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Abstract 
The use of molecular electrochemical catalysts for small molecule transformations is a 

quickly growing and challenging field with numerous environmental, industrial, and agricultural 

applications. Molecular catalysts, while prized for their selectivity and tunability, are often 

hindered by issues of solubility, relative activity, and post-electrolysis separation and 

reconstitution. One method for alleviating some of the drawbacks of molecular catalysts without 

compromising their benefits is to attach them to solid-state surfaces, a process also known as 

heterogenization. In this dissertation I will share the results of several methods for 

heterogenization of molecular electrocatalysts for environmentally relevant small molecule 

transformations, culminating in the discovery of a novel polymeric chromium catalyst capable of 

the direct reduction of nitrate, and other NOx species, to ammonia with activity and selectivity 

comparable to state-of-the-art solid-state electrocatalysts.  

Chapters 1 and 2 provide background information for this thesis. Chapter 1 includes an 

in-depth discussion of the research motivation along with a discussion of current methods for 

molecular electrocatalyst heterogenization. This is followed, in Chapter 2, by descriptions and 

backgrounds for the main analytical methods employed throughout this work. In Chapter 3 I 

present my work on layer-by-layer growth of multilayer films of discrete molecular catalysts 

using sequential Cu-Catalyzed Azide−Alkyne Cycloaddition or ‘Click’ reactions for the 

electrocatalytic reduction of oxygen. The resulting multi-layer films of Copper 

Diethynylphenanthroline were capable of the oxygen reduction reaction and showed an increase 

in both activity and selectivity for the 4-electron reduction of oxygen to water. However, as 
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discussed in more detail in the chapter, the films were limited to two layers due to steric 

hindrance preventing the formation of additional layers. 

In Chapter 4, I discuss the use of the same ‘Click’ reaction to modify glassy carbon 

electrodes with (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) for alcohol oxidation. I 

present the synthesis and heterogenization of several different TEMPO analogues. I determined 

that while TEMPO can be readily covalently attached to glassy carbon electrodes and the 

resulting electrodes are active for alcohol oxidation, the TEMPO complexes are highly unstable 

and rapidly degrade under catalytic conditions. These results suggest that further work into this 

area should focus on either TEMPO stability, generating a large excess of catalyst on the surface, 

or rapid replacement/regeneration of the catalytic surface.  

Chapter 5 focuses on my work in using electropolymerization to overcome the 

limitations of the ‘Click’ reaction for forming multi-layer films. I present my work on using 

molecular electrocatalysts modified with a terthiophene backbone in order to form catalyst-

containing conductive electropolymerized films on glassy carbon electrodes. This method is 

capable of forming much higher surface coverages than the aforementioned ‘Click’ method, 

albeit at the cost of less control over the film due to the radical polymerization process. Using a 

novel chromium terpyridine terthiophene complex as the monomer I form electrode surfaces that 

are capable for the reduction of nitrate, and other NOx species, to ammonia with activity and 

selectivity comparable to those of state-of-the-art solid-state systems. To our knowledge this is 

the first example of a molecular electrocatalyst capable of this reaction at high selectivity and 

activity and also one of the first examples of a highly active polythiophene based electrocatalytic 

system. It has many implications for environmental remediation of nitrate with the added benefit 

of nutrient recovery. Finally, in Chapter 6, I provide a brief summary of my work, descriptions 
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of the future directions I believe this work should take, and some preliminary data for the 

aforementioned directions.   
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Chapter 1 : Research Motivation and Introduction to Electrode Modification 

with Molecular Catalysts 

1.1 Introduction 

The use of electrocatalysis for small molecules transformations has been a rapidly 

expanding field with applications in renewable energy and organic synthesis. With the deleterious 

effects of anthropogenic emissions becoming an increasingly pressing issue, technologies capable 

of helping to combat global climate change and pollution and make use of solar fuels are crucially 

important. Electrocatalysts can be used to convert renewable energy sources like solar or wind into 

chemical bonds for energy storage through reactions like the CO2 reduction reaction (CO2RR). 

They are also an important part of chemical fuel cells where the opposite reaction occurs, and the 

potential energy stored in chemical bonds in converted directly to energy. In other words, 

electrocatalysts are capable of lowering the kinetic barrier between electrical and chemical 

potential energy. In theory, the energy obtained from this process is larger than that obtained 

through combustion of the same material.1 More recently, electrocatalysis has shown promise for 

organic transformations as well.2-4 Electrocatalysts have been used for alcohol oxidations to form 

precursors to industrially and pharmaceutically relevant molecules with high yield and without the 

use of toxic or environmentally harmful oxidants.5   

Electrocatalysts can be broadly divided into two categories: solid-state and molecular. With 

solid-state catalysts, such as copper for the CO2RR, the reactions take place at a high concentration 

of poorly defined surface-sites.6-10 These surface sites can vary as a function of location on the 

surface, applied potential, and time over the course of an experiment.11 This is a key difference 
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between solid-state and molecular electrocatalysts where the reactions take place at singular well-

defined active sites. It is important to note that a molecular electrocatalyst does not necessarily 

mean a homogenous catalyst as well. Molecular electrocatalysts attached to surfaces, while 

heterogenous in nature, would still be considered a molecular, not solid-state, electrocatalyst. This 

is why we define our electrocatalyst types as molecular and solid-state rather than hetero- and 

homogenous.  

Solid-state electrocatalysts generally have the advantage in overall activity for a given 

reaction. A large concentration of surface-sites which can be enhanced with nano-structuring 

and/or porous surfaces results in high electrochemical activity. State-of-the-art nano-structured 

copper catalysts, for example, can obtain CO2RR activities upwards of 10 mA cm-2
.
12, 13

 However, 

because the reactions take place at a variety of surface-sites there are limits in terms of selectivity 

and mechanistic evaluations. While copper is capable of reducing CO2 with high activity and to 

highly reduced C1 and C2 containing products including methane and ethanol, the overall 

selectivity is quite low. At least 16 different carbon containing products have been detected from 

CO2RR on polycrystalline copper in aqueous electrolyte (Figure 1.1).14 In addition, the product 

selectivity is highly potential dependent and specific products may only be obtainable within a 

narrow potential window. Changing the applied potential to increase activity may result in 

different, less desirable products, including competitive H2 formation from the hydrogen evolution 

reaction (HER).  

 



 3 

 

Figure 1.1 Potential dependent product distribution for CO2RR on polycrystalline copper in aqueous 
electrolyte.14 Reproduced from Energy Environ. Sci., 2012, 5, 7050-7059. with permission from the Royal 
Society of Chemistry. 
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Other metals, such as silver and gold, only produce a single carbon containing product, 

CO. However, like copper, the selectivity varies drastically with the applied potential and high 

selectivity for CO versus competitive HER only occurs in a very narrow potential window. As 

seen in Figure 1.2 silver is only highly selective for the CO2RR between -1.0 and -1.1 V vs RHE.15 

Because the surface sites are hard to define and can change over the course of an experiment it is 

difficult to rationally tune a solid-state catalyst. Efforts to do so generally focus on nano-structuring 

the material either to increase surface area,16, 17 enhance the concentration of a specific surface 

structure such as step sites,13, 18 or control the local pH environment around the catalyst surface.19, 

20 While all of these methods are capable of changing the activity and selectivity to an extent, they 

lack the degree of control that a molecular catalyst can provide.   

Unlike solid-state catalysts, molecular catalysts have the advantage of a single, well-

defined active site at which the reaction occurs. In addition, the environment around the active site 

can be rationally tuned through ligand alterations21-29 and/or outer sphere effects such as polymer 

encapsulation.30-33 This degree of control over the active site is not found in solid-state catalysts. 

Because of the singular nature of the active site molecular catalysts generally operate with higher 

selectivity than their solid-state counterparts. The selectivity is also much less potential dependent 

so activity can be modulated through potential changes with reduced risk of generating side 

products.  

However, molecular catalysts have their own set of drawbacks, many of which stem from 

the fact that molecular catalysts are often used as homogenous solutions. This means that the 

electrolyte solution must be one in which the catalyst is soluble and often precludes the use of 

greener solvents. In addition, solubility issues may arise over the course of an experiment resulting 

in precipitation or decomposition of the catalyst onto the electrode surface.34 Catalyst deactivation 
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can also be enhanced by intramolecular interactions between multiple catalyst complexes in 

solution. For example fac-Re(bpy-R)(CO)3X complexes, capable of CO2RR, can form inactive 

dimers in solution.35 

  It is also important to note that as with all electrochemical processes the reactions only 

take place at the surface of the electrode. The majority of the catalyst in the solution will not be 

active at any given time during an experiment. This has implications in terms of both resources, 

as a large amount of catalyst will superfluous, but also in terms of activity measurements. Because 

only catalyst within the diffusion layer of the electrode is capable of undergoing redox processes 

determining the actual number of active complexes over the course of an experiment can at best 

only be estimated.34, 36, 37 As an alternative, the activity can be based on the total amount of catalyst 

in solution but this will greatly underestimate the TOF. While both methods have their benefits, 

they still make benchmarking different catalysts difficult as the TOFs will always be 

approximations.  
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Figure 1.2 Potential dependence product distribution of the CO2RR on silver in aqueous electrolyte.15 
Reproduced from Phys. Chem. Chem. Phys., 2014, 16, 13814-13819. with permission from the Royal 
Society of Chemistry. 
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Finally, the overall activity of molecular electrocatalysts is generally lower than those of 

their solid-state counterparts. Because molecular catalysts are limited to a monolayer on the 

electrode surface the overall concentration of active sites is lower than nano-structured state-of-

the-art solid-state systems. While the maximum coverage of a monolayer will be somewhat species 

and surface roughness dependent, theoretical calculations of a monolayer of ferrocene idealized as 

cylinders, on graphitic carbon result in a monolayer coverage on the order of 1014 molecules cm-

2.38 These coverages have also been experimentally confirmed38 and this is consistent with our 

results as well where we have found that a monolayer of copper diethynylphenanthroline 

covalently attached to carbon surfaces is also on the order of  1014 (see Chapter 3).39 However, 

with these coverages, to reach current densities common to solid-state catalysts, either a highly 

active catalyst (TOF ~ 300 s-1) would need to be found, or surface coverage would need to be 

increased.  

Many of the issues associated with the use of molecular catalysts can be alleviated by 

attaching them to a surface rather than using them in a homogenous solution. By employing this 

method solubility is no longer a concern and the best, or greenest solvent, can be used for the 

electrolyte without worrying about catalyst precipitation. In addition, as long as the complexes are 

not mobile on the surface, intermolecular interactions can be drastically reduced or eliminated, 

thereby also eliminating one pathway towards catalyst deactivation. The attachment strategy also 

reduces the amount of catalyst needed for an electrochemical reaction. Only enough catalyst to 

cover the surface of the electrode is required and no catalyst is wasted in solution. This also makes 

calculating the activity of the catalyst much simpler. Because all the catalyst is contained on the 

electrode surface it is much easier to determine the number of active sites and from that information 
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determine the TOF. There exist many strategies for surface immobilization including both covalent 

and non-covalent methodologies and they will be described in the following sections.  

1.2 Non-Covalent Attachment Methods 

The simplest method of attaching molecular electrocatalysts to a surface is likely through 

non-covalent interactions. Inorganic and organometallic complexes can be physiosorbed onto 

certain carbon surfaces. This works best on high surface area substrates such as edge-plane 

graphite, carbon felt, or HOPG (highly ordered pyrolytic carbon). Graphite powder can also be 

used to increase the effective surface area but is susceptible to delamination. It is important to note 

that the catalysts must be capable of strong interactions with the substrate and therefore aromatic 

complexes or complexes with aromatic substituents are desired to induce pi-stacking. When using 

non-covalent attachment it is important to use an electrolyte in which your catalyst is not soluble 

as solvent-catalyst interactions will be capable of displacing the catalyst from the surface. Aqueous 

electrolytes are commonly used to avoid this issue.  

1.2.1 Physisorption 

Anson and co-workers found that copper complexes of 1,10-phenanthroline when 

adsorbed to edge plane graphite were capable of reducing both oxygen and hydrogen peroxide.40-

43 The polished edge plane graphite electrodes were loaded either by submerging them in a solution 

of ligand-metal complex, or by first adsorbing the ligand then chelating copper in a similar manner. 

Because the complexes used were molecular, the activity and redox potentials could be modified 

through ligand alterations. This was examined in detail by Chidsey and co-workers where they 

examined a series of 1,10-phenanthroline copper complexes adsorbed onto edge plane graphite for  

ORR (Table 1.1).44 They determined that the redox potential of the metal center, and the potential 
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of the oxygen reduction peak, could be shifted positive by the addition of electron withdrawing 

groups or bulky ligands in the 1 and 9 positions. However, this positive shift was also generally 

associated with a decrease in the overall kinetic rate for the ORR due to a lower energy active state 

of the catalyst.  

 

Table 1.1 Redox potential (Ecat0 ), oxygen reduction peak potential (EO2), and measured kinetic current 

(ik(Ecat
o )

qcat
) of a series of 1,10-phenanthroline copper complexes adsorbed on edge plane graphite.44 

Reproduced from J. Phys. Chem. A., 2007, 111, 12641-12650. with permission from the American 
Chemistry Society. 
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Cobalt phthalocyanine is well-studied CO2RR and ORR catalyst that has been incorporated 

onto graphite electrodes using non-covalent pi stacking interactions.45-50 However, it suffers from 

significant competitive HER while under the standard aqueous electrolyte conditions. Kaneko and 

co-workers found that both the activity and selectivity of the catalyst could be improved through 

incorporation in poly-4-vinyl pyridine.30, 33 Additional mechanistic studies by McCrory and co-

workers suggest that this effect is due to both inner sphere interactions between the pyridine and 

cobalt but also outer sphere effects based on proton relays through the polymer (Figure 1.3).31, 32 

Films formed in these studies were generally done through drop casting, an alternative method for 

forming non-covalent catalyst layers on graphite.  

 

Figure 1.3 Figure demonstrating proposed effects of the poly-4-vinyl pyridine on CO2RR by CoPc 
including 1) pyridine coordination to the cobalt center, 2) H-bonding stabilization of the CO2RR 
intermediates and 3) proton relay through the polymer film.31 Reproduced from Chem. Sci., 2016, 7, 2506-
2515. with permission from the American Chemistry Society. 
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1.2.2 Pyrene Attachment 

As an alternative for direct interaction of the catalyst and the electrode, the catalyst can be 

modified with a pyrene substituent in order to facilitate binding.5, 51-57 Carbon nanotubes are often 

used as the substrate in order to improve binding interactions. Stahl and co-workers modified a 

TEMPO complex with a pyrene moiety and attached it to multi-walled carbon nanotubes 

(MWCNT) on both glassy carbon and carbon cloth using a dipping method (Figure 1.4).5 The 

TEMPO-modified electrodes were capable of alcohol oxidation on multiple substrates including a 

hydroxymethylpyrimidine precursor to rosuvastatin (Crestor™).  

O
NH

N
O

 
 

Figure 1.4 Noncovalent attachment of a pyrene modified TEMPO complex to a MWCNT. 

  

 

 

 



 12 

Organometallic complexes can also be attached to electrodes using this method. Robert 

and co-workers modified an iron porphyrin complex with pyrene for the electrochemical 

reduction of CO2 to CO (Figure 1.5).57 Glassy carbon electrodes of the complex were made by 

drop casting MWCNTs onto the surface followed by the iron catalyst. The resulting electrodes 

were highly selective for CO2RR over HER and were stable over a 3-hour electrolysis.  

 
 

Figure 1.5 Synthetic scheme for the pyrene modified iron porphyrin used by Robert and co-workers for the 
CO2RR in aqueous electrolyte.57 Reproduced from J. Am. Chem. Soc., 2016, 138, 2492-2495., with 
permission from the American Chemistry Society.  
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1.3 Covalent Attachment Methods 

As an alternative to non-covalent interactions, covalent attachment strategies can be used 

to form direct bonds between a carbon electrode and a molecular catalyst. Systems created by 

this method are often more robust than non-covalent systems and can be used in any solvent 

without risking displacement of the catalyst. This strategy also prevents films delamination due 

to bubble formation during an electrolysis. Many synthetic methods exist for covalently 

attaching molecular catalysts, but most require specific functional groups to be present on either 

the carbon electrode, the catalyst, or both. 

1.3.1 Pyrazine Bond Formation 

Surendranath and co-workers reported a novel method of attaching molecular catalysts to 

graphitic carbon surfaces. Their method takes advantage of the inherent o-quinone moieties present 

at edge planes and step-edge defects on the graphitic carbon. Complexes modified to contain an o-

phenylenediamine functionality can irreversibly condense with the o-quinone moiety on the 

electrode to form conjugated pyrazine linkers. Using this method they attached both a ruthenium 

and rhodium catalyst to glassy carbon surfaces (Figure 1.6).58 Interestingly, CVs of the material 

did not display the expected redox couples of the attached catalyst. Instead, their data suggests that 

the coupling of the catalyst to the electrode through the pyrazine link is so strong that the metal 

center remains in electronic equilibrium with the electrode itself. This result holds great promise 

for future heterogenization of molecular electrocatalysts.  
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Figure 1.6 Pyrazine conjugation between a glassy carbon electrode and a molecular catalyst containing an 
o-diamine moiety.58 Reproduced from J. Am. Chem. Soc., 2018, 140, 1004-1010., with permission from the 
American Chemistry Society. 

 

1.3.2 Amide Bond Formation 

Shaw and co-workers used amide-bond formation to attach both a molecular catalyst and 

a hydrogenase enzyme to glassy carbon electrodes in order to compare them for the hydrogen 

oxidation reaction (HOR).59 They attached them by reacting carboxylic acid moieties on the 

complexes with amine-functionalized glassy carbon electrodes (Figure 1.7). This method can be 

used in aqueous solution which makes it much more compatible with enzymes. They found that 

the molecular catalyst showed a similar response to the enzyme with the enzyme being more active 

at pH 7 and the catalyst more active at pH 3. Interestingly, the enzyme also demonstrated improved 

stability when compared to the catalyst. This work highlights how surface attachment can be used 

to enhance the study of molecular electrocatalysts. Here it directly enabled the comparison of a 
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molecular catalyst with a bio-enzyme, something that would be much harder in homogenous 

solution. As an additional note, the functionalization of the glassy carbon electrodes with amines 

used a second surface modification technique called diazonium coupling. This will be discussed 

directly below.  

  

 

Figure 1.7 Amide bond formation between an amine-functionalized glassy carbon electrode and a 
carboxylic acid containing nickel catalyst.59 EDC stands for 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide which is used to activate the carboxylic acid. Note that this reaction is 
performed in water. Reproduced from Angew. Chem. Int. Ed., 2015, 54, 12303-12307., with permission 
from John Wiley & Sons. 
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1.3.3 Diazonium Coupling 

Diazonium coupling is a radical-based surface modification technique that only requires 

the molecular complex to contain an aryl diazonium salt. The salt can be synthesized in advance 

or generated in situ from a parent aniline.60 The diazonium salt is then reduced, usually 

electrochemically although molecular reducing agents can also be used. This results in the 

evolution of dinitrogen and the formation of an aryl radical which can react with the glassy carbon 

substrate to form a covalent bond (Figure 1.8). It is important to note that because this method uses 

a radical complex to form the bond, there is minimal control over the surface structure. The 

generated radicals can react with complexes already on the surface to form branched multi-layer 

films.  

 

Carbon

R

N
e-

N

R

N
N R R R

 

Figure 1.8 Mechanism of diazonium salt grafting of molecular complexes to glassy carbon. Note that 
because it is a radical based mechanism there is minimal control over the surface structure and multi-layer 
grafting can occur.  

 

Diazonium coupling is generally used to modify surfaces in two ways. The first, as shown 

by Shaw and co-workers in Figure 1.7, is to modify a carbon electrode with an aryl diazonium salt 

containing a functional group that will selectively form a bond with another functional group on 

the desired catalyst. Shaw and co-workers, for example, modified glassy carbon electrodes with 

aryl amines that they could use to form amide bonds with carboxylic acid containing complexes.61 
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Carbon electrodes can also be modified with azide or ethynyl groups which can be used to attach 

molecular complexes using the Cu(I) catalyzed Azide Alkyne Cycloaddition (CuAAC) or “click” 

reaction (Figure 1.9).62, 63  

 

Figure 1.9 Diazonium salt modification of a carbon electrode with azide and ethynyl functional groups. 
These groups can then be used to attach complexes to the electrode using the Cu(I) Catalyzed Azide Alkyne 
Cycloaddition (CuAAC).62 Reproduced from Chem. Eur. J., 2008, 14, 9286-9291., with permission from 
John Wiley & Sons. 

 

Alternatively, diazonium coupling can be used to directly attach a catalyst to an electrode 

surface. Lin and co-workers used diazonium coupling to directly graft both rhenium and 

manganese bipyridine complexes to a carbon electrode (Figure 1.10).64 Surface attachment of the 

rhenium complex is especially beneficial because it helps to prevent the complex from undergoing 

intermolecular deactivation. Lin and co-workers were able to use the modified electrodes to 

generate CO from the CO2RR and H2 from the HER. The H2 was generated from bare glassy 

carbon, and they found that the CO/H2 ratio could be modulated by controlling the CO2 diffusion 

rate or by changing the surface coverage of the catalyst. This makes the electrodes a promising 

candidate for production of syngas in a one-pot electrochemical setup.  
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Figure 1.10 Synthesis procedure for attaching Re and Mn bipyridine catalysts to glassy carbon using 
diazonium salt grafting. Note how the diazonium salt is formed from the parent amine prior to surface 
attachment.64 Reproduced from ACS Appl. Mater. Interfaces., 2016, 14, 4192-4198., with permission from 
the American Chemistry Society. 

 

1.3.4 Copper(I) Catalyzed Azide Alkyne Cycloaddition 

As noted earlier, the Cu(I) Catalyzed Azide Alkyne Cycloaddition (CuAAC) or “click” 

chemistry is a highly robust surface modification technique which can be used to attach a wide 

variety of complexes to an electrode surface61, 63, 65-70 (Figure 1.11). Due to its use in later chapters 

of this thesis, a more in-depth profile of the “click” reaction will be presented here. The reaction 

requires both a terminal azide and a terminal alkyne which, when reacted in the presence of a Cu(I) 

catalyst, will form a triazole linker. Because it is relatively simple to modify a carbon surface with 

azide groups, the alkyne is generally attached to the catalyst, usually through a Sonogashira 

coupling. There are two commonly used methods for modifying the electrode surface with azides. 

The first is by reacting a carbon electrode with iodine azide (generated in situ) to generate an azide 

monolayer directly on the electrode surface, and the second is through diazonium coupling with 

an azide-modified diazonium complex. For the first method the carbon surface must be initially 

treated to remove any surface oxidation prior to the azidification step. This is done either by 

heating the electrode in a reducing atmosphere38, 70 (forming gas which is 5% H2 in N2 is commonly 
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used here) or by polishing the electrode in an oxygen free environment like a glovebox.61, 69 The 

oxygen free surface is then exposed to iodine azide, which can be generated in situ by combining 

an azide source (e.g. NaN3 or Bu4N3) with ICl in an organic solvent such as acetonitrile or hexanes. 

It is important that these reactions be carried out in the dark to avoid UV-activated decomposition 

of the azides. The azidified surface can then be used in CuAACs to attach molecular complexes 

covalently to the electrode surface. The resulting triazole linker has been previously shown to be 

very stable in strongly acidic and alkaline conditions,38, 68 and is robust to exposure to 1 M HClO4 

and 1 M NaOH at 100 ºC for at least 12 h. 

N3 N3

R

Cu(I)
N NN

N
N
N

R R

Carbon

5% H2, 95% N2

1000o C IN3

H H

 

Figure 1.11 A generalized reaction scheme for modification of an azide modified carbon electrode with the 
CuAAC “click” reaction. 

 

There are several important points to be made about this procedure. Generally a copper 

chelating ligand such as TBTA (Tris(benzyltriazolylmethyl)amine) will be added to help stabilize 

the Cu(I) catalyst. In addition, it is possible to use either Cu(II) and a reducing agent such as 

ascorbic acid, or to employ only a Cu(I) catalyst such as copper iodide. The choice largely depends 

on the molecule that is to be attached to the surface. Cu(II) and ascorbic acid is easier to work with 

as the use of excess ascorbic acid can keep the solution oxygen free over the course of the reaction. 

However, if you are attempting to attach an organometallic complex, such as rhenium bipyridine, 

there is the possibility that the copper used as the catalyst will displace the metal center of the 

complex. In these cases, it is better to use a Cu(I) catalyst and no reducing agent. The Cu(I) should 

have a lower binding affinity than the metal center, which will remain in a more oxidized form 
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due to the lack of any reducing agent. However, when using Cu(I) it is more important to ensure 

that your CuAAC solution is air free as once the Cu(I) is oxidized to Cu(II), it is no longer able to 

catalyze the reaction and is more likely to displace the metal center of your complex.  

The second option for modifying a carbon surface with azides is to use diazonium coupling. 

As shown in Figure 1.9, an aryl azide can be electrografted to a carbon electrode. The steps 

following the azidification are analogous to those described for a surface modified with iodine 

azide. It is also possible to use this method to attach a terminal aryl alkyne. However, because it is 

generally easier to attach an ethynyl moiety to a molecular complex it is recommended to modify 

the carbon surface with an azide.  

Chidsey and co-workers used the CuAAC to attach copper ethynyl phenanthroline 

complexes to glassy carbon electrodes and study their activity for the ORR.70 The covalent 

attachment of the catalyst to the electrode surface revealed that there are two mechanisms for the 

ORR by copper phenanthroline. The first is a mononuclear 2 e- reduction of O2 to H2O2 while the 

second is a binuclear 4 e- reduction of O2 to H2O that involves two metal centers (See Figure 1.12). 

This was determined by looking at the activity of the modified electrodes compared to the surface 

coverage of copper. There was a 2nd order dependence of the activity on the copper surface 

coverage. Previous studies of copper phenanthroline physiosorbed onto edge plane graphite had 

only a 1st order dependence on the surface coverage of the catalyst.43 The 1st order coverage seen 

on edge plane graphite is due to the catalysts mobility on the surface. Once O2 is bound by a single 

copper phenanthroline a second can quickly combine with it to form a binuclear complex. It was 

only by constraining the copper phenanthrolines to the surface through “click” chemistry that the 

binuclear mechanism was revealed.  
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Figure 1.12 The proposed binuclear intermediate in the 4 e- reduction of O2 to H2O by copper 
phenanthroline.70 Reproduced from J. Am. Chem. Soc., 2011, 133, 3696-3699., with permission from the 
American Chemistry Society. 

 

1.3.5 Electropolymerization 

One more alternative method for catalyst immobilization is electropolymerization. 

Electropolymerization can be used to form electrocatalyst layers on multiple electrode surfaces, 

including carbon making it relatively versatile. However, due to the radical nature of these 

reactions the resulting surfaces are generally less well defined and amorphous surface-bound 

polymers are difficult to characterize. The resulting polymers can be conductive or non-conductive 

depending on the monomers used. Abrũna and co-workers were able to synthesize 

electropolymerized films of vinyl terpyridine chelated to multiple metals including cobalt, 

chromium, and iron (Figure 1.13).71, 72 The resulting chromium-based films were active for the 

reduction of CO2 to formate and formaldehyde in organic and aqueous solutions respectively. 

Increasing the loading of the catalyst on the surface resulted in lower activity per active site which 

they attribute to sluggish electron transport through the non-conductive film.  
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Figure 1.13 Electropolymerization of vinyl terpyridine metal complexes. 

 

To generate conductive electropolymerized films a different monomer must be used. 

Polythiophene is a commonly used conductive polymer that can be synthesized by 

electropolymerization from thiophene based monomers. By attaching a catalyst to the thiophene 

monomer catalytically active and conductive films can be formed. Pilo and co-workers synthesized 

a thiophene based polymer containing ruthenium terthiophene complexes (See Figure 1.14).73, 74 

Of note here is that they used a terthiophene based monomer for their electropolymerization. This 

is likely because thiophene monomers with substituents, especially bulky ones, can be exceedingly 

difficult to polymerize.75 Switching to a terthiophene monomer can drastically increase the 

polymerization of molecule by both lowering the steric inhibition and decreasing the oxidation 

potential to a more negative value.  
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Figure 1.14 Polyterthiophene containing a ruthenium terpyridine catalyst. 
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1.3.6 Multi-Layer Approach 

Despite the many advantages of heterogenization of molecular catalysts, the overall 

activity is still generally lower than those of their solid-state counterparts. This is largely due to 

the smaller number of active sites present on an electrode modified with a molecular catalyst 

compared to  state-of-the-art nanostructured solid-state materials. For the vast majority of surface 

attachment methods presented in this Chapter there is an inherent limitation of a single layer of 

molecular catalysts on the electrode surface. This generally results in a surface coverage of around 

1014 molecules cm-2.39, 70 In order to reach activities comparable to state-of-the-art solid states 

catalytic systems either catalysts with extremely rapid TOFs would need to be designed or 

discovered, or the surface coverage of already known catalysts would need to be increased.  One 

of the more straight-forward methods for increasing the surface coverage would be to add multiple 

layers of catalyst to the electrode. This increase in active sites per geometric surface area would 

increase the activity of the electrode,76 while still maintaining the selectivity and tunability of the 

molecular catalyst. This highlights one of the major goals of my work presented in this thesis, 

which is the design and testing of systems that use multiple layers of molecular catalysts to obtain 

electrodes which operate with the activity of solid-state systems while maintaining the selectivity 

and tunability of molecular electrocatalysts. The following Chapters contains my work on two 

different methods for increasing surface coverage of molecular electrocatalysts on electrode 

surfaces. The first is a layer-by-layer approach using sequential Cu(I)-Catalyzed Azide-Alkyne 

Cycloadditions (Chapter 3) and the second is an oxidative electropolymerization of terthiophene 

modified with a molecular electrocatalyst (Chapter 5).  
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Chapter 2 Major Electrochemical and Surface Techniques 
The following sections will offer a mini-review of the major analytical and 

electrochemical techniques used throughout this Thesis. For those for whom these techniques are 

novel this this Chapter should offer a useful introduction, but readers are encouraged to explore 

other sources of information if they want a more in-depth explanation than can be found in a 

single Thesis Chapter. The final section of this Chapter is a list of sources readers may be 

interested in reading.  Those already familiar with certain techniques may still find the refresher 

useful.  

2.1 X-Ray Photoelectron Spectroscopy  

This overview is intended to give a background into the basic scientific principles behind 

XPS and give a brief practical guide to interpreting XPS data.  

2.1.1 Introduction 

X-Ray Photoelectron Spectroscopy (XPS) is a highly valuable technique for gathering 

information about a materials surface composition.1-3 What makes it unique among other surface 

techniques such as SEM/EDX is that XPS is incredibly surface sensitive. Unlike SEM/EDX which 

can penetrate into the µm, XPS only penetrates to about 8-10 nm making it highly valuable for 

examining surface modification.4, 5 XPS is also relatively simple to use and requires minimal 

sample preparation. It can give information about the surface composition, speciation, and bonding 

of elements making up the sample surface.6-10 It is important to note however, that while XPS can 

give relative ratios between different elements of a sample, it cannot give any quantitative values 
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of surface coverage. In other words, it is unable to tell you how much of an element there is, just 

how much there is compared to other elements within your sample. XPS is also a very useful tool 

for postmortem analysis of electrocatalyst surfaces. While it can’t give quantitative changes it is 

extremely good at showing qualitative changes in both surface speciation and coverage, which can 

lead to valuable information about catalyst durability.11, 12 

2.1.2 XPS Principles 

XPS in its most basic form is an application of the photoelectric effect.13, 14 The sample to 

be analyzed is bombarded with photons in the form of X-rays which results in the ejection of inner 

core electrons. The interaction between the photons and the electrons is completely lossless 

meaning that there is a complete transfer of energy from the photon to the electron. If the energy 

is high enough, the bombarded electron will be ejected from both the atom/ion it was bound to and 

from whatever solid it was a part of. It is any leftover kinetic energy (KE) of the electron that is 

measured by the XPS. From the KE the binding energy (BE) of the electron can be extrapolated 

(see Equation 2.1). Because the BE of an electron is element and environment specific it is a fairly 

straightforward process to determine the electron’s source. It is important to note that if an electron 

ejected from its orbital interacts with the solid prior to be fully ejected from the solid it can lose 

part of its energy and become part of the spectral background. The likelihood of this happening 

increases substantially the deeper in the sample the electron is ejected from. This is why, even 

though the X-rays can penetrate micrometers in the sample, electrons can only be collected from 

the top ~10 nanometers. 

(2.1)    𝐾𝐾.𝐸𝐸.𝑒𝑒− = 𝐸𝐸𝑝𝑝ℎ − 𝜙𝜙𝑋𝑋𝑋𝑋𝑋𝑋 − 𝐵𝐵.𝐸𝐸.𝑒𝑒− 
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In this equation 𝐾𝐾.𝐸𝐸.𝑒𝑒− is the kinetic energy of an electron ejected from a solid hit by a 

photon of energy 𝐸𝐸𝑝𝑝ℎ. The binding energy of that electron (𝐵𝐵.𝐸𝐸.𝑒𝑒−) is element and environment 

specific and is the main source of information gathered during XPS analysis. The 𝜙𝜙𝑋𝑋𝑋𝑋𝑋𝑋 represents 

the work function of the instrument. This is the minimum energy required to remove an electron 

from the instrument and will be instrument specific. Note that this assumes that the sample is 

conductive and in contact with the instrument. For non-conductive samples, a charge buildup will 

occur, although most XPS instruments will have functions to help compensate for that charge.  

2.1.3 Basic XPS Instrumentation 

A basic diagram of an XPS instrument can be seen in Figure 2.1 (For a more in depth look 

at modern XPS instrumentation please refer to the following section). Note that depending on their 

construction the energy analyzer of the XPS may be different. The diagram used here depicts a 

Concentric Hemispherical Analyzer (CHA) although other types exist as well.15 As seen in the 

Figure, after an electron is ejected from the sample it first travels through a transfer lens. The 

transfer lens improves the transmission of electrons from the sample to the analyzer and can also 

be used in certain modes to alter the energy of the electrons passing through it. The lens is also 

used to redirect the ejected photoelectrons towards the analyzer such that the sample can be 

optimally positioned to interact with the incident X-ray beam and other XPS components.  The 

electrons then enter the analyzer. The CHA displayed in Figure 2.1 works by applying a potential 

to both the outer and inner spheres such that only electrons of a certain energy will be able to pass 

through the analyzer and make it to the detector without colliding with the CHA walls. There are 

two main methods of operation for a CHA: 
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1) Constant Retard Ratio (CRR). In this mode of operation the potentials of the inner and 

outer spheres are scanned across a range of electron energies. The resolution in this 

mode decreases with increasing electron energy.  

2) Constant Analyzer Energy (CAE). This mode of operation works by holding the 

potentials of the CHA constant such that electrons of only a specific energy (known as 

the pass energy) can make it through. Then the transfer lens is used to 

accelerate/deaccelerate electrons from the sample to that energy. The main difference 

is that because the pass energy remains constant, the resolution is independent of the 

energy of the ejected electrons. Instead, lower pass energy values offer high resolution 

but at the cost of decreased sensitivity.  

Then, upon exiting the analyzer electrons are collected at the detector. Generally, there will 

be an electron multiplier to enhance the signal prior to detection.  
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Figure 2.1 Basic XPS instrumentation 
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2.1.4 Modern XPS Instrumentation 

Modern XPS built upon the basic design shown in Figure 2.1. A schematic of a more 

modernized instrument can be seen in Figure 2.2 and some of the additions will be discussed 

here.  

 

 

Figure 2.2 A modern XPS Instrument. Reproduced from "Electron Spectroscopy for Chemical Analysis," 
In Surface Analysis – The Principal Techniques 2009, p 47-112. with permission from John Wiley and 
Sons.16 

 

X-rays for XPS measurements are generally obtained by blasting a target material or 

anode with electrons (Al and Mg are two of the most common materials). This results in the 

formation of core electron holes within the target material and the subsequent emission of 

fluorescent photons and electrons (also known as Auger electrons) as higher energy electrons 
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drop down to fill the now vacant core hole. The emission from the anode can be allowed to 

directly strike the sample but this is no longer the preferred method. While the direct application 

of X-rays results in higher X-ray flux it also results in the increased flux of other energy sources 

including high energy electrons, Bremsstrahlung (secondary radiation produced from the 

deacceleration of charged particles), and heat. Most modern XPS instruments will make use of a 

quartz crystal monochromator to isolate the X-ray source from the sample and narrow the 

bandwidth of the incident X-ray beam. This does however result in lower X-ray flux and 

therefore lower sensitivity but other modern advancements in collection efficiency can help 

compensate for the loss. Additionally, the monochromator decreases the sample area illuminated 

by X-rays allowing for much smaller areas (< 50 µm in diameter) to be analyzed, compared to 

direct sample illumination (typically a few mm).17, 18   

Improvements in electron lens design have resulted in an increase in the collection solid 

angle for ejected photoelectrons. A higher collection solid angle means that a higher percentage 

of photoelectrons ejected from the sample are collected by the instrument and can help offset the 

decreased sensitivity of the monochromatized incident X-ray beam. For the rare experiment 

where a higher collection solid angle is a disadvantage (e.g. non-destructive depth profiling) a 

variable aperture is employed to reduce the angle.19  

The CHA has also benefited from modern advancements. CHAs are dispersive analyzers 

which means that there is a spread of electron energies that can make it through the analyzer 

without hitting the walls. Older XPS instruments used slits to limit the spread of electrons that 

made it through the analyzer and strike the detector, but this decreases the instrument sensitivity 

and results in longer acquisition times. Newer instruments take advantage of multi-channel 

detector plates to simultaneously detect the entire range of electron energies that make it through 
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the CHA resulting in much faster experiments. Other advancements include the use of an 

electrode flood gun to keep non-conductive samples from charging over time20 and motorized 

sample holders for easy manipulation of sample position. 

2.1.5 XPS Data Analysis 

XPS data can be generally broken down into two pieces of information. The peak position 

gives information about chemical identity and environment while the peak intensity gives 

information about how much of it is on the sample’s surface compared to other elements. However, 

analyzing XPS data is not an entirely straightforward process and there are some important points 

that any user should be aware of.  

2.1.6 XPS Relative Sensitivity Factors  

The first of these is the Relative Sensitivity Factor (RSF).21 The intensities of  

photoelectrons produced during XPS analysis are going to be inherently different based on which 

element is the source. Part of this is due to the photoelectron cross section which is the probably 

that a photon striking an atom/ion will cause a photoelectron to be ejected. These values are 

dependent on both the element and orbital in question but are independent of the element’s 

ionization. In addition, photoelectron intensities are also dependent on the geometry and setup of 

the XPS instrument. These are related to the detection probability for a photoelectron leaving a 

sample’s surface within a specific instrument. The RSF values are used to correct for differences 

in inherent photoelectron intensity. In order to accurately calculate relative concentrations of 

elements on a sample’s surface the RSF for each element must be known. Tabulated RSF values 

should be available for each instrument. It is of paramount importance to ensure that you are using 

the correct RSF values for your instrument. To do otherwise would render your analysis unusable. 
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Using RSF values, however, is a simple process of dividing the raw calculated area of a peak by 

the corresponding RSF value.  

2.1.7 Spin Orbit Splitting 

The second effect to pay attention to is known as spin orbit splitting.22-24 Spin orbit 

splitting can be found on electrons originating from orbitals that have a non-zero l quantum 

number. Because a spinning charged body will always produce a magnetic field, a magnetic field 

will arise from an electron spinning around its own axis. By that same effect, a second magnetic 

field will arise from an electron orbiting a nucleus. These two magnetic fields can interact, and 

the resulting coupling produces the effect known as spin orbit splitting. Note that this only occurs 

for electrons in orbits with non-zero angular momentum, hence the requirement that l have a 

non-zero value. In an XPS spectrum, this effect is observed as a slight splitting of the peaks 

arising from these electrons. The difference in BE for the split peaks is much smaller than BE 

differences between different elements and is therefore considered to be part of the fine structure 

of a spectrum. In addition, the magnitude of the splitting is element and orbital specific, and a 

larger nuclear charge (Z) will induce a larger spin orbit splitting. The ratio for the area of the 

split peaks will also be dependent on the orbital from which the electrons were ejected. A table 

showing the splittings and peak areas for the different orbitals can be seen in Table 2.1. 
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Orbital l ms J ( l +ms)  Area Ratio 

(2J + 1) 

p 1 +1/2, -1/2 3/2, 1/2  2:1 

d 2 +1/2, -1/2 5/2, 3/2 3:2 

f 3 +1/2, -1/2 7/2, 5/2 4:3 

Table 2.1 Spin Orbit Splitting 

 

The area ratio is important when calculating actual intensity values for your peaks. For 

example, the RSF value for the Cu2p peak for a Kratos Axis Ultra XPS is 5.321. It is important to 

note that this value is for the combination of the Cu2p(3/2) and Cu2p(1/2) peaks. Therefore to use this 

value one would have to first determine the area of both the peaks and then divide that value by 

the RSF of 5.321. If one wanted to only use a single peak, either the 3/2 or the 1/2 peak, a different 

RSF would be required. Determining the new RSF however is trivial and can be accomplished 

easily by using the ratios in Table 2.1. As seen in Table 2.1 the area ratio for split peaks arising 

from a p orbital is 2:1 for the 3/2 to 1/2 peak. Therefore, the RSF values for the two peaks should 

also be 2:1 and should add up to the total RSF value for both peaks combined. For Cu2p on a Kratos 

Axis Ultra XPS the total RSF of the two peaks should add up to 5.321. With this knowledge it is 

easy to see that the RSF for the Cu2p(3/2) is 3.547 (2
3
∗ 5.321) and the RSF for the Cu2p(1/2) is 1.77      

(1
3
∗ 5.321). RSFs for other peaks can be calculated in a similar manner. An example of spin orbit 

coupling can be seen in Figure 2.2. Note that because s orbitals have no angular momentum there 

will only be a single peak for any s electrons.  
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Figure 2.3 A representative XPS spectrum from Cu2p. Within this spectrum can be seen the following: a) 
the peaks arising from Cu2p(1/2) energy state; b) the peaks arising from the Cu2p(3/2) energy state; and c) the 
‘shakeup’ satellite peaks due to the presence of Cu(II). The splitting of the peaks designated a and b are due 
to the presence of both Cu(I) and Cu(II) within the sample which have slightly different binding energies. 
The satellite peaks are a unique feature of Cu(II) and are discussed further in section 2.1.8. Note that the 
ratio of a to b is approximately 1:2. 

 

2.1.8 ‘Shakeup’ Satellite Peaks 

The last effect that will be discussed here is ‘shakeup’ satellite peaks.24, 25 These peaks also 

fall into the fine structure of a spectrum, or peaks arising from effects much smaller than nuclear 

charge. A ‘shakeup’ peak arises from an interaction between an ejected photoelectron and the 

remaining ionized species. When a photoelectron is ejected there is a finite probability that the 

resulting ion will be left in a slightly excited state. The energy for that excited state comes directly 

from the ejected photoelectron. As a result, the photoelectron will have slightly less kinetic energy 

due to some of it going towards the excited state of the ion. As seen in Equation 1.1 if the KE of 

the photoelectron is reduced, but the energy of the incident photon and the work function remain 

the same, the BE must increase. Note that the actual binding energy of the electron remains 

unchanged but because the BE is determined from the measured KE, the BE will be calculated as 
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having a higher value. Therefore, satellite peaks arising from a ‘shakeup’ event will have a slightly 

higher BE. An example of this can be seen in Figure 2.3 where a satellite peak due to the presence 

of Cu(II) can be seen. An important aspect of ‘shakeup’ satellite peaks is that they arise from inner 

core electrons of the analyzed element and should be included in any data workup. Not including 

the area of the satellite peaks will underestimate the concentration of the element (in this case 

copper) on the sample’s surface. Note that there are other sources of satellite peaks (such as 

plasmon peaks) which are not covered here.  

2.1.9 Determining the Baseline 

One of the more important aspects of working up XPS data is the background subtraction. 

The background, which arises from multiple sources, is mainly made up of lower KE (higher BE) 

electrons from inelastic scattering. There are three main methods used for fitting and subtracting 

the background radiation which will be covered here. Examples of each fitting type can be seen in 

Figure 2.4. 

1. Linear Method: Linear fitting is the most simplistic method for background subtraction. It 

is the simple generation of a linear line between two points outlining the XPS peak. This 

method has greatly fallen out of favor as the accessibility of more robust computational 

methods has improved. 

2. Shirley Method: The Shirley algorithm generates an S-shaped curve for each peak. The 

background calculation is based on the peak intensity and the background trends to either 

side of the peak. This method is fairly subjective depending on parameters used but is quite 

popular due to its relative simplicity and accuracy.  

3. Tougaard Method: This is the most complicative method covered here. The Tougaard 

method attempts to calculate the background based on a simulation of inelastic scattering 
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events. Proper use of a Tougaard function would have to incorporate any effects of the 

instrument itself on the background radiation. In order to reduce the complexity of the 

method several universal functions have been derived. However, because these functions 

do not take into account the specifics of the XPS instrument it is doubtful that they are any 

more accurate than the Shirley method. This is part of the reason that the popularity of the 

Shirley method has not decreased even with the Tougaard option available.  
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Figure 2.4 Background fitting for a Nitrogen 1s peak using three different methods: a) Linear, b) Shirley, 
and c) Tougaard. 

 

2.1.10 Peak Fitting 

The most popular method of peak fitting for routine XPS analysis is based on the 

combination of Gaussian and Lorentzian functions. Both functions give symmetric peaks with 

slightly different shapes. As seen in Figure 2.5, the Lorentzian function has a wider base, and 

narrower peak than the Gaussian. These functions can be combined in different ratios to best 

approximate a given XPS peak. For example, the Nitrogen 1s peak is often fit with a 70% Gaussian 

and 30% Lorentzian function, while the Copper 2p peak is better fit with a 10% Gaussian and 90% 

Lorentzian function.26 Readers are encouraged to experiment with their XPS software and use the 

literature to determine the best fitting method for the element they are examining.  
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Figure 2.5 Comparison of Gaussian and Lorentzian standardized line shapes. 

 

In conclusion, XPS is a highly useful method for characterizing relative concentrations of 

most species on a samples surface. However, analyzing the data is non-trivial and care must be 

taken when determining peak areas and origins. Readers are encouraged to seek out more in-depth 

literature if they intend to make XPS a cornerstone of their experiments. 

2.2 Rotating Disk Electrode Voltammetry 

This section will give a brief overview of rotating disk electrode voltammetry or RDEV 

and will focus on the chemistry behind its use. A small section on data workup will also be included 

here. Note that a basic understanding of electrochemistry is suggested before reading this section.  

Rotating disk electrode voltammetry is a type of electrochemical experiment that falls 

under the broader umbrella of forced convection or hydrodynamic methods.27 These are 

experiments that involve an external convective force and includes methods in which the electrode 

moves with respect to the solution such as RDEV and streaming mercury electrodes, as well as 
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methods in which the solution is forced past an electrode like with an impinging jet electrode. The 

benefits of these methods are that steady-state is achieved more quickly and as a result, double 

layer charging does not enter into the equation. In addition, because of the increased mass transfer 

at high conviction rates, diffusion plays a much smaller role in the kinetics of a measured reaction.  

Rotating disk electrode voltammetry is fairly simple to set up and conduct experiments 

with, which makes it a very popular method for hydrodynamic studies.28-33 The basic RDEV design 

is a shaft, made out of some inert material such as Teflon or PEEK, that acts as the electrode holder. 

The shaft contains a conductive core and is attached to a motor which can rotate the shaft at some 

user defined rate. A diagram of the setup can be seen in Figure 2.6.  

 

Figure 2.6 Basic construction of a rotating disk electrode. 
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To conduct a typical RDEV experiment a slow (< 50 mV/s) linear sweep or cyclic 

voltammogram will be collected under multiple rotation rates. Rates should be selected that will 

give a wide range of rotation speeds without going fast enough to produce turbulent flow. For the 

majority of RDEV experiments in this thesis rotation rates of 400, 800, 1600, and 3000 RPM were 

used. An example of RDEV data collected for O2 reduction by Copper Diethynylphenanthroline 

covalently immobilized on a glassy carbon surface can be seen in Figure 2.7.26 Note that the current 

increases as a function of the rotation rate. This is due to increased mass transport of the substrate, 

in this case O2, to the electrode surface as the rotation rate increases.  
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Figure 2.7 Representative rotating disk electrode voltammogram showing O2 reduction by copper 
diethynylphenanthroline covalently attached to a glassy carbon electrode in pH 4.8 0.1 M acetate buffer 
with 1.0 M sodium perchlorate as a supporting electrolyte.  
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Figure 2.8 Diagram showing the change in measured current as a function of the applied rotation rate for 
a theoretical electrochemical reaction with a slow kinetic rate. 

 

What is particularly useful about the data collected from an RDEV experiment is that it can 

be used to estimate the kinetic current for an electrochemical reaction. This means that activities 

of different species can be compared in the absence of any effects due to diffusion or mass 

transport. In order to understand this process consider the graph shown in Figure 2.8. In this graph 

two theoretical currents are shown with dashed lines versus the root of the rotation rate. The kinetic 

current, in green, is the current that would be measured if mass transport were fast enough that the 

concentration of substrate at the surface of the electrode was always equal to the bulk concentration 

within the solution. In other words, substrate is being replenished as soon as it is consumed and 

there is no dependence on the rotation rate. The current, in this case, is entirely due to the kinetics 

of electron transport at the electrode surface. The Levich current, shown in purple, is the theoretical 

current due solely to mass transport. This supposes that the electron transport kinetics are 
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instantaneous, such that as soon as substrate reaches the electrode surface it is immediately 

consumed. This theoretical current would scale linearly with the square root of the rotation rate. 

What actually occurs when conducting an RDEV experiment lies somewhere in between the 

kinetic and Levich currents. As shown in blue, as the rotation rate increases the measured current 

will increase until it flattens out at a maximum defined by the kinetic current. This is because no 

matter how fast the rotation rate, a reaction will always be limited by the kinetics of electron 

transport. In practice, achieving a rotation rate fast enough to measure the kinetic current will be 

very difficult due to turbulent flow at higher rotation rates. However, we can model the measured 

current and rotation rate relationship using the Koutecký-Levich equation (Equation 2.2) and use 

it to predict the kinetic current.27  

(2.2)                            
1
𝑖𝑖 =

1
𝑖𝑖𝑘𝑘

+
1
𝑖𝑖𝑙𝑙

=  
1
𝑖𝑖𝑘𝑘

+
1

0.62𝑛𝑛𝑛𝑛𝑛𝑛𝐷𝐷𝑜𝑜
2
3𝜔𝜔

1
2𝜈𝜈−

1
6[𝑆𝑆]

 

In the Koutecký -Levich equation shown above i is the measured current, ik is the kinetic 

current and 𝑖𝑖𝑙𝑙  is the Levich current. The Levich term can be expanded as shown on the far right. 

In the expansion n is the number of electrons transferred, F is Faraday's constant, A is the area of 

the electrode, Do is the diffusion coefficient of the substrate, ω is the rotation rate of the electrode, 

ν is the kinematic viscosity of the electrolyte, and [𝑆𝑆] is the concentration of the substrate. From 

this relationship it becomes clear that by plotting the reciprocal of the measured current (i-1 ) versus  

the reciprocal of the root of the rotation rate (ω-1/2 )the plot will take on a 𝑦𝑦 = 𝑚𝑚𝑚𝑚 + 𝑏𝑏 form where 

the y intercept is the inverse of the kinetic current (ik
-1). An example of this process for a single 

potential along the RDEV measurement shown in Figure 2.7 is shown in Figure 2.9. By completing 
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this process for each potential of the RDEV measurement the potential dependent kinetic current 

can be calculated. The results of this calculation can be seen in Figure 2.10.  

 

Figure 2.9 Example of Koutecký-Levich analysis of a single potential of the RDEV measurement shown 
in Figure 2.6. Each square represents the current at a single rotation rate. The y-intercept of the best fit line 
is circled in blue and is the inverse of the kinetic current.  
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Figure 2.10 Potential dependent kinetic current obtained from Koutecký-Levich analysis of the RDEV 
measurement shown in Figure 2.6. 
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2.3 Rotating Ring Disk Electrode Voltammetry 

While RDEV measurements are incredibly useful for predicting kinetic currents, they give 

no direct information about any products that might be formed during the experiment. Rotating 

ring disk electrode voltammetry (RRDEV) is a subset of RDEV that can be used to determine the 

amount of charge being passed that goes towards the formation of a specific product.29, 34-38 The 

main difference between RDEV and RRDEV is the presence of an independently controlled 

second ring electrode surrounding the central electrode that can be held at a separate potential (See 

Figure 2.11). The ring is typically made of a fairly inert metal with fast electron transfer kinetics 

such as platinum or gold. In an RRDEV experiment, the ring is held at a potential such that a 

product produced at the central working will be swept across the ring where it is ‘collected’ or re-

oxidized/re-reduced. By comparing the current at the ring electrode with the current at the disk 

electrode a Faradaic efficiency for the collected product can be calculated.  

 

Figure 2.11 A typical rotating ring disk electrode setup showing the additional ring electrode surrounding 
the central disk working electrode. 
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There are a couple of important caveats to this method. The first is that the product must 

be capable of undergoing a reaction at the ring. For example, in the case of oxygen reduction in 

aqueous electrolyte, the two main products are hydrogen peroxide and water. Because water is 

both the product and the solvent, it cannot be detected at the ring. Therefore, only the Faradaic 

efficiency for hydrogen peroxide can be determined with RRDEV. The second aspect of RRDEV 

to pay close attention to is the collection efficiency. The collection efficiency is defined as the 

fraction of product produced at the central disk electrode that reacts or is ‘collected’ at the outer 

ring electrode. This value can be determined theoretically from the following equation first 

reported by Albery and Bruckenstein, and based on the diameter of the disk (d1), the inner diameter 

of the ring (d2), and the outer diameter of the ring (d3) (Equation 2.9).39 To understand this equation 

the following variables and the complex function G(X) are also defined (Equations 2.3-2.8). 

 (2.3)                                                                       𝜎𝜎𝑂𝑂𝑂𝑂 =
𝑑𝑑3
𝑑𝑑1

 

(2.4)                                                                         𝜎𝜎𝐼𝐼𝑂𝑂 =
𝑑𝑑2
𝑑𝑑1

 

(2.5)                                                                𝜎𝜎𝐴𝐴 = 𝜎𝜎𝐼𝐼𝑂𝑂3 − 1 
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(2.9)                           𝑁𝑁𝑡𝑡ℎ𝑒𝑒𝑜𝑜𝑒𝑒𝑒𝑒𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑙𝑙 = 1 − 𝜎𝜎𝑂𝑂𝑂𝑂2 − 𝜎𝜎𝐵𝐵
2
3 −  𝐺𝐺(𝜎𝜎𝐶𝐶) − 𝜎𝜎𝐵𝐵

2
3𝐺𝐺(𝜎𝜎𝐴𝐴) + 𝜎𝜎𝑂𝑂𝑂𝑂2 𝐺𝐺(𝜎𝜎𝐶𝐶𝜎𝜎𝑂𝑂𝑂𝑂3 ) 
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Theoretical collection efficiencies are often supplied by the manufacturer of a RRDE. 

However, in practice, the best way to determine collection efficiencies is by far to do so 

experimentally. This is because the theoretical efficiencies do not consider any manufacturing 

defects, or the effects of turbulent flow caused by the electrode rotation. A classic experiment to 

empirically determine the collection efficiency of a RRDE setup is to collect RRDEV data for the 

ferricyanide/ferrocyanide half-reaction under your planned experimental conditions (Equation 

2.10). This is a simple one electron process with only a single product.  

 

(2.10)                                                𝑛𝑛𝐹𝐹(𝐶𝐶𝑁𝑁)63− + 𝐹𝐹− → 𝑛𝑛𝐹𝐹(𝐶𝐶𝑁𝑁)64− 

 

To perform this experiment, a small concentration of potassium ferricyanide (~0.01 M) 

should be added to your electrolyte and then, under a constant rotation rate, the working electrode 

should be slowly (<50 mV/s) swept more negative. The ring should be held at an oxidizing 

potential so it can ‘collect’ or reoxidize the reduced ferrocyanide. From this data, the empirical 

collection efficiency can be determined from Equation 2.11.  

 (2.11)                                               𝑁𝑁𝑒𝑒𝑒𝑒𝑝𝑝𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑙𝑙 =  ��𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑒𝑒𝑑𝑑𝑟𝑟𝑖𝑖𝑖𝑖

� �𝑛𝑛𝑑𝑑𝑟𝑟𝑖𝑖𝑖𝑖
𝑛𝑛𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

�� 

In this equation iring is the measured ring current, idisk is the measured disk current, ndisk 

is the number of electrons transferred at the disk, and nring is the number of electrons transferred 

at the ring (these last two values are very often the same). Note that the correct potential to hold 

the ring at is also best determined experimentally by testing different ring potentials until the one 

that produces the best collection efficiency is found. These values will need to be determined for 

each product collected. In additional, while the collection efficiency is theoretically independent 

of the rotation rate, experimentally this is generally not the case, so collection efficiencies should 
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be determined for each rotation rate used. Slower rotation and scan rates are best when performing 

RRDEV experiments. Once the collection efficiency has been determined the Faradaic efficiency 

can be calculated from the following equation (Equation 2.12).  

(2.12)                                                                       𝜖𝜖 = 𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑒𝑒𝑑𝑑𝑟𝑟𝑖𝑖𝑖𝑖𝑁𝑁

   

In this equation ϵ is the Faradaic efficiency,  iring is the measured ring current, idisk is the 

measured disk current, and N is the collection efficiency. As a final note, consideration should be 

given to if collection efficiency can be determined for a product that your catalyst is expected to 

make. For example, in Chapter 3 of this thesis RRDEV data is collected for the reduction of oxygen 

to hydrogen peroxide by copper diethynylphenanthroline covalently attached to glassy carbon 

electrodes. In order to determine the collection efficiency for our RRDEV setup, we measured 

empirical collection efficiencies for oxygen reduction on glassy carbon. Because glassy carbon 

can only do the two-electron reduction of oxygen to hydrogen peroxide we were able to obtain 

collection efficiencies under conditions as close to our planned experiments as possible. While this 

method is not always feasible, it is the best way to determine collection efficiencies. An Example 

of an RRDEV measurement can be seen in Figure 2.12.  
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Figure 2.12 An example RRDEV measurement for ORR by copper diethynylphenanthroline covalently 
attached to glassy carbon in a 100 mM acetate buffer (50 mM NaOAc•3H2O and 50 mM HOAc) at pH 4.8 
containing 1 M NaClO4 supporting electrolyte under an O2 atmosphere. The rotation rate was 400 RPM 
and the platinum ring was held at 0.73 V vs Ag/AgCl/KCl(sat.). The scan rate of 10 mV/s. The ring current 
is not corrected for collection efficiency (N = 0.175). 

 

2.4.1 Resources for XPS 

Van der Heide, Paul. X-Ray Photoelectron Spectroscopy: An Introduction to Principles 
and Practices. John Wiley & Sons, 2011.  

 
Vickerman, John C., and Ian S. Gilmore, eds. Surface Analysis: The Principal 

Techniques. John Wiley & Sons, 2011.  
 
Hofmann, Siegfried. Auger-and X-ray Photoelectron Spectroscopy in Materials Science: 

A User-Oriented Guide. Vol. 49. Springer Science & Business Media, 2012. 
 

Crist, B. Vincent. Handbooks of Monochromatic XPS Spectra, Volumes 1-5, XPS 
International LLC, 2004. 
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2.4.2 Resources for Electrochemistry 

Bard, Allen J., and Faulkner, Larry R. Electrochemical Methods : Fundamentals and 
Applications. Wiley, 1980. 

 
Sawyer, Donald T., Sobkowiak, Andrzej, Roberts, Julian L., and Sawyer, Donald T. 

Electrochemistry for Chemists. Wiley, 1995. 
 
Harris, Daniel C. Quantitative Chemical Analysis. W.H. Freeman and Co., 2010. 
 
Heineman, William R. Laboratory Techniques in Electroanalytical Chemistry. CRC 

Press, 2018. 
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Chapter 3 Controlled Formation of Multilayer Films of Discrete Molecular 

Catalysts for the Oxygen Reduction Reaction using a Layer-by-Layer Growth 

Mechanism Based on Sequential Click Chemistry  
 

3.1 Preface 

This chapter of my dissertation is derived from a manuscript which was published in 

ACS Applied Energy Materials1and presents the synthesis and study of multi-layer films of 

Copper Diethynylphenanthroline for the oxygen reduction reaction. Our results suggest that 

while single- and double-layer films can be reproducibly synthesized the formation of triple layer 

films is prevented by steric hinderance. The double-layer films show an increase in activity and 

an increase in selectivity for the 4-electron reduction of oxygen to water. I am the primary author 

on the manuscript, responsible for  material synthesis, electrochemical measurements, 

electrochemical and physical analysis, and preparation and revision of the manuscript. Weijie 

Feng provided significant insight into XPS analysis. My advisor, Dr. Charles C. L. McCrory, 

provided significant insight and expertise in electrochemical measurements and analysis and 

provided help with writing and revising the manuscript. Reprinted with permission from ACS 

Appl. Energy Mater. 2020, 3, 7, 6222-6231. Copyright 2020 American Chemical Society. 

 

 

 

 



 59 

3.2 Abstract 

Molecular electrocatalysts show promise for energy-relevant multi-electron 

transformations due to their rationally-tunable activity and selectivity from systematic ligand 

modifications. However, surface-immobilized molecular electrocatalytic systems are typically 

limited by low activity per geometric surface area compared to traditional solid-state analogues 

because of their lower active site surface coverage. Many existing methods for increasing surface 

coverage through the formation of multilayer films are based on radical-coupling or 

electropolymerization strategies that often result in dense, poorly defined films that may inhibit 

charge or substrate transport and complicate mechanistic studies. We report an alternative 

controlled layer-by-layer deposition strategy for the formation of multilayer catalyst films on 

carbon electrodes surfaces based on sequential Cu(I) catalyzed azide-alkyne cycloaddition 

reactions. As a proof-of-concept, we explore the growth of multilayer films of 3,8-

diethynylphenanthroline for the oxygen reduction reaction. Double-layer catalyst films operate 

with increased activity and selectivity for the reduction of O2 to H2O compared to single-layer 

catalyst films. We attribute this increased activity and selectivity to the increased coverage of the 

double-layer films which both increases the number of active sites and facilitates the 4 e− reduction 

to H2O, rather than the 2 e− to H2O2. Unfortunately, growth of triple-layer catalyst films in this 

system were unsuccessful, possibly due to steric congestion in the double-layer films.  
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3.3 Introduction 

Molecular electrocatalysts show significant promise for selective electrochemical 

conversion of small molecules to single products in energy-relevant multi-electron reactions such 

as the oxygen reduction reaction (ORR) and the CO2 reduction reaction (CO2RR). In particular, 

with molecular electrocatalysts, reactions occur at single active sites and the environment 

surrounding these active sites can be rationally tuned via ligand alterations to induce beneficial 

primary- and secondary-coordination sphere effects.2-6 In contrast, with traditional solid-state 

electrocatalysts, reactions occur at a variety of surface sites that may undergo changes throughout 

the experiment or as a function of location on the electrode surfaces.7-9 The increased site 

specificity and tunability of activity through ligand modifications makes molecular catalysts a 

particularly promising class of catalysts for selective electrocatalytic transformations.   

Even though molecular electrocatalysts often show high selectivity compared to their solid-

state analogues, solid-state heterogeneous electrocatalysts typically operate with significantly 

higher activity per geometric area.10  This is because the most active solid-state heterogeneous 

systems are nanostructured films with 3D architectures that have a dramatically increased number 

of active sites per geometric area compared to molecular electrocatalysts.11-14  One of the 

outstanding challenges in molecular electrocatalysis is designing new methods to attach molecular 

catalysts to electrode supports using novel architectures that allow the new heterogenized systems 

to operate with the activity of traditional solid-state systems while maintaining the selectivity of 

discrete molecular catalysts.   

Existing strategies for multilayer film formation have typically relied on radical-coupling 

chemistry such as reductive deposition of diazonium salts15 or electropolymerization reactions.16-

18  These deposition strategies often result in multilayer films that are not well defined,19 
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complicating mechanistic and kinetic studies, and often form dense layers that may inhibit charge, 

electrolyte, and reactant transport to interior active sites.17, 20  We note recent studies show that 

controlled growth of catalyst species for select systems is possible via diazonium coupling through 

careful control of the charge passed during deposition.21 

In this study, we report an alternative strategy for the controlled, layer-by-layer 

polymerization of molecular catalysts directly onto electrode surfaces using sequential Cu(I) 

catalyzed Azide-Alkyne Cycloaddition (CuAAC) reactions (Figure 3.1). This approach provides 

for explicit control of film thickness and composition through the deposition mechanism. A similar 

layer-by-layer CuAAC-deposition strategy22 has been previously used for the formation of 

multilayer structures of porphyrins,23-26 chromophores,27 and molecular wires,28 but has not been 

studied for formation of electrocatalytic films.  As a proof of concept, we have developed a 

synthesis strategy for the formation of multilayer films of Cu(3,8-diethynyl-1,10-phenanthroline) 

(Cu(DEphen) on carbon surfaces and studied the resulting films for the oxygen reduction reaction 

(ORR).  We chose this as a starting system because the activity of surface-immobilized single-

layers of Cu(1,10-phenanthroline)-based catalysts for the ORR has been previously reported for 

both physisorbed3, 29-31 and covalently-immobilized systems.32  We show that as we increase the 

catalyst film thickness from a single layer to a double layer of Cu(DEphen), there is roughly a 

doubling of catalytic activity for the ORR.  In addition, we observe increased production of the 4-

e−  product H2O, as compared to the 2-e− product H2O2, for the double-layer Cu(DEphen) compared 

to the single-layer films. However, attempts to synthesize triple-layer films of Cu(DEphen) 

resulted in films that were nearly indistinguishable from the double-layer films. We propose that 

formation of TL-Cu(DEphen) films was unsuccessful likely due to steric constraints during 

synthesis. 
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Figure 3.1 Multilayer catalyst films on electrode surfaces grown from sequential Cu(I) catalyzed Azide-
Alkyne Cycloaddition (CuACC) reactions. 

3.4 Experimental 

3.4.1 Materials and General Instrumentation 
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Aldrich. Tetrahydrofuran (THF, ACS Grade), Chloroform, (CHCl3, ACS Grade) Methanol 

(MeOH, ACS Grade), Diethyl Ether (Anhydrous, BHT Stabilized, ACS grade, 99%), Petroleum 

Ether (ACS Grade), Dichloromethane (DCM, ACS Grade, 99.5%), Potassium Chloride (KCl, ACS 

Grade, 99%), and Sodium Diethyldithiocarbamate Trihydrate (ACS Grade) were purchased from 

Fisher Scientific. Copper(II) Sulfate (CuSO4, Anhydrous, 98%), and  Copper (II) Sulfate 

Pentahydrate (CuSO4•5H2O, 99%) were purchased from Acros Organics. 3,8-

Dibromophenanthroline (96%) was purchased from TCI America. Iodine Monochloride (ICl, 

ACS Grade), 1,4-Diiodobenzene (98%), Sodium Carbonate (Na2CO3, Anhydrous, ACS Grade), 

L-proline (99%), Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA, 97%), and Silica Gel 

60 (230-450 Mesh) were purchased from Alfa Aesar. Sodium Perchlorate Monohydrate 

(NaClO4•H2O, ACS grade) was purchased from EMD Millipore. Perchloric Acid (ACS Grade, 

70%) was purchased from VWR. Deuterated Chloroform (CDCl3, 99.8%), Deuterated 

Tetrahydrofuran (d8-THF, C4D8O, 99.5 %), and D2O (99 %) were purchased from Cambridge 

Isotope Laboratories. Forming Gas (5% H2, balance N2) and Oxygen (O2, industrial grade) were 

purchased from Cryogenic Gases.  Nitrogen gas (N2) was boil-off gas from a liquid nitrogen 

source.  All water used in this study was purified to 18.2 MΩ•cm resistivity in house using a 

Thermo Scientific GenPure UV-TOC/UF xCAD-plus water purification system. Glassy carbon 

disks (Sigradur-G grade, 5 mm diameter, 4 mm tall, 0.195 cm2 disk surface area) were purchased 

from HTW Hochtemperatur-Werkstoffe GmbH.  Pt wire (99.99% 0.5 mm diameter) purchased 

from Surepure Chemetals L.L.C.  Boron-Doped Diamond plates (10 mm x 10 mm x 0.6 mm) were 

purchased from Element Six. 

NMR spectra were collected on a Varian MR400 (400 Mhz) spectrometer and all chemical 

shifts are reported in ppm relative to TMS standards. All electrochemistry was performed using a 
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Bio-Logic SP-300 bipotentiostat and data was recorded using the Bio-Logic EC-Lab v10.44 

software package.  Electrochemical data analysis and figure preparation was done in Origin 2019 

(OriginLab Corporation).  X-ray Photolectron Spectroscopy (XPS) measurements were conducted 

using a Kratos Axis Ultra XPS with a monochromatic Al Kα X-ray source operating at 8 mA and 

14 kV.  All XPS data analysis was done using the CasaXPS version 2.3.17 software package (Casa 

Software Ltd).  Some synthetic steps were carried out under a dry N2 atmosphere using an mBraun 

Labstar 4-glove inert atmosphere glovebox. 

3.4.2 Synthetic Procedures 

3,8-bis((trimethylsilyl)ethynyl)-1,10-phenanthroline. A 50 ml thick-walled pressure 

vessel was charged with 3,8-dibromophenanthroline (500 mg, 1.5 mmol), PdCl2(PPh3)2 (62.5 mg, 

0.09 mmol), CuI (34 mg, 0.18 mmol), and a stir bar. The pressure vessel was brought into a N2-

purged glovebox. Inside the glovebox the following reagents were added to the pressure vessel in 

order: tetrahydrofuron (10 ml), ethynyltrimethylsilane (820 ul, 6 mmol), and diisopropylamine (3 

ml). The pressure vessel was then sealed and removed from the glovebox.  The reaction was heated 

to 60 °C for 72 hours with stirring.  The reaction turned black shortly after heating began. After 

72 hours the reaction was cooled down to room temperature and solvent was removed under 

reduced pressure. Residue was dissolved in 40 ml of dichloromethane. An additional 40 ml of 2% 

aqueous KCN was added and the mixture was stirred vigorously for 1-2 hours to remove the 

copper.  The solution turned a lighter orange color during this process. The organic phase was 

removed using a separatory funnel then washed two times with H2O and once with saturated 

aqueous NaCl. The organic phase was then dried over Na2SO4 and the solvent was removed under 

reduced pressure. The crude material was purified with flash chromatography on a silica column 
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using DCM as the eluent. The product was obtained as an off-white solid (494 mg, 88% yield). 1H 

NMR (CD3Cl, 400 MHz): δ 9.20 (2H, d), δ 8.33 (2H, d), δ 7.76 (2H, s), δ 0.32 (18 H, s).  

3,8-diethynyl-1,10-phenanthroline (DEphen). 3,8-bis((trimethylsilyl)ethynyl)-1,10-

phenanthroline (494 mg, 1.3 mmol) was dissolved in 14 ml of 1:1 MeOH:THF. 7 ml of 1 M 

aqueous KOH was added with stirring resulting in the immediate precipitation of a white solid. 

Solution was then stirred overnight at room temperature. The solid was collected via vacuum 

filtration and washed with copious amounts of water followed by small amounts of chilled 

methanol and diethyl ether. The white solid was then dried overnight under vacuum to give 242 

mg (80% yield) of product as a white solid. 1H NMR (CD3Cl, 400 MHz): δ 9.25 (2H, d), δ 8.38 

(2H, d), δ 7.81 (2H, s), δ 3.40 (2 H, s).  

1,4-diazidobenzene (DAB). 1,4-diazidobenzene was synthesized based on literature 

methods.33 A 150 ml round bottom flask with a stir bar was charged with 1,4-diiodobenzene (1g, 

3.3 mmol), sodium azide (427 mg, 7.3 mmol), copper sulfate (48.5 mg, 0.3 mmol), ascorbic acid 

(106 mg, 0.60 mmol), sodium carbonate (63 mg, 0.60 mmol), l-proline (70 mg, 0.60 mmol), 

DMSO (5.5 ml), and H2O (0.6 ml). The round bottom flask was capped with a rubber septum and 

heated to 65 °C for 24 hours in the dark. The workup was also completed in the dark to avoid 

photodecomposition of the product. Product was added to a separatory funnel with ethyl acetate 

and washed three times with H2O followed by washing with saturated aqueous NaCl. The organic 

phase was dried over MgSO4 and subsequently the solvent was removed under reduced pressure. 

The product was purified using flash chromatography on silica with petroleum ether as the eluent 

giving 114 mg (23 % yield) of light-yellow crystals. Crystals were stored in the dark in a freezer 

at -4 °C to avoid decomposition.  Product will be stable for at least 6 months under these conditions. 

1H NMR (CD3Cl, 400 MHz): δ 7.02 (s). CAUTION: 1,4-diazidobenzene is a potentially explosive 
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substance and extreme caution should be used in their preparation and manipulation. To minimize 

risk to lab personnel, 1,4-diazidobenzene was always synthesized in small (≤ 200 mg) amounts, 

stored in a freezer at -4 °C, and used in small amounts (≤ 2 mg) for each CuAAC experiment.  

Synthesis and drying of 1,4-diazidobenzene was always done behind a blast shield and appropriate 

PPE was used during handling including face shields and blast-resistant leather gloves. 

3.4.3 General Procedure for Preparation of Modified Glassy Carbon Electrodes with 

Multilayer Films 

Iodine Azide (IN3) Solution Preparation. 100 mg of NaN3 and 10 ml of hexanes was added 

to a 20 ml scintillation vial.  Note that NaN3 will not dissolve in the hexanes solution.  ICl, stored 

in freezer at -4 °C, was heated at ~30 oC in a water bath until a small portion had melted.  

Immediately prior to use, 10 µl of ICl was added to the scintillation vial and it was capped, briefly 

shaken, and wrapped with aluminum foil.  The resulting suspension was used immediately after 

preparation.  CAUTION: IN3 is a potentially explosive substances and extreme caution should be 

used in its preparation and use.  To minimize risk to lab personnel, IN3 was only prepared in 

solution in small amounts (≤ 2 mg), and used immediately after preparation. 

Glassy Carbon Electrode Azide Modification. Glassy carbon disks were hand-polished on 

240 grit SiC sandpaper, sonicated for 20 minutes in water, rinsed with water, and then dried under 

an N2 stream. Polished disks were then heated in a fused silica-lined furnace at 1000 oC for 90 

minutes under a 5 L min-1 forming gas (5% H2 balance N2) purge. After 90 minutes, the tube 

furnace was cooled to approximately 65 oC under the forming gas purge and the electrodes were 

removed and immediately added to a freshly-prepared IN3 solution. Electrodes were kept in the 

solution in the dark for 1 hour.  
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Step 1: Deposition of Single-Layer Cu(DEphen) Films (SL-Cu(DEphen)). The 

Cu(DEphen)-click solution was prepared as follows: TBTA (5.3 mg, 0.01 mmol) and DEphen (1.1 

mg, 0.0048 mmol) were added to a 20 ml scintillation vial along with 5 ml of DMSO. In a separate 

20 ml scintillation vial, CuSO4•5H2O (2.7 mg 0.0108 mmol) and 5 ml of water was added.  Both 

vials were vortexed until all solids were dissolved, and then both solutions are combined in a single 

vial resulting in a light blue solution which was stored in a freezer at -4°C.   Immediately prior to 

use, the solution was removed from the freezer, ascorbic acid (18 mg, 0.102 mmol) was added, 

and the vial shaken resulting in a deep red solution.  In the dark, azide-modified electrodes were 

removed from the azidification solution, briefly dipped in a cold 1:1 solution of DMSO:H2O and 

placed polished-side up in the click solution. Electrodes were stored in the click solution at room 

temperature for 14 hours in the dark.  The resulting SL-Cu(DEphen)-modified electrodes were 

either cleaned for analysis as described below or immediately used for further click reactions.  

Characterization of the SL-Cu(DEphen)-modified electrodes is described in the Results and 

Discussion section.  

Step 2: Formation of DAB-terminated SL-Cu(DEphen) films. The DAB-click solution 

was prepared in a similar manner to above and was done immediately prior to use. TBTA (5.3 mg, 

0.01 mmol) was dissolved in 5 ml THF in a 20 mL scintillation vial. CuSO4•5H2O (2.7 mg 0.0108 

mmol) was dissolved in 5 ml of H2O in a separate 20 mL scintillation vial. Next,1,4-

diazidobenzene (1.3 mg 0.008 mmol) and ascorbic acid (18 mg, 0.102 mmol) were added to the 

solution.  The vial was briefly shaken to dissolve the solids and the solution changed from light 

blue to clear.  In the dark, SL-Cu(DEphen)-modified electrodes were removed from the DEphen 

click solution from Step 1, rinsed by dipping in THF, and immediately placed face up in the DAB-

click solution. The vial was then sealed and stored in the dark for 14 hours.  The resulting DAB-
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terminated SL-Cu(DEphen)-modified-electrodes were used immediately for further click 

reactions. Characterization of the DAB-terminated SL-Cu(DEphen)-modified electrodes is 

described in the Results and Discussion section. 

Step 3: Formation of Double-layer Cu(DEphen) Films (DL-Cu(DEphen).  The 

Cu(DEphen)-click solution was prepared as described above: TBTA (5.3 mg, 0.01 mmol) and 

DEphen (1.1 mg, 0.0048 mmol) were added to a 20 ml scintillation vial along with 5 ml of DMSO. 

In a separate 20 ml scintillation vial, CuSO4•5H2O (2.7 mg 0.0108 mmol) and 5 ml of water was 

added.  Both vials were vortexed until all solids were dissolved, and then both solutions are 

combined in a single vial resulting in a light blue solution which was stored in a freezer at -4 °C.   

Immediately prior to use, the solution was removed from the freezer, ascorbic acid (18 mg, 0.102 

mmol) was added, and the vial shaken resulting in a deep red solution.  In the dark, DAB-

terminated SL-Cu(DEphen)-modified electrodes were removed from the DAB-click solution from 

Step 2, rinsed by dipping in THF, and immediately placed face up in the Cu(DEphen)-click 

solution. The vial was then sealed and stored in the dark for 14 hours. The resulting DL-

Cu(Dephen)-modified electrodes were either cleaned for analysis as described below or 

immediately used for further click reactions.  Characterization of the DL-Cu(DEphen)-modified 

electrodes is described in the Results and Discussion section. 

Attempted Formation of Triple-layer Cu(DEphen) Films (TL-Cu(DEphen).  In attempts 

to form larger multilayer films, Steps 2 and 3 were repeated on the DL-Cu(DEphen)-modified 

electrodes.  Characterization of the resulting attempted TL-Cu(DEphen)-modified electrodes is 

described in the Results and Discussion section. 

Cleaning Procedure for Analysis of Modified Electrodes. After reaction completion, 

electrodes were removed from the click solution and sonicated for 2 min each in DMSO and 
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CHCl3. The electrodes were then rinsed with EtOH followed by a further 2-minute sonication in 

H2O. After the final sonication the electrodes were rinsed again with EtOH and dried under an N2 

stream.  

Procedure for Stripping Cu from Multilayer Films. Cu was stripped by rotating each 

electrode at 3000 RPM in a saturated solution of sodium diethyldithiocarbamate trihydrate in 

methanol for ca. 10 minutes. Afterwards, each electrode was sonicated for 2 minutes in DMSO 

and then rinsed with copious amounts of water before further analysis. Note that after Cu stripping, 

Cu could be reinserted into films by soaking them in aqueous solutions of 1 M solution of CuSO4 

for 1 h.  After Cu reinsertion, each electrode was rinsed with water, sonicated for 3 minutes in 

water, and again rinsed in water. Electrodes with the reinserted Cu were then dried under an N2 

stream prior to further analysis. 

3.4.4 XPS Measurements 

Peak positions of the XPS spectra were referenced to the advantageous carbon peak 

occurring at 284.8 eV.  High-resolution spectra were collected with a pass energy of 20 eV and a 

step size of 0.1 eV.  To quantify elemental ratios, peaks in the XPS high-resolution spectra were 

first fit to symmetric Voight lines shapes comprised of 70% Guassian and 30% Lorentzian 

functions with a Shirley background for Nitrogen and 10% Guassian and 90% Lorentzian functions 

with a Shirley background for Copper.  Elemental ratios were calculated by quantifying the total 

peak area in the N 1s region and the Cu 2p3/2 peak and associated shake-up peak, and then dividing 

by their respective relative sensitivity factors (as tabulated for the Kratos Ultra XPS instrument). 
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3.4.5 Electrochemical Methods 

All electrochemical measurements were done using a standard three electrode 

electrochemical setup in a one-chamber electrochemical cell. The electrolyte was a 100 mM 

acetate buffer (50 mM NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 

supporting electrolyte. The pH 4.8 acetate buffer conditions were chosen to be consistent with 

previous studies of ORR by Cu(phen)-based systems.3, 29-32 The surface 1,2,3-triazole linkage 

tethered to carbon surfaces has been previously shown to be very stable in strongly acidic and 

alkaline conditions,34, 35 and is robust to exposure to 1 M HClO4 and 1 M NaOH at 100 ºC for at 

least 12 h.34 The working electrodes were the chemically-modified 0.195 cm2 glassy carbon disk 

electrodes.  Unless otherwise noted, the auxiliary electrode used was a Pt wire.  ORR activity 

measurements for the single layer and double layer catalyst films were reproduced using a 1 cm2 

boron doped diamond (BDD) plate, and ORR activity data collected using both the Pt and BDD 

auxiliary electrodes are essentially equivalent (Figure S3.31 in the SI). The reference was a 

homemade single-junction Ag/AgCl/KCl(sat.) separated from the electrolyte solution by a 

CoralPor porous glass frit (Bioanalytical Systems, Inc.) prepared as previously described.36  

Ag/AgCl/KCl(sat.) reference electrodes were externally referenced to ferrocenecarboxylic acid in 

in 0.2 M phosphate buffer at pH 7 (0.329 V vs. Ag/AgCl/KCl(sat.)).37 

Cyclic Voltammetry (CV) and Rotating Disk Electrode Voltammetry (RDEV) 

Measurements.  Working electrodes were used in combination with a Pine Research 

Instrumentation E6-series change-disk rotating disk electrode (RDE) assembly attached to a Pine 

Research Instrumentation MSR rotator.  Before each cyclic voltammetry measurement, the 

electrochemical cells were sparged with either N2 or O2 for a minimum of 10 minutes prior to use, 

and the solution was blanketed with N2 or O2 during each measurement.  Unless otherwise noted, 
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the scan rate was 0.1 V s-1 for each CV measurement, and 0.025 V s-1 for each RDEV 

measurement. 

Rotating Ring Disk Electrode Voltammetry (RRDEV) Measurements. Working 

electrodes were used in combination with a Pine Research Instrumentation E6-series change-disk 

rotating-ring disk Pt-ring electrode assembly (RRDE) attached a Pine Research Instrumentation 

MSR rotator.  The Pt ring in the RRDE tip was cleaned prior to each measurement by hand 

polishing with a 1 μm MetaDi diamond slurry (Buehler) first on a Nylon polishing cloth (Buehler), 

and then on a MicroCloth polishing cloth (Buehler).  The RRDE tip was then sonicated in water 

for 2 minutes, followed by insertion of the working electrode disk.  The scan rate for RRDE 

measurements was 2 mV s-1 and the rotation rate was 400 RPM.  The optimal ring potential of 0.73 

V vs Ag/AgCl/KCl(sat.) and experimentally-determined collection efficiency of 0.175 were 

determined by detecting H2O2 from the 2 e− reduction of O2 to H2O2 on unmodified glassy carbon 

disk electrodes. The peroxide fraction was calculated using the follow equation: 

𝜖𝜖 =
𝑖𝑖r
𝑖𝑖d𝑁𝑁

 

 
ϵ is the peroxide fraction, ir is the ring current, id is the disc current, and N is the collection 

efficiency.  

3.5 Results and Discussion 

The synthesis strategy for the formation of putative multilayer films of Cu(DEphen) is 

shown in Scheme 1. The general synthesis strategy is based on a previously-reported preparation 

for single-layer coverage of Cu(3-ethynyl-1,10-phenanthroline) on glassy carbon surfaces,32 but 

has been optimized for layer-by-layer film growth (see Figures S3.1 – S3.11 and related discussion 

in the SI regarding synthesis optimization).  First, rough-polished glassy carbon electrodes were 
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H-terminated by heating in forming gas (5% H2, balance N2) for 90 min at 1000 °C (Scheme 1A).  

The H-terminated carbon surface was then reacted with IN3 made in situ from a suspension of 

NaN3 and dissolved ICl in hexanes (Scheme 1B).  The resulting N3-terminated carbon surface was 

then reacted for 14 h with 3,8-diethynyl-1,10-phenanthroline (DEphen) in the CuAAC with Cu(I) 

formed in situ from dissolved CuSO4•5H2O and an excess of ascorbic acid (Scheme 1C).  This 

resulted in a single-layer coverage of Cu(DEphen) covalently tethered to the glassy carbon surface 

via a robust 1,2,3-triazole linkage.  This was followed by sequential 14-h CuAAC reactions with 

1,4-diazidobenzene (DAB) (Scheme 1D) and Cu(DEphen) (Scheme 1E) to form a double-layer 

Cu(DEphen) system.  The sequential CuAAC reactions were repeated once more for the attempted 

synthesis of the triple-layer Cu(DEphen) system (Scheme 1F).  Single-layer, double-layer, and 

triple-layer films of Cu(DEphen) are denoted SL-Cu(DEphen), DL-Cu(DEphen), and TL-

Cu(DEphen), respectively. Note that the 14-h CuAAC reaction time is based on time-dependent 

CuAAC studies that showed 12-14 h was required to fully react the N3-terminated GC surface with 

Cu(DEphen) to form SL-Cu(DEphen) films, and to fully react the SL-Cu(DEphen) surface with 

DAB to form DAB-terminated SL-Cu(DEphen) films (Figures S3.5 and S3.10 in the SI).  The 

optimized 14-h CuAAC reaction time used in this study is consistent with those previously 

reported for clicking redox probes to N3-terminated glassy carbon surfaces32, 34 and clicking DAB 

to ethynyl-terminated monolayers.28  
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Scheme 3.1 Layer-by-layer growth strategy for formation of putative multilayer films of Cu(DEphen) on 
electrode surfaces using sequential Cu(I) catalyzed Azide-Alkyne Cycloaddition (CuAAC) reactions. 
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Figure 3.2 Representative high-resolution XPS in the Cu 2p3/2 and N 1s regions for independently-prepared 
multilayer film samples stopped after various steps in the synthesis outlined in Scheme 1.  Calculated N:Cu 
ratios based on the expected structures are listed along with the actual average measured N:Cu ratios from 
XPS collected from at least 3 independent samples. Note that for (d), the expected N:Cu ratio = 9 assumes 
the X-ray promoted photodecomposition of the terminal aromatic azide to a terminal aromatic amine.38, 39 
Reported errors are standard deviations. The broad peak between 940-945 eV in (d)-(f) is a Cu shake-up 
structure consistent with the presence of Cu(II) in the sample.40, 41 The presence of two distinct Cu 2p3/2 peaks 
at 932.5 and 934.7 eV in (f) is consistent of the presence of both Cu(I) and larger amounts of Cu(II) compared 
to (d) and (e).   

 

Each step of the multilayer film synthesis was confirmed by XPS, and representative 

spectra from independently synthesized films stopped at different steps in the synthetic process are 

shown in Figure 2. Starting with a bare GC surface (Figure 3.2a), upon heat-treatment and 

subsequent treatment with IN3 solution (Scheme 3.1B) we observe two N 1s peaks at ~397 and 

~401 eV in a 2 to 1 ratio consistent with an azide-terminated carbon surface (Figure 3.2b).32, 35  

Exposure to DEphen under CuAAC conditions (Scheme 3.1C) leads to an XPS spectra consistent 

with formation of a SL-Cu(DEphen) as indicated by the coalescence of the azide N peaks into a 

single N 1s feature at 399 eV and the appearance of a Cu 2p3/2 peak at 933 eV (Figure 3.2c).  The 

ratio of the integrated peak areas, corrected for their respective relative sensitivity factors, 
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corresponds to a N:Cu ratio of 5.3:1, close to the expected 5:1 ratio. After exposure to DAB under 

CuAAC conditions (Scheme 3.1D), the N:Cu ratio from XPS shifts to 8.3:1, smaller than but close 

to the 9:1 ratio expected for a DAB-terminated surface in which the terminal N3 has 

photodecomposed to a terminal aromatic amine (Figure 3.2d).38, 39 Subsequent exposure to 

DEphen under CuAAC conditions (Scheme 3.1E) leads to an XPS spectra with a N:Cu ratio of 

6.6:1 consistent with formation of a DL-Cu(DEphen) (Figure 3.2e).  Finally, further sequential 

exposure to DAB followed by DEphen both under CuAAC conditions (Scheme 3.1F) leads to an 

XPS spectra with a total N:Cu ratio of 6.3:1 (Figure 3.2f).  This ratio is closer to the expected N:Cu 

ratio of the DL-Cu(DEphen), but still within error of the N:Cu ratio of 7:1 expected for the TL-

Cu(DEphen).  

Surface coverages of Cu in the SL-Cu(DEphen), DL-Cu(DEphen), and TL-Cu(DEphen) 

were estimated by integrating the peak area from the CuII/I couples in cyclic voltammograms 

(CVs). Representative CVs are shown in Figure 3.3a, and a box-and-whisker plot showing the 

measured coverages from CV data is shown in Figure 3.3b.  The peak current increases linearly 

with scan rate for each system (Figures S3.12 – S3.14 in the SI) confirming that the species are 

surface-immobilized. There is roughly a doubling of the estimated Cu coverage moving from SL-

Cu(DEphen) with ΓSL = 0.94 ± 0.26 × 1015 molecules cm-2 to DL-Cu(DEphen) with ΓDL = 1.93 ± 

0.54 × 1015 molecules cm-2 consistent with a double layer film. The average coverage Cu in TL-

Cu(DEphen) at ΓTL = 2.08 ± 0.73 × 1015 molecules cm-2 is roughly the same as the double layer 

suggesting that the triple layer formation was unsuccessful.  
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Figure 3.3 (a) Representative CVs of SL-Cu(DEphen), DL-Cu(DEphen), and TL-Cu(DEphen) film 
samples. The coverage of each surface was estimated by integrating the charge under the CuII/I redox 
features. (b) A box and whisker plot of coverages of the SL-Cu(DEphen), DL-Cu(DEphen), and TL-
Cu(DEphen) estimated from integrated charges from cyclic voltammograms. The small white box 
represents the average (mean) coverage while the horizontal line represents the median value. The larger 
shaded box represents the coverage range in which 50% of the measurements occur, and the error bars 
represent the 1.5 IQR range. N is the number of coverage measurements from independently-prepared 
electrodes. The estimated coverage of the DL-Cu(DEphen) system is roughly double that of the SL-
Cu(DEphen). However, the average coverage of the TL-Cu(DEphen) is roughly equivalent to that of the 
DL-Cu(DEphen). 

 

Note that the lack of an observed increase in surface coverage and activity for the TL-

Cu(DEphen) films compared to the DL-Cu(DEphen) could be a result of either an unsuccessful 

final CuAAC reaction resulting in no attachment of the third DEphen layer, or a successful final 

CuAAC reaction but without Cu insertion resulting in a third layer of unmetallated DEphen. To 
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distinguish between these two possibilities, we exposed TL-Cu(DEphen) films to aqueous 

solutions of 1 M Cu(NO3)2 for 1 hr. The post-synthesis exposure of the TL-Cu(DEphen) surface 

to Cu did not result in an increase in the Cu coverage as determined from CV measurements 

(Figure S15 in the SI). This suggests that the CuAAC reaction was unsuccessful in attaching a 

third DEphen unit to the surface.  

The irreversibility of the redox couple under N2 is likely due to a structural reorganization 

of the Cu(DEphen) complex upon reduction, presumably from a square planar Cu(II) complex to 

a tetrahedral Cu(I) complex.3  We observe an increased peak-to-peak splitting as a function of 

increasing scan rate in the CVs that is consistent with a large structural reorganization associated 

with the redox event (Figure S3.16 in the SI).  Note that both the SL-Cu(DEphen) and the DL-

Cu(DEphen) show similar peak-to-peak splitting at each scan rate. However, the full-width-at-

half-max (FWHM) of the DL-Cu(DEphen) is up to 30% larger than that of the SL-Cu(DEphen) 

(Figure S3.17 in the SI). This suggests that the Cu(DEphen) sites in the DL-Cu(DEphen) film 

experience a larger variance in their chemical environments compared to the SL-Cu(DEphen), 

leading to an effective peak broadening. This larger variance in chemical environment for the DL-

Cu(DEphen) could be due to the slightly slower electron transfer rates to the exterior sites 

compared to the interior sites in the double layer film, or different effective electrolyte exposure 

to the interior and exterior Cu(DEphen) sites. 

To confirm that the increased coverage measured for DL-Cu(DEphen) and TL-

Cu(DEphen) compared to SL-Cu(DEphen) lead to a corresponding increase in catalytic activity, 

we measured CVs of each deposited film in the presence of O2, and representative CVs are shown 

in Figure 3.4a-c. Note that there is a qualitative increase in the catalytic peak current in O2-

saturated solution when going from SL-Cu(DEphen) in Figure 3.4a to DL-Cu(DEphen) in Figure 
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3.4b, but there is no additional appreciable increase in the catalytic peak current when going from 

DL-Cu(DEphen) in Figure 3.4b to TL-Cu(DEphen) in Figure 3.4c.  To better quantify the catalytic 

activity, we conducted rotating-disk voltammetry measurements at multiple rotation rates for each 

film (Figures S3.18 – S3.20 in the SI), and conducted Koutecky-Levich analysis as previously 

reported to estimate the kinetic current densities, jK, at which the current is limited only by the 

underlying kinetics of the system and not mass transport.3, 32, 42, 43 The resulting potential-

dependent kinetic currents are shown in Figures 3.4d-3.4f, and a table of jK average values and 

standard deviations at selected potentials is shown in Table S3.2. The SL-Cu(DEphen) films 

operate with similar activities for the ORR compared to previously-reported single-layer films of 

clicked Cu(3-ethynyl-1,10-phenanthroline) onto glassy carbon electrodes with similarly high 

loadings.32  In general, the DL-Cu(DEphen) film operates with approximately twice the activity of 

the SL-Cu(DEphen) film at every potential negative of the catalytic onset at E ≈ 0 V vs 

Ag/AgCl/KCl(sat.), consistent with a doubling of the number of the active sites.  However, TL-

Cu(DEphen) films show essentially no difference in activity compared to the DL-Cu(DEphen) 

films.  
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Figure 3.4 Representative CVs of (a) SL-Cu(DEphen), (b) DL-Cu(DEphen), and (c) TL-Cu(DEphen) film 
samples under N2 (blue line) and O2 (red line).  The large increase in the magnitude of the reductive current 
in the presence of O2 is indicative of catalytic turnover.  Kinetic current densities (jK) estimated from 
Koutecky-Levich analysis of rotating disk voltammetry data are shown in (d) for SL-Cu(DEphen), (e) for 
DL-Cu(DEphen), and (f) for TL-Cu(DEphen).  The central data points in each plot are the average potential-
dependent jK values, and the exterior error bars are the standard deviations at each potential.  The area 
within the error bars is the ~68% confidence interval of the measurement set, and N is the number of jK 
estimates from independently prepared electrodes in each measurement set including data collected using 
both Pt and BDD auxiliary electrodes. 

 

To ensure that Cu was not leaching from the catalyst films during the RDE experiments, 

we measured the surface coverage before-and-after the catalytic RDE experiments for 3 

independently-synthesized SL-Cu(DEphen) and 3 independently-synthesized DL-Cu(DEphen) 

films. Representative CVs of the SL-Cu(DEphen) and DL-Cu(DEphen) under N2 are shown in 

Figures S3.21 and S3.22 in the SI. The measured coverages based on CV data for the SL-

Cu(DEphen) and DL-Cu(DEphen) films after the catalytic RDE experiments were within 84 ± 

10% and 97 ± 4% of the initial values, respectively. In addition, to measure for possible loss of 
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catalytic activity over the course of the RDE experiments, we included an initial and final catalytic 

RDE voltammograms at 400 RPM in O2-saturated solution into each set of experiments as seen in 

the representative RDE voltammograms in Figures S3.18-S3.20 in the SI. The final RDE 

voltammograms at 400 RPM were within 10% of the initial measurements (Figure S3.23), 

confirming no appreciable loss of activity during the catalytic ORR measurements. 

To confirm that the molecular Cu(DEphen) catalyst in the films are responsible for the 

observed ORR activity, as opposed to a trace contaminant, we performed a series of control 

experiments.  First, we measured the ORR activity of an N3-terminated glassy carbon surface not 

exposed to click conditions. The resulting surface shows essentially no activity for the ORR at 

potentials positive of -0.15 V vs Ag/AgCl/KCl(sat.) which is consistent with previous reports of 

background ORR activity on N3-terminated glassy carbon surfaces (Figure S3.24 in the SI).32  

Next, we measured the ORR activity of glassy carbon electrodes exposed to CuACC minus one 

critical component for successful surface attachment: 1) without a surface azide (Figure S3.25 in 

the SI), 2) without the CuSO4∙5 H2O click catalyst (Figure S3.26 in the SI), or 3) without the 

DEphen (Figure S3.27 in the SI).  In all three cases, the ORR activity was qualitatively analogous 

to the N3-terminated glassy carbon backgrounds, with no evidence of surface-immobilized 

Cu(DEphen) via CV and no appreciable ORR current at potentials positive of -0.15 V vs 

Ag/AgCl/KCl(sat.). We also measured the ORR activity of SL-Cu(DEphen) and DL-Cu(DEphen) 

that were stripped of their Cu using diethyldithiocarbamate (Figures S3.28-S3.29 in the SI). 

Copper stripping was confirmed by loss of the CuII/I redox couple via CV under N2. The resulting 

films also showed similar activity to the N3-termianted glassy carbon backgrounds with essentially 

no ORR activity at potentials positive of -0.15 V vs Ag/AgCl/KCl(sat.).  These control experiments 

confirm that both Cu and DEphen are necessary for the ORR activity observed in Figure 3.4. Note 
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that SL-Cu(DEphen) electrodes stripped of Cu could be regenerated by soaking them in a solution 

of 1 M CuSO4 for 1 hour. We were able to obtain regenerated surface coverages equivalent to 67 

± 10 % of the original loading (See Figure S3.30 in the SI). We suspect the incomplete regeneration 

may be related to the film sterics preventing complete insertion of Cu and that the higher original 

loading is due to copper insertion into the DEphen complex during film synthesis. 

In addition, to verify that trace Pt contamination from the auxiliary electrode does not 

contribute to the observed ORR activity, we repeated the ORR activity measurements for SL-

Cu(DEphen) and DL-Cu(DEphen) using a boron-doped diamond (BDD) auxiliary electrode 

(Figure S3.31). The resulting ORR measurements are essentially identical to those measured using 

a Pt auxiliary electrode, confirming that trace Pt contamination is not responsible for the measured 

ORR activity for the SL-Cu(DEphen) and DL-Cu(DEphen) systems. 

The cumulative XPS, electrochemical coverage, and ORR activity data suggest that the 

DL-Cu(DEphen) film is, in fact, a double-layer film containing approximately twice the 

Cu(DEphen) components each operating at equivalent turnover frequencies compared to the SL-

Cu(DEphen) film. In contrast, based on our measurements we propose that synthesis of the TL-

Cu(DEphen) film was largely unsuccessful using our layer-by-layer synthesis strategy—the 

average coverage and ORR activity measured for the TL-Cu(DEphen) film are similar to those of 

the DL-Cu(DEphen) films. We postulate that steric limitations may prevent the growth of triple 

layer films. Specifically, the rotational flexibility between the DEphen ligands and the 1,4-

ditriazolylbenzene linkages and the high roughness of our actual carbon surfaces may introduce 

steric interactions between adjacent multilayer Cu(DEphen) strands and inhibit triple-layer 

formation due to resulting steric constraints. Due to the relatively high ORR background activity 

for the ORR, it is likely that moving to the order-of-magnitude lower catalyst loadings on GC 
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electrodes necessary to alleviate the steric limitations to further film growth will result in catalyst 

films that do not have measurable ORR activity above the GC background activity. We are 

currently exploring layer-by-layer growth of more dilute films on alternative electrode surfaces 

that show lower background activity for the electrocatalytic reactions being investigated. 

In addition to the increased activity observed for the ORR by DL-Cu(DEphen) compared 

to SL-Cu(DEphen), we also observed a change in the potential-dependent product distribution.  In 

particular, we measured the fractional current going to H2O2 production using rotating ring-disk 

electrode (RRDE) voltammetry at 400 rpm.  Representative RRDE voltammograms are shown in 

Figures S3.32-S3.34 in the SI, and the average fractional of current going to H2O2 production at 

various potentials for SL-Cu(DEphen) and DL-Cu(DEphen) are shown in Figure 3.5a-b. In the 

case of SL-Cu(DEphen), there is an increase in the fractional H2O2 production at more negative 

potentials, from 0.16 ± 0.06 at 0 V vs Ag/AgCl/KCl(sat.) to 0.45 ± 0.13 at −0.4 V vs 

Ag/AgCl/KCl(sat.). This trend is consistent with previous studies of the ORR by clicked Cu(3-

ethynyl-1,10-phenanthroline) which suggest two different mechanisms for oxygen reduction: a 

lower overpotential bimetallic mechanism in which O2 is activated by two adjacent clicked Cu 

complexes and reduced by 4 e− to H2O, and a higher overpotential monomolecular mechanism in 

which O2 is activated by a single Cu complex and reduced by 2 e− to H2O2.32   

In the case of DL-Cu(DEphen), there is no discernable potential dependence of the 

fractional H2O2 production which remains low at ≤ 20% at every potential.  We suggest two 

different mechanisms that may be responsible for the decreased potential-independent H2O2 

production observed for DL-Cu(DEphen). First, entanglement of the DL-Cu(DEphen) strands 

could force Cu centers closer together in the exterior layer, leading to an increased number of 

bimetallic active sites that can coordinate and reduce O2 by 4 e− to H2O as illustrated in Figure 
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3.5c.  Alternatively, because Cu complexes with 1,10-phenanthroline-based ligands are known to 

reduce H2O2 by 2 e− to H2O,29, 31, 44-46 an equally-valid explanation might be a cascade (or tandem) 

catalysis mechanism in which O2 is first reduced to H2O2 at the exterior Cu site, and then the H2O2 

is subsequently reduced to H2O at a second Cu site as illustrated in Figure 3.5d.  We cannot 

distinguish between the two different possible explanations in the present study, but the important 

point is that the DL-Cu(DEphen) shows dramatically decreased H2O2 production compared to the 

single-layer analogue. Note that the TL-Cu(DEphen) shows analogous product distribution 

compared to the DL-Cu(DEphen) (see Figure S3.35). 

 

        

 
Figure 3.5 (a-b) Fraction of the ORR current going to H2O2 production as a function of potential based 
on RRDE measurements at 400 rpm for (a) SL-Cu(DEphen) and (b) DL-Cu(DEphen).  (c-d) Postulated 
mechanisms explaining the decreased H2O2 production observed for DL-Cu(DEphen) due to (c) 
increased likelihood of bimetallic activation of O2 or (d) possibility of cascade (or tandem) catalysis 
involving sequential reduction of O2 to H2O2 to H2O. 
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3.6 Conclusions 

In this study, we have reported a layer-by-layer synthesis strategy for the controlled growth 

of electrocatalytic films on carbon surfaces and showed that this method is effective for the 

formation of single-layer and double-layer films of Cu(DEphen).  The double-layer DL-

Cu(DEphen) films showed roughly twice the coverage and activity for the ORR compared to the 

single-layer SL-Cu(DEphen), and significantly increased selectivity for the 4 e− reduction of O2 to 

H2O over the  2 e− reduction of O2 to H2O2. Triple layer formation was not achieved using this 

synthesis procedure likely due to steric interactions between adjacent multilayer Cu(DEphen) 

strands on the high-coverage surfaces.  However, these same postulated steric interactions between 

adjacent Cu(DEphen) strands that may prevent triple-layer formation may also lead to an increased 

number of bimetallic active sites in the DL-Cu(DEphen) resulting in the increased product 

selectivity for the ORR to H2O, although we cannot distinguish this from possible cascade catalysis 

of O2 to H2O2 to H2O along the tethered double layers. This study serves as a proof-of-principle 

that highlights the benefits and limitations of layer-by-layer growth by sequential CuACC.  We 

showed that we can increase activity in predictable ways by forming multilayer films, but steric 

congestion can prevent formation of larger film thicknesses. One strategy to prevent this steric 

limitation to thicker film synthesis may be increasing the spacing between covalently linked 

strands on the electrode surfaces, thereby decreasing the probability of entanglement and 

facilitating the growth of further layers.  
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3.7 Supplementary Information 

3.7.1 Optimization of Layer-by-Layer Synthesis: SL-Cu(DEphen)  

Initial syntheses based on previously published methods32 resulted in highly variable films 

that showed no clear trends. Activity and surface coverage demonstrated only a small increase for 

the double-layer. In addition N:Cu ratios were often far from the ideal value of 5:1 for the single-

layer and 6.5:1 for the double-layer. These results suggested that the conditions we were using 

were not optimal for multilayer film formation. In order to optimize the conditions we performed 

multiple sets of syntheses during which we varied one condition while holding the others constant. 

The initial set of optimizations were performed for SL-Cu(DEphen) electrodes using the N:Cu 

ratio as a marker for successful film synthesis. This allowed us to detect successful formation of 

mono-ligated Cu(DEphen) complexes.  
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Figure S3.1 N:Cu ratio for SL-Cu(DEphen) electrodes synthesized with varying amounts of NaN3 in the 
azidification solution used for the initial preparation of the N3-terminated glassy carbon electrode. The ideal 
ratio of 5:1 is denoted by the dashed line. Based on the results 100 mg of NaN3 was used for the optimized 
synthesis conditions. 

 

 

 

Figure S3.2 N:Cu ratios for SL-Cu(DEphen) synthesized with varying DMSO:H2O ratios in the CuACC 
click solution. Increasing the amount of H2O beyond a 1:1 ratio resulted in precipitation of reagents. Based 
on these results a DMSO:H2O ratio of 1:1 was used in the optimized conditions.  
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Figure S3.3 N:Cu ratios for SL-Cu(DEphen) synthesized with varying copper amounts in the CuACC click 
solution. The concentration of copper plays a critical role in the synthesis because of the high stability of 
the bis Cu(DEphen)2 complex. To promote formation of the mono complex an excess of Cu must be used. 
Based on these results 2.7 mg of Cu was used for the optimized conditions.  

 

 

Figure S3.4 N:Cu ratios for SL-Cu(DEphen) synthesized using CuAAC solutions at either 0 C or room 
temperature (RT). Elevated temperatures (not shown) resulted in decomposition of the azide. Based on 
these results room temperature was used for subsequent reactions. 
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Figure S3.5  N:Cu ratios for SL-Cu(DEphen) synthesized with varying reaction times (e.g. times of 
exposure to the CuAAC click solution). Each CuAAC reaction was done in a separate vial to avoid 
contamination when removing electrodes for cleaning. Although 12 hours shows the appropriate N:Cu ratio, 
we used 14 hours in the optimized synthesis conditions to remain consistent with the optimized double-
layer film synthesis procedure as described in Figure S3.10.  
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Figure S3.6 N:Cu ratios for SL-Cu(DEphen) synthesized with varying cleaning procedures. The four 
cleaning procedures 1-4 are outlined in Table S1. There are two points in the synthesis that require cleaning.  
First, after the azidification step used to prepare the N3-terminated glassy carbon surfaces, a cleaning step 
is required to remove hexanes and unreacted sodium azide.  Failure to clean the electrode after the 
azidification step resulted in the formation of precipitates in the CuAAC click solution.  Second, after the 
CuAAC click reaction is completed, a cleaning step is required to remove any unclicked physisorbed 
species from the electrode surface. Based on these results cleaning procedure 3 was used in the optimized 
procedure. 
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Table S3.1 Cleaning Procedures 

 

3.7.2 Optimization of Layer-by-Layer Synthesis: DL-Cu(DEphen) 

Using the optimized conditions outlined in Figures S1-S6, we were able to reproducibly 

synthesize SL-Cu(DEphen) films. However, when we attempted to use the conditions to form the 

DL-Cu(DEphen) films, we found that the DAB linker was decomposing to 1,4-diaminobenzene in 

the click solution (Figure S8-S9).  We postulate that this decomposition is due to the heat released 

by the exergonic mixing of DMSO and H2O.  Attempts to add the DAB to the pre-mixed 1:1 

DMSO:H2O solutions was unsuccessful due to the low solubility of DAB in the mixture.  We 

determined that 1:1 THF:H2O could be used as an alternative solution in which the DAB was more 

soluble and stable (Figure S10). Using the new click solution we were able to successful synthesize 

the DAB-terminated SL-Cu(DEphen) and the DL-Cu(DEphen) as described below.  

 

 

 

Cleaning 
Procedure 

After 
Azidification 

Final Cleaning 

1 Rinsed with EtOH 2 minute sonication in DMSO, DCM, EtOH, and H2O  

2 Rinsed with EtOH 2 minute sonication in DMSO and DCM. Rinse with EtOH. 2 
minute sonication in EtOH 

3 Dipped in Cold 1:1 
DMSO:H2O 

2 minute sonication in DMSO and DCM. Rinse with EtOH. 2 
minute sonication in EtOH 

4 Dipped in Cold 1:1 
DMSO:H2O 

2 minute sonication in DMSO, DCM, EtOH, and H2O 
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Figure S3.7 NMR spectrum of 1,4-diazidobenzene in CDCl3 showing characteristic peak at 7.02 ppm.  
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Figure S3.8 NMR depicting decomposition of 1,4-diazidobenzene to 1,4-diaminobenzene in DMSO:H2O 
mixture.  1.3 mg of 1,4-diazidobenze was first dissolved into 5 mL of DMSO, and then the resulting solution 
was added to 5 mL of H2O.  There was a noticeable heating of the solution upon mixing the DMSO and 
H2O.  The resulting 1,4-diaminobenze was then extracted into CDCl3.  The resulting NMR shows a peak at 
6.81 ppm consistent with the formation of 1,4-diaminobenzene. The peak at 7.27 is due to CDCl3. 
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Figure S3.9 1.3 mg of 1,4-diazidobenzene was first dissolved into 5 mL of d8-THF, and then the resulting 
solution was added to 5 mL of D2O.  There was no noticeable heating of the solution upon mixing the d8-
THF and D2O.  An NMR of the resulting 1:1 d8-THF:D2O solution shows a peak at 7.02 ppm consistent 
with 1,4-diazidobenzene, confirming the reactant does not decompose during mixing of these solvents. 
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Figure S3.10 N:Cu ratios for DAB terminated SL-Cu(DEphen) synthesized with varying reaction times 
(e.g. times of exposure to the DAB CuAAC click solution). The ideal N:Cu ratio of 9 assumes X-ray 
promoted photodecomposition of the terminal azide to a terminal amine.38, 39 Based on these results 14 
hours was used for the reaction time.  

                            

 

Figure S3.11 N:Cu ratios for SL-Cu(DEphen), DAB terminated SL-Cu(DEphen), and DL-Cu(DEphen) 
using the optimized conditions outlined in the experimental section of the main text as derived from the 
experiments in Figures S1-S10.  The ideal ratios for each are denoted with a dashed line. 
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Figure S3.12 Representative scan rate dependence of a SL-Cu(DEphen) film. 

a.   Representative cyclic voltammograms of the phenanthroline-free surface in a 100 mM acetate 
buffer (50 mM NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting 
electrolyte under an N2 and O2 atmosphere. 

b.   Representative kinetic current in the same buffer under an O2 atmosphere as derived from 
RRDE measurements and Koutecky-Levich analysis. 

 

 

Figure S3.13 Representative scan rate dependence of a DL-Cu(DEphen) film. 

a.  Cyclic voltammograms of a DL-Cu(DEphen) film in a 100 mM acetate buffer (50 mM 
NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting electrolyte under an N2 
atmosphere at multiple scan rates.  

b.   Linear dependence of peak current versus scan rate. The linear relationship is indicative of a 
surface-immobilized species. 
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Figure S3.14 Representative scan rate dependence of a TL-Cu(DEphen) film. 

a.  Cyclic voltammograms of a TL-Cu(DEphen) film in a 100 mM acetate buffer (50 mM 
NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting electrolyte under an N2 
atmosphere at multiple scan rates.  

b.   Linear dependence of peak current versus scan rate. The linear relationship is indicative of a 
surface-immobilized species. 
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Figure S3.15 Representative rotating disk electrode voltammogram of a SL-Cu(DEphen) film in a 100 mM 
acetate buffer (50 mM NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting 
electrolyte under an O2 atmosphere. A 400 RPM scan is performed at the beginning and end of the 
experiment to ensure stability of the film. 
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Figure S3.16 Representative rotating disk electrode voltammogram of a DL-Cu(DEphen) film in a 100 
mM acetate buffer (50 mM NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 
supporting electrolyte under an O2 atmosphere. A 400 RPM scan is performed at the beginning and end of 
the experiment to ensure stability of the film.  
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Figure S3.17 Representative rotating disk electrode voltammogram of a TL-Cu(DEphen) film in a 100 
mM acetate buffer (50 mM NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 
supporting electrolyte under an O2 atmosphere. A 400 RPM scan is performed at the beginning and end of 
the experiment to ensure stability of the film.  
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Figure S3.18 Control experiment in which the synthesis was stopped after the azidification step resulting 
in an azide terminated surface. The sonication steps in combination with exposure to light during cleaning 
likely resulted in the decomposition of the azides to amines prior to analysis.  

a.   Representative cyclic voltammograms of the azide-terminated surface in a 100 mM acetate 
buffer (50 mM NaOAc•3H¬2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting electrolyte 
under an N2 and O2 atmostphere. 

b.   Representative kinetic current in the same buffer under an O2 atmosphere as derived from 
RRDE measurements and Koutecky-Levich analysis. 
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Figure S3.19 Control experiment in which a heat-treated glassy carbon disk electrode was exposed to 
optimized click conditions without the azidification step. Without the azide present the click reaction 
cannot occur.  

a.   Representative cyclic voltammograms of the stripped surface in a 100 mM acetate buffer (50 
mM NaOAc•3H¬2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting electrolyte under 
an N2 and O2 atmosphere. 

b.   Representative kinetic current in the same buffer under an O2 atmosphere as derived from 
RRDE measurements and Koutecky-Levich analysis. 
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Figure S 3.20 Control experiment in which CuSO4•5H2O was not added to the click solution. All other 
steps were not changed from optimized conditions. Note that a large amount of precipitate formed when 
the DMSO solution and H2O were mixed due to the decreased stability of the ligands in the absence of 
copper. 

a.   Representative cyclic voltammograms of the copper-free surface in a 100 mM acetate buffer 
(50 mM NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting electrolyte under 
an N2 and O2 atmosphere. 

b.   Representative kinetic current in the same buffer under an O2 atmosphere as derived from 
RRDE measurements and Koutecky-Levich analysis. 
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Figure S3.21 Control experiment in which 3,8-diethynyl-1,10-phenanthroline was not added to the click 
solution. All other steps were not changed from optimized conditions. Note that the solution was clear upon 
the addition of ascorbic acid due to the absence of the reduced Cu(DEphen). 

a.   Representative cyclic voltammograms of the phenanthroline-free surface in a 100 mM acetate 
buffer (50 mM NaOAc•3H¬2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting electrolyte 
under an N2 and O2 atmosphere. 

b.   Representative kinetic current in the same buffer under an O2 atmosphere as derived from 
RRDE measurements and Koutecky-Levich analysis. 

 

 

 

 

 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-0.8

-0.5

-0.3

0.0

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-2.0

-1.5

-1.0

-0.5

0.0

 N2

 O2

j /
 m

A 
cm

-2

E / V vs Ag/AgCl/KCl(sat.)

a b

j k 
/ m

A 
cm

-2
 

E / V vs Ag/AgCl/KCl(sat.)



 104 

 

Figure S3.22 Single Layer Cu(DEphen) which has been stripped of copper using sodium 
diethyldithiocarbamate as described in the experimental section of the main paper.  

a.   Representative cyclic voltammograms of the phenanthroline-free surface in a 100 mM acetate 
buffer (50 mM NaOAc•3H¬2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting electrolyte 
under an N2 and O2 atmosphere. 

b.   Representative kinetic current in the same buffer under an O2 atmosphere as derived from 
RRDE measurements and Koutecky-Levich analysis. 
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Figure S3.23 Double Layer Cu(DEphen) which has been stripped of copper using sodium 
diethyldithiocarbamate as described in the experimental section of the main paper.  

a. Representative cyclic voltammograms of the stripped surface in a 100 mM acetate buffer (50 mM 
NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting electrolyte under an N2 
and O2 atmosphere. 

b. Representative kinetic current in the same buffer under an O2 atmosphere as derived from RRDE 
measurements and Koutecky-Levich analysis.  
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Table S3.2 Catalyst loading and ORR activities at selected potentials for multilayer Cu(DEphen) films 
and representative activities for control experiments 

 

 

Electrode Loading 
(1015 
molecules  
cm-2) 

Jk  (0 V) 
(mA cm-2) 

Jk  (-0.1 V) 
(mA cm-2) 

Jk  (-0.2 V) 
(mA cm-2) 

Jk  (-0.3 V) 
(mA cm-2) 

Jk  (-0.4 V) 
(mA cm-2) 

SL-Cu(DEphen) 

0.94 

± 0.26 

-

0.77 ± 0.31 

-

1.54 ± 0.51 

-

2.41 ± 1.03 

-

3.38 ± 1.44 

-

4.46 ± 1.69 

DL-Cu(DEphen) 

1.93 

± 0.54 

-

0.77 ± 0.46 

-

2.21 ± 1.13 

-

4.10 ± 1.64 

-

5.89 ± 2.05 

-

7.49 ± 2.31 

TL-Cu(DEphen) 

2.08 

± 0.73 

-

0.87 ± 0.67 

-

2.21 ± 1.44 

-

3.64 ± 1.94 

-

4.87 ± 2.3 

-

6.05 ± 2.62 

Background of 
N3-Terminated GC 

N/A 
-

0.005 

-

0.01 

-

0.38 

-

0.1 

-

0.25 

Control 1: CuAAC 
on bare GC (no N3) 

N/A 
-

0.003 

-

0.007 

-

0.025 

-

0.045 

-

0.01 

Control 2: CuAAC 
without Cu catalyst 

N/A 
-

0.004 

-

0.015 

-

0.056 

-

0.13 

-

0.31 

Control 3: CuAAC 
without DEphen 

N/A 
-

0.003 

-

0.01 

-

0.025 

-

0.072 

-

0.20 

SL-Cu(DEphen) 
after Cu stripping 

N/A 
-

0.003 

-

0.004 

-

0.015 

-

0.031 

-

0.052 

DL-Cu(CEphen) 
After Cu Stripping 

N/A 
-

0.006 

-

0.013 

-

0.023 

-

0.041 

-

0.010 
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Figure S3.24 Kinetic current densities (jK) estimated from Koutecky-Levich analysis of rotating disk 
voltammetry data for (a) a SL-Cu(DEphen) film measured using a Pt auxiliary electrode, (b) a SL-
Cu(DEphen) film measured using a BDD auxiliary electrode, (c) a DL-Cu(DEphen) film measured using a 
Pt auxiliary electrode and (d) a DL-Cu(DEphen) film measured using a BDD auxiliary electrode. The 
central data points in each plot are the average potential-dependent jK values, and the exterior error bars are 
the standard deviations at each potential. N is the number of measurement sets of independently-prepared 
electrodes that went towards determining each jK value.  Importantly, there is no observed dependence of 
ORR activity based on choice of auxiliary electrode (Pt or BDD), suggesting the ORR activity is not a result 
of trace Pt contamination. 
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Figure S3.25 Representative rotating ring disk electrode voltammogram of a SL-Cu(DEphen) film in a 100 
mM acetate buffer (50 mM NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting 
electrolyte under an O2 atmosphere. The rotation rate was 400 RPM and the platinum ring was held at 0.73 
V vs Ag/AgCl/KCl(sat.) 
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Figure S3.26 Representative rotating ring disk electrode voltammogram of a DL-Cu(DEphen) film in a 
100 mM acetate buffer (50 mM NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 
supporting electrolyte under an O2 atmosphere. The rotation rate was 400 RPM and the platinum ring was 
held at 0.73 V vs Ag/AgCl/KCl(sat.) 
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Figure S3.27 Representative rotating ring disk electrode voltammogram of a TL-Cu(DEphen) film in a 100 
mM acetate buffer (50 mM NaOAc•3H2O and 50 mM HOAc) at pH 4.8 containing 1 M NaClO4 supporting 
electrolyte under an O2 atmosphere. The rotation rate was 400 RPM and the platinum ring was held at 0.73 
V vs Ag/AgCl/KCl(sat.) 
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Figure S3.28 Fraction of the ORR current going to H2O2 production as a function of potential based on 
RRDE measurements at 400 RPM for the TL-Cu(DEphen) films.  
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Chapter 4 Heterogenization of TEMPO for Electrocatalytic Alcohol 

Oxidation 
 

 

4.1 Preface 

This chapter presents the synthesis and study of monolayer films of multiple TEMPO 

derivatives for electrochemical alcohol oxidation. My results show that while TEMPO can be 

covalently attached to glassy carbon electrodes through the Cu(I)-Catalyzed Azide-Alkyne 

Cycloaddition or ‘Click’ reaction, their inherit instability prevents the modified electrodes from 

being used for catalysis. I was responsible for material synthesis, electrochemical measurements, 

analysis, and preparation and revision of the Chapter. My advisor, Dr. Charles C. L. McCrory, 

provided significant insight and expertise in electrochemical measurements and provided help with 

writing and revising the Chapter.  
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4.2 Abstract 

Heterogenization or the attachment of molecular electrocatalysts to solid-state surfaces is 

a quickly growing field with many applications in energy storage and small molecule 

transformations. Electrochemical alcohol oxidation is one such application where the usage of 

electrochemical catalysts can be used as alternatives to toxic or hazardous oxidants. TEMPO or 

2,2,6,6-Tetramethylpiperidin-1-yl)oxyl is a known molecular electrocatalyst for alcohol oxidation 

that has been previously attached to electrode surfaces using polymer encapsulation, 

electropolymerization, and other mainly non-covalent interactions. In this thesis chapter, multiple 

TEMPO complexes are covalently attached to glassy carbon surfaces as an alternative to non-

covalent methods. Unfortunately, we found that while the surfaces were catalytically active for the 

desired reaction, the instability of the catalyst coupled with the relatively low surface coverage 

resulted in surfaces that degraded rapidly under catalytic conditions. 
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4.3 Introduction 

Heterogenization or the attachment of molecular electrocatalysts to solid-state surfaces is 

a quickly growing field with many applications in energy storage and small molecule 

transformations.1 New research is also finding uses for electrocatalysts in electroorganic synthetic 

chemistry.2, 3 TEMPO or (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl is a molecular electrocatalyst 

widely known for its ability to catalyze the selective oxidation of alcohols to aldehydes and 

carboxylic acids.4 Selective alcohol oxidations are an important synthetic step in many industrial 

and pharmaceutical synthetic schemes. However, they often use toxic or hazardous oxidants such 

as organic peroxides, permanganates, and chromates which can have poor environmental impacts 

and difficulty with selective oxidations. These reactions can also require environmentally 

hazardous organic solvents. The use of a selective electrocatalyst can open up greener routes for 

these reactions that can remove or add electrons directly from an electrode and can operate in more 

aqueous conditions.  

These methods, however, are not without their own difficulties. The solubility of the 

catalyst can make using aqueous solvents more difficult, the stability of the molecular catalyst is 

sometimes low resulting in decomposition of the catalyst over time,4 only catalyst at the surface 

of the electrode is active and so any catalyst in the solution but not at the electrode surface is not 

being used,5 and separation of the catalyst from the product can increase time required and costs. 

Heterogenization seeks to alleviate some of these issues. By attaching an electrocatalyst to a 

surface the solubility requirement is removed, there is no longer excess catalyst in the solution, 

and separation is much easier. Furthermore, heterogenization can sometimes help to stabilize the 

catalyst.6  
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Several methods for surface attachment of TEMPO to electrode surfaces have been 

previously achieved including polymer encapsulation,7, 8 electropolymerization of complexes 

containing TEMPO moieties,9 and the non-covalent interaction of TEMPO modified pyrenes with 

carbon paper.10 Interestingly, nobody thus far has attempted to directly attach TEMPO covalently 

to an electrode surface. The benefit of this method would be a stronger bond to the electrode that 

would prevent solvent interactions from displacing the catalyst as can occur with non-covalent 

attachment methods. Additionally, the lack of a surrounding polymeric film could help improve 

substrate diffusion to the electrocatalyst.11  

Our lab has previous experience with the covalent attachment of molecular electrocatalysts 

to classy carbon surfaces using the Cu(I) Catalyzed Azide-Alkyne Cycloaddition (CuAAC) or 

“Click” reaction.12, 13 By modifying a glassy carbon surface with azide groups we can then react it 

with a molecular electrocatalyst that has been modified with an ethynyl moiety to form a covalent 

triazole linker between the two. This method has already been used to attach multiple complexes 

to glassy carbon electrodes. In this study, I will discuss my work on the synthesis and covalent 

surface attachment of several ethynyl-modified TEMPO complexes (Figure 4.1), their catalytic 

activity for alcohol oxidation, and the drawbacks of this methodology.  
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Figure 4.1 Ethynl-modified TEMPO complexes used for covalent attachment to glassy carbon surfaces via 
the Cu(I)-Catalyzed Azide-Alkyne Cycloaddition. 

 

4.4 Experimental Methods 

4.4.1 Materials and General Instrumentation 

All solvents and compounds, including Complex I, were purchased from Sigma Aldrich 

and Fisher Scientific and used as received. NMR spectra for organic compounds were collected 

on a Varian MR400 (400 MHz) spectrometer and all chemical shifts are reported in ppm relative 

to TMS standards. A small amount of phenylhydrazine was added to the NMR tube with TEMPO 

complexes in order to prevent the free radical of TEMPO from interfering. All NMR data analysis 

was done using MestReNova version 14.1.2 (Mestrelab Research). All electrochemistry was 

performed using a Bio-Logic SP-300 bipotentiostat and Bio-Logic SP-200 potentiostat and data 

was recorded using the Bio-Logic EC-Lab v10.44 software package. Electrochemical data analysis 

and figure preparation was done in Origin 2020 (OriginLab Corporation).  
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4.4.2 Synthetic Procedures 

2,2,6,6-tetramethyl-4-[(1-oxo-2-propyn-1-yl)amino]- 1-Piperidinyloxy (Complex II). A 

two or three neck RBF was first charged with 4-amino-2,2,6,6-tetramethyl-1-Piperidinyloxy 

(0.250 g, 1.5 mmol) and 30 ml of DCM and a stir bar. The mixture was then sparged with N2 for 

15 minutes. 2-propynoic acid (0.105 g, 1.5 mmol) was then pulled into a syringe and the syringe 

was then inserted into the RBF still under nitrogen pressure. The plunger of the syringe was 

removed and the 2-propynoic acid was sparged for several minutes within the syringe barrel before 

the plunger was reinserted and the acid added to the reaction. The solution was left to stir at RT 

for 30 minutes. Afterwards N-N’-dicyclohexylcarbodiimide (0.309 g, 1.5 mmol) and 4-

dimethylaminopyridine (0.020 g, 0.15 mmol) was added under N2 pressure and the solution stirred 

for an additional 20 hours. After 20 hours the reaction solution was filtered, and the solvent 

removed under reduced pressure. Purification was achieved with column chromatography on silica 

gel using 80:20 DCM:MeOH as the eluent. Product was confirmed with mass spectroscopy.  

3,6-dihydro-4-iodo-2,2,6,6-tetramethyl-1(2H)-Pyridinyloxy. 3,6-dihydro-4-iodo-2,2,6,6-

tetramethyl-1(2H)-Pyridinyloxy was synthesized based on previously reported methods.14 2,2,6,6-

tetramethyl-4-oxo-1-Piperidinyloxy (8.5g, 50 mmol) was first dissolved in EtOH (30 ml). The 

solution was then added dropwise over 3 hours to a solution of hydrazine hydrate ( 0.3 mol, 15 

ml). After which the solutions were combined the resulting mixture was refluxed for 1 hour during 

which time the solution color lightened. The solvent was then removed under reduced pressure 

and the residue redissolved in 50 ml of a 9:1 mixture of DCM and MeOH. The resulting solution 

was added to a separatory funnel  and washed with saturated NaCl (brine, 10 ml) before being 

dried over MgSO4 and filtered. Then PbO2 (1.19 g, 5.0 mmol) was added, and the solution was 

sparged with O2 for 30 minutes. The orange solution was then filtered and dried under reduced 
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pressure resulting in a thick orange oil (hydrazone). The orange oil was then dissolved in diethyl 

ether (30 ml) and added dropwise to a stirring solution of I2 (27.9 g, 0.11 mol) and tetramethyl 

guanidine (20.12 g, 0.175 mol) also in diethyl ether (50 ml). The solution should produce gas at 

this point. After all the hydrazone was added, the mixture was left to stir for 60 minutes at RT. 

After stirring the solution was diluted with diethyl ether (40 ml), added to a separatory funnel, and 

washed first with water (30 ml) and then with 5% aqueous H2SO4 (60 ml). The organic phase was 

then collected, dried over MgSO4, filtered, and the solvent removed under reduced pressure. The 

resulting dark brown residue was purified with column chromatography on silica gel with 

hexane:Et2O (2:1) as the eluent. The product was in the second band which was orange/pink in 

color. The first band (green) can be discarded. H NMR (CDCl3, 400 MHz, phenylhydrazine): δ 

6.10 (1H, s), δ 2.58 (2H, s), δ 1.26 (6H, s), δ 1.23 (6H, s).  

3,6-dihydro-2,2,6,6-tetramethyl-4-[2-(trimethylsilyl)ethynyl]-1(2H)-Pyridinyloxy. 3,6-

dihydro-2,2,6,6-tetramethyl-4-[2-(trimethylsilyl)ethynyl]-1(2H)-Pyridinyloxy was synthesized 

based on previously reported methods.15 In 2 neck RBF 3,6-dihydro-4-iodo-2,2,6,6-tetramethyl-

1(2H)-Pyridinyloxy (0.5 g, 1.78 mmol) was dissolved in THF (4 ml) and triethylamine ( 1 ml)  

with a stir bar. The solution was degassed with N2 sparge for 10 minutes and then CuI (0.010 g, 

0.048 mmol) and Bis(triphenylphosphine)palladium(II) dichloride (0.034 g, 0.048 mmol) was 

added under N2 pressure followed by TMS-acetylene (0.200 g, 2 mmol). The reaction was stirred 

at RT overnight. The following day the reaction was filtered and added to a separatory funnel 

where saturated aqueous ammonium chloride (15 ml) was added. The aqueous layer was then 

extracted 3x with ethyl acetate (15 ml). The organic phases were then combined and washed with 

saturated sodium chloride (brine), dried over Na2SO4, filtered, and then dried under reduced 
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pressure. The product was used as is for deprotection. H NMR (CDCl3, 400 MHz, 

phenylhydrazine): δ 5.94 (1H, s), δ 2.24 (2H, s), δ 1.26 (6H, s), δ 1.20 (6H, s), δ 0.21 (9H, s).   

4-ethynyl-3,6-dihydro-2,2,6,6-tetramethyl-1(2H)-Pyridinyloxy (Complex III). A single 

neck RBF was charged with 3,6-dihydro-2,2,6,6-tetramethyl-4-[2-(trimethylsilyl)ethynyl]-1(2H)-

Pyridinyloxy (0.250 g, 1 mmol), 1 M TBAF in THF (4 ml), THF (4 ml), and a stir bar. The solution 

was then stirred at RT for 3 hours during which time the solution turned black. After 3 hours brine 

(10 ml) was added, and the mixture poured into a separatory funnel where it was extracted 3x with 

DCM (15 ml). The organic phases were then combined, dried over MgSO4, filtered, and the solvent 

removed under reduced pressure. The crude material was purified using column chromatography 

on silica gel with hexane:ethynl acetate (5:1) as the eluent resulting in 120 mg (67% yield) of an 

orange oil. H NMR (CDCl3, 400 MHz, phenylhydrazine): δ 5.97 (1H, s), δ 2.87 (1H, s), δ 2.28 

(2H, s), δ 1.30 (6H, s), δ 1.23 (6H, s). 

4.4.3  General Procedure for Glassy Carbon Electrodes Modified with Monolayer TEMPO 

Films. 

Iodine Azide (IN3) Solution Preparation. 100 mg of NaN3 and 10 mL of hexanes were 

added to a 20 mL scintillation vial. Note that NaN3 will not dissolve in the hexanes solution. ICl, 

stored in freezer at −4 °C, was heated at ∼30 °C in a water bath until a small portion had melted. 

Immediately prior to use, 10 μL of ICl was added to the scintillation vial, and it was capped, briefly 

shaken, and wrapped with aluminum foil. The resulting suspension was used immediately after 

preparation. Caution: IN3 is a potentially explosive substances, and extreme caution should be used 

in its preparation and use. To minimize risk to lab personnel, IN3 was only prepared in solution in 

small amounts (≤2 mg) and used immediately after preparation.  
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Glassy Carbon Electrode Azide Modification. Glassy carbon disks were hand-polished on 

240 grit SiC sandpaper, sonicated for 20 min in water, rinsed with water, and then dried under an 

N2 stream. Polished disks were then heated in a fused silica-lined furnace at 1000 °C for 90 min 

under a 5 L min−1 forming gas (5% H balance N2) purge. After 90 min, the tube furnace was cooled 

to ∼65 °C under the forming gas purge, and the electrodes were removed and immediately added 

to a freshly prepared IN3 solution. Electrodes were kept in the solution in the dark for 1 h. Step 1: 

Deposition of Single-Layer Cu(DEphen) Films (SLCu(DEphen)). The Cu(DEphen) click solution 

was prepared as follows: TBTA (5.3 mg, 0.01 mmol) and TEMPO Complex (0.0048 mmol) were 

added to a 20 mL scintillation vial along with 7 mL of DMSO. In a separate 20 mL scintillation 

vial, CuSO4·5H2O (2.7 mg, 0.0108 mmol) and 3 mL of water were added. Both vials were vortexed 

until all solids were dissolved, and then both solutions were combined in a single vial, resulting in 

a light blue solution which was stored in a freezer at −4 °C. Immediately prior to use, the solution 

was removed from the freezer, ascorbic acid (18 mg, 0.102 mmol) was added, and the vial was 

shaken, resulting in a colorless solution. In the dark, azide-modified electrodes were removed from 

the azidification solution, briefly dipped in a cold 7:3 solution of DMSO:H2O, and placed polished-

side up in the click solution. Electrodes were stored in the click solution at room temperature for 

14 h in the dark. The resulting TEMPO-modified electrodes were either cleaned for analysis as 

described below. 

Cleaning Procedure for Analysis of Modified Electrodes. After reaction completion, 

electrodes were removed from the click solution and sonicated for 2 min each in DMSO and 

CHCl3. The electrodes were then rinsed with EtOH followed by a further 2 min sonication in H2O. 

After the final sonication, the electrodes were rinsed again with EtOH and dried under an N2 

stream. 
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4.4.4 Electrochemical Methods 

All electrochemical measurements were done using a standard three electrode 

electrochemical setup in a single cell. The working electrodes were 0.195 cm2 glassy carbon disk 

electrodes. The auxiliary electrode was a graphite rod. The reference for organic electrolyte was a 

homemade single-junction Ag/AgNO3 (1.0 mM in MeCN with 0.1 M nBu4NPF6) nonaqueous 

reference electrode separated from the solution by a CoralPor glass frit (Bioanalytical Systems, 

Inc.) and externally referenced to the ferrocenium/ferrocene redox couple (Fc+/0). The reference 

for aqueous solutions was a homemade single-junction Ag/AgCl/KCl(sat.) separated from the 

electrolyte solution by a CoralPor porous glass frit (Bioanalytical Systems, Inc.) 

Ag/AgCl/KCl(sat.) reference electrodes were externally referenced to ferrocenecarboxylic acid in 

in 0.2 M phosphate buffer at pH 7 (0.329 V vs. Ag/AgCl/KCl(sat.)). Organic electrolyte consisted 

of acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate. The aqueous electrolyte was 

0.1 M pH 10 sodium carbonate buffer.  

Cyclic Voltammetry (CV)  Measurements. Working electrodes were used in combination 

with a Pine Research Instrumentation E6-series change-disk rotating disk electrode (RDE) 

assembly attached to a Pine Research Instrumentation MSR rotator. Cyclic voltammograms of the 

TEMPO complex showing the redox peak were always done in organic electrolyte. Aqueous 

measurements were done solely to show the instability of the TEMPO monolayers.  

4.5 Results and Discussion 

We initially attempted to attach 2,2,6,6-Tetramethyl-4-(2-propynyloxy)piperidine 1-Oxyl 

(Complex I - See Figure 4.1) to a glassy carbon electrode. We chose this TEMPO derivative due 

to its commercial availability making it a relatively simple test compound for both surface 

attachment and alcohol oxidation. The complex was attached to a glassy carbon surface using the 
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conditions based on our previous work on attaching copper complexes of diethynylphenanthroline 

to glassy carbon electrodes12, 13 (Figure 4.2). 
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Figure 4.2 Surface modification of a glassy carbon electrode with Complex I using the Cu(I)-Catalyzed 
Azide-Alkyne Cycloaddition reaction.   

 

Cyclic Voltammetry experiments demonstrated successful surface attachment of the 

TEMPO complex to the electrode. As seen in Figure 4.3 the TEMPO redox peak is clearly defined. 

Using background subtraction we estimated the surface coverage to be 7.95*1014 ± 7.07 * 1012 

molecules cm-2 a value very similar to those achieved previously for the diethynylphenanthroline 

complexes. We then screened for alcohol oxidation and for the sacrificial base necessary for the 

reaction to proceed catalytically. The base here is used as a proton acceptor during the oxidation 

process. A good base will have a minimal effect on the system in the absence of an alcohol but 

greatly increase the activity of alcohol oxidation. Previous work by Stahl et al10 on alcohol 

oxidation by TEMPO complexes non-covalently linked to carbon paper found that n-methyl 

imidazole (NMI) was a good base for this purpose and we used it as a baseline for our screening.  
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Figure 4.3 Representative Cyclic Voltammogram of a glassy carbon electrode covalently modified with 
TEMPO complex (I) 
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Figure 4.4 Representative cyclic voltammograms of all bases tested for background effects when cycled 
with a TEMPO complex (I) modified glassy carbon electrode. The bases tested were (a) 
Tetrabutylammonium Acetate, (b) Tetrabutylammonium Benzoate, (c) Tetrabutylammonium Hydroxide, 
(d) Piperidine, (e) 2,6-Lutidine, and (f) N-methyl Imidazole.  
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The results of the screening can be seen in Figure 4.4. As seen in the Figure, 

tetrabutylammonium acetate (Figure 4.4a), tetrabutylammonium benzoate (Figure 4.4b), 

tetrabutylammonium hydroxide (Figure 4.4c), and piperidine (Figure 4.4d) were all poor base 

choices due to high background activity under more positive potentials. The two successful bases 

were 2,6-lutidine (Figure 4.4e) and NMI (Figure 4.4f) due to their relatively low background 

activity. Alcohol oxidation experiments were then carried out by doping in benzyl alcohol as a 

substrate (Figure 4.5). Both bases promoted TEMPO-catalyzed alcohol oxidation, but the NMI 

was significantly more active. These experiments demonstrated that the TEMPO modified classy 

carbon electrode was active for alcohol oxidation. 
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Figure 4.5 Representative Cyclic Voltammograms of alcohol oxidation with glassy carbon electrodes 
modified with TEMPO complex I using either 2,6-Lutidine (left) or N-methyl Imidazole (right), as the 
sacrificial base.  

 

Our initial screening also revealed that the electrode was very unstable. As seen in Figure 

4.6 exposing the surface to a positive potential in basic aqueous solution resulting in a significant 

decrease in coverage after only a single sweep. In addition, the oxidation of benzyl alcohol in dry 

acetonitrile also resulted in a rapid decrease in activity within minutes. This result was most 

prominent when the catalyst was used for alcohol oxidation rotating disk electrode voltammetry 
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(RDEV) experiments in which the working electrode is rotated at increasing rates during a 

potential sweep. Nominally, the current or activity should increase with the increasing rotating rate 

as more substrate is swept across the electrode surface. We found the opposite in that regardless 

of increasing rotation rate, the activity decreased with each subsequent potential sweep. 

Furthermore, a second sweep at the same rotation rate as the initial sweep (400 RPM) showed a 

drastically attenuated response (Figure 4.7).  
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Figure 4.6 Representative CVs demonstrating instability of the TEMPO complex I under oxidative aqueous 
conditions. The CVs on the left are of the complex in acetonitrile where the redox peak is visible both 
before and after a single positive sweep in pH 10 carbonate buffer (right).  
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Figure 4.7 Representative Rotating Disk Electrode Voltammograms (RDEV) of a glassy carbon electrode 
covalently modified with TEMPO complex I used for alcohol oxidation in acetonitrile with 0.1 M 
tetrabutylammonium hexafluorophosphate as the electrolyte and N-methyl Imidazole as the sacrificial base.  

 

These results suggested that either the TEMPO complex was decomposing, or the linker 

was degrading. Due the stability of the triazole bond it seemed unlikely that the triazole linker 

itself was being broken. However, TEMPO itself is capable of cleaving an ether bond in the 

presence of water.16 Whether this process can occur electrochemically is unknown, but to rule out 

the possibly we synthesized two alternative TEMPO complexes; one that attaches through an 

amide bond (Figure 4.1 complex II) and one that is bound directly through the triazole linker ( 

Figure 4.1 Complex III). Both cases were first tested for monolayer formation using the same 

procedure as complex I. As seen in Figures 4.8 and 4.9 both complexes were capable of attachment 

to a glassy carbon electrode suggesting that it is in fact the TEMPO complex that is decomposing 

rather than the linker degrading.  
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Figure 4.8 Representative CVs demonstrating instability of the TEMPO complex II under oxidative 
aqueous conditions. The CVs on the left are of the complex in acetonitrile where the redox peak is visible 
both before and after a single positive sweep in pH 10 carbonate buffer (right). 
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Figure 4.9 Representative CVs demonstrating instability of the TEMPO complex III under oxidative 
aqueous conditions. The CVs on the left are of the complex in acetonitrile where the redox peak is visible 
both before and after a single positive sweep in pH 10 carbonate buffer (right). 
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4.6 Conclusions 

While this work was a good example of the versatility of the CuAAC method for glassy 

carbon surface modification it ultimately was not a successful method for alcohol oxidation. We 

believe that this is mainly due to the relative instability of the TEMPO catalyst. Such stability 

issues have also been seen before in the literature and the covalent bonding to glassy carbon does 

not appear to help stabilize the complex in any way. If TEMPO is to be used a catalyst for 

electrochemical alcohol oxidation the focus should be on either attempting to stabilize the complex 

or designing methods with a large excess of TEMPO that can be easily replaced or regenerated. A 

good example of this can be found in the previously mentioned work by Stahl et al where they 

used TEMPO non-covalently bound to high surface area carbon cloth in order to achieve an excess 

of TEMPO.10 Unfortunately, surface coverages of TEMPO on glassy carbon using our method are 

hindered by the maximum monolayer coverage even when using a roughly polished surface and 

as a result the majority of the catalyst decomposes too rapidly for any kind of bulk electrolysis to 

be achieved.  
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Chapter 5 Selective Reduction of Aqueous Nitrate to Ammonia with an 

Electropolymerized Chromium Molecular Catalyst 
 

5.1 Preface 

This chapter of my dissertation is in preparation for submission as a manuscript and 

presents the synthesis and study of electropolymerized films of terthiophene modified with a 

chromium terpyridine moiety for the Nitrate Reduction Reaction (NO3RR). This work highlights, 

to our knowledge, the first example of a molecular system capable of reducing nitrate to ammonia 

with activity and selectivity comparable to those of state-of-the-art solid-state systems. 

Additionally, I show how the reaction proceeds through a cascade-catalysis type mechanism with 

nitrite and hydroxylamine identified as key intermediates.  I am the primary author on the 

manuscript, responsible for material synthesis, electrochemical measurements, electrochemical 

and other analysis, and preparation and revision of the manuscript. My advisor, Dr. Charles C. L. 

McCrory, provided significant insight and expertise in electrochemical measurements and 

provided help with writing and revising the manuscript. 
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5.2 Abstract 

Excessive use of anthropogenic nitrogen compounds has significantly disturbed the natural 

nitrogen cycle and detrimentally impacted local and global ecosystems.1-3 In particular, nitrate 

(NO3
−) is a common nitrogen-containing contaminant in agricultural,4 industrial,5 and low-level 

nuclear wastewater6 that causes significant environmental damage including eutrophication when 

introduced into groundwater.7 Standard nitrate remediation techniques often involve separation 

that lead to highly-concentrated nitrate brines that require further remediation.  An alternate 

strategy is direct electrochemical nitrate remediation.  In this work, we report a bio-inspired Cr-

based molecular catalyst incorporated into a redox polymer that selectively and efficiently reduces 

aqueous NO3
− to NH3, a desirable value-added fertilizer component, at rates of ~0.29 mmol NH3 

gcat
-1 h-1 with >90% Faradaic efficiency for NH3.  The NO3

− reduction occurs via a cascade catalysis 

mechanism involving the stepwise reduction of NO3
− to NH3 via observed NO2

− and NH2OH 

intermediates. To our knowledge, this one of the first examples of a molecular catalyst, 

homogeneous or heterogenized, that reduces NO3
− to NH3 at rates and efficiencies rivaling those 

of state-of-the-art solid-state electrocatalysts.  This work highlights a promising and previously 

unexplored area of electrocatalyst research using polymer-catalyst composites containing early 

transition-metal complexes for electrochemical nitrate remediation with nutrient recovery. 
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5.3 Introduction 

Nitrogen is a key element essential to known life.  As a result, the nitrogen cycle, which 

regulates nitrogen speciation and concentration in terrestrial and marine ecosystems, is one of the 

most important biogeochemical cycles on the planet.   However, the advent of anthropogenic 

nitrogen species and their agricultural and industrial uses have drastically altered the nitrogen cycle 

and detrimentally impacted local and global ecosystems.1-3  NOx species, and especially NO3
−, are 

particularly damaging to marine ecosystems,8 and are common contaminants found in 

concentrated streams from nuclear wastewater and industrial processes,5 or more dilute streams 

from agricultural runoff.4   NO3
− contamination in groundwater results in eutrophication,9 or “dead 

zones,” in which hypoxic or anoxic conditions result in mass deaths of many pelagic species and 

the selective overgrowth of those which can survive the harsh conditions.7, 8 Microbial 

denitrification in contaminated groundwater results in the conversion of NOx to N2O, a potent 

greenhouse gas.10-12  Furthermore, the US Environmental Protection Agency and the World Health 

Organization have determined that NO3
− is a drinking water pollutant, and have established safe 

drinking water limits of less than 50 mgNO3
- L-1.13  These various detrimental effects of NO3

− 

contamination on the environment and human health underscore the need for efficient nitrate 

remediation technologies. 

Existing NO3
− remediation technologies largely focus on either separation and 

concentration of NO3
− and other NOx species14 or bioremediation with nitrate-consuming 

bacteria.15, 16 The former, while often used for wastewater treatment, results in highly concentrated 

brines that require further treatment to achieve true remediation.16 Bioremediation can achieve true 

remediation but is hindered by its requirements for a viable bacterial environment, additional 

chemical substrates (usually either carbon or an electron doner), and the possibility of growing 
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pathogenic bacteria.17 A promising alternative strategy is the direct reduction of NO3
− to other 

value-added products in the electrochemical NO3 reduction reaction (e-NO3RR).1, 18-20 Sustainable 

bioremediation is possible by coupling efficient e-NO3RR with renewable energy sources.  In 

addition, the electrochemical reduction of  NO3
− all the way to NH3 is particularly desirable as it 

couples NO3
−

 remediation with nutrient recovery.21   

We have identified a Cr(2,2’;6’,2”-terpyridine)Cl3 complex with an appended 2,2’:5’,2”-

terthiophene (TPTCrCl3) that, when electropolymerized onto a glassy carbon electrode, forms a 

conductive p-TPTCrCl3 redox polymer film that is active and selective for the electrochemical 

reduction of NO3
− to NH3 via a cascade catalysis mechanism (Figure 5.1).  Our catalyst is inspired 

by the nitrate reductase molybdoenzymes that reduce NO3
− to NO2

− via a mechanism that is 

thought to involve an oxo-transfer from NO3
−

 to the Mo-containing active site buried within the 

enzyme scaffold with controlled substrate and proton transfer.22-24 Similarly, our p-TPTCrCl3 

system incorporates Cr active sites, with similar oxophilicity as Mo,25 inside of a polymeric 

structure that should control substrate transport for enhanced reaction selectivity26 as we have 

demonstrated previously in other polymer-electrocatalyst composite materials.27, 28 
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Figure 5.1 Electropolymerized terthiophene films with appended chromium terpyridine moieties (p-
TPTCrCl3) are selective for the electrochemical reduction of NO3

− to NH3 via a stepwise mechanism with 
an overall rate of 0.29 ± 0.053 mol NH3 gcat

-1 h-1. 
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5.4 Experimental  

5.4.1 Materials and General Instrumentation 

All purchased chemicals were used as received with the exception of tetrabutylammonium 

hexafluorophosphate which was recrystallized from EtOH/H2O. Ferrocenenecarboxylic acid 

(97%), Ferrocene (98%), Sodium Hydroxide (Anhydrous, BioUltra, ≥ 98%), Sodium Phosphate 

Monobasic Dihydrate (BioUltra, ≥ 99.0%), Sodium Phosphate dibasic Dihydrate (BioUltra, ≥ 

99.0%), Maleic Acid (ReagentPlus, ≥ 99 %), Sodium Nitrate (NaNO3, 99.999% Trace Metals 

Basis), Sodium Nitrite (NaNO2, BioUltra, ≥ 99.0%), Phosphoric Acid (85% wt in H2O, 99.99% 

Trace Metals Basis),  Sodium Carbonate (anhydrous, ACS Reagent, 99.6%), Sodium Bicarbonate 

( BioXtra, 99.5-100.5%), Potassium Carbonate (Anhydrous, ACS Reagent, 99+%)  Isopropanol 

(ACS Grade, 95%+),  Potassium Hydroxide (ACS Grade, 85%+), 

Tetrakis(triphenylphosphine)palladium(0) (99%), Magnesium Sulfate (ReagentPlus, ≥ 99.5%), 

Silver Nitrate (ReagentPlus, ≥ 99.0%), 8-hydroxyquinoline, Chromium(III) chloride 

tetrahydrofuran complex (1:3) (97%), N15 Sodium Nitrate (≥98 atom % N15, ≥99%), N15 Sodium 

Nitrite ((≥ 98 atom % N15, ≥ 95%),  and N15 Hydroxylamine Hydrochloride (≥98 atom % N15, 

≥95%), were purchased from Sigma Aldrich. Diethyl Ether (Anhydrous, BHT Stabilized, ACS 

grade, 99%), Petroleum Ether (ACS Grade, 36o-86o C BP), Dichloromethane (DCM, ACS Grade, 

99.5%), Tetrahydrofuran (THF, ACS Grade), Ethanol (ACS Grade, 190 Proof), Dimethylsulfoxide 

(DMSO, ACS Grade, 99.8%)   Potassium Chloride (KCl, ACS Grade, 99%), Ammonium 

Hydroxide Solution (28-30%, ACS Grade), Hydrogen Peroxide (30%, ACS Grade), and Sulfuric 

Acid (Optima Grade) were purchased from Fisher Scientific. 1,2-Dimethoxyethane (99%), 2,3,5-

Tribromothiophene (98%), 2-acetylpyridine (99%), and TetrabutylAmmonium 

Hexafluorophosphate (98%) were purchased from Oakwood Chemical.  N-(1-
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Naphthyl)ethylenediamine dihydrochloride (98%+) was purchased from TCI America. 2-

thienylboronic acid (97%) and 4-Formylphenylboronic acid (97%) were purchased from Matrix 

Scientific. Sulfanilamide (98%) and Hydroxylamine Hydrochloride (99%) were purchased from 

Alfa Aesar. Nafion 117 membrane was purchased from Fuel Cell Store. Carbon Rods (99.999%) 

were purchased from Strem. Deuterated Chloroform (CDCl3, 99.8%) and Deuterated 

Dimethylsulfoxide (C2D6SO, 99.9%) was purchased from Cambridge Isotopic Laboratories. 

Argon (UHP) was purchased from Cryogenic Gases.  Nitrogen gas (N2) was boil-off gas from a 

liquid nitrogen source. All water used in this study was purified to 18.2 MΩ•cm resistivity in house 

using a Thermo Scientific GenPure UV-TOC/UF xCAD-plus water purification system. Glassy 

carbon disks (Sigradur-G grade, 5 mm diameter, 4 mm tall, 0.195 cm2 disk surface area) were 

purchased from HTW Hochtemperatur-Werkstoffe GmbH. 

NMR spectra for organic compounds were collected on a Varian MR400 (400 Mhz) 

spectrometer and all chemical shifts are reported in ppm relative to TMS standards. NMR spectra 

for N15 ammonia quantification were collected on a Bruker 600 MHz spectrometer with a liquid 

nitrogen cooled Prodigy broadband probe. All NMR data analysis was done using MestReNova 

version 14.1.2 (Mestrelab Research). Elemental analysis was performed by Midwest Microlabs. 

All electrochemistry was performed using a Bio-Logic SP-300 bipotentiostat and Bio-Logic SP-

200 potentiostat and data was recorded using the Bio-Logic EC-Lab v10.44 software package. 

Electrochemical data analysis and figure preparation was done in Origin 2020 (OriginLab 

Corporation). X-ray Photolectron Spectroscopy (XPS) measurements were conducted using a 

Kratos Axis Ultra XPS with a monochromatic Al Kα X-ray source operating at 10 mA and 14 kV. 

All XPS data analysis was done using the CasaXPS version 2.3.17 software package (Casa 

Software Ltd). All SEM/EDX imaging was conducted using a JEOL JSM-7800FLV Scanning 
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Electron Microscope. UV-vis measurements were collected on a PerkinElmer Lambda 265 UV-

Vis Spectrophotometer with fast mode. GC measurements were conducted on a  Thermo Scientific 

Trace 1310 GC system. Some synthetic steps were carried out under a dry N2 atmosphere using an 

mBraun Labstar 4-glove inert atmosphere glovebox. All electrodes were polished on a Struers 

LaboPol-5 polisher with a LaboForce-1 specimen mover. The disks were held in the LaboForce-1 

specimen mover with 5 psi of applied pressure per disk, and during polishing the rotation speed 

was held at 200 rpm. 

5.4.2 Synthetic Procedures 

3'-bromo-2,2':5',2''-terthiophene  3'-bromo-2,2':5',2''-terthiophene was synthesized based 

on previously reported methods.29 A three neck RBF was first charged with 2,3,5-

tribromothiophene (0.2 g , 0.623 mmol),  2-thienylboronic acid (0.159 g. 1.240 mmol), 1,2-

dimethoxyethane (6 ml), 1 M NaHCO3 solution (2.2 mL), and a stir bar. Then a reflux condenser 

was added, and the mixture was sparged with nitrogen for 10 minutes. Under constant nitrogen 

pressure tetrakis-(triphenylphosphine)palladium(0) (0.0416 g , 0.036 mmol) was added and the 

solution sparged for an additional 5 minutes. The solution was then refluxed overnight. After the 

first reflux the solution was then cooled to RT and under constant nitrogen pressure additional 2-

thienylboronic acid (0.0952 g, 0.744 mmol) and tetrakis-(triphenylphosphine)palladium(0) 

(0.0416 g , 0.036 mmol) was added and the solution was again refluxed overnight. After 

disappearance of the 2-thienylboronic acid peak via TLC was confirmed the reaction was cooled 

down to RT. The reaction mixture was first filtered, then the 1,2-dimethoxyethane was removed 

via reduced pressure. Afterwards, 15 ml of water was added to the residue and it was poured into 

a separatory funnel. The product was then extracted 3 times with diethyl ether (30 ml). The 

combined organic phase was then washed once with a saturated NaCl solution (brine), dried over 
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MgSO4, and filtered.  The organic solvent was then removed via reduced pressure to yield a dark 

brown oil. The crude product was purified via column chromatography on silica gel using 

petroleum ether/DCM as the eluent (9:1) to give a yellow oil (95.8 mg, 47% yield)  that solidified 

upon cooling in the freezer where it was stored. Note that this reaction can be easily scaled up to 

20 times. 1H NMR (CDCl3, 400 MHz):  δ 7.44 (1H, dd), δ 7.38 (1H, dd), δ 7.29 (1H, dd), δ 7.20 

(1H, dd), δ 7.10 (2H, m), δ 7.05 (1H, dd)  

(4-([2,2':6',2''-terpyridin]-4'-yl)phenyl)boronic acid A single necked RBF was charged 

with the following: 100 ml EtOH, 2-acetylpyridine (4.5 ml, 40 mml), 4-formylphenyl boronic acid 

(3 g, 20 mmol), and a stir bar. The mixture was then stirred until everything was fully dissolved. 

Afterwards ammonium hydroxide solution (28%-30%, 58 ml) and KOH (3 g, 55 mmol) was added. 

The RBF was then capped with a septum and the solution stirred for 72 hours at RT during which 

an off-white precipitate formed. The resulting precipitate was then collected via vacuum filtration 

and washed with copious amounts of isopropanol until the run-off was no longer basic. It was then 

washed with chloroform. The solid was then collected and dried under vacuum to yield 1.5 g 

(21.23% yield) of an off-white solid. 1H NMR (CD3OD, 400 MHz): δ 8.72 (2H, m), δ 8.68 (2H, 

s), δ 8.66 (2H, d), δ 8.01 (2H, td), δ 7.76 (4H, q). δ 7.49 (2H, qd).   

4'-(4-([2,2':5',2''-terthiophen]-3'-yl)phenyl)-2,2':6',2''-terpyridine (TPT) A three-neck 

RBF was first charged with 3'-bromo-2,2':5',2''-terthiophene (400 mg, 1.2 mmol), (4-([2,2':6',2''-

terpyridin]-4'-yl)phenyl)boronic acid (474 mg, 1.34 mmol), 1,2 dimethoxyethane (50 ml), and a 

stir bar. A reflux condenser was then added and the solution sparged with N2 for 15 minutes. 

Separately, K2CO3 (500 mg, 36 mmol) was dissolved in minimal H2O in a Schlenk tube and 

sparged with N2 for 10 minutes. Under constant N2 pressure tetrakis-

(triphenylphosphine)palladium(0) (0.100 g, 0.0865 mmol) was added and the solution sparged 
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for an additional 5 minutes. The K2CO3 solution was then added via cannula transfer and the 

solution refluxed overnight. Progress was checked via TLC and once the 3'-bromo-2,2':5',2''-

terthiophene was consumed the reaction was stopped. After the reaction was completed the 1,2-

dimethoxyethane was removed via reduced pressure and the crude residue added to a separatory 

funnel with additional water (20 ml). The product was then extracted with DCM (20 ml) three 

times. The combined organic phases were washed with a saturated NaCl solution (brine), dried 

over MgSO4, and then the solvent was removed with reduced pressure. The crude material was 

purified with column chromatography on basic alumina using ethyl acetate/petroleum ether (1:9 

to 4:6). The crude material was loaded dry using DCM to initially load the material on alumina 

gel. Product was collected as a yellow oil that solidified into yellow crystals (0.345 g, 51.73%). 

The product was stored in the freezer until further use. 1H NMR (CDCl3, 400 MHz):  δ 8.79 ( 

2H, s), δ 8.75 ( 2H, dd), δ 8.70 (2H, d), δ 7.91 (4H, m), δ 7.55 (3H, m), δ 7.38 (2H, qd), 7.34 

(3H, m), δ 7.07 (1H, q), δ 7.04 (1H, dd), 6.98 (1H, q). 

4'-(4-([2,2':5',2''-terthiophen]-3'-yl)phenyl)-2,2':6',2''-terpyridine chromium 

trichloride (TPTCrCl3) In a nitrogen glovebox a single neck RBF was charged with 4'-(4-

([2,2':5',2''-terthiophen]-3'-yl)phenyl)-2,2':6',2''-terpyridine (0.0498 g, 0.09 mmol) and a stir bar. 

In a separate vial, also within the glovebox, chromium(III) chloride tetrahydrofuran complex (1:3) 

(0.040, 0.109 mmol) was dissolved in THF (10 ml). The THF solution was then transferred to the 

RBF via pipette which was sealed with a reflux condenser and gas adapter. The reaction set up 

was then removed from the glovebox, hooked up to a Schlenk line, and refluxed overnight under 

nitrogen (~24 hr) resulting in the precipitation of a brown solid. The reaction was then cooled, and 

the precipitate collected via vacuum filtration. The product was then rinsed with THF and diethyl 

ether before being dried under vacuum resulting in 25 mg (38.9%) of light brown solid. Anal. 
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Calcd (found) TPTCrCl3•2H2O, (C33H25ON3S3CrCl3): %C 52.84, (53.29); %H 3.36, (2.94); %N 

5.6, (5.71); %S 12.82 (12.95). Crystals suitable for X-Ray Diffraction were grown by dissolving a 

small amount of the compound in CH3CN in a test tube followed by layering with a small amount 

of hexanes as a buffer and a large amount of diethyl ether.  

5.4.3 XPS Measurements 

Peak positions of the XPS spectra were referenced to the advantageous carbon peak 

occurring at 284.8 eV.  High-resolution spectra were collected with a pass energy of 20 eV and a 

step size of 0.1 eV.  To quantify elemental ratios, peaks in the XPS high-resolution spectra were 

first fit to symmetric Voight lines shapes comprised of 70% Gaussian and 30% Lorentzian 

functions with a Shirley background for Nitrogen and Chlorine, and 30% Gaussian and 70% 

Lorentzian functions with a Shirley background for Chromium and Sulfur.  Elemental ratios were 

calculated by quantifying the total peak area in the N 1s region, the Cr 2p3/2 peak, the S 2p region, 

and the Cl 2p region, and then dividing by their respective relative sensitivity factors (as tabulated 

for the Kratos Ultra XPS instrument). 

5.4.4 Electrochemical Methods 

All electrochemical measurements were done using a standard three electrode 

electrochemical setup. Electropolymerization was done in a single 50 ml beaker. All electrolyses 

were performed in a custom-built cell consisting of a sealed main chamber containing the working 

and reference electrodes and a stir bar along with an unsealed auxiliary chamber separated by a 

Nafion membrane containing the counter electrode. The electrolyte for depositions was a 100 mM 

tetrabutyl ammonium hexafluorophosphate solution in dichloromethane. The electrolyte for 

electrolyses was a 100 mM phosphate buffer (0.094 M NaH2PO4 : 0.006 M Na2HPO4 ) titrated to 
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pH 6 with NaOH (see Hydroxylamine Quantification for a discussion on pH).  The working 

electrodes were the 0.195 cm2 glassy carbon disk electrodes. The auxiliary electrode was a graphite 

rod. The reference for electropolymerizations was a homemade single-junction Ag/AgNO3 (1.0 

mM in MeCN with 0.1 M nBu4NPF6) nonaqueous reference electrode separated from the solution 

by a CoralPor glass frit (Bioanalytical Systems, Inc.) and externally referenced to the 

ferrocenium/ferrocene redox couple (Fc+/0). The reference for aqueous experiments including all 

electrolyses was a homemade single-junction Ag/AgCl/KCl(sat.) separated from the electrolyte 

solution by a CoralPor porous glass frit (Bioanalytical Systems, Inc.) prepared as previously 

described. Ag/AgCl/KCl(sat.) reference electrodes were externally referenced to 

ferrocenecarboxylic acid in in 0.2 M phosphate buffer at pH 7 (0.329 V vs. Ag/AgCl/KCl(sat.)). 

All potentials obtained from the Ag/AgCl/KCl(sat.) reference were then converted to RHE (Real 

Hydrogen Electrode) using the following equation:30 

𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 =  𝐸𝐸𝑒𝑒𝑒𝑒𝑝𝑝 + 𝐸𝐸𝑒𝑒𝑒𝑒𝑟𝑟 + 0.059𝑉𝑉 ∗ 𝑝𝑝𝑝𝑝 

Where ERHE is the potential vs RHE, Eexp is the measured potential, Eref is the potential of 

the reference vs SHE (Standard Hydrogen Electrode), and pH is the pH of the electrolyte. The 

potential of an Ag/AgCl/KCl(sat.) reference vs SHE is 0.197 mV.31  

General Procedure for Film Polymerization. Glassy carbon disks were first mechanically 

polished on silicon carbide abrasive papers (CarbiMet 2, 600/P1200, Buehler) for 30 seconds 

followed by sequential polishing on synthetic nap polishing pads (MD Floc, Struers) with alumina 

abrasive slurries (Struers) in an order of 1 µm, 0.3 µm, 0.1 µm, and 0.05 µm for 1 minute each. 

The electrodes and electrode holder were thoroughly rinsed with nanopure water after each 

polishing. After the final polishing step the electrodes were sonicated in nanopure water for 10 

minutes before being rinsed with nanopure water and dried under an N2 stream.  
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The electropolymerization solutions were made up of a saturated (~1 mM) solution of 

TPTCrCl3 or a 1 mM solution of TPT in 0.1 M nBu4NPF6 in dichloromethane. The solution was 

vortexed until the monomer dissolved. The solution was then used for electropolymerization 

within 24 hrs and stored in the freezer when not in use. All electropolymerizations were conducted 

in a single cell beaker with the working GCE, counter graphite rod electrode, and Ag/AgNO3 (1.0 

mM in MeCN with 0.1 M nBu4NPF6) nonaqueous reference electrode held in close proximity to 

minimize solution resistance. The working electrode was then held at 1.2 V vs Ag/AgNO3  
 (1.06 

V vs Fc+/0) until 20 mC was passed. The working electrode was then held at 0 V vs Ag/AgNO3  
 (-

0.140 V vs Fc+/0) for 60 seconds to discharge the system. The electrode was then removed from 

the deposition solution, rinsed with dichloromethane, and dried under an N2 stream. Between each 

deposition a small amount of dichloromethane was added to the deposition solution in order to 

maintain concentration consistency. Additionally, we found that the TPTCrCl3 monomer would 

slowly clog the CoralPor frit on the reference electrode. In order to increase the lifetime of the 

electrode, after each deposition the frit was gently polished with water on a silicon carbide abrasive 

paper (CarbiMet 2, 600/P1200, Buehler). CoralPor frits were still replaced every 1-2 weeks 

depending on usage.   

Surface Coverage Estimation. The surface coverage of the catalyst was estimated in two 

ways. The first was solely from the charge passed during deposition. In theory the 

electropolymerization of thiophenes consumes 2 electrons per monomer with an additional 0.25 

electrons per thiophene subunit as a reversible oxidative doping during the anodic deposition 

process.32, 33 As each of our monomers contain 3 thiophene subunits each monomer should 

consume approximately 2.75 electrons. However, this method fails to account for the formation of 

soluble oligomers which do not precipitate out of solution and onto the electrode surface and 
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therefore is likely an overestimation of the surface coverage. With a standard deposition charge of 

20 mC we can estimate a surface coverage of approximately 1.16 *1017 molecules cm-2 using this 

method. Additionally, we also calculated the area under the Cr III/II and II/I cathodic peak using 

a baseline correction. The combination of the two peaks was used because with a deposition of 20 

mC the peaks overlap. Using this method a surface coverage of 4.41*1016 ± 0.77*1016 molecules 

cm-2  was estimated. We believe that this is closer to the true value for surface coverage due to the 

aforementioned drawbacks of the charge deposition method. Both methods however clearly 

indicate the improved surface coverage compared to a single monolayer deposition which usually 

fall in the 1014 molecules cm-2 range.34  

Cyclic Voltammetry (CV)  Measurements. Working electrodes were used in combination 

with a Pine Research Instrumentation E6-series change-disk rotating disk electrode (RDE) 

assembly attached to a Pine Research Instrumentation MSR rotator. Before each cyclic 

voltammetry measurement, the electrochemical cells were sparged with  N2  for a minimum of 10 

minutes prior to use, and the solution was blanketed with N2 during each measurement.  Unless 

otherwise noted, the scan rate was 0.1 V s-1 for each CV measurement. 

Sealed Cell Electrolysis Measurements. Sealed cell electrolyses were conducted in the 

previously described custom built 2 compartment cell. All cell components and electrodes were 

rinsed with copious nanopure water prior to assembly. Electrodes for electrolysis experiments were 

made immediately prior to use. In order to remove adventitious ammonia from the Nafion 

membrane prior to electrolysis the membranes were pre-treated by 30-minute sequential 

sonications in 5 % hydrogen peroxide, nanopure water, 0.5 M H2SO4, and nanopure water.35 

Treated membranes were stored in nanopure water for up to 2 months and used without any further 

treatment. The stir bars used were always Fisherbrand Egg-Shaped Bars (19 mm length, 9.5 mm 
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diameter), and the stir plates used were always Thermo Scientific RT Touch Series Magnetic 

Stirrers (4 L capacity, 30-2000 RPM). The cells were sparged with UHP argon for 30 minutes 

prior to electrolyses and were kept sealed throughout the experiment. After the electrolysis was 

complete a sample of the headspace was removed and analyzed via gas chromatography for HER. 

Then, a small sample of the electrolyte was removed and massed. This sample (usually 4-5 ml) 

was then used for detection of liquid products. The headspace of the main chamber was measured 

by mass balance with water. Detection of nitrite and hydroxylamine was achieved using 

colorimetric methods and 15N ammonia was detected with NMR spectroscopy as described below.  

All workup was completed within ~1.5 hours of electrolysis completion.  

Faradaic efficiencies were calculated with the following equation: 

𝑛𝑛𝐸𝐸 =  
𝑎𝑎 ∗ 𝑉𝑉 ∗ 𝑛𝑛 ∗ 𝑛𝑛
𝑄𝑄 ∗ 𝑀𝑀𝑀𝑀

∗ 100 

where c is the experimentally determined product concentration, V is the electrolyte 

volume, n is the number of electrons passed, F is Faraday’s constant, Q is the total charge passed, 

and MW is the relative molecular weight.  

5.4.5 Product Detection 

Detection of Nitrite. Nitrite was detected using the Greiss Reagent which was prepared as 

follows: 6 ml phosphoric acid, 2g of sulfanilamide, and 0.2 g N-(1-napthyl)ethylene hydrochloride 

were dissolved in 100 ml total volume of nanopure water. The reagent should be stored in the dark 

and cold for up to 3 weeks. For analysis 2 ml of sample was combined with 2 ml of Greiss Reagent, 

briefly shaken, and stored in the dark for 30 minutes. Afterwards the absorbance at 548 nm taken 

using nanopure water as the blank. A calibration curve was prepared using different concentrations 

of sodium nitrite in 0.1 M pH 6 phosphate buffer and can be found in the SI (S5.1). All calibration 
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curve standards were prepared in triplicate. For samples obtained from bulk electrolysis 

measurements a dilution of the electrolyte was necessary. All samples were diluted 1:10 with 100 

mM pH 6 phosphate buffer with the exception of the electrolyses ran at -0.55 V vs RHE which 

were diluted 1:2, the electrolyses conducted on unmetalled TPT which were diluted 1:4, and the 

electrolyses conduced on bare glassy carbon which were diluted 1:100.  

Detection of Hydroxylamine. Hydroxylamine was detected using the  8-hydroxyquinoline 

method. This method involves two solutions prepared as follows: Solution A was prepared by 

dissolving 1g of 8-hydroxyquinoline in ethanol to 100 ml total volume, and Solution B was 

prepared by dissolving 10.6 g of Sodium Carbonate in nanopure water to 100 ml total volume. 

Solution A was stored in the dark and cold for up to 3 weeks. Solution B required no special storage 

procedures and was replaced at the same time as Solution A. For analysis 1 ml of sample was 

combined with 1 ml of Solution A and briefly mixed followed by 1 ml of Solution B. After all 

solutions were added, the mixture was vigorously shaken to incorporate oxygen and let to sit for 

60 minutes. Afterwards the absorbance at 700 nm was taken using nanopure water as the blank. A 

calibration curve was prepared using different concentrations of hydroxylamine hydrochloride in 

0.1 M pH 6 phosphate buffer and can be found in the SI (Figure S5.2). All calibration curve 

standards were prepared in triplicate. Electrolysis samples were not diluted prior to measurements.  

A Note on hydroxylamine stability. Hydroxylamine solutions are known to be fairly 

unstable, with the rate of decomposition increasing with basicity of the solution.  We performed a 

stability study of hydroxylamine in several different pH phosphate buffer solutions by measuring 

initial hydroxylamine concentration after an electrolysis and then taking repeat measurements at 

different time points. As seen in SI Figure S5.3 at pH 7 only ~70 percent of the initial 

hydroxylamine concentration remained after 2 hours while at pH 6 ~94 percent of the initial 
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hydroxylamine concentration remained. Based on these results we chose to use pH 6 phosphate 

buffer for our experiments to minimize the effects of hydroxylamine decomposition.  

Detection of 15N Ammonia. In order to ensure that all ammonia measured was due to the 

electrochemical reduction of nitrate and not do to either polymer decomposition or ammonia 

contamination, all substrates used for electrolyses were 15N labeled. In order to perform high-

throughput detection of 15N ammonia we adapted a method previously published by Macfarlane, 

Simonov, and co-workers.36 This method uses a specific solvent suppression sequence that comes 

standard with all Bruker NMRs along with a nitrogen or helium cooled cryoprobe to obtain rapid 

ammonia quantification. The following solutions were prepared in advance and stored in the dark 

for up to 2 weeks. Solution A was a 50 µM Maleic Acid solution in DMSO-d6 prepared by 

dissolving 11.6 mg of Maleic Acid in 50 ml of DMSO then diluting a 50 ul aliquot of the maleic 

acid solution with 1.950 ml of DMSO-d6. Solution B was 4M H2SO4 in DMSO-d6 prepared by 

adding 450 µl of conc sulfuric acid to 1.55 ml of DMSO-d6. In order to prepare a sample for 

analysis the following was added to a Bel-Art SP Scienceware 5mm O.D. Thin-Walled Precision 

NMR tube in the following order: 750 µl of DMSO-d6, 125 µl of Solution A, 50 µl of Solution B, 

and 125 µl of sample. After all components were added the NMR tube was sealed with a cap and 

vigorously shaken. The NMR tube was then briefly (2-3 seconds) sonicated to remove bubbles 

formed during the mixing with can interfere with the solvent suppression. Electrolysis samples 

were not diluted prior to 15NH3 quantification with the exception of samples collected after of 

15NH2OH•HCl reduction which were diluted 1:4 with 100 mM pH 6 phosphate buffer prior to data 

collection.  

The NMR was then collected on a Bruker 600 MHz spectrometer with a liquid nitrogen 

cooled Prodigy broadband probe using the lc1pncwps pulse sequence. All parameters were 
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unchanged with the exception of the interscan delay (d1) being set to 1.5s and the number of scans 

(ns) being set to 1024 scans. The larger number of scans compared to the referenced paper is due 

to the decreased signal of the nitrogen cooled probe used for this study compared to the helium 

cooled probe referenced in the paper. However, we found that with the increased number of scans 

quantitative 15N ammonia data was readily obtained.  

All NMR data was worked up in MestreNova version 14.1.2 (Mestrelab Research). First 

the spectrum was referenced to the maleic acid peak (6.25 ppm vs TMS). Phase correction was 

manually applied and then a baseline correction using the Whittaker Smoother function between 

7.4 and 6.1 ppm. The following integrals were then measured: Maleic Acid between 6.26 and 6.24 

ppm, 15N ammonia peak 1 between 7.130 and 7.095 ppm, and 15N ammonia peak 2 between 7.245 

and 7.210 ppm. The ratio of the 15N peaks to the maleic acid peak were then compared to a 

calibration curve to determine the concentration of ammonia.  The calibration curve was prepared 

using different concentrations of 15N ammonium chloride in 0.1 M pH 6 phosphate buffer and can 

be found in the SI (Figure S5.4). All calibration curve standards were prepared in triplicate. 

Representative spectra for the NMR calibration curve can also be found in the SI (Figures S5.5 – 

S5.11). 
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5.5 Results and Discussion 

The TPTCrCl3 monomer complex was synthesized by first preparing the TPT ligand 

according to a procedure adapted from previously reported methods,29 and then metalating with a 

chromium salt (Figure 5.2a).  Briefly, the TPT ligand was synthesized by coupling a boronic acid 

functionalized terpyridine with a bromine functionalized terthiophene (Figure 5.1a).  The TPT 

ligand was then metalated by exposing the ligand to CrCl3•3THF.  The crystal structure of the 

TPTCrCl3 monomer is found in Figure 5.2b.  Full details of the synthetic methods and full 

characterization data can be found in the experimental section.   

Electropolymerization solutions were prepared by dissolving 1.0 mM TPTCrCl3 in CH2Cl2 

with 0.1 M nBu4NPF6 supporting electrolyte.  Higher concentrations of TPTCrCl3 led to 

precipitation of the monomer during the electropolymerization process.  Electropolymerization of 

the TPTCrCl3 monomer was conducted in a single chamber cell in a three-electrode configuration 

with a 0.195 cm2 glassy carbon (GC) working electrode, a single junction Ag/AgNO3 (1.0 mM 

with 0.1 M nBuNPF6)/MeCN reference electrode, and a carbon rod auxiliary electrode.  The GC 

working electrode was held at a constant potential of 1.06 V vs Fc+/0 until the desired charge was 

passed, typically 0.020 C unless otherwise noted (Figure S5.12).  Electropolymerization can also 

be achieved via repeated cyclic voltammograms to oxidizing conditions (Figure S5.13), the 

controlled potential method we used results in more reproducible polymer films. Note that 

electropolymerization was successfully achieved using only CH2Cl2 as a solvent, consistent with 

other studies that show electropolymerization occurs preferentially in CH2Cl2 compared to other 

common solvents.29, 37   

The electropolymerized p-TPTCrCl3 was characterized by X-ray photoelectron 

spectroscopy (XPS), scanning electron microscopy (SEM), and cyclic voltammetry (CV).  
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Representative high-resolution XPS of the N 1s, S 2p, Cr 2p, and Cl 2p regions are shown in Figure 

5.2d.  The ratios of the integrated peaks, corrected for the respective relative sensitivity factors, 

are shown in Table S5.1. The XPS results closely match the predicted elemental ratios based on 

the TPTCrCl3 monomer.  In particular, the measured N:Cr ratio is 3.23 ± 0.05 compared to a 3:1 

predicted ratio, and the measured S:Cr ratio is 2.63 ± 0.12 compared to a 3:1 predicted ratio.  The 

XPS results suggest the deposited film has the same compositional structure as the TPTCrCl3 

monomer, which is expected for the p-TPTCrCl3 film.  A representative SEM image in Figure 

S5.14 shows a distinct polymer film formation on the electrode surface.  

 CVs of the p-TPTCrCl3 film were conducted in a three-electrode configuration in a single 

chamber cell with the p-TPTCrCl3-modified GC working electrode, a single-junction 

Ag/AgCl/KCl(sat.) aqueous reference electrode, and a carbon rod auxiliary electrode with an N2-

saturated 0.1 M pH 6 phosphate buffer as electrolyte.  All potentials are referenced to RHE using 

the procedure described in the experimental section in the supplementary information.  

Representative CVs of the p-TPTCrCl3 film in the presence and absence of 0.1 M NaNO3 are 

shown in Figure 5.2d.  In the absence of NaNO3, a broad, quasireversible redox feature is observed 

at ~ −0.35 V vs RHE that is attributed to the reduction and corresponding reoxidation of the p-

TPTCrCl3 film.   In the presence of 0.1 M NaNO3, there is a large, irreversible reduction peak 

attributed to the electrocatalytic reduction of NO3
− by the p-TPTCrCl3 film. 
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Figure 5.2 (a) General scheme for the synthesis of the TPTCrCl3 monomer.  Further synthetic details are 
in the experimental section of the supplemental information.  (b) Single crystal structure of the TPTCrCl3 
monomer complex, based on single crystals suitable for X-ray analysis grown from 
acetonitrile/hexanes/diethyl ether. (c) Representative CVs of p-TPTCrCl3 films in 0.1 M phosphate buffer 
at a scan rate of 0.1 V/s in the absence and presence of 0.1 M NaNO3. The p-TPTCrCl3 film was formed 
from a 20 mC electrodeposition. (d) Representative XPS of a p-TPTCrCl3 film formed from a 20 mC 
electrodeposition. 
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To quantify further the activity and selectivity for NO3
− reduction, we conducted a series 

of 2-h controlled potential electrolysis (CPE) experiments.  CPE experiments were conducted in a 

previously described sealed two-chamber electrochemical cell28 in which the p-TPTCrCl3-

modified GC working electrode and single junction Ag/AgCl/KCl(sat.) reference electrode were 

located in the first chamber, the carbon rod auxiliary electrode was located in the second chamber, 

and the two chambers were separated by a pre-treated Nafion membrane (see experimental for 

details).  The first chamber also contained a magnetic Fisherbrand Egg-Shaped Bar (19 mm length, 

9.5 mm diameter), and the stir rate was controlled using a Thermo Scientific RT Touch Series 

Magnetic Stirrer (4 L capacity, 30-2000 RPM).  All results from the CPE experiments are 

summarized in Tables S5.2-S5.4 in the SI and Figure 5.3 below.  

Note that we used exclusively isotopically labeled 15N species (e.g. 15NO3
−, 15NO2

−, and 

15NH2OH) in our CPE experiments to ensure that any ammonia detected was due solely to substrate 

reduction and not from adventitious ammonia or  catalyst decomposition.38, 39 Electrocatalytically-

generated 15NH3 product was quantified using a recently-reported low-temperature 1H-NMR 

method in which a specific solvent suppression sequence is combined with pH control of the 

sample in order to obtain a quantitative ratio between an internal standard (maleic acid) and the 

proton doublets specific to 15NH3.
36  Using this 1H-NMR method with a liquid N2-cooled Bruker 

600 MHz NMR enabled us to obtain quantitative 15NH3 data in 40 minutes.  NO2
− and NH2OH 

were quantified using colorimetric methods,40, 41 and H2 produced from the competitive hydrogen 

evolution reaction (HER) was quantified using gas chromatography.  Further details of these 

methods including calibration curves for the UV-vis and NMR methods can be found in the 

experimental section.  
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For all CPE measurements, the p-TPTCrCl3 films were formed from a 20 mC 

electrodeposition. The potential dependence product distribution of NO3 reduction by p-TPTCrCl3 

film in a 0.1 M phosphate buffer at pH 6 and a stir rate of 250 rpm is shown in Figures 5.3a-5.3b. 

Representative 15N NMR measurements can be found in the SI (Figures S5.15-S5.20). Significant 

average current density for the NO3RR in the CPE measurements is observed at potentials more 

negative than −0.55 V vs. RHE (Figure 5.3b), consistent with onset potential of the NO3RR 

observed in the catalytic CVs (Figure 5.2e).  The highest Faradaic efficiency for NH3 production 

is FE = 86 ± 2 achieved at −0.75 V vs RHE (Figure 5.3a).  At potentials more negative than −0.75 

V vs RHE, the Faradaic efficiency for NH3 production decreases due to the onset of competitive 

hydrogen evolution.  Importantly, the average partial current density going to NH3 production 

remains constant or even slightly increasing at these more negative potentials, suggesting that the 

competitive HER does not inhibit the NO3RR.  Small amounts of NO2
− and NH2OH were observed 

at every potential negative of −0.55 V vs. RHE, but these intermediate products accounted for <  

20% of the Faradaic efficiency. 
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Figure 5.3 Product distributions from CPE measurements of NO3RR by p-TPTCrCl3 films formed from a 
20 mC electrodeposition.  Unless otherwise noted, all CPEs were conducted in pH 6 phosphate buffer with 
0.1 M of 15N-labeled substrate for 2 h.  (a) Faradaic efficiencies and (b) average partial current densities 
for products of 15NO3

− reduction as a function of applied potential at a stir rate of 250 rpm.  (c) Faradaic 
efficiencies and (d) average partial current densities products of 15NO3

− reduction as a function of stir rate 
at −0.75 V vs RHE. (e) Faradaic efficiencies and (f) average partial current densities for products of the 
reduction of 0.1 M 15NO3

−, 0.1 M 15NO2
−, and 0.1 M 15NH2OH at −0.75 V vs RHE and a stir rate of 250 

rpm.  The CPEs for 15NO3
− and 15NO2

− were conducted for 2 h, and the CPEs for NH2OH were conducted 
for 1 h.  All data in these figures are also included in Table S5.2-S5.4. 

 

Because we observed small amounts of both NO2
− and NH2OH as products in our 

electrolysis experiments, we hypothesized that the p-TPTCrCl3 system may reduce NO3
− using a 

cascade catalysis mechanism, in which NO3
− is sequentially reduced through various intermediates 

to the final NH3 product.  A similar mechanism has been proposed for another NO3RR catalyst 

system.42  To test this hypothesis, we first measured the product distribution for the NO3RR by p-

TPTCrCl3 in CPE experiments at different stir rates (Figures 5.3c-d).  Representative 15N NMR 

measurements can be found in the SI (Figures S5.21-S5.23).  We postulated that at slower stir 

rates, the various reduced intermediates would be retained near the electrode surface and undergo 
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further reduction, resulting in larger observed Faradaic efficiencies for NH3.  Conversely, at faster 

stir rates, we postulated that the reduced intermediates would be swept from the electrode surface, 

leading to larger Faradaic efficiencies for NO2
− and NH2OH.  The results shown in Figure 5.3c are 

consistent with our hypothesis—there is a decrease in Faradaic efficiency for NH3 and increase in 

Faradaic efficiencies for NO2
− and NH2OH as a function of increasing stir rate.  Note that a 

decrease in the total Faradaic efficiency is also observed at the fastest stir rates.  We attribute this 

to the production of NO, another NO3RR intermediate that we did not attempt to quantify due to 

its short lifetime and difficulty in detection.43 

To further test our hypothesis that NO3RR by p-TPTCrCl3 occurs via a cascade catalysis 

mechanism, we confirmed whether the catalyst film was able to reduce NO2
− and NH2OH, the 

proposed intermediates, to the final NH3 product.  We conducted CPE experiments with 0.1 M 

15NO2
− and 0.1 M 15NH2OH at −0.75 V vs RHE and a stir rate of 250 rpm in a pH 6 aqueous 

phosphate buffer.  Note that a shorter 1-h CPE time was used for 15NH2OH to limit the extent of 

its thermal degradation to 15NH3 under the experimental conditions.44    The resulting product 

distributions for NO2
− and NH2OH reduction are shown in Figures 5.3e-f, along with the NO3RR 

results under identical conditions for comparison.  Representative 15N NMR measurements can be 

found in the SI (Figures S5.24-S5.25).  The p-TPTCrCl3 film was able to reduce both NO2
− and 

NH2OH to NH3 with high Faradaic efficiency (Figure 5.3e), providing additional support that NO2
− 

and NH2OH are possible intermediates for NO3RR.  Importantly, p-TPTCrCl3 reduces NO2
− and 

NH2OH with higher average current densities than NO3
−, suggesting that consumption of  these 

intermediates occurs at faster rates than their production during the NO3RR.  This result is 

consistent with a cascade catalysis mechanism with a rate-determining NO3
− activation step.19 
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To ensure that the NO3RR we measured in our experiments was due to the p-TPTCrCl3, 

we conducted a series of control experiments, the results of which can be found in the SI.  CPEs 

performed with bare glassy carbon electrodes without the p-TPTCrCl3 film showed surprisingly 

high activity for NO3RR to NO2
−, with > 75% Faradaic efficiency and > 3.5 mA cm-2 average 

partial current density for NO2
− production (Figures S5.26  and S5.27).  However, < 5% Faradaic 

efficiency for any other N-containing product was detected.  We believe this is one of the first 

reports that glassy carbon itself is an efficient and selective catalyst for the 2-electron reduction of 

NO3
−

 to NO2
−.  Nevertheless, this control experiment confirmed that the glassy carbon electrode 

was not responsible for the NH3 production observed in the presence of the p-TPTCrCl3 films.  In 

another control experiment, CPEs conducted with the TPT polymer (p-TPT) without chromium 

metalation showed very low activity for the NO3RR, < 0.25 mA cm-2 total average current density 

(Figures S5.28 and S5.29), over an order of magnitude lower than the ~3.5 mA cm-2 total average 

current density measured with p-TPTCrCl3.  This result suggests that the p-TPT film suppresses 

any background activity by the glassy carbon electrode, and that Cr incorporation into the film is 

necessary for NO3RR activity.  Finally, CPEs conducted with p-TPTCrCl3 in the absence of NO3
− 

showed low activity of < 0.30 mA cm-2 total average current density and no N-containing products 

(Figure SS.30). 

The p-TPTCrCl3 system shows continuous activity for NO3RR during the course of the 

CPE experiments.  However, there is a ~2-fold decrease in measured current during the course of 

the 2-h CPE (Figure S5.31).  XPS measurements conducted after the CPE measurements show a 

complete loss of Cl signal, and an appreciable decrease in the peak heights for Cr, N, and S (Figure 

S5.32).  The loss of Cl in the catalytic cycle during the catalytic cycle is both expected and 

necessary to free up coordination sites on Cr for substrate binding.  However, the loss of Cr, N, 
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and S peak intensity in the XPS suggests some level of film degradation may be occurring.  

Additionally, there is a moderate decrease in the S:Cr ratio from the XPS measurements of the 

post-CPE p-TPTCrCl3 films compared to the as-synthesized films (Table S5.1), and this could 

indicate modest demetalation during the CPE experiments.  There is also a moderate increase in 

the N:Cr and N:S ratios, but interpretation of these results is complicated by the possible 

incorporation of residual NO3
− or NH3 in the films post-CPE.  CVs measured of TPTCrCl3 post-

electrolysis also show a change in the voltammetric peaks associated with the p-TPTCrCl3 after 

CPE, and a modest decrease in catalytic activity for the NO3RR (Figure S5.33).  Together, these 

measurements suggest a modest level of catalyst deactivation occurs during the CPE 

measurements, possibly due to Cr demetalation or some other film degradation.  Additional studies 

are necessary to determine the mechanism of this modest film degradation, and to determine 

modifications to the p-TPTCrCl3 system to prevent activity loss and catalyst deactivation. 

The p-TPTCrCl3 system compares favorably to state-of-the-art NO3RR catalysts for NH3 

production on the basis of both activity and selectivity (Figure 5.4 and Table S5.5) and is, to this 

date, the only molecular catalyst to do so.  The catalytic activity of p-TPTCrCl3 for the NO3RR to 

NH3 is 0.29 ± 0.053 mmol NH3 mgcat
-1 h-1 at −0.75 V vs RHE and 0.27 ± 0.053 mmol NH3 mgcat

-

1 h-1 at the more positive −0.65 V vs RHE.  These activities are comparable to several state-of-the-

art catalyst systems (Figure 5.4).  Importantly, the p-TPTCrCl3 has not been optimized for activity 

as have many of these previously reported solid-state catalysts for the NO3RR.  Future work on 

this system will focus on optimizing performance by studying the influence of film thickness on 

catalytic activity and selectivity, and polymerizing the p-TPTCrCl3 films onto nanostructured 

surfaces to improve active site exposure. 
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Figure 5.4 Comparison of NO3RR activity to NH3 by p-TPTCrCl3 films from this study (blue stars) to 
that of selected previously reported catalysts (black squares).  All data from this figure along with 
relevant citations are included in Tables S5.5. 

 

5.6 Conclusion 

In summary, we have developed a bio-inspired polymeric Cr catalyst that shows high 

activity and selectivity for NO3
− reduction to NH3 with negligible competitive HER.  The catalyst 

likely operates via cascade catalyst mechanism, in which NO3
− is sequentially reduced to key 

intermediates such as NO2
− and NH2OH, and finally to NH3.  This work hallmarks a new paradigm 

in electrochemical NO3RR for nutrient recovery, showing that molecular catalysts in conductive 

polymer-catalyst composite films can operate with competitive activity and selectivity to solid-

state catalysts.  The high activity and selectivity of the p-TPTCrCl3 catalyst was obtained without 

the extensive systems optimization and engineering seen in most other reports of active and 

selective solid-state catalysts for NO3RR to NH3, suggesting that there is significant room to 

improve the p-TPTCrCl3 system.  Future work with the p-TPTCrCl3 system will include studies to 

elucidate the mechanism of the modest catalyst deactivation and improve stability, and to increase 
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active site exposure and overall activity by electropolymerizing the film onto microstructured and 

nanostructured supports.   
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5.7 Supporting Information 
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Figure S5.1 Calibration curve for absorbance at 548 nm versus sodium nitrite concentration as obtained 
using the Greiss method for nitrite quantitation. All reported values are averages of 3 independently 
prepared samples, and all errors are standard deviations. 
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Figure S5.2 Calibration curve for absorbance at 700 nm versus hydroxylamine hydrochloride concentration 
as obtained using the 8-hydroxyquinoline method for hydroxylamine quantitation. All reported values are 
averages of 3 independently prepared samples, and all errors are standard deviations. 
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Figure S5.3 Representative data showing the concentration of hydroxylamine in the electrolyte solution 
over time after reduction of NaNO3 by p-TPTCrCl3. All values are reported as a percent of the initial 
concentration determined immediately after electrolysis completed. The electrolyte was 100 mM phosphate 
buffer titrated to various pH values. Due to the drastic increase in stability of hydroxylamine at pH 6 all 
electrolyses in this paper use pH 6 100 mM phosphate buffer as the electrolyte.    
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Figure S5.4 Calibration curve for the quantification of isotopically labeled 15NH4Cl via H-NMR. All values 
are reported as a ratio between the 15NH4 peaks and the maleic acid internal standard. All reported values 
are averages of 3 independently prepared samples, and all errors are standard deviations. 
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Figure S5.5 Representative H-NMR of a calibration standard containing 2 mg L-1 isotopically labeled 
15NH4Cl. The peaks at 7.23 and 7.11 ppm are from the 15NH4Cl and the peak at 6.25 ppm is the maleic acid 
internal standard.  
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Figure S5.6 Representative H-NMR of a calibration standard containing 4 mg L-1 isotopically labeled 
15NH4Cl. The peaks at 7.23 and 7.11 ppm are from the 15NH4Cl and the peak at 6.25 ppm is the maleic acid 
internal standard. 
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Figure S5.7 Representative H-NMR of a calibration standard containing 6 mg L-1 isotopically labeled 
15NH4Cl. The peaks at 7.23 and 7.11 ppm are the from 15NH4Cl and the peak at 6.25 ppm is the maleic acid 
internal standard. The small triplet interspaced with the 15NH4Cl doublet is due the presence of trace 
amounts of 14NH4. 
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Figure S5.8 Representative H-NMR of a calibration standard containing 10 mg L-1 isotopically labeled 
15NH4Cl. The peaks at 7.23 and 7.11 ppm are from the 15NH4Cl and the peak at 6.25 ppm is the maleic acid 
internal standard. The small triplet interspaced with the 15NH4Cl doublet is due the presence of trace 
amounts of 14NH4.  
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Figure S5.9 Representative H-NMR of a calibration standard containing 15 mg L-1 isotopically labeled 
15NH4Cl. The peaks at 7.23 and 7.11 ppm are from the 15NH4Cl and the peak at 6.25 ppm is the maleic acid 
internal standard. The small triplet interspaced with the 15NH4Cl doublet is due the presence of trace 
amounts of 14NH4.  
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Figure S5.10 Representative H-NMR of calibration standard containing 25 mg L-1 isotopically labeled 
15NH4Cl. The peaks at 7.23 and 7.11 ppm are from the 15NH4Cl and the peak at 6.25 ppm is the maleic acid 
internal standard. The small triplet interspaced with the 15NH4Cl doublet is due the presence of trace 
amounts of 14NH4. 
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Figure S5.11 Representative H-NMR of a calibration standard containing 30 mg L-1 isotopically labeled 
15NH4Cl. The peaks at 7.23 and 7.11 ppm are from the 15NH4Cl and the peak at 6.25 ppm is the maleic acid 
internal standard. The small triplet interspaced with the 15NH4Cl doublet is due the presence of trace 
amounts of 14NH4.  
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Figure S5.12 Representative potentiostatic p-TPTCrCl3 deposition. The deposition solution consisted of 1 
mM TPTCrCl3 dissolved in dichloromethane with 0.1 M tetrabutylammonium hexafluorophosphate as the 
electrolyte. The deposition potential was 1.06 V vs Fc+/0 and the total charge passed was 0.02 C.  
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Figure S5.13  Representative cyclic voltammetry data showing the growth of the TPTCrCl3 polymer during 
oxidative electropolymerization. The deposition solution consisted of 1 mM TPTCrCl3 dissolved in 
dichloromethane with 0.1 M tetrabutylammonium hexafluorophosphate as the electrolyte.  
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Table S5.1 Average XPS ratios of p-TPTCrCl3 films both directly after polymerization and after a 
standard 2-hour electrolysis. The lack of Cl ratios for post electrolysis polymers is due to an absence of 
the chlorine peak in those samples. All reported values are averages of at least 3 independently prepared 
samples and all errors are standard deviations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compared 
Elements 

Predicted 
Ratio 

Fresh Polymer Post Electrolysis 
Polymer 

N:Cr 3:1 3.22 ± 0.05 3.72 ± 0.28 
N:S 1:1 1.23 ± 0.08 1.62 ± 0.16 
S:Cr 3:1 2.62 ± 0.13 2.31 ± 0.23 
Cl:N 1:1 0.87 ± 0.04 N/A 
Cl:S 1:1 1.07 ± 0.04 N/A 

Cl:Cr 3:1 2.80 ± 0.10 N/A 
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Figure S5.14 Representative SEM of a bare glassy carbon electrode (Left) and a glassy carbon electrode 
coated with a film of electropolymerized TPTCrCl3 (Right). The white bars represent 100 µm. 
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Table S5.2 Faradaic efficiencies and current densities for the potential dependent reduction of nitrate by 
electropolymerized p-TPTCrCl3 films. All electrolyses were conducted for 2 hours in argon sparged 0.1 
M pH 6 phosphate buffer containing 0.1 M Na15NO3. The stir rate was 250 RPM. All reported values are 
the average of 3 independently conducted electrolyses and all errors are standard deviations.  The data in 
this table corresponds to Figures 5.3a and 5.3b in the main text.  

 

Applied Potential 
(V vs RHE) 

-0.55 V -0.65 V -0.75 V -0.85 V -0.95  V 

FE NH3 66.89 ± 4.62 84.36 ± 4.82 85.56 ± 2.22 65.34 ± 11.98 47.44 ± 11.13 

FE NH2OH 16.17 ± 2.58  7.73 ± 0.99 6.93 ± 2.41 6.99 ± 1.93 2.12 ± 0.47 

FE NO2 6.80 ± 2.35 2.91 ± 0.89 2.67 ± 0.79   6.01 ± 4.18 1.24 ± 0.36 

FE H2 
0 0.94 ± 1.0  3.58 ± 0.43 11.56 ± 2.07  23.08 ± 4.25 

FE Total 89.87 ± 2.36 95.93 ± 3.83 98.74 ± 2.03 89.91 ± 5.23 73.88 ± 8.10 

Partial Current 
Density NH3  

(mA cm-2) 

0.72 ± 0.17 2.77 ± 0.25 3.00 ± 0.14 3.24 ± 0.56 3.36 ± 0.69 

Partial Current 
Density NH2OH 
(mA cm-2) 

0.17 ± 0.02 0.25 ± 0.04 0.25 ± 0.10 0.35 ± 0.11 0.15 ± 0.03 

Partial Current 
Density NO2 

(mA cm-2) 

0.07 ± 0.2 0.10 ± 0.03 0.09 ± 0.03 0.30 ± 0.22 0.09 ± 0.03 

Partial Current 
Density H2 

(mA cm-2) 
0 0.03 ± 0.03 0.13 ± 0.02 0.58 ± 0.13 1.65 ± 0.35 
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Table S5.3 Faradaic efficiencies and current densities for the stir rate dependent reduction of nitrate by 
electropolymerized p-TPTCrCl3 films. All electrolyses were conducted for 2 hours in argon sparged 0.1 
M pH 6 phosphate buffer containing 0.1 M Na15NO3.  The applied potential was -0.75 V vs RHE. All 
reported values are the average of 3 independently conducted electrolyses and all errors are standard 
deviations.  The data in this table corresponds to Figures 5.3c and 5.3d in the main text. 

 

Stir Rate (RPM) 100 250 500 750 

FE NH3 91.00 ± 3.75 85.56 ± 2.22 79.05 ± 4.86 64.62 ± 6.22 

FE NH2OH 5.25 ± 0.24  6.93 ± 2.41 10.11 ± 0.76  12.34 ± 0.82 

FE NO2 1.94 ± 0.32 2.67 ± 0.79  4.60 ± 0.96 8.76 ± 4.18 

FE H2 
0.39 ± 0.39 3.58 ± 0.43 0.61 ± 1.05 1.15 ± 1.76 

FE Total 98.89 ± 4.19 98.74 ± 2.03 94.37 ± 6.35 86.87 ± 2.38 

Partial Current 
Density NH3  

(mA cm-2) 

2.67 ± 0.32 3.00 ± 0.14 2.45 ± 0.15 2.17 ± 0.19 

Partial Current 
Density NH2OH 
(mA cm-2) 

0.15 ± 0.02 0.25 ± 0.10 0.31 ± 0.33 0.41 ± 0.03 

Partial Current 
Density NO2 

(mA cm-2) 

0.06 ± 0.00 0.09 ± 0.3  0.14 ± 0.04 0.30 ± 0.15 

Partial Current 
Density H2 

(mA cm-2) 
0.01 ± 0.01 0.13 ± 0.2 0.02 ± 0.03 0.04 ± 0.06 
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Table S5.4 Faradaic efficiencies and current densities for the reduction of select NOx species by 
electropolymerized p-TPTCrCl3 films. All electrolyses were conducted for 2 hours in argon sparged 0.1 
M pH 6 phosphate buffer containing 0.1 M substrate except for the reduction of 15NH2OH•HCl which was 
conducted for 1 hour.  The applied potential was -0.75 V vs RHE and the stir rate was 250 RPM. All 
reported values are the average of 3 independently conducted electrolyses and all errors are standard 
deviations.  The data in this table corresponds to Figures 5.3e and 5.3f in the main text. 

 

Substrate Na15NO3 Na15NO2 15NH2OH•HCl 

FE NH3 
85.56 ± 2.22 67.70 ± 2.86 99.66 ± 5.55 

FE NH2OH 6.93 ± 2.41 0.76 ± 0.50 N/A 

FE NO2 
2.67 ± 0.79  N/A N/A 

FE H2 
3.58 ± 0.43 0.15 ± 0.10 0.05 ± 0.05 

FE Total 
98.74 ± 2.03 68.61 ± 3.30 99.71 ± 5.56 

Partial Current 
Density NH3  
(mA cm-2) 

3.00 ± 0.14 4.17 ± 0.73 10.59 ± 2.81 

Partial Current 
Density NH2-
OH 
(mA cm-2) 

0.25 ± 0.10 0.05 ± 0.03 N/A 

Partial Current 
Density NO2 
(mA cm-2) 

0.09 ± 0.3  N/A N/A 

Partial Current 
Density H2 
(mA cm-2) 

0.13 ± 0.2 0.01 ± 0.01 0.005 ± 0.006 
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Figure S5.15 Representative raw (prior to any processing) H-NMR of the electrolyte solution obtained 
after a 2-hour controlled potential electrolysis (CPE) at -0.75 V vs RHE and 250 RPM of isotopically 
labeled NO3

- on a glassy carbon electrode modified with p-TPTCrCl3.  The electrolysis was conducted in a 
sealed cell containing 100 mM Na15NO3 dissolved in 0.1 M pH 6 phosphate buffer that was sparged with 
Argon for 30 minutes.  The peaks at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from 
the maleic acid internal standard. The peak at 4.41 ppm is from water, and the peak at 2.55 ppm is from 
DMSO. 

 

 



 184 

 

Figure S5.16 Representative H-NMR of the electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.55 V vs RHE and 250 RPM of isotopically labeled NO3

- on a glassy carbon electrode 
modified with a p-TPTCrCl3 film.  The electrolysis was conducted in a sealed cell containing 100 mM 
Na15NO3 dissolved in 0.1 M pH 6 phosphate buffer that was sparged with Argon for 30 minutes. The peaks 
at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal standard. 
The small triplet interspaced with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.17 Representative H-NMR of the electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.65 V vs RHE and 250 RPM of isotopically labeled NO3

- on a glassy carbon electrode 
modified with a p-TPTCrCl3 film.  The electrolysis was conducted in a sealed cell containing 100 mM 
Na15NO3 dissolved in 0.1 M pH 6 phosphate buffer that was sparged with Argon for 30 minutes.  The peaks 
at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal standard. 
The small triplet interspaced with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.18 Representative H-NMR of the electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.75 V vs RHE and 250 RPM of isotopically labeled NO3

- on a glassy carbon electrode 
modified with a p-TPTCrCl3 film.  The electrolysis was conducted in a sealed cell containing 100 mM 
Na15NO3 dissolved in 0.1 M pH 6 phosphate buffer that was sparged with Argon for 30 minutes.  The peaks 
at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal standard. 
The small triplet interspaced with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.19 Representative H-NMR of the electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.85 V vs RHE and 250 RPM of isotopically labeled NO3

- on a glassy carbon electrode 
modified with a p-TPTCrCl3 film.  The electrolysis was conducted in a sealed cell containing 100 mM 
Na15NO3 dissolved in 0.1 M pH 6 phosphate buffer that was sparged with Argon for 30 minutes.  The peaks 
at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal standard. 
The small triplet interspaced with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.20 Representative H-NMR of the electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.95 V vs RHE and 250 RPM of isotopically labeled NO3

- on a glassy carbon electrode 
modified with a p-TPTCrCl3 film.  The electrolysis was conducted in a sealed cell containing 100 mM 
Na15NO3 dissolved in 0.1 M pH 6 phosphate buffer that was sparged with Argon for 30 minutes.  The peaks 
at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal standard. 
The small triplet interspaced with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.21 Representative H-NMR of the electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.75 V vs RHE and 100 RPM of isotopically labeled NO3

- on a glassy carbon electrode 
modified with a p-TPTCrCl3 film.  The electrolysis was conducted in a sealed cell containing 100 mM 
Na15NO3 dissolved in 0.1 M pH 6 phosphate buffer that was sparged with Argon for 30 minutes.  The peaks 
at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal standard. 
The small triplet interspaced with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.22 Representative H-NMR of the electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.75 V vs RHE and 500 RPM of isotopically labeled NO3

- on a glassy carbon electrode 
modified with a p-TPTCrCl3 film.  The electrolysis was conducted in a sealed cell containing 100 mM 
Na15NO3 dissolved in 0.1 M pH 6 phosphate buffer that was sparged with Argon for 30 minutes.  The peaks 
at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal standard. 
The small triplet interspaced with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.23 Representative H-NMR of the electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.75 V vs RHE and 750 RPM of isotopically labeled NO3

- on a glassy carbon electrode 
modified with a p-TPTCrCl3 film.  The electrolysis was conducted in a sealed cell containing 100 mM 
Na15NO3 dissolved in 0.1 M pH 6 phosphate buffer that was sparged with Argon for 30 minutes.  The peaks 
at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal standard. 
The small triplet interspaced with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.24 Representative H-NMR of the electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.75 V vs RHE and 250 RPM of isotopically labeled NO2

- on a glassy carbon electrode 
modified with a p-TPTCrCl3 film.  The electrolysis was conducted in a sealed cell containing 100 mM 
Na15NO2 dissolved in 0.1 M pH 6 phosphate buffer that was sparged with Argon for 30 minutes.  The peaks 
at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal standard. 
The small triplet interspaced with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.25 Representative H-NMR of an electrolyte solution obtained after a 1-hour controlled potential 
electrolysis (CPE) at -0.75 V vs RHE and 250 RPM of isotopically labeled 15NH2OH on a glassy carbon 
electrode modified with a p-TPTCrCl3 film.  The electrolysis was conducted in a sealed cell containing 100 
mM Na15NH2OH•HCl dissolved in 0.1 M pH 6 phosphate buffer that was sparged with Argon for 30 
minutes. The resulting electrolyte was diluted 1:4 with 100 mM pH 6 phosphate buffer prior to analysis. 
The peaks at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal 
standard. The small triplet interspaced with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.26 Faradaic efficiencies (a) and partial current densities (b) obtained from 2-hour controlled 
potential electrolyses (CPE) at -0.75 V vs RHE of isotopically labeled NO3

- on bare glassy carbon 
electrodes. Electrolyses were conducted in a sealed cell containing 100 mM Na15NO3 dissolved in 0.1 M 
pH 6 phosphate buffer that was sparged with Argon for 30 minutes.  All reported values are averages of 3 
independently conducted measurements, and all errors are standard deviations.  
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Figure S5.27 Representative H-NMR of the electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.75 V vs RHE and 250 RPM of isotopically labeled NO3

- on a bare glassy carbon 
electrode.  The electrolysis was conducted in a sealed cell containing 100 mM Na15NO3 dissolved in 0.1 M 
pH 6 phosphate buffer that was sparged with Argon for 30 minutes.  The peaks at 7.23 and 7.11 ppm are 
from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal standard. The small triplet interspaced 
with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.28 Faradaic efficiencies (a) and partial current densities (b) obtained from 2-hour controlled 
potential electrolyses (CPE) at -0.75 V vs RHE of isotopically labeled NO3

- on glassy carbon coated with 
p-TPT (poly-4'-(4-([2,2':5',2''-terthiophen]-3'-yl)phenyl)-2,2':6',2''-terpyridine) . Electrolyses were 
conducted in a sealed cell containing 100 mM Na15NO3 dissolved in 100 mM pH 6 phosphate buffer that 
was sparged with Argon for 30 minutes.  All reported values are averages of 3 independently conducted 
measurements, and all errors are standard deviations. The very low currents seen during the electrolysis 
suggest that the TPT film is not catalytically active. 
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Figure S5.29 Representative H-NMR of an electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.75 V vs RHE and 250 RPM of isotopically labeled 15NO3

- on a glassy carbon 
electrode modified with an unmetalled TPT film.  The electrolysis was conducted in a sealed cell containing 
100 mM Na15NO3 dissolved in 0.1 M pH 6 phosphate buffer that was sparged with Argon for 30 minutes. 
The peaks at 7.23 and 7.11 ppm are from 15NH3 and the peak at 6.25 ppm is from the maleic acid internal 
standard. The small triplet interspaced with the 15NH3 doublet is due the presence of trace amounts of 14NH4. 
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Figure S5.30 Representative H-NMR of the electrolyte solution obtained after a 2-hour controlled potential 
electrolysis (CPE) at -0.75 V vs RHE and 250 RPM in nitrate-free electrolyte on a glassy carbon electrode 
modified with a p-TPTCrCl3 film.  The electrolysis was conducted in a sealed cell containing 0.1 M pH 6 
phosphate buffer that was sparged with Argon for 30 minutes. No 15NH4 was detected. The small triplet 
present at ~ 7.17 ppm is due the presence of trace amounts of 14NH4.  
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Figure S5.31 Representative current density of a 2-hour controlled potential electrolysis (CPE) at -0.75 V 
vs RHE and 250 RPM of isotopically labeled NO3

- on a glassy carbon electrode modified with a p-TPTCrCl3 
film.  The electrolysis was conducted in a sealed cell containing 100 mM Na15NO3 dissolved in 0.1 M pH 
6 phosphate buffer that was sparged with Argon for 30 minutes.  
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Figure S5.32 Representative XPS of (left) a freshly synthesized p-TPTCrCl3 film on a glassy carbon 
electrode and (right) a p-TPTCrCl3 film on a glassy carbon electrode after a 2-hour controlled-potential 
electrolysis (CPE) at -0.75 V vs RHE and 250 RPM of isotopically labeled 15NO3

- .The electrolysis was 
conducted in a sealed cell containing 100 mM Na15NO3 dissolved in 0.1 M pH 6 phosphate buffer that was 
sparged with Argon for 30 minutes. The XPS supports the presence of some degradation over the course of 
the electrolysis but also demonstrates that a large part of the film remains intact. Additionally, the loss of 
chlorine is also clearly shown. This suggests that chlorine loss is part of the catalytic cycle and is necessary 
to free up active sites for NO3RR. 
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Figure S5.33 Representative data showing the relative stability of the p-TPTCrCl3 post 2-hour controlled 
potential electrolysis (CPE) at -0.75 vs RHE in 100 mM pH 6 phosphate buffer containing 100 mM 
Na15NO3. All CVs were conducted in 100 mM pH 6 phosphate buffer that was sparged with N2 for at least 
10 minutes. The blue CVs are of a freshly prepared glassy carbon electrode coated with p-TPTCrCl3 and 
the red CVs are of an identically prepared electrode after a CPE. The results suggest that some 
degradation of the film occurred, but that it was still catalytically active post-electrolysis. 
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Table S5.5 Activity and Selectivity Measurements of selected State-of-the-Art Solid-State 
Electrocatalysts for Nitrate Reduction to Ammonia1 

Activity and Selectivity Measurements of selected State-of-the-Art Solid-State 
Electrocatalysts for Nitrate Reduction to Ammonia1 

 
Electrode Maximum FE to NH3 Partial 

Current 
Density to 

NH3 

Maximum 
NH3 

Production 
Reported 

Conditions Reference 
 

 

a,b,cp-TPTCrCl3 91%  3 mA cm-2 

(86% FE) 

0.29 mmol 
mgcat

-1 hr-1 

(0.014 mmol 
hr-1 cm-2) 
(86% FE) 

100 mM 15NO3
- 

100 mM pH 6 
Na2PO4  

-0.75 V vs RHE 

This 
Work  

TiO2-x 85% - 0.045 mmol 
mgcat

-1 hr-1 

3.6 mM NO3
- 

0.5 M Na2SO4 
-1 V vs RHE 

45  

TiO2 66.3% - 0.024 mmol 
mgcat

-1 hr-1 

3.6 mM NO3
- 

0.5 M Na2SO4 
-1 V vs RHE 

45  

Cu/Cu2O 
NWAs 95.8% - 

0.2449 
mmol h-1 

cm-1 

14.3 mM NO3
-

,0.5 M Na2SO4 
-0.85 V vs 

RHE 

46  

dCopper-nickel 
alloys 99% -90 mA cm-2  - 

100 mM NO3
- 

1M KOH, pH 
14, -0.1 V vs 

RHE 

47  

cTi 82% -22 mA cm-2 - 

0.3 M 
KNO3,0.1 M 
HNO3, acidic 
pH, -1 V vs 

RHE 

48  

cCu-incorporated 
PTCDA 85.9% - 

0.0256 
mmol h-1 

cm-2 (77% 
FE) 

36 mM NO3
-, 

0.1mM PBS, 
pH 7, -0.4 V 

vs RHE 

40  

cStrained Ru 
nanoclusters ~100% -120 mA 

cm-2 

5.56 mmol 
mgcat

-1  hr-1 

(1.17 mmol 
hr-1 cm-2) 

1M NO3
-, 1 M 

KOH, -0.2 V 
vs RHE 

49  

cFe Single Atom 
Catalyst 75% 

-100 mA 
cm-2 (65% 

FE) 

1.2 mmol 
mgcat

-1 hr-1  

(0.46 mmol 
cm-2 hr-1) 
(65% FE) 

0.1 M K2SO4, 
0.5 M KNO3 
-0.85 V vs 

RHE 

50  

cOxide-derived Co 92% -565 mA 
cm-2  - 

1 M KNO3 1 
M KOH 

-0.8 V vs RHE 
51  

Cobalt Phosphide 
Nanoshuttles 94.24% - 1.1 mmol 

gcat
-1 hr-1   

0.5 M K2SO4  
0.05 M KNO3 
-0.5 V vs RHE 

52  
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Au/C 26% - 0.06 µmol 
h−1 cm−2 

0.5 M K2SO4 
0.001 M KNO3 
-0.3 V vs RHE 

53  

Cu nanosheets 99.7% 5 mA cm-2 
0.023 mmol 
h−1 mgcat

−1 
 

0.1 M KOH  
0.01 M KNO3 

-0.15 V vs 
RHE 

 

54  

Co3O4@NiO 
bifunctional 
electrodes 

54.97 - 0.007 mmol  
mgcat

−1 h−1  

0.5M Na2SO4  
0.89 M NaNO3 
-0.7 V vs RHE 

55  

Pothole-rich Cu 
nanosheets 82% - 0.046 mmol  

mgcat
−1 h−1  

0.5 M K2SO4 
0.5 mM KNO3 

-0.64 V vs 
RHE 

56  

Ultrathin CoOx 
Nanosheets 93.4% - 4.8 mmol 

mgcat
−1 h−1 

0.1 M KOH 
0.1 M KNO3 

-0.3 V vs RHE 
57  

BCN encapsulated 
Cu nanoparticles  88.9 % - 0.58 mmol 

mgcat
−1 h−1 

0.1 M KOH 
0.1 M KNO3 

-0.6 V vs RHE 
58  

Indium in sulfur-
doped graphene 75% - 0.22 mmol 

mgcat
 -1 h− 1 

1 M KOH 
0.1 M KNO3 

-0.5 V vs RHE 
59  

Nickel Phosphide 99.23% - 0.056 mmol 
mgcat

 -1 h− 1 

0.5 M Na2SO4 
1.3 mM NO3

- 

-0.38 vs RHE 
60  

 

a All experiments carried out with 15N labeled substrate, b Surface coverage determined from CV peak 
area (See Experimental), c Activity normalized to geometric electrode surface area, d Activity normalized 
to experimentally determined ECSA  
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Chapter 6 Conclusions and Future Directions 
 

6.1 Introduction 

The work in this thesis focuses on heterogenization of molecular electrocatalysts for 

small-molecule transformations. In Chapter 1 we discussed some of the many methods for 

attaching molecular electrocatalysts to surfaces along with some of the benefits and limitations 

of the process. In Chapter 2 we discussed some of the methods used in in this Thesis to analyze 

both the modified surface and any products produced during experimentation. Chapter 3 

focused on using multilayer films formed through the CuAAC “click” reaction to overcome the 

surface coverage limitation of heterogenization of molecular catalysts. By adding multiple layers 

of catalyst we could increase the catalyst loading resulting in a system that operated with the 

specificity and tunability of molecular catalysts and the activity of solid-state catalysts. Our 

results were partially successful. We were able to form double layer films of copper 

phenanthroline that operated with a higher activity than the mono layer films of the same. 

However, we were unable to produce triple layer films due to steric inhibition from the double 

layer. Chapter 4 discusses our work on attaching TEMPO complexes to glassy  carbon 

electrodes using the same technique as Chapter 1. TEMPO is a known molecular electrocatalyst 

for alcohol oxidation and we planned to use the TEMPO modified electrode for that reaction. 

Unfortunately, while we were able to successfully attach several TEMPO complexes to glassy 

carbon electrodes, we found that the TEMPO complexes rapidly decomposed under oxidative 
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conditions. While the system cannot be used for alcohol oxidation at this stage, it does 

demonstrate very clearly one of the drawbacks of molecular systems: stability. Finally, in 

Chapter 5 we explored using electropolymerization of terthiophene as a method for surface 

modification with molecular electrocatalysts. By attaching a terthiophene moiety to a terpyridine 

chromium molecular electrocatalyst we were able to form conductive films on an electrode 

surface that were catalytically active for the selective reduction of nitrate to ammonia. While our 

control over the film is more limited this method results in much higher loadings that the 

previously click method. As one of the first examples of a molecular system capable of this 

reaction and one of the most active examples of a polythiophene based system this work opens 

up whole new avenues to explore.  

6.2 Next Steps for NO3RR by TPTCrCl3 Films 

While there are several different directions that this work could go, I think that further 

efforts should initially focus on gaining a deeper understanding of the polymer itself. The main 

reason for this is that as discussed in Chapter 5, notable degradation of the TPTCrCl3 film occurs 

during electrolyses and we currently do not have a good understanding of why. Initial 

experiments suggest that the degradation appears to be attenuated by larger substrate 

concentrations and some preliminary XPS results on this subject can be seen in Figure 6.1. While 

XPS cannot give quantitative decomposition results (See Chapter 2) the changes in the peaks can 

give insight into the polymer degradation. The largest attenuation to the XPS peaks occurs when 

there is no substrate present, when the applied potential is more negative than -0.75 V vs RHE, 

or more positive than the onset potential of about -0.65 V vs RHE.  This suggests that if the 

potential is too positive for substrate reduction or there is no substrate present the film 

decomposes more rapidly. Our current hypothesis is that when the film is reduced without the 
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presence of substrate (or when the applied potential is only negative enough to reduce to film but 

not catalyze the reduction of substrate) the charge within the polymer ends up degrading the film.  

However, when enough substrate is present the charge is more likely to go towards competitive 

substrate reduction instead.  Additionally, applying a potential that is too negative also results in 

increased degradation. This may be due to the applied potential itself, or because the kinetic limit 

of the catalyst is too slow to keep up with the applied potential resulting in more charge going 

towards competitive film degradation.  
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Figure 6.1 Representative XPS of  p-TPTCrCl3 films on a glassy carbon electrode post-electrolysis under varying 
applied potentials and substrate concentration. All controlled-potential electrolyses (CPE) were conducted for 2-
hours with a stir rate of 250 RPM in a sealed cell with 0.1 M pH 6 phosphate buffer that was sparged with Argon 
for 30 minutes. The substrate was 100 mM Na15NO3 unless otherwise noted. XPS of a freshly prepared film is 
also included for comparison. 
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 First steps for elucidating the degradation method should start by investigating if it is the 

catalyst, the thiophene backbone, or both that are degrading. The first step should be to run a 

series of electrolyses similar to those in Chapter 5 with unmetalated p-TPT films and compare 

the XPS as synthesized and post-electrolysis. If degradation of the film is apparent it suggests 

that the backbone is degrading. A second set of electrolysis should also be run with the TPT film 

metalated with a redox inactive metal such as zinc. This should be relatively easy to synthesize 

as terpyridine zinc dichloride is already a known compound. This would be useful data as it not 

only helps to determine whether the presence of the chromium has any effect on the degradation 

process but is also further confirmation that chromium is necessary for the NO3RR. Within this 

set of investigations it is also important to see if the conductivity of the backbone has any effect 

on the activity and stability of the film. It may be the case that the conductivity of the film is not 

necessary for activity but does contribute to the degradation. In order to test for this a terpyridine 

monomer modified with a vinyl group should be synthesized. A simple path would be to slightly 

modify the synthesis used to create compound 2 ((4-([2,2':6',2''-terpyridin]-4'-yl)phenyl)boronic 

acid)  from Chapter 5  by replacing the 4-formylphenyl boronic acid with the commercially 

available 1-(4-vinylphenyl)ethenone (Figure 6.2).  After metalation with chromium trichloride 

this monomer should be capable of electropolymerization similar to the electropolymerization 

previously reported by Abrũna et al.1, 2 The resulting film should also be non-conductive and by 

comparing the activity, selectivity, and stability to the conductive thiophene film a great deal of 

insight could be gained. In particular, the results should help determine the comparative benefits 

and drawbacks of each method and which method will result in the most active and stable film. 

In this vein, a series of electrolyses which different film thicknesses for both the conductive and 

non-conductive films should be ran and the TOFs for each calculated. The work by Abrũna et al 
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suggested that non-conductive films result in a lower TOF with a larger film thickness due to 

sluggish electron transport through the films.2 The results from the thickness dependence 

experiments described above could help determine if the lower TOF was due to solely electron 

transport or if substrate or ion transport through the film plays a role as well as those effects 

should be present for both the conductive and non-conductive films 
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Figure 6.2 Proposed synthetic scheme for 4'-(4-vinylphenyl)-2,2':6',2''-terpyridine  

 

One last topic of interest in the initial experiments should be to determine if the 

encapsulation of the catalyst within a polymer is beneficial towards the activity and selectivity. 

An ideal method for comparison would be to run electrolyses with the monomer dissolved in the 

electrolyte. Unfortunately the solubility of chromium terpyridine trichloride and the TPTCrCl3 

monomer in aqueous solution in negligible. However, by modifying a terpyridine with solvating 

groups such as sulfonyl moieties or replacing the chlorides with triflates it may be possible to 

synthesize a more water-soluble monomer. If this is successful, then electrolyses should be ran 

using the dissolved complex. These results would help illuminate the effects of the polymer 

encapsulation. In addition, post-mortem analysis by XPS and SEM/EDX could be used to test for 

catalyst decomposition on the surface which would help elucidate the stability of the monomer. 
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Taken together these experiments should give a well-rounded understanding of the system which 

could be used for the polymerization of other molecular electrocatalysts.  

Finally, while these should wait until the system is further investigated, there are also 

engineering considerations. These includes things such as setting up the system for larger-scale 

electrolyses using a flow cell and improving the surface coverage through polymerization onto 

high surface area materials such as nano-structured surfaces or carbon foams. There should be 

some focus on how to use the system for real-world applications such as nutrient reclamation 

from nuclear wastewater and agricultural run-off but these studies should be held off until after 

system optimization. 

6.3 Alternative Catalyst Systems 

During my time in graduate school I have also worked on several other catalytic systems 

that show promise for small-molecule transformations. The first of which is a ruthenium 

bipyridine (Figure 6.3) covalently attached to a glassy carbon electrode using similar 

methodology as those used in both Chapter 2 and Chapter 3. XPS of the surface post 

modification shows a nitrogen to ruthenium ratio of 5.3:1 very close to the expected value of 5:1 

(Figure 6.4). Cyclic voltammograms of the modified electrode in nitrogen and carbon dioxide 

suggest that it is active for CO2RR (Figure 6.5). The Kubiak group have also shown that a 

similar ruthenium complex is also active for CO2RR when heterogenized3 providing further 

evidence that this avenue of research may be worth exploring. 
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Figure 6.3 Rhenium Bipyridine Complex 
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Figure 6.4 Representative XPS of a glassy carbon electrode covalently modified with a diethynyl 
rhenium bipyridine complex 
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Figure 6.5 Representative Cyclic Voltammogram of a glassy carbon electrode covalently modified with a 
rhenium diethynylbipyridine complex. The electrolyte is 100 mM tetrabutylammonium 
hexafluorophosphate in acetonitrile with 5% H2O added as a proton source. 

 

I also found that while the TPTCrCl3 system was not capable of CO2 reduction, other 

chromium terpyridine systems may be more active. In particular, bis-chromium terpyridine 

appears to be much more active for the reaction. However, it has limited solubility in aqueous 

solutions. One of the other main projects in our lab is the encapsulation of cobalt phthalocyanine 

complexes in poly-4-vinylpyridine for CO2 reduction. I found that by replacing the cobalt 

phenanthroline with a bis-chromium terpyridine complex I was able to create a system that also 

appeared capable of CO2RR (Figure 6.6). What is particularly interesting about this is that 

electropolymerized films of chromium terpyridine have been reported to be capable of the 

electrochemical reduction of CO2 to formaldehyde.2 Further exploration into this project should 

explore the possibility that this system is capable of that same transformation.  
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Figure 6.6 Representative Cyclic Voltammogram of bis-chromium terpyridine PF6 complex encapsulated 
in poly-4-vinylpyridine and dropcast onto a glassy carbon electrode. The electrolyte is 0.1 M pH 7 
phosphate buffer sparged with either N2 or CO2 for 10 minutes.  
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