposited Cu Electrodes 
Figure 5.1 presents top-down SEM images of Cu electrodes modified with Cu 

electrodeposits produced using 30 min of electrodeposition at either -0.14 V or -0.5 V from a Cu 

electrodeposition bath. While the electrodeposits formed at -0.14 V are relatively smooth (Figures 

5.1A and 5.1B), when the electrodeposits are formed using -0.5 V, the surface consists of large 

particles (> 10 µm) in a three-dimensional agglomerate-like structure (Figures 5.1C and 5.1D). 

Electrodeposition at higher overpotentials is known to give rise to larger particles sizes in many 

other contexts.37  
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Figure 5.1: Top-down SEM images after 30 min of Cu electrodeposition on a Cu electrode using 
electrodeposition voltages of -0.14 V (A, B) and -0.5 V (C, D). 

5.3.1.2 Atomic Force Microscopy (AFM) 
To understand further the surface morphology of the electrodes modified with Cu 

electrodeposits, atomic force microscopy (AFM) images were also collected (Figure 5.2). AFM 

images of unmodified Cu (Figure 5.2A and 5.2B) show a relatively flat morphology. In contrast, 

the Cu electrode modified with the Cu electrodeposits are much rougher (Figure 5.2C and 5.2D). 
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5.3.1.3 Electrochemical Surface Area Measurement 
The electrochemically active surface areas of the electrodes with Cu electrodeposits were 

measured by conducting CVs in a solution containing Ru(NH3)6Cl3 (Figure 5.3), a standard 

reversible redox couple (E° = 0.10 V vs. NHE). The more positive potential of ferrocene (E° = 

0.64 V) compared to Cu (E° = 0.34 V) renders ferrocene unsuitable for this experiment because 

the Cu surface will be oxidized to Cu2+ at the potentials needed to observe the ferrocene couple.38 

By integrating the charge under the Ru3+/Ru2+ couple for the flat unmodified Cu electrode and 

comparing that value to the charge measured for the electrodes with Cu electrodeposits, the 

roughness factors and electrochemically active surface areas of these electrodes were determined.  

The roughness factors were calculated to be 1.84 and 4.92 for the electrodes with Cu 

A) C) 

B) D) 

Figure 5.2: AFM images of an unmodified Cu electrode (A, B) and the Cu electrode after 30 min 
of Cu electrodeposition at -0.14 V (C, D). 
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electrodeposits formed at -0.14 V and -0.5 V, respectively. These measurements are consistent 

with the larger, rougher electrodeposits formed at -0.5 V as observed in the SEM images (Figure 

5.1). Throughout the chapter, we use the electrochemically active surface areas to calculate and 

report current densities. 

 
Figure 5.3: Cyclic voltammetry of unmodified Cu (black line), Cu modified with electrodeposition 
at -0.14 V (red line) and -0.5 V (blue line) at 50 mVs-1 in an electrolyte containing 0.1 M phosphate 
buffer (pH 7.0) and 1 mM Ru(NH3)6Cl3. 

5.3.1.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray 
Spectroscopy (EDX) of Nafion-modifed Cu electrodeposit 

The electrodes containing the Cu electrodeposits were also modified with a Nafion 

overlayer. Cross-sectional SEM-EDX images show that the Nafion overlayer forms a relatively 

uniform coating on the electrodeposited Cu surface with an approximate thickness of 6 µm (Figure 

5.4A). This thickness of Nafion is chosen for all studies in this chapter because previous results 

indicate that thinner or thicker layers result in lower NH3 Faradaic efficiencies on flat Cu 

electrodes.32 The EDX spectrum (Figure 5.4B) of the Nafion-modified electrodeposits confirms 

that the major elemental component is Cu. The other elements present are C, F, O, and S, which 

originate from the Nafion layer. EDX mapping demonstrates that Cu is present underneath the 

Nafion overlayer (Figure 4.4C), and F is localized in the Nafion overlayer (Figure 5.4D). 
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Figure 5.4: Cross-sectional SEM image of Cu electrode after 30 min of Cu electrodeposition at  
0.14 V modified with a 6 μm Nafion overlayer (A). The EDX spectrum of this substrate (B). EDX 
elemental mapping of Cu (C) and F (D). 

5.3.1.5 Water Contact Angles Measurement 
Water contact angles were measured to compare the hydrophobicity characteristics of the 

different Cu electrodes (Table 5.1). The angle between an unmodified Cu surface and a water 

droplet is (67 ± 5)°. For the Cu electrodes modified with Cu electrodeposits, the contact angles 

decreased relative to the flat surface. This result is expected because according to the Wenzel 

equation, a rough surface exhibits a lower contact angle compared to a corresponding flat surface 

when the water droplet is wetting (contact angle less than 90°).39 The finding that the water contact 
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angle for the electrodeposits formed at -0.5 V is less than the angle on the electrodeposits formed 

at -0.14 V is consistent with the increased surface roughness of the -0.5 V electrodeposits as 

determined by SEM and electrochemically active surface area measurements described previously. 

When the electrodeposits are modified with Nafion, the water droplets on both of the 

electrodeposits are non-wetting (contact angle greater than 90°). In these Nafion-modified cases, 

the contact angle for the -0.5 V electrodeposits is greater than that of the -0.14 V electrodeposits, 

which again is consistent with the relative surface roughness values because the Wenzel equation 

indicates that rougher non-wetting surfaces exhibit greater contact angles. Together with the cross-

sectional SEM imaging, these results suggest that the Nafion layer form a relatively uniform 

coating over the Cu electrodeposits. 

Table 5.1: Water contact angles of various electrodes studied. 

 

5.3.2 Electrochemical NO3- Reduction 
5.3.2.1 Electrocatalytic NO3- Reduction Activity 
Electrochemical NO3- reduction activities of different Cu electrodes were tested using 

linear sweep voltammetry (LSV). Figure 5.5 represents the LSV of NO3- reduction on different 

metal or modified metal electrocatalysts.  The current densities for the LSVs and all subsequent 

Electrode Water Contact Angle (degrees) 

Unmodified Cu 67 ± 5 

Cu with electrodeposits formed using -0.14 V 55 ± 2 

Cu with electrodeposits formed using -0.5 V 34 ± 5 

Cu with electrodeposits formed using -0.14 V  
modified with Nafion 108 ± 1 

Cu with electrodeposits formed using -0.5 V 
modified with Nafion 117 ± 2 
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current densities reported in this chapter are normalized with respect to the electrochemically 

active surface areas of the electrodes. The unmodified Cu electrode has a maximum current density 

of -0.57 mA cm-2 at -1 V and an onset potential (defined as the potential at which 10% of the 

maximum current density is attained) of -0.43 V. We electrodeposited Cu particles onto the Cu 

electrode with the aim of increasing the current density for the NO3- reduction reaction. The current 

density for the electrodes modified with Cu electrodeposits increases significantly as compared to 

unmodified Cu due in part to the increased surface area imparted the Cu electrodeposits (see 

previous discussion on roughness values and electrochemically active surface areas). Interestingly, 

the current density for the electrodes with Cu electrodeposits is still larger than that of the 

unmodified Cu even when taking into account the larger electrochemical active surface areas of 

the electrodes with electrodeposits (Figure 5.5, red and blue lines compared to Figure 5.5, black 

line). These results indicate that the Cu electrodeposits are intrinsically more kinetically active 

catalysts for NO3- reduction than unmodified Cu. The enhanced activity of the Cu electrodeposits 

is not directly related to the distribution of crystal faces in the electrode materials because the Cu 

electrodeposits formed at ‑0.14 V and ‑0.5 V have significantly different XRD spectra (vide infra). 

However, the electrodeposits likely possess more defects than flat Cu electrodes, and we therefore 

hypothesize that the enhanced current densities of the Cu electrodeposits originate from these 

defect sites.   
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Figure 5.5: Linear sweep voltammograms in 50 mM NaNO3 and 100 mM Na2SO4 at a scan rate 
of 10 mV s-1 of unmodified Cu (black line), Cu with Cu electrodeposits (ED) formed at -0.14 V 
(red line) or at -0.5 V (blue line), and Nafion-modified Cu with Cu electrodeposits formed at -0.14 
V (green line) and at -0.5 V (purple line). 

After modifying the Cu electrodeposits with a 6 µm Nafion overlayer, the current density 

at -1.0 V decreases as compared to the Cu electrodeposits without Nafion (Figure 5.5, green line 

vs. red line and Figure 5.5, purple line vs. blue line). This decrease in current density likely occurs 

due to hindered mass transport of NO3- from the bulk solution to the electrode surface by the 

Nafion layer. Interestingly, the differences between the current densities at -1.0 V for the 

electrodeposits produced at -0.5 V is less than for the electrodeposits produced at -0.14 V. The 

exact origin of this difference is unknown, but it is likely related to differences in the morphologies 

of the electrodeposits in the two cases. Additionally, the onset potentials of the LSVs for the 

Nafion-modified electrodes for both the electrodeposits formed at -0.14 V and -0.5 V each shift 

positive compared to the corresponding electrodes without Nafion (Table 5.2). These positive 

shifts in onset potential upon addition of Nafion match previous experiments with Nafion-modified 

flat Cu electrodes and can be attributed to the activation of a Cu-NO intermediate through sulfonate 

groups on the Nafion, which increases the thermodynamic feasibility of NO3- reduction in the 

presence of Nafion.32 
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Table 5.2: NO3- reduction onset potentials as obtained from linear sweep voltammetry for 
different electrodes. 

Electrode 

Onset potential vs. 

Ag/AgCl without 

chloride (V) 

Onset potential 

vs. Ag/AgCl with 

chloride (V) 

Difference in 

potential (V) 

Unmodified Cu -0.58 -0.55 0.03 

Cu with 

electrodeposits 

formed using -0.14 V 

-0.61 -0.60 0.01 

Cu with 

electrodeposits 

formed using -0.5 V 

-0.42 -0.51 -0.07 

Cu with 

electrodeposits 

formed using -0.14 V 

modified with Nafion 

-0.34 

 

-0.46 

 

-0.12 

Cu with 

electrodeposits 

formed using -0.5 V 

modified with Nafion 

-0.28 

 

-0.01 

 

0.27 

 
5.3.2.2 Products Distribution 
We next calculated the Faradaic efficiencies of NH3 and NO2- production from NO3- 

electroreduction after 1 h chronoamperometry at -1.4 V using different Cu electrodes (Figure 

5.6A). Figure 5.7 demonstrates the chronoamperometry and UV-Vis spectrum for the NO3- 

reduction using unmodified and modified Cu electrocatalysts. The Faradaic efficiency of NH3 

production from an unmodified Cu electrode is (62 ± 2) % as reported before (Figure 5.6A, 

leftmost blue bar).32 The Faradaic efficiency for NH3 is similar for Cu with electrodeposits formed 

using -0.5 V, while the yield is slightly higher for the electrodeposits formed at -0.14 V (Figure 
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5.6A, three leftmost blue bars). Strikingly, after modifying the electrodeposits formed at -0.14 V 

with a 6-µm-thick Nafion overlayer, the Faradaic efficiency for NH3 production increases to (97.0 

± 0.3) %. This NH3 yield is among the highest reported for NO3- reduction catalysts, making it one 

of the most selective electrocatalysts for NH3 production (Table 5.3). Furthermore, this NH3 

Faradaic efficiency is significantly higher than the (91 ± 2) % obtained with a flat Cu electrode 

modified with Nafion. The electrochemically active surface area of the electrodes were used when 

calculating the products rates. 

 
 

 

 

 

 

 

 

To study the effect of Nafion thickness on Cu electrodeposits formed at -0.14 V, w 

 

We fabricated electrodes with Cu electrodeposits formed at -0.14 V modified with Nafion 

layers that are 3 µm, 8 µm, 10 µm, 12 µm, or 30 µm thick. The Faradaic efficiencies of NH3 

produced from these electrodes are 77%, 71%, 65%, 57%, and 5%, respectively. Because the 6-

µm-thick Nafion layer exhibits the highest activity towards NH3 production (97%), we used this 

Nafion thickness for the remaining studies in this chapter. 

A) B) 

Figure 5.6: Faradaic efficiencies (A) and rate of production rate (B) of NH3 (blue bars) and NO2- 
(blue bars) after 1 h of chronoamperometry at -1.4 V from unmodified (bare) Cu, Cu modified 
with electrodeposits (ED), and Cu modified with ED and Nafion. 
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Figure 5.7: Chronoamperometry curves (A) performed at -1.4 V in 50 mM NaNO3 and 100 mM 
Na2SO4 at -1.4 V of unmodified Cu (black line), Cu modified with 30 min of Cu electrodeposition 
at -0.14 V (red line), at -0.5 V (blue line), at -0.14 V with a 6 µm Nafion overlayer (green line), 
and at -0.5 V with a 6 mm Nafion overlayer (purple). UV-Vis absorption spectra after 
chronoamperometry for NH3 (B) and NO2- (C) detection. 

 

5.3.3 Nafion Effects Investigation for Selective NH3 Production 
Previous studies showed that the N-O bond in a Cu-NO intermediate is activated in the 

presence of Nafion. In particular, spectroscopic and density functional theory calculations indicate 

that the N-O bond length increases, which facilitates subsequent bond cleavage and NH3 

formation.32  

 

A) B) 

C) 
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Table 5.3: Faradaic efficiencies for NH3 for NO3- reduction catalysts in the literature. 

Catalyst Electrolyte NH3 Faradaic Efficiency 

This work 

(Cu with electrodeposits 

formed using -0.14 V 

modified with Nafion) 

50 mM NaNO3 

100 mM Na2SO4 
97.0 ± 0.3 % 

6-µm Nafion-modified Cu32 
50 mM NaNO3 

100 mM Na2SO4 
91 ± 2 % 

Co3O4/Co nanosheets40 
0.1 M Na2SO4 

1 mg mL−1 of KNO3 
88.7% 

Fe1/NC41 
0.1 M K2SO4 

0.5 M KNO3 
86% 

Co/CoO NSA42 
100 mM K2SO4 

200 ppm NO3- 
93.8% 

Ir NTs43 
100 mM HClO4 

17000 ppm NO3- 
84.7% 

CuFe3 

 

100 mM K2SO4 

1700 ppm NO3- 
94.5% 

Co3O4/NiO HNTs44 
500 mM Na2SO4 

200 ppm NO3- 
55% 

FeB245 
1 M KOH 

0.1 M KNO3 
96.8% 

Co@TiO2/TP46 
0.1 M PBS and 

0.1 M NO3- 
96.7% 

Au-Pd alloy nanocrystals 

with (331) high-index 

facets47 

0.5 M K2SO4 

0.05 M KNO3 
65% 

Ce–MoS2−x/CC48 
0.5 M Na2SO4 

0.1 M NaNO3 
96.6% 
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FeOOH/CP49 
0.1 M PBS 

0.1 M NaNO3 
92% 

Pt30 3000 mg L-1 NO3- 49% 

Cu (111) nano disks50 
0.1 M KOH 

0.2 10 mM KNO3 81% 

Cu–N451 
0.1 M KOH 

0.1 M KNO3 
84.7% 

 

5.3.4 Durability 
To evaluate the durability of the Nafion-modified Cu electrodeposits formed at -0.14 V, 

we performed chronoamperometry for 18 hours at -1.4 V (Figure 5.8). The NH3 Faradaic 

efficiency for this long-term experiment was (85 ± 2) %, which indicates that the electrode is 

relatively stable over this time period and can support a high NH3 Faradaic efficiency throughout 

the experiment. Note that for this longer experiment, only 300 uL of electrolyte was used for 

colorimetric analysis because of the greater quantity of products generated. 
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Figure 5.8: Chronoamperometry curve at -1.4 V for 18 h (A) of a Cu electrode modified with 
electrodeposited Cu at -0.14 V with a 6 µm Nafion overlayer in 50 mM NaNO3 and 100 mM 
Na2SO4 (A), and UV-Vis absorption spectra after the chronoamperometry for NH3 (B) and NO2- 
(C) detection.  

Interestingly, the Faradaic efficiency for NH3 production from Cu electrodeposits formed 

using -0.5 V drastically decreases to (11.1 ± 0.1) % upon Nafion modification unlike the 

electrodeposits formed at -0.14 V. The difference in NH3 selectivity for the Nafion-modified 

electrodes with the two different electrodeposits could be due to differences in the crystal structure 

of the Cu electrodeposits as we will discuss later using XRD data. Figure 5.6B displays the NH3 

and NO2- production rates from the different Cu electrodes, and these production rates follow a 

similar trend as the Faradaic efficiencies.  

A) B) 

C) 
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5.3.5 Electrodes Fabrication System Optimization 
Given the high NH3 selectivity of the Nafion-modified electrode with Cu electrodeposits 

formed at -0.14 V, we focused on this electrode architecture for the remainder of our studies. In 

particular, we changed both the time employed to deposit the Cu particles and the voltage applied 

during the NO3- reduction reaction in an attempt to further optimize this system. NH3 Faradaic 

efficiencies were 14% and 19% for the electrode electrodeposited at -0.14 V for 2 hours, without 

and with modification using Nafion overlayer, respectively. Although increasing the 

electrodeposition time for generating the Cu electrodeposits increases the surface area of the 

electrodeposits, the NH3 Faradaic efficiency significantly decreases (Figure 5.9), so we focused 

on the Nafion-modified electrode formed using only 30 min of electrodeposition.  

 
Figure 5.9: Chronoamperometry curves at -1.4 V in 50 mM NaNO3 and 100 mM Na2SO4 (A) of 
Cu electrodes modified using two hours of Cu electrodeposition at -0.14 V (black line) with a 6 
µm Nafion overlayer (red line). UV-Vis absorption spectra for NH3 detection (B).  

5.3.6 Voltage Optimization 
We also assessed the effect of applied voltage on the electrocatalyst selectivity and kinetics 

(Figures 5.10 and 5.11).  Increasing the magnitude of the cathodic voltage increases the NH3 

production rate per electrochemically active surface area of electrodes due to a greater applied 

overpotential (Figure 5.10B, blue bars). However, the NO2- production rates peak at -1.2 V, 

B) A) 
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indicating that there is an optimal potential for NO2- generation (Figure 5.10B, red bars). At higher 

overpotentials, most of the NO2- produced at the electrode surface is converted to NH3, which 

explains why the NO2- production rate decreases at more negative voltages. In terms of Faradaic 

efficiencies, the NO2- production decreases with increasing cathodic voltage with a corresponding 

rise in NH3 Faradaic efficiency from -1 V to -1.4 V (Figure 5.10A). The NH3 Faradaic efficiency 

decreases at voltages more negative than -1.4 V due to an increase in kinetically facile H2 evolution 

at higher overpotentials.35  

 
Figure 5.10: Faradaic efficiencies (A) and production rates (B) of NH3 (blue bars) and NO2- (red 
bars) after 1 h of chronoamperometry at various voltages using Cu electrodes with Cu 
electrodeposits formed at -0.14 V modified with Nafion. 

 

 

 

B) A) 



 

 

166 

 

 

Figure 5.11: Chronoamperometry curves (A) in 50 mM NaNO3 and 100 mM Na2SO4 of Cu 
electrodes modified with electrodeposited Cu at -0.14 V and a 6 µm Nafion overlayer. Voltages 
applied during chronoamperometry were -1.0 V (black line), -1.2 V (red line), -1.4 V (blue line), 
-1.6 V (green line), and -1.8 V (purple line) UV-Vis absorption spectra after chronoamperometry 
for NH3 (B) and NO2- (C) detection. 

 

5.4 Mechanistic Studies of NO3- Reduction. 
To study the electrocatalytic NO3- reduction mechanism to produce NH3, we performed 

three different chronoamperometry experiments using NO3-, NO2-, or NO-saturated electrolytes 

with the Cu electrodeposits formed at -0.14 V with and without Nafion modification. Figures 5.12 

demonstrate the chronoamperometry and UV-Vis spectra of NO2- and NO reduction. The solutions 

A)                                                                                         B)                                                                                         

C)                                                                                         



 

 

167 

 

used contained 100 mM Na2SO4 as a supporting electrolyte. Faradaic efficiencies and rates of NH3 

production are reported in Figures 5.13A and 5.13B, respectively for the electrochemical reduction 

of NO3-, NO2- and NO. In all three electrolytes, the NH3 Faradaic efficiencies for the Nafion-

modified electrode are significantly higher than those of the unmodified electrolyte. Furthermore, 

the Nafion-modified electrode exhibits high selectivity for NH3 (> 90%) regardless of whether 

NO3-, NO2-, or NO is used as the precursor. These experiments suggest that both NO2- and NO are 

intermediates during NO3- reduction to NH3 on the Nafion-modified Cu electrodeposits. A similar 

inference was discussed previously using flat Cu electrodes and is supported by surface-enhanced 

Raman spectroscopy and density functional theory calculations in our previous work.32 
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A)                                                                                         B)                                                                                         

C)                                                                                         D)                                                                                         

Figure 5.12: Chronoamperometry curves at -1.4 V in 50 mM NaNO2 (A) and 2 mM NO (C) 
containing 100 mM Na2SO4 of Cu electrodes modified with electrodeposited Cu at -0.14 V without 
(black line) and with (red line) a 6 µm Nafion overlayer. UV-Vis absorption spectra after 
chronoamperometry for NH3 (B and D) detection. 
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Figure 5.13: Faradaic efficiencies (A) and NH3 production rates (B) from NO3- reduction (leftmost 
two bars), NO2- reduction (middle two bars), and NO reduction (rightmost two bars) using Cu 
electrodes with Cu electrodeposits (ED) formed at -0.14 V with (blue bars) and without (red bars) 
after 1 h of chronoamperometry at -1.4 V.  

5.5 Responsible Crystal Faces to Produce NH3 with High Faradaic Efficiency. 

5.5.1 X-Ray Diffraction (XRD) Study 
To understand the effect of electrodeposition voltage on the Cu electrodeposits, we 

performed XRD of the electrodeposits formed using -0.14 V and -0.5 V (Figure 5.14). In the 

spectrum of the electrodeposits formed at -0.14 V, the (111), (200), (220), and (311) crystal faces 

are present, and the intensity of the (220) face is largest (Figure 5.14A). In contrast, the (111) facet 

exhibits the greatest intensity in the spectrum of the electrodeposits formed at -0.5 V (Figure 

5.14B). Based on these results, we attribute the high Faradaic efficiency for NH3 production with 

the Nafion-modified Cu electrodeposits formed at -0.14 V to the predominance of (220) faces in 

the Cu electrodeposits. Previous reports demonstrate that the Cu (111) face is the most active for 

the H2 evolution reaction,52 which for NO3- reduction catalysts would reduce the NH3 Faradaic 

efficiency. Additionally, the (111) facet has the highest atomic packing density in face centered 

cubic systems and hence the fewest number of dangling bonds on the surface. We hypothesize that 

the higher coordination number of Cu in the (111) faces inhibits its activity towards NO3- 

A) B) 
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reduction. This interpretation may explain why the Nafion-modified Cu electrodeposits formed 

at -0.5 V do not yield significant quantities of NH3, while the Nafion-modified Cu electrodeposits 

formed using -0.14 V are highly selective for NH3 generation. 

 
Figure 5.14: XRD spectra of Cu electrodes with Cu electrodeposits formed using -0.14 V (A) and  
0.5 V (B). 

5.5.2 Surface Poising 
Through NO3- reduction experiments on Cu single crystals, Butcher Jr. and Gewirth 

previously determined that NO3- reduction leads to the partial oxidation of Cu surfaces during the 

catalytic cycle.19 In particular, this oxidation facilitates NO3- reduction, and the reaction proceeds 

at lower overpotentials on crystal faces that are more readily oxidized. A corollary to this effect is 

that these same oxidizable crystal faces are poisoned by chloride because chloride etches copper 

oxides.53 In the case of Cu electrodeposits, because the (220) face exhibits enhanced activity for 

NO3- reduction, we hypothesize that the electrodeposits formed using -0.14 V, which contain a 

predominance of the (220) face, would be poisoned by chloride as well. Indeed, a LSV of the 

Nafion-modified Cu electrodeposits formed using -0.14 V possesses an onset potential that is 

significantly shifted negative in a chloride-containing electrolyte (Figure 5.15A and Table 5.1). In 

A) B) 
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contrast, the less active Nafion-modified Cu electrodeposits formed using -0.5 V exhibit the 

opposite trend (Figure 5.15B and Table 5.1).  

 
Figure 5.15: Linear sweep voltammograms at a scan rate of 10 mV s-1 of Nafion-modified Cu 
electrodes with Cu electrodeposits formed using -0.14 V (A) and -0.5 V (B) in 50 mM NaNO3, 
100 mM Na2SO4 (black line) and in 50 mM NaNO3, 100 mM Na2SO4, and 10 mM NaCl (red line). 

Taken together, these results further suggest that the Cu (220) face is responsible for the 

enhanced NH3 production of the Nafion-modified Cu electrodeposits formed using -0.14 V, which 

is likely facilitated by the formation of copper oxides on the surface during catalysis. 

 

5.6 Conclusions. 
Although Nafion is commonly used as separator in two-compartment cells or as a binder 

in catalyst inks, here we modified Cu electrodeposits with a Nafion overlayer to enhance NH3 

production. Compared to previous reports using flat Cu electrodes, the Cu electrodeposits can both 

increase the NO3- reduction current density and the NH3 Faradaic efficiency. In particular, the 

optimized catalyst reduces NO3- to NH3 with a (97.0 ± 0.3) % Faradaic efficiency at a rate of (2.12 

± 0.01) nmol/cm2-s. The structure and morphology of the electrodeposits were characterized using 

SEM-EDX, AFM, and XRD, and products were quantified in terms of electrochemically active 

surface areas. Along with the Nafion overlayer, the (220) face in the Cu electrodeposits suppresses 

A) B) 
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H2 evolution and enhances NH3 yield. These studies will aid future researchers in rationally 

developing the next generation of active NO3- reduction electrocatalysts. 
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