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Abstract 

Heteroatom doped carbons derived from organic frameworks for the effective electro-

reduction of oxygen 

By 

John Diniz 

 

 Climate change has made the severity of the impact humanity has on the 

environment in which we live clear. The production of energy and waste are major 

contributors to our effect on the environment.  Electrochemical technologies have 

drawn interest as tools to lessen the impact on the environment. Two such tools 

include proton exchange membrane fuel cells (PEMFCs) and the electrochemical 

production of H2O2.  Both technologies are built on the oxygen reduction reaction 

(ORR). PEMFCs rely on thermodynamically favorable conversion of O2 to H2O via a 

4-electron multistep pathway, while the electrochemical production of H2O2 involves 

the conversion of O2 to H2O2 via the 2-electron pathway. The kinetic limitations of 

the ORR necessitate the use of precious metal catalysts. Unfortunately, these precious 

metals are unsustainable, rare, and expensive and continued reliance on these metals 

in catalysts for the ORR limit the scalability of any technology which takes advantage 

of the ORR. There has been much research on the use of heteroatom and/or metal 

doped carbon nanostructures as an alternative to precious metal catalysts. The 

selection of metal dopants can be chosen to affect the pathway selectivity of the ORR 

catalyst. Additionally, the morphology of the catalyst is vital in the pursuit of optimal 
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activity. Inert atmosphere pyrolysis has been used to carbonize organic precursors in 

the engineering of electrocatalysts. Different strategies exist to arrange these carbon 

rich precursors to control the morphology and arrangement of dopant materials in the 

designed catalyst. One such strategy is the use of metal organic frameworks (MOFs) 

as a self-templating carbonization precursor. MOF derived carbon materials often 

retain some of the high surface area, extensive porosity, heteroatoms, and metal 

centers of the original MOF allowing for catalyst design through careful design of 

that MOF. Chapter 2 will feature a Fe3C nanoparticle containing mesoporous carbon 

material derived from a Fe/Zn MOF as an ORR catalyst selective of the 4-electron 

pathway through pore size and distribution optimization through the tuning of the 

Fe:Zn ratio. Chapter 3 will focus on a Cu-Nx/CuO carbon-based ORR catalyst derived 

from a Cu MOF whose selectivity for the 2-electron pathway was improved through 

the subjugation of the catalyst to voltametric cycling.  
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Chapter 1 

 

1. Research on the Electrochemical Reactions Pertinent to Green Proton 

Membrane Technology: Nonprecious Metal Doped Carbon Electrocatalysts 

for the Oxygen Reduction Reaction 

 

1.1 Background 

 The reality of climate change makes the development of greener energy 

solutions an absolute necessity, yet the scale of humanity’s presence on this planet 

puts great strain on the mining of resources and synthesis of materials.1 The massive 

consumption of energy and large production of waste are both contributing factors to 

humanity’s effect on the environment. Research into alternate methods of producing 

energy and zero waste synthesis is conducted in the hopes of minimizing the 

continuing damage to the environment.2 This research includes the development of 

proton exchange membrane fuel cells and oxygen derived synthesis of hydrogen 

peroxide.3 In addition to the burning of fossil fuels in motor vehicles, electricity is 

generated in processes which add greenhouse gasses to the atmosphere.4 In contrast, 

hydrogen fuel cells (a specific proton exchange membrane fuel cell) largely emits 

water as a product. Hydrogen peroxide is used in most industries and has gained 

much interest in environmental areas as the only degradation product of hydrogen 

peroxide is water.3b However, almost exclusively all the hydrogen peroxide 

manufactured each year is produced through the anthraquinone process, a multistep 

method which consumes a large amount of energy and produces chemical waste.5 The 
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production of hydrogen peroxide for the electroreduction of oxygen is a much greener 

alternative to such a process. Where proton exchange fuel cells and alternatives to the 

anthraquinone process are concerned there are limitations in the practical widespread 

implementation of these technologies as they currently exist. Both the reactions 

driving the production of energy in fuel cells and the derivation of hydrogen peroxide 

from oxygen require electrocatalysts to be kinetically practical. Unfortunately, the 

most effective catalysts are based on rare precious metals that are untenable at the 

required scale to address climate change. The role of researching alternate 

nonprecious electrocatalysts is to remove the limitations of rare metal catalysts and to 

reduce the amount of energy consumed in the mining of rare resources and to replace 

those catalysts with relatively sustainable alternatives.6  

1.2 Proton exchange membrane fuel cells (PEMFCs) 

 Proton exchange membrane fuel cells (PEMFCs) have become important in 

the development of green sources of energy7. In PEMFCs, the electron transfer from 

the oxidation of small organic fuels to the reduction of oxygen is exploited for 

electricity production7a, 7d. A typical PEMFC is divided into two compartments 

containing separated electrodes divided by a semipermeable proton exchange 

membrane and connected by an external conductive wire7d. The first compartment 

contains the anode where a constant influx of fuel will pass overt the anode surface. 

This fuel takes the form of small organic molecules such as hydrogen, methanol, and 

formic acid and are oxidized on the surface of the anode. In the second compartment 

a constant flow of oxygen passes over the surface of the cathode. At the cathode 
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oxygen is reduced by the electrons generated by the oxidation of fuel on the cathode. 

The separating of the two electrodes by an external wire causes the electrons to flow 

through that wire and thus produce electric current. Protons that are produced from 

the oxidation of the fuel on the anode are simultaneously brought to pass through the 

proton exchange membrane unto the cathode where these protons play a role in the 

reduction of oxygen to water as a hydrogen source. This system produces electricity 

by separating the half reactions that make up the reaction between oxygen and fuel.  

 While these half reactions are thermodynamically favorable, the kinetics are 

inadequate and limit the kinetic current of PEMFCs7d, 8. For this reason, PEMFCs are 

manufactured with electrocatalysts on the surface of both electrodes.  Currently, 

manufacturing PEMFCs involves using platinum on activated carbon as 

electrocatalyst for the oxygen reduction reaction. This poses a problem for the future 

viability of PEMFCs as platinum and other precious metals are untenable for large 

scale manufacture as platinum is costly and as a low earth abundance. Many precious 

metal free electrocatalysts have been studied for a myriad of reactions, but industrial 

scope commercial viability remains elusive as these catalysts either lack sufficient 

activity or require synthesis procedures that are difficult to scale.  Therefore, the 

search for nonprecious metal catalysts remains relevant.  

1.3 Oxygen reduction reaction (ORR) 

The oxidation reaction mechanism is complex and there is still debate on the 

exact mechanisms9. However, it is agreed that there are two main pathways the 

reaction takes. These are the direct or four-electron pathway and the indirect or two-
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electron pathway which can occur in either acidic or alkaline conditions10. In the four-

electron pathway under acidic conditions (Equation 1.1), four electrons react with 

oxygen gas and four protons to produce water. In the two-electron pathway 

(Equations 1.3, 1.4), hydrogen peroxide is formed from the partial reduction of 

oxygen by 2 electrons and 2 protons. Hydrogen peroxide then reacts with two 

electrons and 2 protons to form water resulting in the same net ionic equation. 

Similarly, under alkaline conditions (Equation 1.2), the four-electron pathway sees 

oxygen reacting with 4 electrons and two molecules of water to form four hydroxide 

ions. In the alkaline two-electron pathway (Equations 1.5-1.6), oxygen reacts with 

two electrons and water to form the peroxide and hydroxide anions before being 

further reduced by an additional two electrons and a water molecule to form three 

additional three hydroxide anions. 

 𝑂2(𝑔) + 4𝑒
− +  4𝐻+(𝑎𝑞)  

            
→    2𝐻2𝑂(𝑙) 

 

(1.1) 

 𝑂2(𝑔) + 4𝑒
− + 2𝐻2𝑂(𝑙)

            
→   4𝑂𝐻−(𝑎𝑞) 

 

(1.2) 

 𝑂2(𝑔) + 2𝑒
− + 2𝐻+(𝑎𝑞)

            
→   𝐻2𝑂2(𝑎𝑞) 

 

(1.3) 

 𝐻2𝑂2(𝑎𝑞) + 2𝑒
− + 2𝐻+(𝑎𝑞)

            
→   2𝐻2𝑂(𝑙) 

 

(1.4) 

 𝑂2(𝑔) + 2𝑒
− + 𝐻2𝑂(𝑙)

            
→   𝐻𝑂2

−(𝑎𝑞) + 𝑂𝐻−(𝑎𝑞) (1.5) 



 

 5 
 

 

 𝐻𝑂2
−(𝑎𝑞) + 𝐻2𝑂(𝑙) + 2𝑒

−
            
→   3𝑂𝐻−(𝑎𝑞) 

 

(1.6) 

 The production of hydrogen peroxide in the two-electron pathway is 

problematic for the development of PEMFC catalysts as this reduces the efficiency of 

the overall reaction and can introduce harmful radicals11. This hydrogen peroxide is 

formed on the catalyst surface as an intermediate, as described, from which it can 

desorb from the active site leaving the reduction incomplete and reducing the 

thermodynamic potential of the reaction. Hydrogen peroxide once dissolved in 

solution can also form radical species that can damage the catalyst of other PEMFC 

components. Notably, the presence of hydrogen peroxide poisons the commercially 

standard platinum on activated carbon electrocatalyst. However, understanding the 

2-electron pathway is imperative for developing a catalyst for the production of 

hydrogen peroxide.  

1.4 Electrochemical evaluations 

 Rotating disk electrode voltammetry, where the disk at the bottom of a 

spinning cylinder acts as the working electrode, is used to study reactions relevant to 

fuel cells and electrolysis such as the oxygen reduction and hydrogen evolution 

reactions.  Typically, this disk is of polished glassy carbon which is itself embedded 

in a Teflon cylinder. It is this disk onto which a catalyst sample is loaded by drop cast 

and it is on the surface of this disk where the catalyzed reaction takes place. The 

rotation of the cylinder using an electrode rotator creates a convection current that 
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drives the electrolyte to the disk at a predictable rate tied to the rotation rate of the 

electrode. This scenario creates a well-defined convective profile that forces the 

transport of dissolved oxygen to the catalyst surface where an applied potential sweep 

towards less positive potentials to the working disk electrode reduced the dissolved 

oxygen and a resulting current is measured by the same disk electrode. This results in 

a voltammogram profile characterized by no current response at higher potentials and, 

as the potential is swept, and increase in current is observed until a maximum current 

is obtained at less positive potentials. When these profiles are collected at different 

rotation rates, analysis of the voltammograms can yield information on the kinetics of 

the catalytic reaction though Koutecky-Levich analysis.  

 At higher potentials, the current response is governed purely by the applied 

potential resulting in the lack current response at all rotation rates. At lower 

potentials, the current response is dictated by the number of reactant molecules 

arriving at the catalyst/electrode surface which is limited by the convection current of 

dissolved oxygen determined by the rotation rate. In the potential space between these 

two regions of the voltammogram is where the current response results from both the 

transport of oxygen to the electrode surface and the transfer of electrons in the 

reduction of oxygen at the electrocatalyst. These currents are referred to as the 

diffusion current (Id) and the kinetic current (Ik) respectively. The relationship 

between these two currents and the total current measured at the disk electrode (ID) is 

given by the equations 1.17-1.19 where n is the electron transfer number, A is the 

geometric surface area of the disk electrode, F is the Faraday constant, k is the 
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electron transfer rate constant, C0 is the oxygen concentration in oxygen saturated 

solutions, D0 is the diffusion coefficient of oxygen, v is the kinematic viscosity of the 

solution and ω is the rotation rate. 

 1

𝐼𝐷
=
1

𝐼𝑘
+
1

𝐼𝑑
=
1

𝐼𝑘
+

1

𝐵𝜔1 2⁄
 

 

(1.17) 

 𝐵 = 0.62𝑛𝐹𝐴𝐶0𝐷0
2 3⁄ 𝑣−1 6⁄  

 

(1.18) 

 𝐼𝑘 = 𝑛𝐴𝐹𝑘𝐶0 (1.19) 

The rate of an electrochemical reaction can be related to the overpotential of a 

reaction through the Tafel equation seen here as equation 1.20 where η is the 

overpotential, A is the Tafel slope, i is the current and i0 is the exchange current 

density. The Tafel slope indicates the change of overpotential per decade of current 

and can be determined through the construction of Tafel plots where the log of the 

kinetic current is plotted along the abscissa and the potential is assigned to the 

ordinate.  

 
𝜂 = 𝐴𝑙𝑜𝑔(

𝑖

𝑖0
) 

(1.20) 

Relevant to the ORR is the rotating ring disk electrode, or RRDE, a variant of 

the RDE. As the name implies, the RRDE is a cylindrical electrode that contains a 

ring electrode alongside the disk electrode. The ring electrode is a metal (usually 

gold, although platinum is sometimes used) electrode encircles the disk electrode with 
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an insulating gap between the two. The role of the ring electrode is to detect the 

products of the electroreduction that occurs at the disk surface. The same convection 

current that brings dissolved oxygen to the disk surface where the oxygen is reduced, 

moves the products across the face of the cylinder to cross the ring electrode where a 

constant potential is applied. The electron pathway can be determined by calculating 

the number of electrons transferred, n, from Equation 1.21 where ID is the disc 

current, IR is the ring current, and N is the collection efficiency. The production of 

H2O2 can be calculated from Equation 1.22. Both equations can be used to plot the 

progression of n and %H2O2 as the potential is swept towards more negative 

potentials.  

 
𝑛 =

4𝐼𝐷
𝐼𝐷 + 𝐼𝑅 𝑁⁄

 

 

(1.21) 

 
%𝐻2𝑂2 = 200

|𝐼𝑅| 𝑁⁄

|𝐼𝐷| + |𝐼𝑅| 𝑁⁄
 

(1.22) 

The conductivity of a catalyst can be measured through cyclic voltammetry 

(CV), a reversible potential sweep method. A CV is created by measuring the current 

as the applied potential is swept from one potential to another potential, the switching 

potential, and then immediately back to the first potential at a constant potential scan 

rate providing direct observations in both the forward and reverse directions. To 

investigate the inherit conductivity if the sample, the dissolved oxygen in the 

electrolyte needs to be displaced to prevent the ORR from occurring. This is done by 

bubbling the electrolyte with high purity nitrogen, purging the solution of other 



 

 9 
 

gasses. The difference in current between the forward and reverse sweeps at a 

particular potential is proportional to the conductivity of the sample.  

Cyclic voltammetry can also be used to estimate the electrochemical surface 

area by way of calculating the double layer capacitance (DLC), as the DLC of a 

catalyst can be proportional to the surface area of the catalyst. The DLC can be 

estimated by measuring CVs at several potential scan rates. For each of these 

voltammograms, the difference in current density must be calculated at the same 

potential. A linear fit can be made of theses current density differences plotted against 

the potential scan rates using Equation 1.23: 

 𝐶𝐷𝐿 = 𝐼 𝑣⁄  (1.23) 

 

1.5 Carbonaceous catalysts and nanocarbon as support 

In the pursuit of catalysts to minimize the use of platinum group metals on 

electrocatalysts, improving the electrochemical reaction surface is highly desirable.12 

To this end, carbon black has been used as a highly conductive support.  Carbon 

black (CB) consist of elemental carbon in colloidal near spherical particles that have 

coalesced into agglomerates and are produced by the impartial combustion or thermal 

decomposition of hydrocarbons.13 Other carbons studied as supports for 

electrocatalysts are nanocarbons which include mesoporous carbon, carbon 

nanotubes, nanodiamonds, nanocarbon fibers and graphene.14 Such carbon materials 

have low cost, good thermal and chemical stability, and have porous surfaces which 
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can be tailored for the catalysis of a variety of electrochemical reactions.15 The base 

of all graphitic forms or carbon such as fullerenes, carbon nanotubes and graphite are 

sheets of graphene. Graphene is a network of sp2 hybridized carbon that forms a 2D 

basis from which most nanocarbon materials of higher dimensionalities are made.16 

For example, carbon nanotubes are graphene sheets that wrap into hollow cylinders 

much like drinking straws in geometry.16b Graphene contain many electrocatalytically 

active sites due to the variety of graphene defects that can be created through the 

functionalization of the aromatic structure with heteroatoms such as oxygen and 

nitrogen.17 Oxygen atoms are incorporated into the carbon structure in the form of 

carboxylic acid, quinone, and diol groups on the graphene edge.17c, 17d Nitrogen can 

be incorporated in the forms of pyridinic, pyrrolic and graphitic nitrogen sites.18 This 

is important as tailoring the heteroatoms in the graphene structure changes the 

electron donor properties of the surface.14b, 19 For example, in ORR, the presence of 

heteroatoms enhances the adsorption and reduction processes.20 Experiments have 

shown that graphene treated with ammonia, to incorporate N into the aromatic 

backbone of graphene, exhibits greatly enhanced ORR activity in comparison to the 

untreated pristine graphene.21 The active site, in this case, is believed to most 

probably be in the pyridinic and graphitic nitrogen sites with DFT calculations 

revealing the possible active site to be the ortho- carbon of the “external” nitrogen 

groups, nitrogen groups exposed at the defect sites of graphene.21-22 N-graphene has 

also been studied as a catalyst for the HER.23 
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1.6 Metal doping in carbon-based catalysts 

Combining the strengths of nanocarbon supports with the study of non-

platinum group transition metals, many studies have looked at metallic particles 

supported with nanocarbon or nanocarbon doped with a combination of metals and 

heteroatoms including so called single atom catalysts, where active metal centers are 

isolated on the carbon surface.24  This research is often interested in exploiting the 

Sabatier Principle.25 This principle states that a catalyst is the most effective when the 

reactant molecule binds strongly to the surface, but not so strongly as to prevent the 

release of the product. Different single metal catalysts have been shown to have 

different binding strengths that vary with the metal’s identity. This relationship is 

often illustrated through a volcano plot where the maximal electrochemical activity is 

plotted against the binding energies to the target molecule.26 The volcano plot for the 

ORR will be used for illustration. For ORR, platinum is the closest peak to the top of 

the volcano on the weaker binding energy side.9b Other less inherently effective 

metals include copper, iridium, and palladium, which all exhibit weaker bonds with 

oxygen. On the other side of the volcano plot are silver and gold which bind too 

strongly to oxygen. This volcano relationship is also useful for understanding the 

pathway selectivity of the catalyst.27 Based on the Sabatier principle alone, platinum 

is the best choice for both the ORR and the HER.9b, 26 Since scarcity and cost makes 

platinum impractical, various other properties have been manipulated to maximize the 

electrochemical activity of non-platinum catalysts which will be the focus of the next 

section in this introduction. But it will be briefly mentioned here that research has 
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been done attempting to tune the binding energy of metal sites by alloying species 

together.28 

1.6.1 Use of Fe3C/C as an electrocatalyst for the ORR 

 Iron carbide particles embedded in graphene or Fe3C/C has been explored as a 

catalyst for the oxygen reduction reaction. As will be discussed here, this was often 

done by the annealing of metal organic frameworks or MOFs. Zhao et al29 

synthesized Fe3C nanorod encapsulated, N-doped carbon nanotubes grown on N-

doped porous carbon sheets (Fe3C@NCNT/NPC) by annealing Mil-88B, an Fe MOF, 

that had been loaded with melamine at 900C under a nitrogen gas flow. 

Fe3C@NCNT/NPC was found to have a high density of Fe-N active sites and 

concluded that this in combination with the electric conductivity of their hybrid 

structure resulted in better ORR and OER activity compared to reported values of 

other non-precious metal-based catalysts at the time. Ajaz et al30 produced iron 

carbide nanoparticles imbedded in bamboo-like N-doped carbon nanotubes (Fe3C/b-

NCNT) which exhibited good ORR activity and catalyst stability stemming from the 

active iron carbide particles being protected by the CNTs by which they are 

encapsulated. Yang et al31 developed a MIL-101(Fe) derived catalyst in the form of 

MIL-5 DCD-800 with good ORR activity attributed to presence of pyridinic and 

graphitic N with an abundance of Fe active sites in combination to a high pore 

volume appropriately sized mesopores. Park et al32 developed an active ORR catalyst 

(FeP-P333-700) by using iron porphyrin encapsulated in PCN-333 (Fe), an Fe MOF, 

as a precursor to produce a carbon catalyst with Fe/Fe3C and Fe-N-C active sites by 
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exploiting the mesoporous structure partially maintained from PCN-333 (Fe) and the 

FeN4 sites introduced through the porphyrin. Luo et al33 took an approach wherein 

they used melamine coated MIL-101(Fe) on carbon black as a precursor to create an 

ORR catalyst (Fe/Fe3C@NC) an encapsulated iron carbide catalyst enriched with 

nitrogen in a hierarchical structure with good activity. Song et al34 developed high 

surface area, ferromagnetic Fe/Fe3C@N-C porous hierarchical polyhedrons by the 

annealing of a dual metal Zn and Fe MOF (Zn3[Fe(CN)6]2*xH2O) as an active 

catalyst for the HER and ORR due to its porosity, conductivity, N doping, the 

encapsulation of iron and presence of Fe and Fe3C which are thought to “boost” 

Fe-Nx sites. Wang et al35 would produce a similar system by mixing different ratios of 

Zn and Fe MOFs to tune the structure of the catalyst. Free energy diagrams were built 

in which the Fe and Fe3C aid in the ORR by lowering the O2 adsorption barrier and 

facilitating OH desorption. Luo et al36  were able to further optimize their MIL-101/C 

derived catalyst by optimizing the pyrolysis temperature. Embedding iron carbide in 

carbon nanomaterial allows the iron carbide to activate the catalyst surface while the 

encapsulating carbon works to shield the iron carbide particles from the electrolyte 

environment leading a catalyst that is both more electrocatalytically active and more 

stable. 

1.7 Morphological engineering   

1.7.1 porosity 

An important variable in the engineering of electrocatalysts is the porosity of 

the catalyst. The presence of pores increases the accessible surface area, and thus the 
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number of accessible active sites and benefits the mass transport of the fuel to the 

active site.37 Research has been done on tuning the size of the pores as there is a 

delicate balance to strike between surface area and accessibility.38 Microporous 

materials have pore diameters of less than 2nm which results in a higher surface area 

but can be non-optimal for fuel transport. Macroporous materials have pore diameters 

greater than 50 nm and do not optimize the surface area of the catalyst surface. 

Mesoporous materials have been regarded as generally having the best pore diameter, 

5-50 nm, for the purpose of catalyzing the ORR.39 Mesopores are large enough to 

allow access of the reactants to the active sites while not being too large to create 

diffusion limitations.40 Research on nanocarbon based catalysts has focused on 

developing hierarchical porous materials to further tune the activity of the materials.41 

One strategy developed to create hierarchical pores includes the infusion of triazole in 

ZIF-8, a microporous zinc organic framework that forms a microporous carbon 

catalyst under pyrolysis conditions.41a As triazole decomposes into a gaseous mixture 

under these conditions, the inclusion of triazole in the MOF precursors leads to a 

sponge like carbon material in which micropores, mesopores, and macropores 

coexist.  Another strategy is to pyrolyze a biomass to form a hierarchical porous 

carbon, from which a catalyst can be synthesized.41d In another study F127 and 

polystyrene spheres were used as sacrificial pore agents in the preparation of a porous 

resin to be used as a precursor to a hierarchically porous Fe-N impregnated carbon-

graphene hybrid catalyst for ORR.41c  
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1.7.2 Surface area 

 Maximizing the surface area of an electrocatalyst is inherit factor in the 

pursuit of optimizing the amount of electroactivity per amount of resource used to 

produce said electrocatalysts. Electrochemical reactions occur on the surface of the 

catalyst so all sites must be accessible to the reactants to be active. Maximizing the 

number of active sites of a material is generally a function of maximizing its surface 

area. For example, the active site of an Fe-N-C ORR catalyst are the single atom iron 

sites. If these some of these atoms are below the surface, those atoms would be 

inaccessible and thus not function as ORR active sites. However, maximizing the 

surface area of the catalyst increases the number of exposed single Fe atoms and 

therefore the number of ORR active sites. Several papers cite high surface area as a 

key component of catalyst optimization.42  

1.7.3 Metal organic frameworks (MOFs) 

Many carbon-based catalysts have been derived from metal organic 

frameworks (MOFs) by way of pyrolysis.43 MOFs are large coordinated networks of 

organic ligands complexed with metal ion centers in a repeating structure in one to 

three dimensions depending on the exact structure. Many MOFs have repeating voids 

and pores along the surface. Materials derived from MOFs through pyrolysis are 

noteworthy for often maintaining the general structure, porosity, and dispersion of 

key elements. This relationship between the catalyst and the preceding MOF allows 

for the engineering of the catalyst by way of careful MOF design. MOF structures can 

maintain their overall geometry when converted to a nano carbon structure. Catalysts 
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derived from MOFs often maintain the original pore size distribution. There have 

been many experiments demonstrating that the distribution of metals and heteroatoms 

in the framework can be preserved allowing for a dispersion of active sites. This 

contrasts with older methods of introducing metals into nanocarbon structures in 

which large particles of metal would form. The use of MOFs as precursor does not 

necessarily prevent the production of metal or metal oxide nanoparticles.44 For those 

studying single atom catalysts, a common method to produce SACs is to pyrolyze a 

MOF and then wash the resulting structure in acid to dissolve any metal particles that 

form. In these cases, single atom sites survive, being largely unaffected by the acid 

treatment, resulting in the creation of a SAC where the active sites are well 

distributed. Other synthesis strategies include spatially confining metal molecules to 

the pores of the MOF and top-down strategies where the pyrolysis of bulk metal 

nanoparticles deposited on certain MOFs lead to single atom sites during pyrolysis. 

The morphological and chemical engineering of nanocarbon catalysts by the design 

of the MOFs from which these structures are derived has been demonstrated as a 

useful technique in the optimization of electrochemical activity and the study 

thereof.32, 34-35, 41a, 43a 

1.8 Summary 

 The realities of climate change have necessitated the reexamination of the 

energy and chemical industries. Two important contributions to humanity’s effect on 

the environment have been the consumption of energy and the production of waste. 

Electrochemistry has been presented as a major tool in the pursuit of greener energy 
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and waste management. Proton exchange fuel cells (PEMFCs) have been presented as 

an alternative to fossil fuel-based energy production, but the kinetic limitations and 

scarcity of catalyst materials as limited the utility of PEMFCs as a scalable power 

source. H2O2 is already widely used as a green oxidizing agent whose only byproduct 

is water, but the majority of H2O2 is produced by a process which requires the use of 

heavy organic molecules whose management is potentially problematic for the 

environment. The electroreduction of oxygen to H2O2 has been presented as a green 

alternative, but the kinetic limitations of the ORR have also prevented the scaling of 

this method. The selectivity of ORR is important in developing catalysts for these 

applications. A good PEMFC anode catalyst restricts the ORR to the 4-electron 

pathway while the production of H2O2 necessitates selectivity for the 2-electron 

pathway. Carbon in the form of nanocarbons form good catalyst supports due to their 

high surface area, high conductivity, stability, and capacity for heteroatom and metal 

doping. Such carbon materials can be derived from metal organic frameworks 

(MOFs) through carbonization allowing for the well distributed incorporation of 

heteroatoms and metal moieties and engineering of morphology through MOF 

selection. The selection of the metal affects the adsorption of *OOH intermediate, 

whose binding energy dictates the pathway selection. Herein, a Fe3C/C structure 

formed the basis of an ORR catalyst selective of the 4-electron pathway and a 

carbonaceous Cu-Nx and CuO catalyst is selective of the 2-electron pathway.  
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Chapter 2 

 

2. Oxygen Reduction Reaction Catalyzed by Metal-Nitrogen-Carbon Hybrids 

Derived from Metal-Organic Frameworks: Optimized Performance by Zinc 

Porogen 

 

2.0 Abstract 

Carbon-based nanocomposites have been attracting extensive attention as viable 

candidates to replace platinum in the electrocatalytic reduction of oxygen, a critical 

process at fuel cell cathode. One unique system is carbon-supported iron carbide 

(Fe3C/C) catalysts derived pyrolytically from metal organic frameworks (MOFs). 

Herein, a series of Fe3C/C nanocomposites were produced by pyrolysis at a controlled 

temperature of FeMOF-NH2 with a systemic variation of the iron and zinc 

compositions in the MOF precursor. Scanning/transmission electron microscopy, 

X-ray photoelectron spectroscopy, and X-ray diffraction measurements were carried 

out to examine the morphologies, structures, and elemental composition of the 

nanocomposites, while nitrogen adsorption/desorption and Raman studies were 

carried out to evaluate the surface area and porosity. The results showed that an 

optimal zinc to iron feeding ratio was required to prepare a catalyst with a preferential 

pore size distribution. In electrochemical measurements, the sample derived from 

20% zinc replacement in the FeMOF-NH2 precursor exhibited the best activity in the 
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electrocatalytic reduction of oxygen in alkaline electrolytes among the series, with the 

most positive onset potential and highest limiting current, which coincided with the 

highest surface area and porosity. The results suggest that deliberate structural 

engineering is critical in manipulating and optimizing the electrocatalytic activity of 

metal, nitrogen-codoped carbon nanocomposites. 

2.1 Introduction  

Fuel cells represent an important technology in the pursuit of green energy 

and reduced pollution to the environment, where electricity is generated when fuel 

molecules are oxidized at the anode and oxygen is reduced at the cathode 7a. In 

polymer electrolyte membrane fuel cells (PEMFC), while the oxygen reduction 

reaction (ORR) is thermodynamically favorable, the poor kinetics necessitate the 

application of an effective electrocatalyst. Therefore, design and engineering of high-

performance ORR electrocatalysts is vital in the advancement of PEMFC technology. 

In current practice, graphitic carbon supported platinum nanoparticles (Pt/C) are 

utilized as the catalyst of choice, but the high cost and low natural abundance of 

platinum prevents the technology from being viable. Therefore, catalysts free of 

precious metals have been attracting particular attention. Within this context, porous 

carbon doped with select metal and nonmetal elements have been observed to display 

obvious ORR activity, with a performance that may even rival that of Pt/C 24a, 45, 

owing to their large surface area, high chemical stability, and excellent electrical 

conductivity7b, 46. 
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One of the advancements is the development of nanocarbon-supported iron 

carbide catalysts 47. For instance, a nanocomposite based on iron carbide 

nanoparticles encapsulated within a hollow carbon sphere (Fe3C Fe,N/C) has been 

synthesized from melamine and iron(III) chloride using a triblock copolymer as the 

natural scafolding and exhibited a high surface area of 879.5 m2g-1 and apparent 

electrocatalytic activity towards ORR 48. Activation in an inert atmosphere of the 

similar transition metal-polymer composite through pyrolysis can further improve the 

catalytic activity. Mixtures of lower-cost transition metal salts and nitrogen 

precursors for the macrocycles can also be used to prepare ORR catalysts 49. Fe3C/C 

catalysts have also been prepared from the pyrolysis of polymers such as  poly(1,8-

diaminonaphthalene), polyvinylpyrrolidone, and polyacrylamide 50. Fe3C/C catalysts 

derived from organic materials coordinating with iron have also shown good ORR 

activity 51. It is argued that iron carbide can affect the work function of carbon 

facilitate oxygen adsorption 47b. 

One effective strategy to prepare such carbon-based ORR catalysts is 

controlled pyrolysis of metal-organic frameworks (MOFs), where metal and nonmetal 

elements from the MOF precursors are doped into the carbon skeletons 52. Thus, a 

catalyst can be designed from the bottom up to take advantage of the ready 

manipulation of the MOF composition and structure. The first MOF derived ORR 

catalyst was prepared by pyrolyzing cobalt imidazolate frameworks (active Co-IM) at 

high temperatures, and significant progress has been achieved ever since 53. Among 

these, iron and carbon catalysts for ORR have been prepared from select MOFs 52. As 



 

 21 
 

catalysts derived from zinc-based MOFs have a wider distribution of pore sizes, iron-

based MOFs such as MIL-88B-NH2 have been used to develop carbonized 

nanoparticles through pyrolysis to reduce pore size distribution and produce metal 

active sites to for high-performance ORR electrocatalysis 54. For instance, catalysts 

have been developed from the pyrolysis of an iron-doped ZIF-8, a MOF containing 

both zinc and iron coordination, with a uniform iron distribution in a nitrogen-doped 

carbon matrix, and exhibited apparent ORR activity and sufficient stability in 0.1 M 

HClO4 
55. Among these, catalysts made up of iron carbide particles supported by 

carbon are of interest 7b. In fact, ZIF-8 has been used as a template with pyrrole and 

iron(III) chloride to be heated at elevated temperatures to form iron carbide 

nanoparticles encapsulated in bamboo-like nitrogen doped nanotubes as ORR 

catalysts, where the FeNx moieties and the carbon-encapsulated iron carbide were 

found to be responsible for the ORR activity, with a low hydrogen peroxide yield in 

both 0.1 M KOH and 0.5 M H2SO4 
56. In fact, catalysts with iron carbide active sites 

have been developed in the last several years 29, 31-36. 

To control the porosity of the resulting catalysts, carbon foams with 

hierarchical pores that consist of micro, meso and macropores are developed by 

solvent-assisted linker exchange before pyrolysis. For instance, when ZIF-8 was 

immersed in a 1H-1,2,3-triazole and methanol solution for three days, the resulting 

MOF yielded a catalyst that displayed an onset potential (Eonset) of  -0.030 V versus 

Ag/AgCl in alkaline media and +0.570 V in acidic media, much better than that 

without exchange 41a. In another study 41b, a boron and nitrogen co-doped porous 
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carbon polyhedral catalyst was synthesized by treating pyrolyzed (800 °C) ZIF-11 

with phenylboronic acid, sonication and drying before a second pyrolysis at 1000 °C, 

which showed the disappearance of micropores and a concurrent increase in 

mesoporosity during the boron doping process. Another approach taken is a dual 

template method where a monolith of ordered polystyrene spheres and solution of 

Pluronic F127 and iron(II and III) chloride is used to template the formation of 

macropores and mesopores, respectively, in a hierarchical structure of porous 

spherical network of carbon41c. These structures were adsorbed onto the surface of 

graphene to increase electrical conductivity and uplift ORR activity. Single site FeN 

moieties were distributed between the porous structures and the graphene sheet 

resulting in a catalyst with a higher activity than that of commercial Pt/C in 0.1 M 

KOH. Porous carbon has also been derived from pyrolysis of biomass (e.g., powdered 

cattle bone) with single iron atom sites promoted by a combination of iron(II) 

phthalocyanine and unsubstituted phthalocyanine resulting in a catalyst with similar 

onset potential and activity and enhanced stability, as compared to commercial 

Pt/C41d. 

Herein, a series of iron carbide@N-doped graphitic nanoparticles (FeNC) 

were pyrolytically derived from FeMOF-NH2 with the same organic linkers but at 

different feeding ratios of the zinc and iron metal centers. The catalysts exhibited a 

similar prism geometry to the precursory MOFs, but with a porous graphitic surface. 

The evaporation of zinc compound during pyrolysis increased the pore size and 

surface area, while graphitization of the MOF and encapsulation of Fe3C 
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nanoparticles occurred. An optimal zinc to iron feeding ratio in the MOF precursor 

was identified that resulted in a nanocarbon material with a desirable distribution of 

mesopores which facilitated the accessibility of the catalytic active sites and mass 

transfer of reaction intermediates and electrolyte ions, hence leading to enhanced 

ORR performance.  

2.2 Experimental Section 

2.2.1 Chemicals 

Iron(III) chloride hexahydrate (FeCl3•6H2O, 99.9%, Fisher Scientific), 

2-aminoterepthalic acid (99%, Acros Organic), zinc chloride (ZnCl2, 98%, Tokyo 

Chemical Industry), hydrochloric acid (HCl, 37%, Sigma-Aldrich), Pt/C (20 wt.%, 

Alfa Aesar), potassium hydroxide (KOH, Fisher Chemicals), and Nafion 117 solution 

(~5% in a mixture of lower aliphatic alcohols and water, Aldrich Chemistry) were all 

used as received. Water was supplied from a Barnstead Nanopure Water System (18.3 

MΩ cm). 

2.2.2 Sample preparation 

The MOF precursors were synthesized by adopting a previously reported 

method 57. In brief, 2-aminoterepthalic acid and FeCl3 were mixed at a mass ratio of 

1:3 by dissolving each into 5 mL of ultrapure water and then combing them into a 

15 mL Teflon-lined autoclave and heated for 24 h at 110 °C. The sample was then 

filtered, washed with water, and dried at ambient temperature to produce an orange-

red solid. Two additional MOFs were prepared in the same fashion except that a 

(mass) fraction of the iron(III) chloride hexahydrate was replaced with zinc chloride. 
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The resulting samples were referred to FeMOF-NH2-n (n = 1, 2 and 3, corresponding 

to 0, 20 and 30% Zn replacement in the MOF). To synthesize the ORR catalysts, the 

MOFs obtained above were ground by mortar and pestle and heated in a tube furnace 

(MTI GSL 1100X) under ultrahigh purity nitrogen at the flow rate of 200 cm3·min-1 

at 900 °C for 1 h, producing a black flaky powder denoted as FeNC-n.  

2.2.3 Characterization  

X-ray diffraction (XRD) measurements were carried out with a Rigaku Smart 

Lab Plus diffractometer with Cu Kα (λ = 1.54 Å) radiation operated at 40 kV and 44 

mA. The XRD patterns of the MOF precursors were recorded from 2θ = 2° to 35° at 

the scan rate of 3° min-1 with the step size of 0.01°, and diffraction data of the ORR 

catalysts were collected from 2θ = 10° to 80° at the scan rate of 0.33° min-1 with the 

step size of 0.01°. Scanning electron microscopy (SEM) images were taken with a 

FEI Quanta 3D field emission microscope. Transmission electron microscopy (TEM) 

and elemental mapping images were taken with a Philips CM300 scope at 300 kV. X-

ray photoelectron spectroscopy (XPS) measurements were taken with a PHI X-tool 

Instrument. Brunauer-Emmett-Teller (BET) surface area and pore volume analysis 

was carried out with a micropore size and chemisorption analyzer (Quantachrom 

Autosorb). Raman spectra were collected with a Delta NU Raman 532 nm 

spectrometer.  

2.2.4 Electrochemistry 

Voltammetric measurements were conducted with a CHI 710C 

electrochemical workstation using a rotating gold ring-glassy carbon disk electrode 
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(RRDE), a Ag/AgCl reference electrode, and a graphite rod counter electrode. The 

Ag/AgCl reference electrode was calibrated against a reversible hydrogen electrode 

(RHE) and all potentials in the study were referenced to this RHE. A catalyst ink was 

prepared by dispersing 1.0 mg of the FeNC catalysts prepared above in 1 mL of 

ethanol and 10 μL of Nafion by ultrasonication. 10 μL of the ink was then cast onto 

the glassy carbon electrode and allowed to dry in air. Then 3 μL of a Nafion:ethanol 

(v:v 1:4) solution was cast on top and allowed to dry, corresponding to a catalyst 

loading of 0.0407 mg·cm2 on the disk electrode surface.  

2.3 Results and Discussion 

 

Figure 2-1. Schematic diagram illustrating the synthesis of FeNC nanocomposites: 

(a) metal salt and organic precursors used to synthesize FeMOF-NH2; (b) SEM image 

of FeMOF-NH2-2 before pyrolysis; (c) SEM image of the final product after 

pyrolysis, FeNC-2. 

 To investigate the effect of zinc content on the morphology and catalytic 

performances of the catalysts, three FeMOF-NH2-n MOFs with different zinc feed 

ratios were prepared. Figure 2-1 illustrates the synthesis from organic and salt 
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precursors to the FeNC catalyst. From SEM measurements (Figure 2-1b,c), the 

overall morphology of the FeNC-2 sample can be seen to resemble that of the 

FeMOF-NH2-2 precursor. Additionally, the FeNC-2 catalyst consists of micrometer-

scale porous carbon whose surface contains nanoparticles with a diameter of ca. 500 

nm. Whereas the overall geometry of short prisms with pointed ends in the FeMOF-

NH2 is preserved during pyrolysis, the surface of FeNC-2 is more textured with folds 

along the surface and smaller particles below the surface. From Figure 2-1c, FeCN-2 

exhibits geometric carbon structures with particles embedded in the surface. In 

Figure 2-2a,b, the TEM images of FeCN-2 show the dense particles embedded in a 

carbon matrix. EDX elemental mapping (Figure 2-3) reveals that the nanoparticles 

under the surface of FNC-2 are of an iron compound and compound and confirms the 

surrounding material as graphitic carbon with oxygen and nitrogen throughout. 

Indeed, from HRTEM measurements in Figure 2-2c,d, the sample can be seen to 

exhibit well-defined lattice fringes with the interplanar spacing  varying from 3.10 Å 

to 3.95 Å. This is attributed to graphitic (002) carbon where the d spacing expands 

somewhat, as compared to that of pristine graphite, because of thermal treatment at 

elevated temperatures 58. The 6.28 Å Moiré fringe is due to interference from 

overlapping interlayer spacings 59. Taken together, results from the SEM and TEM 

studies show that pyrolysis of the MOF precursors yielded iron and nitrogen co-doped 

carbon which contained iron nanoparticles encapsulated within a graphitic shell. 
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Figure 2-2. (a, b) TEM and (c, d) HRTEM images of FeCN-2 showcasing the well-

defined lattice fringes. 

All as-synthesized FeMOF-NH2-n MOFs show the characteristic diffractions 

corresponding to the Fe-MIL-53-NH2 at 2θ = 6.86°, 8.86°, 17.1° and 26.5°, as 

reported previously 57. Note that the XRD patterns remained unchanged as the feed 

ratio of zinc increased, suggesting the crystalline characteristics of the MOFs were 

not affected by the incorporation of zinc. Figure 2-4 depicts the corresponding XRD 

patterns of the FeNC samples after pyrolysis. One can see that all samples show a 

sharp diffraction peak at 26.1°, which can be assigned to the (002) plane of graphitic 

carbon, and the peaks at 43.8°, 44.7° and 50.8° could be assigned to cementite (Fe3C, 

G23753) and magnetite (Fe3O4, AMCSD 0002400) 60. 
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Figure 2-3. (a) TEM image of FeCN-2, with the corresponding elemental maps of (b) 

combined elements, (c) carbon, (d) iron, and (e) nitrogen. 

These results indicated that graphitic carbon, Fe3C, and Fe3O4 were formed in the 

FeNC nanocomposites. Using the Scherrer equation, τ=Kλ/(β cosθ ), the mean size 

of the crystalline domains was estimated to be about 39 nm for the iron carbide 

assuming a K constant of 0.9. Since this is much smaller than the 500 nm particles 

seen in TEM measurements (Figure 2-2), the result indicates that the particles most 

likely contained a polycrystalline structure.  
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Figure 2-4. PXRD patterns of the FeNC Catalysts. 

The elemental composition and valence state of the samples were then 

examined by XPS measurements. From the survey profiles, the C, N, Fe and O 

elements can all be clearly defined in the series of FeNC samples, suggesting that 

indeed Fe and N were successfully doped into the carbon skeletons. The high-

resolution scans of the C 1s electrons are depicted in Figure 2-5a with deconvolution 

data in Table S1. For the FeNC-1 and FeNC-2 samples, deconvolution yields a peak 

at 283 eV due to carbon in Fe3C,  sp2 C at 284 eV and sp3 C at 285 eV, with the peak 

at 286 eV indicative of C-O 61. For FeNC-3, however, this C=O carbon cannot be 

resolved and instead there is an additional peak indicating the presence of carbonate 

61e, 62.  
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The N 1s scans are shown in Figure 2-5b. All three FeNC samples can be seen 

to include peaks at 399, 400, and 401 eV which are assigned to pyridinic, pyrrolic, 

and graphitic nitrogen, respectively, confirming the successful doping of nitrogen into 

the carbon matrices 61c.  From Table 1, one can see that nitrogen accounted for 0.58% 

for FeNC-1, 1.52% for FeNC-2 and 0.56% for FeNC-3. That is, FeNC-2 contained 

the highest concentration of N dopants among the series. 

 

Figure 2-5. High-resolution XPS spectra of the (a) C 1s, (b) N 1s, and (c) Fe 2p 

electrons in the FeNC nanocomposites. Black curves are raw data, whereas colored 

ones are deconvolution fits, as specified in the legends. 

The corresponding Fe 2p spectra are depicted in Figure 2-5c. Deconvolution 

yields Fe 2p3/2 and Fe 2p1/2 peaks for Fe-C and Fe-O14d, 63. The binding energy of Fe-C 
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decreased from FeNC-2 to FeNC-3, indicating a charge transfer from iron to carbon. 

FeNC-2 has the least amount of iron at 0.80%, less than half of those of FeNC-1 and 

FeNC-3. In general, FeNC-1 and FeNC-3 also have more Fe-C and Fe-O than FeNC-

2, while FeNC-2 has the greatest nitrogen to iron ratio. In fact, FeNC-2 has the 

highest concentration of Fe-C bonds.  

Table 2-1 Elemental compositions by XPS measurements 

 Carbon Iron Nitrogen Oxygen 

Sample (at%) (at%) (at%) (at%) 

FeCN-1  79.7 2.64 0.58 17.1 

FeCN-2 82.5 0.80 1.52 15.2 

FeCN-3 88.0 1.60 0.56 9.85 

 

The porosity and surface area of the samples were then examined by nitrogen 

adsorption-desorption measurements. FeNC-2 exhibited a type IV with an H3 

hysteresis loop, typical of capillary condensation in mesopores in the form of 

aggregates of plate like particles giving rise to slit shaped pores 64. The FeMOF-NH2-

2 precursor exhibits a surface area of 261 m2·g-1 by the DFT (density functional 

theory) method and 433 m2·g-1 from multi-point BET, a half pore width of 2.18 nm, 

and a pore volume of 0.415 cm3·g-1. After pyrolysis at 900 °C for 1 h, the resulting 

catalyst (FeNC-2) shows a specific surface area of 746 m2·g-1 by the DFT method and 

771 m2·g-1 from multi-point BET, a half pore width of 2.38 nm, and a pore volume of 

1.267 cm3·g-1, suggesting drastic enhancement of the porosity. This is largely due to 

the low boiling point (volatility) of the zinc compound in FeMOF-NH2, which acted 
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as an activating agent by evaporating out of the structure during pyrolysis creating 

pores in the carbon skeletons.  

 

Figure 2-6. a) BJH plots of the FeNC series. b) Surface area obtained from the DFT 

method. 

For comparison, from BET measurements (Figure 2-6b), FeNC-1 has a 

surface area of 189.2 m2·g-1 by the DFT method and 213.5 m2·g-1 from multi-point 

BET, a half pore width of 1.692 nm, and a pore volume of 0.242 cm3·g-1. FeNC-3 has 

a surface area of 607.678 m2g-1 by the DFT method and 557.408 m2·g-1 from multi-

point BET, a half pore width of 1.970 nm, and a pore volume of 0.773 cm3·g-1. 

Interestingly, FeNC-2 exhibited a larger surface area and pore volume than FeNC-3, 

whereas FeNC-1 has the smallest surface area and pore volume. During pyrolysis, 

zinc acted as the activating agent in the FeMOF-NH2 precursors creating porosity in 

FeNC. As FeMOF-NH2-1 lacks zinc, this activation was not present during pyrolysis 

resulting in the smallest surface area, and pore width and volume. This is consistent 
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with both FeNC-2 and FeNC-3 having a significantly higher surface area and pore 

volume than FeNC-1, with FeNC-2 having the highest surface area, pore volume and 

half-pore width overall. Furthermore, the fact that FeNC-3 displayed a smaller 

surface area and pores than FeNC-2 suggests that there is an optimal amount of zinc 

in the feeding ratio for the creation of larger pores. 

To further understand porosity of these samples, the pore size distributions 

can be observed in the Barrett-Joyner-Halenda (BJH) plots in Figure 2-6a. The 

distribution of FeNC-2 peaks broadly at 2.38 nm with no features below 2 nm. There 

is negligible presence of micropores in FeNC-2. The broad peak indicates a wide and 

continuous distribution of sizes. The distribution of FeNC-3 lacks this peak and 

instead peaks at 1.00 nm, 1.97 nm (both micropores) and 2.78 nm. These three 

narrow peaks indicate a trimodal distribution of pore sizes that are non-continuous. 

FeNC-1 has smaller broad peaks at 0.65 nm and 1.85 nm and thus only contains 

micropores. From the peak intensities, FeNC-1 appears as the least porous sample. 

The different pore size distributions for each of the samples indicates that the zinc 

feeding ratio affects not just the surface area, pore volumes and mode pore widths, 

but the distribution in width, intensity, and width centers. An optimal zinc feeding 

ratio is required for a broad distribution around a single center.  
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Table 2-2 Summary of the analysis of BET Results 

  DFT method  MP BET 

 Pore Volume 

(cm3∙g-1) 

Surface Area 

(m2∙g-1) 

Half pore 

width (nm) 

 Surface area 

(m2∙g-1) Sample  

FeNC-1 0.242 189.2 1.69  176.2 

FeNC-2 1.3267 745.6 2.38  914.3 

FeNC-3 0.773 607.7 1.97  682.7 

 

In the Raman spectra for the FeNC series, the ratio of the D-band to G-band 

intensities (ID/IG,) was estimated to be 1.82 for FeNC-1, 1.35 for FeNC-2 and 1.38 for 

FeNC-3, suggesting that the addition of zinc into the precursor facilitated 

graphitization of the samples. 

The electrocatalytic activity towards ORR was then quantitatively assessed by 

electrochemical measurements. From the RRDE voltammograms in Figure 2-7a, 

apparent ORR activity can be seen for all samples, but the activity varies among the 

series. For instance, for FeNC-1, the onset potential (Eonset) was identified at +0.813 V 

vs RHE and the limiting current at 1.5 mA·cm-2; for FeNC-2, it is +0.993 V vs RHE 

and 1.3 mA·cm-2, and +0.704 V vs RHE and 0.91 mA·cm-2 for FeNC-3. One can see 

that FeNC-2 stood out as the best among the series, with an onset potential 

performance close to that of Pt/C (+0.993 V and 3.7 mA·cm-2). In the corresponding 

Tafel plots in Figure 2-7b, the slopes are -59.0 mV∙dec-1, -61.4 mV∙dec-1, -39.9 

mV∙dec-1, and -4.9 mV∙dec-1 for FeNC-1, FeNC-2, FeNC-3, and Pt/C 20% 

respectively. All samples can be seen to show an increase of the kinetic current with 

an increase of overpotential, and within the potential range of +0.45 to +0.90 V, 
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FeNC-2 exhibited the highest kinetic current. For instance, at +0.80 V, the kinetic 

current density was 12.5 μA·cm-2, 640 μA·cm2 and 0.819 μA·cm-2 for FeNC-1, 

FeNC-2, and FeNC-3, respectively. This, again, shows that the FeNC-2 sample was 

the best catalyst among the FeNC series.  Consistent behaviors were observed in the 

analysis of the number of electron transfer involved (n), n=(4IDisk)/(IDisk+IRing/N), 

where IDisk and IRing are the voltametric current densities at the disk and ring, 

respectively, and N is the collection efficiency (37%). The results are summarized in 

Figure 2-7c. All FeNC samples showed an n number of at least 3.3, indicating that 

oxygen was mostly reduced to OH- through the four-electron pathway.  

The effect of pyrolysis temperature on the FeMOF-NH2-2 derived catalyst 

was also explored by pyrolyzing the FeMOF-NH2-2 precursor at 700 and 800 °C, 

labeled as FeNC-2-700 and FeNC-2 800, respectively (Figure 2-8). One can see that 

FeNC-2-700 and FeNC-2-800 have an onset potential of +0.785 V vs RHE, almost 

0.2 V more negative than that of FeNC-2 (prepared at 900 °C). In addition, 

FeNC-2-700 and FeNC-2-800 showed a limiting current density of 1.1 mA·cm-2 and 

1.4 mA·cm-2 and kinetic current density of 7.60 μA·cm-2 and 5.20 μA·cm2, 

respectively, also markedly lower than that of FeNC-2. The lack of improvement in 

activity with the decrease in pyrolysis temperature illustrates the necessity of high 

temperature in pyrolytic preparation of the nanocomposites. FeNC-2 was also etched 

with 12 M hydrochloric acid overnight to evaluate the activity of the catalyst without 

any surface particles. The onset potential of FeNC-2 worsened after etching with acid 

indicating the importance of particles on the surface in the reduction of oxygen. 
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Figure 2-7. (a) RRDE polarization curves of FeNC nanocomposites at the rotation 

rate of 2500 RPM and potential sweep rate of 10 mV ·s−1 in oxygen saturated 0.1 M 

KOH. Top: Ring current density. Bottom: Disk current density. (b) Tafel plot of 

FeNC catalysts. (c) Plot of the number of electrons transferred (n) versus electrode 

potential. 

In deriving porous nitrogen doped carbon catalysts from FeMOF-NH2-2, a 

nanocarbon structure with accessible surface iron carbide nanoparticles with high 

ORR activity is formed. The inclusion of zinc in the MOF has a positive effect on the 

final catalysts attained through pyrolysis. Increasing the amount of zinc in the 
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precursory MOF has noticeable benefits on the design of the carbon catalyst up to 

FeMOF-NH2-2. The pore width increased from 3.384 nm to 4.764 nm, as did the 

surface area (189.2 m2·g-1 to 745.6 m2·g-1) and pore volume (0.242 cm3·g-1 to 

1.267 cm3·g-1), making the surface more accessible.  

Of the FeNC catalysts, FeNC-2 has the highest activity, in coincidence with 

the highest concentration of Fe-C (Table S1), highlighting the importance of the 

surface structural engineering in improving the catalytic activity. There is a positive 

correlation between the variables of pore structure (pore volume, pore width, and 

surface area) and the iron doping concentration detected by XPS, a surface technique. 

Therefore, the increase in pore volume and pore width results in an increase of 

exposed active sites and, thus, the activated surface of the outer carbonaceous 

material allows the reaction to access more of the catalyst surface. Without this 

activation, the surface is highly microporous and unsuitable for mass transfer and 

renders surface active sites less accessible to the reaction despite the higher 

concentration of iron species. Instead, FeNC-2 has a wide distribution of mesopores 

with a mean of 2.33 nm and mode of 2.38 nm which is conducive to mass transfer in 

ORR. When excess zinc was incorporated into FeMOF-NH2, the evaporation of zinc 

chloride during pyrolysis became increasingly destructive, decreasing the surface area 

and changing the nature of the pores. This prevented the formation of abundant 

mesopores with a mode of 2.38 nm and resulted in a trimodal distribution and lower 

mode pore width of 1.97 nm, leading to dampened activity.  
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Figure 2-8. a) RRDE voltammograms of FeNC-2 prepared by pyrolysis of FeMOF 

NH2-2 at varying temperatures at a rotation rate of 2500 RPM and potential scan rate 

of 10 mV/s in oxygen saturated 0.1 M KOH. Top: Ring current density. Bottom: Disk 

current density b) Column plot comparing the kinetic current for each sample at 

+0.8V  

Notably, in comparison to relevant porous Fe,N-codoped C catalysts reported 

in the literature (Table S2), FeNC-2 shows an onset potential (+0.997 V vs RHE) that 

is either more positive or comparable to the literature results. In addition, FeNC-2 has 

a larger surface area (745.62 m2·g-1) than several reported porous Fe3C/C catalysts 41a, 

41c, 41d, 55, 65. Pore size distribution is also important. The generally smaller mesopores 



 

 39 
 

(2.38 nm) of FeNC-2 are advantageous in ORR electrocatalysis, in conjunction with 

the larger pore volume. 

2.4 Summary  

In this study, a series of mesoporous iron carbide@graphitic nanoparticles 

were derived by controlled pyrolysis of FeMOF-NH2 at different zinc feeding ratios 

in the MIL-53-NH2 synthesis. The pyrolysis was shown to not only graphitize the 

MOF and form Fe3C particles, but to evaporate the zinc compound to form pores 

whose nature were dependent on the feed ratio. Through BET analysis, the optimal 

catalyst (FeNC-2) was shown to lack micropores and possess a distribution of small 

mesopores centered on 2.33 nm with a mode of 2.38 nm resulting in an ORR activity 

that is better or comparable to other Fe-N-C catalysts in the literature. The impact of 

this simple yet crucial synthetic parameter presents an opportunity for further surface 

engineering of nanocarbon catalysts through the tuning of inorganic precursors.  
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Chapter 3 

 

3. Copper Metal Organic Frameworks as Pyrolysis Precursors for the 

Development of a Copper on Carbon Catalyst to Produce Hydrogen Peroxide 

from the Electro-reduction of Oxygen 

 

3.0 Abstract  

The electro-reduction of O2 to H2O2 has been attracting interest as a low waste 

alternative to the anthraquinone process. However, the future of this technology 

requires more efficient catalysts that are selective of the 2-electron reaction pathway 

of the ORR. One potential category of catalysts for this process are Cu-Nx doped 

carbon catalysts. Herein, a carbonaceous CuO/Cu catalyst selective of the 2-electron 

pathway has been derived from the carbonization of SLUG-22 and improved by 

subsequent voltametric cycling and exposure to 1.0M methanol. Transmission 

electron microscopy, X-ray photoelectron spectroscopy, and powder x-ray diffraction 

spectroscopy have been used to characterize the morphology, elemental composition, 

and valance states. The results showed that electrocatalytic cycling resulted in 1) an 

increase in the concentration of Cu-Nx sites, 2) the Cu(II) sites becoming more 

electron deficient, and 3) an increase in the production of H2O2. These results suggest 

the possibility of routine voltametric techniques to act as tools in the tuning the 

pathway selectivity of transition metal active sites in catalysts for the ORR. 
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3.1 Introduction 

 The link between chemical waste and climate change has scientists searching 

for green alternatives to chemical processes.66 Hydrogen peroxide (H2O2) is one such 

example as H2O2 functions a green oxidizer.67 When H2O2 is used as an oxidizing 

agent, the H2O2 is solely reduced to water, a green product. However, H2O2 is 

produced through the energy intensive anthraquinone process.68 The anthraquinone 

process involves the direct reduction of oxygen to H2O2 by using 2-alkyl-

anthahydroquinine as a reducing agent. Additionally, 2-alkyl-anthahydroquinine is 

generated by the catalytic hydrogenation of 2-alkyl-anthraquinone using palladium as 

the catalyst. This is problematic as the anthraquinone process generates organic waste 

and requires the use of precious metal, neither of which can be considered green 

chemistry. Alternatively, H2O2 can be produced by the electroreduction of oxygen 

(ORR) via the 2-electron pathway (See Equations 1.3 and 1.5), an approach which 

has gotten attention from scientists and has seen much study.69 Unlike the 

anthraquinone process, ORR does not produce organic waste. Unfortunately, the 4-

electron pathway which reduces oxygen to water (See Equation 1.1 and 1.2) competes 

with the 2-electron pathway and the H2O2 production.70 Additionally, H2O2 can be 

produced as a reaction intermediate of the 4-electron pathway and be further 

electrochemically reduced to water (See Equations 1.4 and 1.5). Therefore, the 

research in the literature is focused on the development of a sustainably scalable 

catalyst that will be selective of the 2-electron pathway. This requires the catalyst to 

be deliberately engineered to have selective active centers.  
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 Engineering the electron pathway selectivity of a catalytic active site for ORR, 

requires an understanding of the reaction intermediates.69a The 4-electron pathway 

has three intermediates namely, *OOH, *O, and *OH (the asterisk (*) represents the 

active site), while the 2-electron pathway has *OOH as its sole intermediate. The 

adsorption of O2 needs to be strong enough to allow the *O-O to reduce to *OOH. 

However, if the *OOH is adsorbed to the active site for two long, the likelihood of the 

oxygen-oxygen bond breaking increases which would result in the formation of *O 

and *OH groups that can further reduce to H2O. Therefore, an active site must be 

designed such that O2 adsorbs strongly to the surface, but where the binding energy 

will decrease when reduced to *OOH allowing for the desorption of OOH and further 

reduction to H2O2 and thus preventing the breaking of the O-O bond and formation of 

*O and *OOH intermediates.  

 Precious metal catalysts for the ORR exist, but the scarcity of such material 

motivates the search to reduce the use of precious metals and find precious-metal-free 

alternatives.71 DFT calculations have shown that the catalytic electron pathway 

selectivity is largely determined by the binding free energy of *OOH (∆GOOH*).
27 

Guo et al performed DFT calculations on 210 2D models to study the feasibility of 

different active sites for ORR H2O2 production.72  Metal active sites with a ∆GOOH* 

value below 4.22 eV were predicted to prevent the formation of H2O2, while metals 

with a ∆GOOH* value above 4.22 eV should result in the protonation of O2 as the 

potential limiting step These potential catalysts include models that feature Au, Ni, 

Ag, Zn, and Cu as the active site. Generally, transition metal atoms in groups 8 to 12 
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are more likely to be stabilized under reactive conditions compared to early transition 

metal atoms (groups 3-7). The binding energies of *OOH, *O, and *OH scale with 

the number of valence electrons in the transition metal from Mn to Cu. The larger the 

number of valence electrons the weaker the adsorption of these intermediates to the 

metal center as the d-band center of the metal shifts downward from Mn to Cu. This 

results in a volcano relationship between valence electrons and thermodynamic 

potential where Co, Cu and Ni are selective of the 2-electron pathway. Catalysts 

based on Co, Cu, and Ni that are selective of the 2 electron pathway have been 

researched.73 However, there is a general tradeoff between 2-electron selectivity and 

good electrocatalytic activity.  

 Herein, a carbonaceous Cu-Nx/CuO catalyst (SLUG-22-700) has been 

pyrolytically derived from SLUG-22 and then improved by subsequent voltametric 

cycling and subsequent exposure to methanol (SLUG-22-700sp). The voltametric 

cycling of SLUG-22-700 resulted in changes to the catalysts morphology from 

organized tendrils into an amorphous form, as well as a decrease in CuO composition. 

An increase in surface Cu-Nx sites and oxidation of Cu observed in SLUG-22-700sp 

are identified as increasing the selectivity of the 2-electron pathway of ORR leading 

to improved production of H2O2.    

3.2 Experimental 

3.2.1 Chemicals 

Copper (II) acetate monohydrate (95%, TCI), 1,2-ethanedisulfonic acid (95%, TCI), 

4,4’-bipyradine (98%, Alfa Aesar), potassium hydroxide (KOH, Fisher Chemicals), 
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and Nafion®117 solution (∼5% in a mixture of lower aliphatic alcohols and water, 

Aldrich Chemistry) were all used as received. Water was purified with a Barnstead 

Nanopure Water System (resistivity 18.3 MΩ cm). 

3.2.2 Sample Preparation 

Cu2(4,4′-bipy)2(O3SCH2CH2SO3)·3H2O (SLUG-22) was prepared using previously 

reported methods.74 The MOF was synthesized under hydrothermal conditions. A 

mixture of copper (II) acetate (0.27 g, 1.35 mmol), 1,2-ethanedisulfonic acid (0.29 g, 

1.52 mmol), 4,4′-bipyridine (0.21 g, 1.34 mmol), and 10 mL water was stirred at 

room temperature. A Teflon-lined autoclave was filled two-thirds full of the mixture 

before being heated at 175°C for 4 days under autogenous pressure and cooled slowly 

at a rate of 6°C/h to room temperature.  

SLUG-22-700 was prepared by grinding SLUG-22 into a fine powder and place this 

in a tube furnace (MTI GSL-1100X) under a constant 200 cc/min flow of nitrogen 

and heating the sample to 700°C and held at that temperature for 1 h yielding a black 

powder (0.0508 g, 21.2%). A temperature series was prepared by repeated the 

synthesis identically to SLUG-22-700 and changing the target tube furnace 

temperature to 600°C and 800°C resulting in samples identified as SLUG-22-600 and 

SLUG-22-800 respectively.   

SLUG-22-700sp was prepared by conducting the various electrochemical 

experiments with SLUG-22-700 described in subsection 3.2.4. Then the sample was 

subjected to a stability test where 10,000 sweeps at 0.50 V/s alternating between 
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0.00 V to -0.80V versus Ag/AgCl   and -0.80 V back to 0.00 V followed by a 

poisoning test by the subsequent measurement of the ORR activity in a 0.1 M KOH 

electrolyte solution containing 1.0 M methanol solution. 

3.2.3 Characterization 

X-ray diffraction (XRD) patterns were collected by a Rigaku Americas Miniflex Plus 

Diffractometer and scanned from 2 to 60°(2θ) at a rate of 2° per minute and 0.04° step 

size under Cu K radiation (λ=1.5418). Transmission electron microscopy (TEM) 

studies were performed with a Philips CM300 scope at 300 kV. X-ray photoelectron 

spectra (XPS) were acquired with a PHI X-tool Instrument.  

3.2.4 Electrochemistry 

Voltametric measurements were conducted with a CHI 710C electrochemical 

workstation using a rotating platinum ring-glassy carbon disk electrode (RRDE), a 

Ag/AgCl reference electrode, and a graphite rod counter electrode. The Ag/AgCl 

reference electrode was calibrated against a reversible hydrogen electrode (RHE) and 

all potentials in the study were referenced to this RHE. A catalyst ink was prepared 

by dispersing 1.0 mg of the SLUG-22-700 catalysts prepared above in a mixture of 

125 µL of ethanol and 125 µL of water and 2.5 μL of Nafion by ultrasonication. 

10 μL of the ink was then cast onto the glassy carbon electrode and allowed to dry in 

air. Then 3 μL of a Nafion:ethanol (v:v 1:4) solution was cast on top and allowed to 

dry, corresponding to a catalyst loading of 0.0814 mg·cm2 on the disk electrode 

surface. 
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3.3 Results and Discussion  

 SLUG-22, a previously reported Cu metal organic framework (MOF), was 

prepared using a hydrothermal method and confirmed by PXRD (Figure 3-1). This 

MOF was converted into a carbonaceous catalyst, SLUG-22-700, through Pyrolysis 

in an inert atmosphere. This catalyst was then modified through voltametric stability 

tests and exposure to a poison into SLUG-22-700sp.  

 

Figure 3-1 PXRD pattern of SLUG-22 precursor.  

 The effect of pyrolysis and voltametric studies on the morphology of the 

catalyst was examined with tunneling electron microscopy (TEM). Figures 3-2a-b 

reveal the tendril-like structure of SLUG-22-700. In the high-resolution TEM 

(HRTEM) image for SLUG-22-700 (Figure 3-2c), lattice spacings have been 

measured. Lattice spacings of 0.14 nm, 0.21 nm, and 0.25 nm indicate the (111) plane of 

Cu, the (-111) plane of CuO, and carbon, respectively. Figures 3-2d-e reveal the apparently 

denser and more amorphous structure of SLUG-22-700sp. In the HRTEM for SLUG-22-700sp 

(Figure 3-2f), 0.23 nm and 0.28 nm lattice fringes can be identified as the (111) and (110) 
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planes of CuO, indicating the sustained presence of CuO in the sample after voltametric 

cycling.  

Figure 3-2 (a,b) TEM and (c ) HRTEM images of SLUG-22-700 showcasing the 

lattice fringes. (d.e) TEM and (f) HRTEM images of SLUG-22-700sp. 

To gain further insight into the character of SLUG-22-700 and SLUG-22-

700sp, the elemental and valence state were examined by conducting x-ray 

photoelectron spectroscopy (XPS). The survey spectra for both samples exhibit peaks 

for Cu, N, S, C, and O indicating that all elements present in the MOF are retained 

after pyrolysis and subsequent voltametric studies. The high resolution XPS of Cu 2p 

has three features that have been deconvoluted into several peaks. For SLUG-22-700 

(Figure 3-3a) the peaks at 932.6 eV and 952.4 eV are assigned to Cu+, while the 
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peaks at 934.6 eV and 954.9 eV are assigned to Cu2+.75 The satellite peaks at 941.2 

and 944.1 eV are also indicative of Cu2+, confirming the presence of the 2+ oxidation 

state. The deconvolution of the Cu 2p region of the XPS for SLUG-22-700sp 

(Figure 3-3b), revealed similar peaks. In the conversion of SLUG-22-700 to SLUG-

22-700sp, the binding energies for Cu2+ have shifted from 934.6 eV and 954.3 eV to 

935.2 eV and 954.9 eV. This indicates an increase in electron deficiency of Cu2+.  

 

  

Figure 3-3 High-resolution XPS spectra of the (a) Cu 2p and (b) O 1s electrons in 

SLUG-22-700 and of the (c) Cu 2p and (d) O 1s electrons in SLUG-22-700sp. 

 The high-resolution N 1s spectra of SLUG-22-700 (Table 3-1) has been 

deconvoluted with peaks at 398.2 eV, 398.6 eV, 399.9 eV, 400.8 eV, and 401.8 eV 

assigned to pyridinic N, N-Cu, pyrrolic N, graphitic N, and oxidized N respectively. 

61c, 76 Similarly, the high resolution N1s spectra of SLUG-22-700sp has been 

A) 

B) 

C) 

D) 
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deconvoluted with peaks at 398.0 eV, 398.9 eV, 399.9 eV, 400.9 eV, and 401.6 eV 

also assigned to pyridinic N, N-Cu, pyrrolic N, graphitic N, and oxidized N 

respectively. Notably, the concentration of N-Cu in SLUG-22-700 increases from 

0.09% to 0.22% when converted to SLUG-22-700sp.  

Table 3-1 Deconvolution of high resolution XPS spectra in SLUG-22 derived 

catalysts 

SLUG-22-700  SLUG-22-700sp 

Cu 2p B.E. (ev) Area At %  Cu 2p B.E. (ev) Area At % 

Cu/Cu+ 932.64 8756.538 0.17%  Cu/Cu+ 932.79 3708.591 0.19% 

 952.39 1882.264  
  952.54 572.3242  

Cu2+ 934.57 72772.23 1.70%  Cu2+ 935.19 12231.03 0.76% 

 954.32 31034.99  
  954.94 4745.17  

Sat 941.19   
 Sat 942.39   

 944.08   
  944.7   

Total Cu 
 

114446.11 1.88%  Total Cu  21257.12 0.95% 

N 1s    
 N 1s    

Pyridinic 398.23 4850.547 0.90%  Pyridinic 398.02 216.2196 0.11% 

N-Cu 398.59 462.9455 0.09%  N-Cu 398.85 386.2255 0.20% 

Pyrrolic 399.9 5605.719 1.04%  Pyrrolic 399.93 1106.232 0.56% 

Graphitic 400.82 4843.177 0.90%  Graphitic 400.9 767.234 0.39% 

Oxidized 401.81 1113.22 0.21%  Oxidized 401.59 790.1017 0.40% 

Total N 
 

16875.61 3.13%  Total N  3266.013 1.66% 

S 2p    
 S 2p    

S
2

2+
 163.59 125.0034 0.09% 

 
    

 164.7491 307.4035  
     

Sulfate 168.13 1321.515 0.46%  Sulfate 168.95 15720.02 12.86% 

 169.29 965.4759  
  170.11 7625.798  

Total S 
 

2719.398 0.55%  Total S  23345.82 12.86% 

C 1s    
 C 1s    

sp3 284.56 59379.32 20.41%  sp3 284.81 14213.79 13.37% 

sp2 285.05 70552.59 24.25%  sp2 285.13 23752.02 22.35% 

C-O 287.57 94093.95 32.35%  C-O 286.9 4789.335 4.51% 

σ∗ C-C 292.88   
 pi-pi* 290.49   

 295.74   
 K1s 292.01   

    
  293.58   

    
  296.32   

Total C 
 

224025.9 77.01%  Total C  42755.15 40.22% 

O 1s    
 O 1s    
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The high-resolution S 2p spectrum for SLUG-22-700 (Table 3-1) has two 

features that have been deconvoluted to reveal peaks at 163.6 eV and 164.7 eV, 

assigned to S2
2- incorporated into the carbon matrix, and peaks at 168.1 eV and 

169.3 eV, assigned to sulfates.77 In the S 2p spectrum for SLUG-22-700sp, the lower 

energy feature has been removed leaving one large feature remaining that has been 

deconvoluted with peaks at 168.9 eV and 170.1 eV assigned to sulfate. The total 

apparent S composition raises from 0.55% to 14.22% with the conversion of SLUG-

22-700 to SLUG-22-700sp. 

 The high-resolution C 1s spectra for SLUG-22-700 (Table 3-1) has peaks at 

284.6 eV, 285.1 eV, and 287.6 eV assigned to sp3C, sp2C, and C-O respectively.61 

For SLUG-22-700sp, the peaks at 284.8 eV, 285.1 eV, and 286.9 eV have also been 

assigned to sp3C, sp2C, and C-O respectively. The concentration of sp2C only 

increases from 24.3% to 24.7%.  

O-Cu 529.95 155902.7 10.99%  O-Cu    

 531.38   
  531.38 11041.43 3.38% 

O=C 532.11 57575.03 4.06%  O=C 532.11 34456.8 10.55% 

O-C 532.98 21977.24 1.55%  O-C 532.75 38162.88 11.68% 

C-OH 533.89 11967.91 0.84%  OH-C 533.38 29835.9 9.13% 

    
 Chemsorb 535.56 49537.9 9.55% 

Total O 
 

155876.4 17.44%  Total O  113497 44.30% 
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The high-resolution O 1s spectra for SLUG-22-700 (Figure 3-3c) has been 

deconvoluted with peaks at 529.9 eV and 531.38 eV, assigned to O-Cu.78 

Additionally, peaks at 532.1 eV, 533.0 eV, and 533.9 eV assigned to O=C, O-C, and 

OH-C respectively.79 SLUG-22-700sp (Figure 3-3d) has a narrower feature that 

deconvolutes a much smaller peak assigned to O-Cu. Based on the area of this peak, 

O-Cu accounts for only 3.7% of the sample, down from 11.0% for SLUG-22-700. In 

addition to the peaks at 532.1 eV, 532.8 eV, and 533.4 eV assigned to O=C, O-C, and 

OH-C, there is a feature at 535.6 eV that has been assigned to oxygen or water that 

has chemisorbed to the carbon surface during the voltametric studies. 

 

Figure 3-4 RRDE polarization curves of SLUG-22-700 (left) and SLUG-22-700sp 

(right) at various rotation rates and a potential sweep rate of 10 mV∙s-1 in oxygen 

saturated 0.1M KOH. Top: Ring current density. Bottom: Disk current density. 

The electrocatalytic activity towards ORR was measured. SLUG-22-700 

exhibited on onset potential of 740 mV in 0.1M KOH electrolyte solution 

(Figure 3-4). After the ORR measurements, a stability test was conducted by 

subjecting the catalyst to a 10,000 sweep stability test followed by a poisoning test by 
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exposing the catalyst to a 1.0 M methanol solution (Fire 3-5). The disk LSV curves 

do not change significantly after this stability and poisoning tests (Figure 3-4). The 

production of H2O2 increases from 45% to 62% after 10,000 sweeps and increases 

again to 72% after exposure to the 1.0 M methanol solution. After the stability test, 

the electron transfer number (n) decreased from 3.2 to 2.8 and further decreased to 

2.6 after poisoning, demonstrating an increased selectivity for the 2-electron pathway 

ORR after these tests. The Tafel slope is estimated to be -180 mV∙dec-1 (Figure 3-6). 

 

Figure 3-5  (a) combined plot of (left axis) the hydrogen peroxide production and of 

(right axis) the number of electrons transferred (n) versus electrode potential for the 

SLUG-22 derived catalysts. (b) RRDE polarization curves of SLUG-22 derived 

catalysts at the rotation rate of 1600 RPM and potential sweep rate of 10 mV ·s−1 in 
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oxygen saturated 0.1 M KOH. Top: Ring current density. Bottom: Disk current 

density. 

 The impact of pyrolysis temperature was determined by preparing samples of 

SLUG-22 pyrolyzed at 600°C and 800°C, here labeled as SLUG-22-600 and 

SLUG-22-800, respectively (Figure 3-7). The decreased hydroxide production of 

SLUG-600 (40%) and SLUG-22-800 (22%) confirms that 700°C is the optimal 

pyrolyzing temperature for the creating of a 2-electron pathway ORR catalyst from 

SLUG-22. Specifically, n increased to 3.2 when the pyrolyzing temperature was 

decreased to 600°C and increased to 3.6 when the temperature was increased to 

800°C. Decreasing the pyrolyzing temperature to 600°C saw a shift in onset potential 

from 740 mV to 710 mV vs RHE while increasing the temperature to 800C increased 

the onset potential to 780 mV vs RHE. The Tafel slopes for SLUG-22-600 and 

SLUG-22-800 are estimated to be -92 and -93 mV∙dec-1.  
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Figure 3-6 Tafel plot of SLUG-22 derived catalysts. 

 By subjecting SLUG-22-700 to 10,000 voltametric sweeps, the number of 

exposed Cu-N moieties increases in the form of SLUG-22-700sp while being 

stripping much of the CuO from the surface. This removal of CuO and increase in 

Cu-N-C sites is beneficial for 2-electron pathway ORR as this isolates the active sites 

from each other for the adsorption of O2 and thus limits the breaking of the O-O bond 

and therefore prevents the reduction of O2 to H2O.  According to a published DFT 

study, the ∆G*OOH of a Cu active site catalyst is too high for the adsorbed oxygen to 

proceed beyond the 1st electron transfer in the multi-step ORR mechanism as an 

ultimate consequence of the high number of valence electrons in the d orbital.80 The 

Cu2p XPS in our study shows the Cu(II) becoming more electron deficient in the 

conversion of SLUG-22-700 to SLUG-22-700sp implying the increase in the 

adsorption energy of the *OOH intermediate. This increases the chance of the *OOH 

intermediate being reduced with two electrons to H2O2. Therefore, the increase in 
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H2O2 production exhibited by SLUG-22-700sp has been attributed to an increase in 

Cu-Nx sites in the carbon matrix and an increase in valence electrons because of the 

voltametric stability tests oxidizing the catalyst’s active sites.   

 

Figure 3-7 (a) combined plot of (left axis) the hydrogen peroxide production and of 

(right axis) the number of electrons transferred (n) versus electrode potential for 

samples prepared by pyrolysis of SLUG-22 at varying temperatures. (b) RRDE 

polarization curves of SLUG-22 pyrolyzed at various temperatures at the rotation rate 

of 1600 RPM and potential sweep rate of 10 mV ·s−1 in oxygen saturated 0.1 M 

KOH. Top: Ring current density. Bottom: Disk current density. (c) Tafel plot of 

SLUG-22 pyrolyzed at various temperatures. 
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3.4 Summary  

 In this study, an ORR catalyst selective of the 2-electron pathway was derived 

by the controlled pyrolysis of SLUG-22 and substantively improved by the oxidation 

induced by 10,000 voltametric sweeps at 0.5 V/s alternating between 0.0 V to -0.80V 

versus Ag/AgCl and then from -0.8 V back to 0.0 V again. This potential cycling not 

only oxidized the Cu(II) sites and therefore becoming more electron deficient, but 

increased the number of Cu-Nx moieties as well. These factors combine to illustrate 

the utility of Cu in the design of a catalyst for the electroreduction of O2 to H2O2. The 

impact of the voltametric oxidation of the metal active site and its effect on pathway 

selectivity presents an opportunity to study the use of electrochemical techniques to 

possibly tune the active sites of ORR catalysts with first row transition metal active 

sites.  

  

 



 

 57 
 

Chapter 4 

 

4. Summary and Outlook on Heteroatom-Doped Carbons Derived from 

Organic Frameworks for the Effective Electro-reduction of Oxygen 

 

4.1 Brief summary of previous chapters 

The technology of the fuel cell is a potentially impactful tool in addressing issues 

of green energy production and green chemistry. Fuel cells form the basis of both 

PEMFCs and the electroproduction of H2O2, both of which require an understanding 

of the oxygen reduction reaction (ORR) and its electrocatalysis. The ORR proceeds 

down two reaction pathways, a 4-electron pathway that produces water with high 

energy conversion efficiency and a 2-electron pathway that produces H2O2 with low 

energy conversion efficiency.  Therefore, an important aspect of catalyst design is the 

catalysts ability to be selective of the appropriate electron pathway required of the 

technological application. The electrocatalytic activity and the selectivity of an ORR 

catalyst is determined by the identity of the metal active site, the environment that 

supports that active site, and the geometry of the catalyst surface. Herein, metal 

organic frameworks (MOFs) were used as self-templating precursors in the design of 

catalysts of the ORR. The first catalyst, discussed in Chapter 2, is an active 

electrocatalyst for the ORR with Fe3C active sites, selective of the 4-electron pathway 

through pore size and distribution optimized through tuning of Fe:Zn ratio in 
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precursing MOF. The second catalyst, discussed in Chapter 3, is a SLUG-22 derived 

CuO catalyst, supported on carbon, whose selectivity of the 2-electron pathway was 

improved by subjecting the catalyst to voltametric cycling. This chapter will serve as 

a brief discussion of the outlook of the research described in this dissertation.  

4.2 Future work: 2-electron pathway selectivity as a function of the extent of 

voltametric cycling. 

In a recently published article, an advanced first principles model has been 

developed which allows for the calculation of the electrochemical kinetics at the solid 

water interface.81 This model was used to study H2O2 production catalysts, and it was 

found that the oxidation of metal centers influences the hydrogen affinity for the 

oxygen in the reaction intermediate *-O-OH which determines the catalyst selectivity.  

In Chapter 3 the 2-electron pathway selectivity of a CuO/C catalyst was improved by 

oxidation of copper resulting from the voltametric cycling of the sample. Assuming 

the amount of voltametric cycling directly affects the extent of the oxidation of the 

metal, a series can be created to test this model and potentially optimize the energy 

barrier for the 2-electron pathway. If successful, this would provide a method for 

tuning the oxidation of metal active sites to kinetically favor the 2-electron pathway. 

4.3 Future Work: Finer control of the porosity of Carbon derived from metal 

organic frameworks 

A method of controlled the pore sizes of carbonized material is to vary the length 

of organic material in a 3D structure. A recent study found that carbon material 

derived from tetrabiphenylmethane resulted in larger pores than material derived from 
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a tetraphenylmethane precursor.82 Both precursors have four branches with a either 

one or two aromatic rings and a ethynyl group in a chain. The main distinction 

between these two structures is the number of aromatic rings increasing or decreasing 

the size of the molecule. Conceivably, there could be a similar effect when varying 

the length of organic linkers of porous MOFs when used as a precursor for porous 

materials. In Chapter 2, the pores of FeNC-2 were modified by the tuning of Fe:Zn 

ratio. However, it was found that the evaporation of the Zn can have a destructive 

force on the structure when the concentration of Zn in the preceding MOF is 

increased.  The effect of varying the length of organic linkers of a MOF on the 

porosity if a derived carbon material should be investigated. A systematic study 

where a series of organic ligands that vary only by the addition of aromatic groups are 

used to produce of MOFs with varying pore sizes due only to selection of linkers. 

These MOFs can then be carbonized to determine if there is a recognizable trend in 

the porosity of the materials.   Potentially this could allow for the porosity of MOF 

derived carbons to be more finely tuned.  
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