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ABSTRACT 

The studies presented in this thesis focus on developing non-precious metal 

electrodes for oxygen reduction reactions (ORR), oxygen evolution reactions (OER), and 

hydrogen evolution reaction (HER), the core catalysis of fuel cells and electrolyzers. 

Metal oxides on carbon support are mainly considered as the catalytically active materials 

in this study. Two approaches of fabrication are presented: one based upon atomic layer 

deposition (ALD) and one by a wet synthesis process known as the solvothermal method. 

The resulting catalysts are characterized to reveal the process-performance relationship 

for ORR, OER, and HER.   

In the first study (Chapter 4), we demonstrate a bimetallic Co/Cu-embedded N-

doped carbon structure for trifunctional catalysis of ORR, OER, and HER in alkaline 

media. A hybrid catalyst synthesized through a metal-organic framework-based process 

(M-NC-CoCu) enables active trifunctional catalysis due to its multi-faceted favorable 

characteristics. It is believed that a range of catalytically active sites are formed through 

the approach including well-dispersed tiny CuCo2O4 phases, a high concentration of 

pyridinic and graphitic N, and Cu-Ox, Cu-Nx, and Co-Nx moieties. In addition, a high-

surface-area morphology with a high concentration of sp2 bonding, which is beneficial 

for facilitated electron conduction, further contributes to the performance as an 

electrocatalyst. 

The second study (Chapter 5) investigates the catalytic activities of titanium 

dioxide (TiO2) incorporated onto graphene oxygen (GO) by atomic layer deposition 

(ALD). The catalytic activity was systematically measured by cyclic voltammetry (CV). 

Evidence shows that TiO2 bonded on the surface of GO is catalytic active. An ALD 

treatment of TiO2 shows improvement in the catalytic activity compared to non-treated 

graphene. The ALD temperature also affects the catalytic performance. A higher 

temperature results in a higher catalytic activity, which is ascribed to the simultaneous 

reduction of GO and the addition of catalytically active TiO2/GO interfaces by ALD. In 

addition, there is also an optimal number of ALD cycles for enhanced catalytic activity.  



 xv 

In the third study (Chapter 6), a zinc-based zeolitic imidazole framework (ZIF-8) 

is carbonized to form organized N-doped carbon nanostructures. The carbonized ZIF-8 

(C-ZIF-8) was then used as a substrate (support) for ALD. Titanium (Ti) and/or cerium 

(Ce) precursors were introduced to the ALD chamber to form bimetallic (Ti and Ce) or 

monometallic (Ti or Ce) hybrids with C-ZIF-8. The effects of bimetal incorporation on 

the electrocatalytic properties of the resulting hybrid systems toward OER and HER is 

investigated. The optimization of ALD parameters, such as the number of cycles, 

temperature, and pressure for catalytic performance are also discussed. 
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1. INTRODUCTION 

According to the U.S. Energy Information Administration (EIA), currently, fossil 

fuels such as petroleum, natural gas, and coal account for more than 80% of the energy 

used in the United States. Unfortunately, continuing a heavy usage of fossil fuel-based 

electricity for an ever-increasing global population is expected to exacerbate already-

existing problems such as pollution, global warming, and pollution-related disease. 

In addition, the U.S. EIA showed that transportation is one of the biggest sectors 

for energy consumption. Transportation composes 37% of the energy consumed by the 

U.S. in 2019. For this reason, one of the major focuses is finding an alternative clean 

energy source that can replace fossil fuel based internal combustion engines in the 

transportation sector. Presently, this creates a need for growth and expansion of 

electrified vehicles starting from automobiles and ranging to semi-trucks, marine vessels, 

aircrafts and space crafts.  

Hydrogen-based fuel cells and batteries are energy conversion devices that can 

produce electricity without forming harmful byproducts. In addition, if the reactants for 

these devices, such as hydrogen and oxygen, are produced from renewable energy 

sources such as solar, wind or biomass, the process itself has the potential of producing 

virtually zero waste. Furthermore, fuel cells and batteries have a higher efficiency than 

commonly used internal combustion engines. According to the Department of Energy, 

while combustion engines have an efficiency of about 35%, hydrogen based fuel cells can 

reach an efficiency of up to 60% or even higher. The process in a combustion engine 

requires the conversion of chemical energy into heat energy that is then used for 

mechanical energy to create electrical energy. On the other hand, both fuel cells and 

batteries have the advantage of producing electrical energy directly from chemical energy 

virtually emission free.  

However, in batteries, their reactants cannot be replenished continuously, and 

often the energy density of a battery is compromised by its scalability. Scaling batteries 

to large sizes is an issue because it is used both for energy storage and as an energy 



 17 

conversion device. The more energy storage you need the bigger the size of the battery 

should be. The electrification by battery of big vehicles such as semi trucks, aircrafts and 

even spacecrafts becomes an issue. On the other hand, the scaling of a fuel cell is readily 

achievable because the reactant (or fuel) reservoir is separate from the actual energy 

conversion component.  

For this reason, fuel cells have an advantage in achieving higher energy density 

(the amount of energy per given size or weight) than batteries for larger applications. 

Batteries, on the other hand, have a higher power density (the rate of energy generation 

per given size or weight) than fuel cells due to faster redox reactions. The eventual goal 

of alternative energy conversion and storage devices is to compete against the 

conventional internal combustion engine (ICE), which has both high energy and power 

density.1  

In addition to providing electrical energy, devices such as regenerative fuel cells 

(RFCs) and rechargeable metal-air batteries (RMABs), can be self-sustainable energy 

devices through reactant regenerations. To continuously replenish their reactants, RFCs 

and RMABs can perform both electrification and recharging processes. This set-up 

provides a system that is pollution free and can serve as a solution for not only the 

production of hydrogen in hydrogen-based RFCs, but of oxygen as well for both devices.  

In general, the major steps of energy conversion in these types of devices are (1) 

reactant transport, (2) electrochemical reaction, (3) ionic and electronic conduction, and 

(4) product removal. Though, for many energy conversion devices one of the biggest 

constraints for their commercialization lies in the drawbacks of the kinetics of their 

respective electrochemical reactions.  

Like in any other electrochemical energy devices, there are three limitations in the 

main processes causing voltage losses that prevent them from extracting all the 

thermodynamically determined voltage in an efficient way: redox reaction, ohmic 

transport and mass transport. The overpotential to incur a desired redox reaction is called 

activation loss. The activation loss, especially from ORR, OER, and HER are often the 

most detrimental in these devices due to the sluggish kinetics of these reactions. Thus, 
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vast research and development for energy conversion devices have focused on the 

catalytic activity of electrode material where ORR, OER, and HER occur.  

 

Figure 1-1. polarization curve showing the different losses in a fuel cell 

Noble metals like platinum, iridium and ruthenium have been widely used as an 

electrocatalytic material to mitigate the activation barrier against ORR, OER and HER. 

However, due to their prohibitive cost, scarcity and susceptibility to poisoning, there has 

been persistent research to find alternative materials. Most of the alternatives being 

developed are composed of non-precious metals,2 heterogeneous material3 or are 

completely metal free4 that are mainly composed of carbon. Many of the newly 

developed alternative catalysts have been found not only more cost effective and 

abundant but also more efficient and durable than noble metals-based electrocatalyst.5,6 

Especially, for the development of high-performance RFCs or metal-air batteries, an 

efficient catalyst not only for oxygen reduction but also for oxygen and hydrogen 

evolution is necessary.  

Currently, there is a wide range of bifunctional catalysts made of well-known 

noble metals such as Pt, Ir and Ru7,8, transition metal compounds (TMCs) such as MnO2
9 

and Co3O4
10, metal sulfides like MoS2

11, and metal-free bifunctional catalysts synthesized 
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from doped carbon-based polymer nanostructure12. Commonly used bifunctional 

electrocatalysts have been noble metal mixtures which include platinum, ruthenium 

and/or iridium.13 These noble metal based materials are not desirable for use due to their 

high cost, limited availability and susceptibility to performance degradation. Bifunctional 

and even trifunctional electrocatalysts made from transition metals, are not only less 

expensive than noble metals but also made from a more abundant resource, but have 

exhibited comparable performance to noble metals in ORR, OER and HER.12,14,15  

Regardless of whether the electrocatalytic reaction is ORR, OER or HER, these 

electrochemical reactions can be broken down into a series of simple steps that include:  

a. Mass transport: reactant moving to near the electrode 

b. Adsorption: reactant adsorbed on the electrode surface 

c. Chemisorption: breaking of reactant bonds 

d. Electron transfer: electrochemical charge transfer 

e. Desorption: product being released from electrode 

For various electrocatalytic materials including noble metals, it is often not clear 

which of these processes is the rate-limiting step responsible for high activation loss in a 

given condition. However, these processes do outline the attributes of good 

electrocatalysts such as high surface area, electronic conductivity, and catalytic activity. 

Chemical and mechanical stability is additionally required. 

The overall performance of an electrocatalyst is highly dependent on the 

morphological, structural, and electronic configurations and composition of the catalyst 

material, which are affected by the condition of their synthesis process in terms of 

temperature, pressure, reaction time and reaction environment in addition to starting 

materials/precursors. Turning materials into nanostructures can also allow for higher 

performance per mass. Hybridization of dissimilar materials is another frequently 

employed approach; for example, incorporating transition metals into carbon structures 
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enhances the electrocatalytic activity further while providing them a support for potential 

nanoparticle that would otherwise aggregate.16 

TMCs have the potential of forming different stoichiometry, which enables them 

to tune the absorption kinetics of oxygen and hydrogen and thus promote ORR, OER, and 

HER. For some TMCs such as TiO2 and Co3O4, a certain stoichiometry has shown to 

have better electrocatalytic performance for ORR17,18, and others are good for water 

electrolysis.2,13 The stoichiometry of TMCs can be altered by changing the environmental 

condition in terms of gas type, temperature, and pressure. Another attribute of materials 

that affects their electrocatalytic performance is the crystal structure formed. Different 

crystal structures have distinct symmetries, atom arrangements, and bond structures. 

19,20These can affect properties such as conductivity, chemical stability, and mechanical 

stability, which can affect the efficiency of these electrochemical reactions. For instance, 

titanium oxide (TiOx) is a polymorphous structure that has different types of tetragonal 

crystal structures.18,21 Studies have shown that anatase structure has better catalytic 

activity than rutile structure, and even amorphous structure.18  

As aforementioned, multifunctional catalysts are the key components of RFCs 

and metal-air batteries. TMCs supported on carbon structures have long been of high 

interest due to their low cost, abundance, facile synthesis, and have demonstrated to 

render multi-catalytic activity for oxygen reduction22, oxygen evolution10, and even 

hydrogen evolution 23, which make them ideal candidates for their use in RFCs and 

metal-air batteries.  

1.1 Research Study 

This thesis will present two approaches for synthesizing transition metals 

supported on carbon structures, using atomic layer deposition (ALD) and the 

solvothermal method, for their use as electrocatalysts. In this study I will be presenting 

two methods that aim in synthesizing transition bimetal electrocatalyst that have 

comparable or exceed the catalytic performance of noble metals:  
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1) Solvothermal thermal synthesis followed by pyrolysis of a metal-organic 

framework (MOF) that create a transition bimetal electrocatalyst. 

2) Atomically dispersing transition metal and metal oxides on the surface of ordered 

carbon structures by ALD. 

The objectives of these studies are: 

1. To develop efficient electrocatalyst for ORR, OER, and HER where transition 

metals/metal oxides are atomically dispersed on carbon supports; 

2. To identify the material characteristics responsible for improved 

electrocatalytic performance towards ORR, OER, and HER; 

3. To enhance the understanding of process-property-performance relationship 

of hybrid electrocatalyst toward ORR, OER, and HER. 

 

 

 

 

 

 

 

 

 

 

 

 

  



 22 

2. BACKGROUND 

2.2 Renewable Energy Devices 

According to the U.S. Energy Information Administration (EIA), currently, fossil fuels 

such as petroleum, natural gas, and coal account for more than 80% of the energy used in 

the United States. Unfortunately, continuing a heavy usage of fossil fuel-based electricity 

for an ever-increasing global population is expected to exacerbate already-existing 

problems such 

2.3 Overview of Energy Storage and Energy Conversion 

As previously discussed, the focus of this research is to improve the overall 

performance of energy conversion devices by improving the overall kinetics of their 

respective electrochemical reactions. Even though energy conversion devices have 

different reactant combinations and electrolytes, I will focus on hydrogen/oxygen 

systems using proton exchange membrane (PEM) and alkaline electrolytes. Therefore, 

the reactions discussed here include the electrolysis reactions OER and HER, and as 

aforementioned ORR is six times slower than HOR, so we will also discuss this reaction.  

2.4 Overview of Energy Conversion Devices 

2.4.1 Fuel Cells: PEMFCs and AFCs  

Some of the common types of fuel cells include polymer electrolyte membrane 

fuel cell (PEMFC), phosphoric acid fuel cell (PAFC), alkaline fuel cell (AFC), molten 

carbonate fuel cell (MCFC) and solid oxide fuel cell (SOFC). Each type of fuel cell 

differs in the types of reactants used and the conditions at which they operate. For the 

studies presented in this thesis we will focus mostly on hydrogen based PEMFCs and 

AFCs. Both types of fuel cells have three main components: two electrodes and an 

electrolyte (Figure 2-1(a) and (b)). 
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Hydrogen-based PEMFCs have a polymer-based electrolyte that can provide high 

efficiency at low operating temperatures, around 80C, with zero emissions and virtually 

silent operation. The polymer electrolyte membrane is usually made of hydrocarbons that 

contain fluorine groups and sulfonic groups to aid with the transfer of the ions and water 

while being highly resistant against electrons. The most commonly used polymer 

electrolyte membranes are Nafion (sulfonated tetrafluoroethylene-based fluoropolymer-

copolymer by DuPont) and persulfonated polytetrafluoroethylene (PTFE). Similarly, 

alkaline fuel cells (AFCs) operate at lower temperatures ranging from 60 - 220°C. 

However, they differ from PEMFCs because they use an aqueous alkaline electrolyte 

instead of acidic polymer electrolyte member. The commonly used electrolyte for AFCs 

is derived from potassium hydroxide (KOH). Also, as will be discussed below, the by-

products of the reactions for AFCs differ from those of PEMFCs.  

For both types of hydrogen-based fuel cells there are two electrochemical 

reactions occurring: hydrogen oxidation reaction (HOR) and oxygen reduction reactions 

(ORR). The oxidation of hydrogen occurs in the anode side while the reduction of 

oxygen happens at the cathode side. These reactions produce electrical energy, heat and 

by-products such as water and hydroxide. While the electrons produced from the 

oxidation of hydrogen at the anode side flow through an external circuit, which is used to 

power a device, the ions produced from this reaction flow through the electrolyte. The 

hydrogen ions along with the electrons head towards the cathode side to reduce oxygen 

into water. The electrochemical reactions occur in a location that is known as the triple 

phase boundary (TPB), where electrode material, electrolyte and incoming reactant meet 

altogether. Because the kinetics of ORR is orders of magnitude slower than HOR, much 

of the focus for electrode design is focused on cathode side.24 
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Figure 2-1. simplified diagram of a (a) PEMFC and (b) AFC showing the basic three 

components: anode, cathode and electrolyte, and reactants and products 

2.4.2 Electrolyzers 

An electrolyzer functions opposite to a fuel cell; instead of generating energy, it requires 

energy to convert products back to reactants for energy storage purposes. So instead of 

dealing with HOR and ORR, hydrogen-based electrolyzers’ electrochemical reactions are 

essentially hydrogen evolution reactions (HER) and oxygen evolution reactions (OER). 

However similar to fuel cells, electrolyzers have the basic components, which include 

two electrodes and an electrolyte, and can also have a PEM or alkaline-based electrolyte. 

Depending on the type of electrolyte used, they will produce different products that again 

will be discussed later on throughout this chapter.  To make the processing in 

electrolyzers more environmentally friendly, their electric energy source is usually some 

sort of renewable energy sources such a solar cells.  

2.4.3 Regenerative Fuel Cells 

Regenerative fuel cells (RFCs) have all the basic components of fuel cells, and 

additionally also operate as an electrolyzer (Figure 2-2) for energy storage.  

a b 
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There are two main types of regenerative fuel cells. One type is known as a 

discrete regenerative fuel cells (DRFC) where the electrolyzer and fuel cell components 

are in two separate stacks. Unitized regenerative fuel cells (URFC), on the other hand, 

carry out the electrolyzer and fuel cell functions in the same stack. For this reason, 

URFCs do not need an auxiliary heating because everything should happen in the same 

stack. It depends on the application to determine which type of regenerative fuel cell is a 

better option. URFCs can be a better choice when oxygen is stored and used, and DRFCs 

are a better choice when air is used for operating in fuel cell mode.25  

 

  

a b 

Figure 2-2. a) hydrogen and oxygen cycles for energy storage and conversion. b) scheme 

of anion-exchange membrane electrolyzer (Adapted from D.Yan et al. [26]) 

 

The electrode design is also dependent on the type of regenerative fuel cell. For 

instance, the design of an electrolyzer cathode in a URFC, or where the evolution of 

oxygen occurs, is designed to allow for flooding. Flooding is when water covers the 

surface of the electrode material, which for an electrolyzer is needed to split water into 

oxygen. Whereas the fuel cell cathode, where oxidation reduction occurs, must repel 

water in order to prevent any blockage of active sites responsible for the electrocatalysis. 

Operation with pure oxygen in flooded or partially flooded electrodes may be feasible, 
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particularly at elevated pressure.27 Though for DRFCs, operation with air, has shown to 

have limitations in mass transport.  

Generally, electrode material in energy conversion devices such as URFC systems 

not only have to catalyze ORR and HOR but should be able to split water to generate 

hydrogen and oxygen. This means that the electrodes used in an URFC should either be a 

bifunctional or even trifunctional electrocatalysts. The goal for a bifunctional or 

trifunctional electrode material is for it to catalyze water splitting with minimal energy 

input, but it should still have the characteristics of a PEMFC electrode to catalyze HOR 

and ORR as well in an efficient way.  

2.5 Thermodynamics of Electrochemical Reactions 

A chemical reaction can render a certain amount of energy available to do work. For most 

energy conversion devices discussed here that work is usually known as electrical work 

(Welec). The Gibbs free energy can show how much work potential is available in a 

chemical reaction. The Gibbs free energy is derived from the Euler equation using a 

Legendre transformation. After differentiating that equation, we get the following Gibbs 

free energy equation. 

𝑑𝐺 = 𝑑𝑈 − 𝑇𝑑𝑆 − 𝑆𝑑𝑇 + 𝑝𝑑𝑉 + 𝑣𝑑𝑝 Equation 2.1 

When inserting the expression for dU (Equation 2.12) in the equation (Equation 2.11), 

where the term for work is expanded to include both mechanical and electric work, we 

get the following (Equation 2.13) 

𝑑𝑈 = 𝑇𝑑𝑆 − 𝑑𝑊 = 𝑇𝑑𝑆 − (𝑝𝑑𝑉 + 𝑑𝑊𝑒𝑙𝑒𝑐) Equation 2.2 

𝑑𝐺 =  −𝑆𝑑𝑇 + 𝑉𝑑𝑝 − 𝑑𝑊𝑒𝑙𝑒𝑐 Equation 2.3 

If the process is at constant temperature and pressure, then differential (Equation 2.13) 

reduces to: 

𝑑𝐺 =  −𝑑𝑊𝑒𝑙𝑒𝑐 Equation 2.4 
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Essentially, the maximum amount of electrical work available, at a constant temperature 

and pressure, is represented by the negative of the Gibbs free energy difference. 

𝑊𝑒𝑙𝑒𝑐 =  −Δ𝐺𝑟𝑥𝑛 Equation 2.5 

Now Welec can be represented as the work done by a moving charge Q (coulombs) 

through an electrical potential difference E (volts) 

𝑊𝑒𝑙𝑒𝑐 = 𝐸𝑄 Equation 2.6 

In this situation, Q can be considered as an electron carrier resulting in: 

𝑄 = 𝑛𝐹 Equation 2.7 

 In 𝑄 = 𝑛𝐹 Equation 2.7, n is the number of moles of electrons transferred and F is 

Faraday’s constant. Putting all these equations together results in: 

Δ𝐺𝑟𝑥𝑛 =  −𝑛𝐹𝐸 Equation 2.8 

Furthermore, the change in free energy for a reaction (Δ𝐺𝑟𝑥𝑛) can also be expressed in 

terms of the equilibrium concentrations of the reactants and products. For the given 

reaction below (Equation 2.19) the change in free energy (Equation 2.20) is the 

following: 

𝐴 + 𝐵 ↔ 𝐶 + 𝐷 Equation 2.9 

Δ𝐺𝑟𝑥𝑛 =  Δ𝐺𝑟𝑥𝑛
𝑜 − 𝑅𝑇𝑙𝑛(

𝑎𝑐+ 𝑎𝑑

𝑎𝑎+ 𝑎𝑏
) Equation 2.10 

𝐺0 refers to the Gibbs free energy at the standard condition, R is the gas constant, T is 

temperature and a is the activity of corresponding species involved in the electrochemical 

reaction. 

The Nernst equation can then be formulated by combing equations 2.18 and 2.20. For 

electrochemical reactions that occur at a non-standard condition, the Nernst Equation can 
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be used to quantify the reversible voltage. In fact, PEMFCs and AFCs are usually 

operated at a non-standard condition (~ 80C). The equation describes how the reversible 

voltage potential (E) varies with temperature and reactant/product activities. 

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
𝑙𝑛(

𝑎𝑐+ 𝑎𝑑

𝑎𝑎+ 𝑎𝑏
)  Equation 2.11 

This depends on the chemical nature it takes on, and it could be for an ideal gas, nonideal 

gas, dilute ideal solution, nonideal solutions, pure components, or metals. The reversible 

cell potential indicates the maximum electrical potential that could be extracted from an 

electrochemical reaction at a given temperature and reactant activity.  

2.6 Kinetics of Electrochemical Reactions 

The kinetics of electrochemical reactions determine how fast and efficient these 

reactions proceed. The rate of a reaction is partly determined by the energy barrier height 

(ΔG∗) for a reactant to overcome before turning into a product. The rate of conversion of 

reactants to products largely depends on the probability of that reactant species being at 

an activated state, which is the state that is capable of transitioning to either products or 

reactants.  

The probability of finding a species in the activated state is denoted as Pact in the 

following equation. As shown below, Pact is exponentially dependent on the activation 

energy (ΔG∗), which is the size of the activation barrier. The probability of finding an 

active state species can be used as a direct way to measure the rate of these reactions.  

Pact = ⅇ−ΔG∗∕RT Equation 2.12 

During an electrochemical reaction, electrons are either being generated or consumed, 

which is captured as current (i), the rate of electrical charge flow. The current generated 

is proportional to the area of catalytically active surface where these reactions occur. 

With a larger active surface area, the overall rate of the reaction should increase. Current 

normalized by the active surface area (A) is known as current density (j). With this 
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parameter, the reactivity of different catalyst in a given catalysis can be in part compared 

per unit area.  

j =
ⅈ

A
 Equation 2.13 

The current density is often used to describe the overall net reaction rate, which 

can be denoted as the rate of forward reaction (j1) minus the rate of the reverse reaction 

(j2). Here, the forward reaction is defined as the reaction that transforms reactant to 

product. When these two reactions reach an equilibrium, that is when j1 = j2= j0, the net 

reaction rate is zero. This indicates that both the forward and reverse reactions are taking 

place at the same rate, where j0 is known as the exchange current density.  

As soon as electrons are allowed to flow in an electrochemical cell, the forward 

reaction should proceed faster than the reverse reaction rate in a spontaneous reaction. 

However, the unequal rates quickly result in a buildup of charge over time, which results 

in a potential difference (known as the Galvani potential) that counterbalances the free 

energy difference between the reactant and product states. This eventually establishes an 

electrochemical equilibrium with a net reaction current equal to zero.   

To produce a net current from a fuel cell, the potential difference between the two 

electrodes should be forced to deviate from the equilibrium potential (i.e., the open circuit 

potential). This is achieved by sacrificing part of the thermodynamically determined cell 

voltage. The voltage being sacrificed is also known as the overpotential or voltage loss. 

The Butler-Volmer (B-V) equation describes how much of the cell voltage needs to be 

sacrificed for a given reaction rate at a given temperature. In addition, the B-V equation 

shows the current density (j) extracted from a cell has an exponential relationship with 

the overpotential (η).  

j = j0(ⅇαnFη∕(RT) − ⅇ−(1−α)nFη (RT)⁄ ) Equation 2.14 

where α is the transfer coefficient, which depends on the symmetry of the activation 

barrier. The B-V equation could be simplified given certain conditions. A linear 

approximation can be used when the activation loss (η) is small. The linear 
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approximation comes from a Taylor series expansion. Ignoring exponential with powers 

higher than 1, it becomes: 

j = j0
nFη

RT
 Equation 2.15 

Another simplification done to the B-V equation is the Tafel approximation, which is 

used at large η (usually when j > j0). In this case, the forward reaction dominates, and the 

reverse component disappears resulting in the following equation: 

j = j0ⅇαnFη∕(RT) Equation 2.16 

Overall, improving the kinetics of the electrochemical reactions in a cell involves 

increasing j0. Recall that j0 is the exchange current density of the forward and reverse 

reaction at equilibrium, which is affected by various parameters including temperature, 

activation energy, reactant concentration and surface area. This set of equations help with 

identifying what characteristics of a material affect the kinetics and overall performance 

of a fuel cell, which aids in the design of an effective electrocatalyst. 

2.7 ORR, OER and HER 

The products formed by oxygen reactions depend on whether it occurs in an acidic 

environment or basic environment. In general, ORR is a multi-electron reaction that has 

different intermediates and products formations. As seen in the equations below, both 

acid and basic environment have a four electron (4e-) and two electron (2e-) process. In 

an alkaline medium which is specific to metal-air batteries and alkaline-based fuel cells, 

two different pathways of ORR (i.e. 4e- or 2e- process) can be described as: 

O2 + 2H2O + 4ⅇ−
→4OH−; E0 = 0.401V vs SHE  Equation 2.17 

O2 + H2O
 +2e- 

→ HO2
-
 + OH-; E0 = -0.076 vs SHE Equation 2.18 

HO-
2 + H2O+2e- 

→
 3OH-; E0 = 0.878 V vs SHE Equation 2.19 
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The polymer electrolyte membrane is usually made from sulfonated tetrafluoroethylene 

polymer (widely known as Nafion, a product from Dupont), sulfonic groups are made for 

an acidic environment. For this reason, PEMFC operation in an acidic environment is 

preferred. For acid, the four-electron process produces water whereas in basic (or 

alkaline) environment the product is hydroxides.28 The ORR in acid can be written as: 

O2 + 4H+  + 4e-  
→ 2H2O; E0 = 1.229 V vs SHE Equation 2.20 

O2 + 2H+ + 2e-  
→

 H2O2; E
0 = -0.695 V vs SHE Equation 2.21 

H2O2 + 2H++2e- 
→

  2H2O E0 = 1.776 V vs SHE Equation 2.22 

Similar to ORR the electrolysis or splitting of water process is a multi-electron 

process, , and the products of these reactions also depend on the environment they take 

place in as seen below. However, OER and HER have different set of reactants, which 

result in different intermediates and products.29 Typically, the 2 e- pathway processes of 

ORR, lead to a lower conversion efficiency of chemical energy to electrical energy 

In alkaline media: 

OER: 4OH-  → O2 + 2H2O + 4e-; E0 = 0.401 V vs SHE Equation 2.23 

HER: 4H2O + 4e- → 2H2 + 4OH-; E0 = −0.829 V vs SHE Equation 2.24 

In acidic media: 

OER: 2H2O → O2 + 4H+ + 4e-; E0 = 1.23 V vs SHE Equation 2.25 

HER: 4H+ + 4e- → 2H2; E0 = 0 V vs SHE Equation 2.26 

Most of these electrochemical reactions occurring in both fuel cells and electrolyzers can 

be broken down into a series of steps, which include mass transport, adsorption, 

dissociation, electron transport and mass transport. To develop high-performance energy 

conversion device, an efficient catalyst not only for oxygen reduction but also oxygen 

evolution and hydrogen evolution is necessary. Consequently, a key attribute for an 
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electrocatalyst for this type of application needs to be bifunctional or even trifunctional 

towards ORR, OER and HER. renewable energy devices would be bifunctionality in 

oxygen electrocatalysis for both ORR and OER. 

2.8 Literature Review 

2.8.1 Noble Metal Electrocatalysts 

Noble metals have been widely used as electrocatalytic material to mitigate the 

activation barrier against ORR and OER. The efficiency of the precious metal electrode 

materials is due to their d-band vacancies and shorter metal to metal interatomic distances 

that allow for strong metal-reactant interactions during the separation state (also known 

as dissociative adsorption) of ORR, OER and HER.28The separation state is often 

described as the chemisorption of the reactants to the surface of the electrode material. 

Chemisorption is referred to the adsorption of reactants to the surface of the electrode that 

involves a chemical reaction. Considering ORR as an example, the interaction between Pt 

and oxygen during the separation state weakens the oxygen-oxygen bonding and 

therefore promotes the dissociation of oxygen molecules.30 The same applies to other 

reactions such as HER. 

Electrochemical reactions such as OER and HER produces molecular oxygen and 

hydrogen during the process in electrolysis mode, as opposed to fuel cell mode. Unlike 

the case for ORR, platinum is not a suitable material for catalyzing the respective 

reactions. Instead, ruthenium (Ru) and iridium (Ir) are well known OER and HER 

electrocatalyst. As is the case for Pt in ORR, Ru and Ir catalyze adsorption and 

dissociation of the reactants and intermediates in OER and HER. 

An approach of mitigating this issue has been using less platinum by making 

nanostructures that will still render an efficient electrocatalysis. Some of these 

nanostructures including jagged Pt nanowires rendered record-breaking specific mass 

activity and electrochemical surface area.31 Another way is creating alloys with other 

inexpensive metals, which still maintains a high electrocatalytic efficiency.32 However, 

noble metals, especially Pt, show reduced efficiency for catalyzing ORR over long-term 
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cycling. In particular, in the presence of carbon dioxide (CO2) and carbon monoxide 

(CO), Pt loses most of its catalytic activity towards oxygen.12  

2.8.2 Transition Metal-Based Electrocatalysts 

Even though the electrocatalytic mechanisms for transition metals are still 

ambiguous, there are some characteristics attributed to improving their overall 

electrocatalytic performance. Some of the key advantages of transition metals (TM) and 

their oxides (TMO)  is that they can take up different oxidation states, which has shown 

to alter their catalytic performance.33,18,34 In addition TM type catalyst are more suitable 

for replacing noble metals because of their cost-effectiveness and multi-valence, and 

tunability of chemical composition, structure, and morphology.35,36  For some TMs such 

as TiO2 and Co3O4, certain stoichiometry has shown to have better electrocatalytic 

performance for ORR17,18, and others are good for water electrolysis.2,13 The 

stoichiometry of TMs can be altered by changing the environmental condition in terms of 

gas type, temperature and pressure.  

Another attribute of materials that affect their electrocatalytic performance is the 

crystal structure formed. Different crystal structures have distinct symmetries, atom 

arrangements, and bond structures that can affect properties such as conductivity, 

chemical stability, and mechanical stability, which in turn influences the efficiency of 

these electrochemical reactions. For instance, titanium oxide (TiOx) is a polymorphous 

structure that has different types of tetragonal crystal structures18,21. Studies have shown 

that anatase structure has better catalytic activity than rutile structure, and even 

amorphous structure for ORR catalysis.18  

However, the metal atom utilization in homogeneous TM catalysts can reach 

100%, which is orders of magnitude higher than that of heterogeneous catalysts.37 This is 

a mainly because transition metal heterogeneous catalysts might feature non-uniform 

aggregates of hundreds and/or thousands of metal atoms. Therefore, only a small fraction 

of transition metal atoms is exposed to reactants, which is not favorable for catalysis. 
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Increasing the metal atom utilization of a catalyst is particularly important for 

heterogeneous TM catalysts. 38 

2.8.3 Carbon-based Electrocatalysts 

Graphene and its derivatives have been intensively investigated for their material 

properties that are advantageous for a wide range of applications. In many 

electrocatalytic materials, carbon structures such as graphene and carbon nanotubes have 

played the role of being supportive structures providing a physical surface for dispersing 

small metal particles or nanostructures39,40 and enhancing the overall electronic 

conductivity.41,42 However, in recent years, metal free electrocatalyst have also shown to 

have exceptional electrocatalytic abilities.43,12  

Defects in a graphene-based material itself can improve electrocatalytic 

properties. Defects induced by heteroatomic doping can aid in the redistribution of 

electronic energy profile, which has been shown to change the chemisorption mode of 

reactants such O2 in ORR by weakening the O-O bonding.44,26 A doping often induces 

defects while the overall crystal structure is unchanged. Heteroatoms, such nitrogen, can 

alter the electronic properties of the nearby carbon atoms due to differences in atomic 

size, electronegativity and other factors.45 Nitrogen, sulfur and phosphorus are all 

commonly used dopants in carbon-based materials, which can serve as a base structure 

material to enhance the electrocatalytic properties of transitional metal and transitional 

metal structures.46,43,47  

In some cases, heteroatoms like nitrogen can be removed to form vacancies. Yao 

et al. prepared a 2D graphene material with carbon defects (DG) by a facile heat 

treatment process.48 This process created many types of single-atom vacancies induced 

by N-atom removal. Data confirmed the absence of nitrogen in the material, which 

resulted in various defects on the edge of graphene at the atomic scale, including 

pentagons, heptagons and octagons. These defects modulated the local electronic 

environment and perturbed the surface properties of the graphene, such as the specific 

surface area and hydrophobicity. Authors showed that DG has higher catalytic activity 
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than original graphene sample and studied the role of these defects for different 

electrochemical reactions, including ORR, OER and HER. 

2.8.4 Transition Metals Incorporated in Hetero-doped Carbon Structures  

TMCs supported on carbon structures have long been of high interest due to their 

low cost, abundance, facile synthesis, and have demonstrated to catalyze oxygen 

reduction reactions22, oxygen evolution reactions10, and hydrogen evolution reactions23, 

which make them ideal candidates for their use in PEMFCs, RFCs and RMABs. This is 

especially the case for heterogeneous transition metal-based catalysts, which are often 

complexed with hetero-doped carbon. The synergy between metal and hetero-doped 

carbon can form complexes such as, CoP-N-C and Fe-N-C that have been known to 

catalyze oxygen reactions.3,49–51 The chemical bonds that are formed between metal 

atoms and supports can also enhance the stability of single metal atoms and anchor 

metals sites to prevent agglomeration.52 Moreover, the catalytic capabilities of these 

materials is also associated with the defects that they can incur.53,54  

One defect that has been widely studied on heterogeneous transition metal (TM) 

based electrocatalyst has been oxygen vacancies. The concentration and distribution of 

oxygen vacancies can adjust the bandgap or charge distribution of the materials. The 

presence of vacancies is known to improve the kinetics of adsorbing reactants because 

the electronic energy profile can be tailored by changing the concentration of oxygen 

defects.55 Aijaz et al. showed that with the formation of oxygen vacancies in the reduced 

form of Co3O4, the two electrons that previously occupied the oxygen 2p orbitals, became 

delocalized around the adjacent three Co3+.17 In comparison to pristine Co3O4, the defect-

rich Co3O4 resulted in an improved OER performance. Wang et al. reported that cation 

vacancies can also influence the electrocatalytic performance of heterogeneous transition 

metal (TM) material.56  

  



 36 

2.8.5 Transition Bimetal Electrocatalyst 

Even though there is a great benefit with the TM incorporated onto hetero-doped 

carbon, monometallic TM atoms are usually optimal to the electrocatalysis of a specific 

reaction rather than multiple reactions. Thus, promoting bifunctionality in monometallic 

transition metals is challenging. Transition bimetals incorporated on hetero-doped carbon 

supports have the benefits of binary metal composites and multi-valence species available 

to catalyze multiple reactions.57,58  

Other characteristic of bimetallic material, like spinel structures, can promote 

uncoordinated metal sites between with carbon based ligands, which not only expose the 

metal site but promotes an optimal occupancy of octahedral sites that help promote the 

adsorption of reactants during OER.59 Furthermore, metal-metal interactions can help 

anchor metal centers, which helps increase catalytically active metal utilization for 

catalysis.  

2.8.6 Metal Organic Framework-derived Carbon 

In addition to being doped with other materials, TMs can be complexed with 

organic linkers to form what are known as metal organic frameworks (MOFs). MOFs are 

orderly structured material with high surface area and contain uniform open pores that 

can expose active metal sites. In the past few years, MOF-derived nanostructures have 

garnered attention for their electrocatalytic abilities. These structures can also benefit 

from defects for high electrocatalytic performance.22,60,61As mentioned for bimetallic 

materials, MOFs have the advantage of having mixed valency between the two metals 

because they can tune the electrocatalytic activity by creating defects. Similarly, 

bimetallic structures derived from MOFs have the same advantage. It has been shown 

that a mixture of different metals can result in unsaturated coordinated sites that are 

beneficial for catalysis. An example would be Co-Ni ultrathin nanosheets that are 

composed of MOFs. Duan et al. complexed nickel and cobalt metals with benzene 

dicarboxylic acid (BDC) organic linker to form a MOF,15 which has crystal defects with 

unsaturated metal sites on the surface and partially terminated BDC coordination 
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bonding. Such coordinated unsaturated metal sites are active metal sites, which resulted 

in exceptional OER performance with a very low overpotential. 

2.8.7 Experiments to Understand the Active Sites and Reaction Mechanism 

From the literature it is evident that TM-based materials show a great promise to 

replace noble metal-based electrocatalyst for OER and ORR. However, transition metal 

based catalysts often contain non-uniform aggregates of metals.37 This results in only a 

small fraction of transition metal atoms that are catalytically active and exposed to 

reactants, which is not favorable for efficient electrocatalysis per mass.37 Incorporating 

TMs in hetero-doped carbon supports creates synergistic interactions that help disperse 

transition metal active sites, prevent their agglomeration, and promote defects that are 

beneficial for the catalysis of both ORR and OER.62 In addition, multi-metallic system 

overcomes the limitation of monometallic transitional metal atom-based catalyst in terms 

of catalytic ability.  

Having more than one metal can exhibit binary metal composites and multi-

valence species available to catalyze multiple reactions.57,58 Therefore, creating transition 

bimetal sites on carbon structures can increase utilization and bifunctional catalytic 

activity of electrode material, overcoming the relatively low activity of single-TM 

catalysts.35,63 A multi-metallic species often induces a synergetic effect results in  a facile 

charge transfer between dissimilar metals and a decrease in the kinetic energy barrier 

from modulation of electronic structures.63 For these reasons, bimetallic transition metals 

embedded N-doped carbon systems have savored various beneficial effects for 

multifunctional electrocatalysis,64,65 not limited unifunctional ORR catalysis.66,67 
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3. OVERIEW OF MATERIAL SYNTHESIS AND 

CHARACTERIZATION 

3.1 Material Synthesis  

Both physical  properties (including shape, surface area, and dispersion of active 

materials) and chemical properties (type and concentration of defects, interfacial nature, 

etc.) of a catalyst are critical factors of overall catalytic performance of the material.68,69 

Crystalline nanostructures are often used as electrocatalytic material because their 

organized structure can provide enhanced electric conductivity and optimized dispersion 

of catalytically active sites, and allow for easier characterization of material structure 

(compared to amorphous structures) facilitating further optimization of the material for 

performance.70,71 This study will be focused on both solution-based and vapor transport-

based  nanostructure synthesis methods. For these types of the synthesis methods the 

molecular and crystal structure in a material is often dictated by the process of nucleation 

and growth, synthesis parameters such as temperatures, pressure, and the starting material 

that is chosen. Controlling these processes can lead to an electrocatalytic material with 

desired physical and chemical properties for electrochemical energy conversion and 

storage.  

3.1.1 Nucleation and Growth 

Nanostructure and nanoparticle synthesis ultimately starts off with nucleation. 

Classical nucleation theory consists of two modes of nucleation (homogenous and 

heterogeneous), and the rate of nucleation is primarily determined by the kinetics and 

thermodynamics of a reaction. Homogeneous nucleation is mostly hard to achieve 

because it requires a simultaneous nucleation throughout the surface (or interface). 

Therefore, heterogeneous nucleation occurs in most cases. It starts by forming a wall of 

transformed material and then nucleates towards the inside of those walls regardless of 

the nucleation type (e.g. liquid-to-solid transformation, a transformation into a different 

solid phase, etc.). 
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Generally, the thermodynamics of forming certain material during nucleation 

depends on a range of parameters as seen in the equation below.72  

𝛥𝑔 = − {
[(4

3⁄ )𝜋𝑟3]

𝛺
} + 4𝜋𝑟2𝛼 (ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛) Equation 3.1 

where 𝑟 = 2𝛺𝛼 ∕ 𝑘𝑇𝜎  

𝛥𝑔𝑛 = (16
3⁄ )𝜋𝛼3(𝛺 𝑘𝐵𝑇𝜎)2⁄ (ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛) Equation 3.2 

where 𝛥𝑔𝑛 represents the Gibbs free energy of nucleation, 𝛼 is the interfacial free 

energy, 𝛺 volume per molecules, 𝑘𝐵 is Boltzmann constant, r is the critical radius and T 

is temperature. These simplified equations reveal the critical parameters needed to 

synthesize a material with specific nanostructure and morphology. One of the focuses of 

synthesizing electrode material is to create nanostructure material with defects, 

morphology and crystallinity that will promote the adsorption, chemisorption and 

separation of reactants involved in ORR, OER and HER.  

3.1.2 Solvothermal Method 

The solvothermal method involves dissolving a set of precursor or reactants in a 

solvent, and then having the resulting solution undergo a heat treatment in a pressurized 

autoclave. This environment enables crystallization, particle/crystal growth, and change 

in pore size volume. A solvothermal process is used to make single crystals, nanocrystals 

and thin films.73 It is often used because of the simplicity and its capability to prepare 

thermodynamically stable and metastable states of a material (or a composite) that would 

be difficult to form with other methods.  

The overall material synthesis using the solvothermal method is controlled by 

different parameters including: solvent, precursor concentration, kinetics of crystal 

formation, temperature and pressure. Materials such as metal organic frameworks, 

zeolites, metal/oxide nanoparticles, and other hybrid materials are synthesized using this 

method.74,60,75 In general, solvothermal method is a facile, scalable and cost effective 

approach of synthesizing hybrid materials for many applications including catalysts. 
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3.1.3 Atomic Layer Deposition 

Atomic layer deposition (ALD) is a type of vapor deposition that has unique 

advantages over the other vapor deposition methods. While others vapor deposition 

methods run on a continuous flow of precursor, substrates in an ALD process are exposed 

to a sequence of precursor pulses. After a precursor gas is fed into the reaction chamber, 

adsorbed on the substrate, and reacted with the substrate surface, all the unreacted 

precursor and products generated by the reaction will be purged away by an inert gas 

flow. The precursors used in ALD are designed to only react with the specific sites on a 

substrate’s surface, and not react with each other. Therefore, the reaction is self-limiting, 

and a deposition beyond a single atomic layer per cycle is prohibited in an ideal ALD 

mode. After the first reaction followed by purging process, a second set of precursor gas 

will be introduced to the chamber and react with the substrate surface. This digitized 

process, as opposed to a continuous introduction of reactant, enables a highly accurate 

thickness control down to atomic scale, even on a substrate with highly complicated 

geometry. Commonly used precursors in ALD are organometallic compounds that help 

promote self-limiting surface reactions. The surface chemistry of the substrate affects the 

deposition behavior and kinetics during ALD.  

ALD has been used in a range of applications including batteries, fuel cells, 

photovoltaics, catalysis, semiconductors, and other electronics devices. ALD can aid in 

functionalization of material surfaces by forming ultrathin film or nanoparticles with size 

control down to the atomic scale. Since electrocatalysis is a highly surface-sensitive 

process, the ALD-based approach should provide ample opportunities for catalyst 

development. 

As briefed, ALD growth is a multi-step process as follows: 76 

1. The substrate inside the chamber is exposed to a gaseous metal precursor for a 

certain amount of time. The reaction of a metal precursor with the substrate is 

referred as the first half reaction, during which the ligands of the metal precursor 

are partially removed by reacting with the active sites on the substrate surface.77 

After the first half reaction is completed, the pulsing of the precursor is stopped. If 
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the pulse time is enough for deposition, the molecules of the precursor will be 

allowed to react with all the sites on the substrate surface, and one atomic layer of 

precursor molecules will be covering the surface.  

2. The chamber is purged using an inert gas such as nitrogen and argon to remove 

gaseous products and any unreacted reactants. 

3. Then a second metal precursor or oxygen/nitrogen/sulfur source introduced into 

the chamber for a subsequent reaction, which is either to deposit a second metal 

or to oxidate, nitrate or sulfate the metals deposited in the first cycle. 

Simultaneously another reactive functional group is formed on their surface 

during the reaction for the subsequent (first) precursor to react with it. Usually, 

oxygen functional groups such as hydroxyls react well with ligand and metal 

center in a precursor, which allows the metal site to bind to the substrate surface.78  

4. Step 2 is repeated using the same inert gas. 

Steps 1-4 is considered as one full cycle. In an ideal case, the number of ALD 

cycle should be linearly proportional to the resulting thickness of the film. However, the 

deposition rate (i.e. thickness per full cycle) varies depending the precursor, substrate 

material and temperature.  

 

Figure 3-1 schematic diagram depicting the ALD process of depositing titanium oxide on 

a hydroxylated substrate. 
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3.1.4 Metal Organic Framework (MOF) Synthesis 

The main goal in MOF synthesis is to execute a synthesis procedure that will 

result in a well-defined structure. In addition, the kinetics of crystallization must be ideal 

for the growth and nucleation of a desired phase.79 Selecting an ideal organic ligand and 

metal-ion center is an important factor in this process. The organic linkers that are part of 

MOFs are usually Lewis’s base–binding atoms (functional groups) such as halides, 

nitriles, cyanides, anionic organic molecules (benzenedicarboxylic acid), and neutral 

organic molecules.80 The characteristics of resulting MOFs such as pore size and shape is 

critically dependent on the choice of organic ligand due to differences in the length and 

the types of functional groups.  

Selecting optimal metal ions for MOF synthesis depends on the electrocatalytic 

activity and the overall function that is desired. Most of transition metals (TMs) can be 

used to form a MOF. TMs are the group of metals whose block d. Therefore, they are 

very active and flexible in coordination numbers and oxidation states, which makes them 

ideal for their application as an electrocatalytic material.81,82 Because of this, MOFs have 

a diversity of geometrics such as square–planer, tetrahedron, octahedron, trigonal and 

pentagonal. For MOF synthesis, the coordination reaction typically takes place between 

the metal salt and the ligand in the presence of one or more organic solvents such as 

dimethyl-formamide (DMF), ethanol, and methanol. Based on the reaction condition, the 

end-product, MOF is produced in different geometric shapes. Non-solvothermal methods 

of synthesizing MOFs, such as those performed at ambient temperature and pressure, are 

often known as precipitation reactions. These reactions usually consist of short-time scale 

crystallization. Both of these synthesis methods are used for this study. 

3.2 Material Characterization 

Material characterization is divided into two parts. One of the material 

characterizations is focused on characterizing the material composition and structure 

while the other focuses on the electrochemical characterization to understand the process-

property-performance correlation. 
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3.2.1 Electron Microscopy 

3.2.1.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) uses a focused electron beam to scan over 

the surface of a material, which gives off various signals after interacting with different 

depths within a specimen. The depth of interaction is known as the interaction volume. 

Usually, the size of the interaction volume depends on the accelerating voltage of the 

primary electron beam and the atomic density of the specimen. The electron beam’s 

accelerating voltage can range from as low as 0.1 kV to 30 kV, and the types of signals 

given off at different depths include: auger electrons, secondary electrons (SE), 

characteristic x-rays, backscattered electrons (BSE) and Bremssarahung x-rays. The 

SEMs used in the studies presented here are a field emission gun-SEM (Zeiss Gemini 500 

FEG-SEM) and an environmental SEM (FEI XL30). Both SEMs have various detectors 

including in-lens detector, secondary detector, and backscatter detector. The latter, FEI 

XL30 SEM, is the only one equipped with a energy dispersive X-ray (EDX) spectrometer 

for detecting the characteristic X-rays given off by the material.  

 

 

Figure 3-2 shows the ‘interaction volume’ of the electron beam and sample 

Since most of the materials discussed here are largely composed of carbon it was 

difficult to operate with a high accelerating voltage. With this, and with carbon having a 

comparatively lower atomic density, the interaction volume was smaller, and therefore 
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the types of signals obtained were mostly pertaining to the topography and the surface 

morphology of the specimens. Both the in-lens and secondary electron detectors were 

used for these low accelerating voltages, which were usually less than 1 kV to capture 

overall morphology of the materials presented in the SEM micrographs. Operating at low 

voltage has the advantage of obtaining the surface signals of the material without the 

noise given off by more signals due to a larger interaction volume. In addition, operating 

at this low accelerating voltage also prevents the burning of a mostly carbon specimen. 

Although, doping and the incorporation of transition metals and transition metal oxides, 

made the carbon structure conductive, they were still susceptible to burning. However, 

operating at low voltage can also give less signal that overall can affect the image quality 

and resolution, especially at higher magnifications.  

3.2.1.2 Transmission Electron Microscopy (TEM) 

In contrast to SEM, TEM image development does not come from the raster of 

the electron beam over the specimen, but rather as the name indicates, the image is 

developed from the interaction of the beam with the specimen and the resultant 

transmission that is then projected onto a fluorescent screen. However, like SEM the 

electron beam and specimen interaction have an interaction volume, and usually the 

signal that transmits through the sample is composed of inelastic scattered, elastic 

scattered and unscattered electrons. Aside from the transmitted signal there is also 

backscattered electrons, secondary electrons, auger electrons, cathodoluminescence and 

characteristic x-rays. Although there are other differences between SEM and TEM, one 

of the most obvious is that the working voltage is higher (up to 200 kV). In addition, the 

resolution of TEM can reach to a fraction of a nanometer, which is smaller in comparison 

to SEM.  

For TEM there are different types of imaging modes. In high-resolution TEM 

imaging, an objective aperture is not used, so that unscattered electrons recombine to 

form a phase contrast image. In standard TEM dark-field imaging, the objective aperture 

excludes unscattered electrons, so there are areas that appear brighter as a result of their 

thickness and higher atomic number. In standard TEM bright-field imaging, an objective 
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aperture placed between the objective lens and its image. In turn, this set-up aids in 

excluding scattered electrons from contributing to the image.  

Energy-filtered transmission electron microscopy (EFTEM) imaging techniques 

can utilize properties of loss spectrum energy to increase contrast, reduce chromatic 

aberration, and increase depth perception. The contrast seen in images and diffraction 

patterns comes from the removal inelastically scattered electrons that produce fog. 

EFTEM can create elemental/chemical maps at nanometer resolution by forming images 

with inelastically scattered electrons. 

3.2.1.3 Energy Dispersive x-ray spectroscopy (EDS, EDX or EDXS)  

EDS is an analytical tool that is equipped in both SEM and TEM. EDS is mainly 

used to get the elemental composition and chemical characterization of a sample. The 

way that EDS works is that the electron beam is focused on the sample, which excites an 

electron from the inner shell. This causes electron to eject from the shell creating an 

electron hole. Then an electron from a higher energy shell will fill the hole that was 

creating. The resulting X-ray emission is due to the energy difference between the higher-

energy shell and the lower energy shell. The energy difference between the two shells is 

related to atomic structure, which allows for elemental composition to be measured.  

3.2.2 Fourier Transform Infrared (FTIR) 

Fourier-transform infrared (FTIR) spectroscopy measures the infrared spectrum of 

transmittance or absorbance of a sample that is exposed to a wide range of wavelengths 

of infrared radiation. Some of the IR radiation is absorbed by the sample while some 

passes through. The energy absorbed or transmitted by the sample is related to the 

different vibrations of chemical bonds which include stretching and bending. By 

measuring the wavenumbers of the energy absorbed by a particular sample, chemical 

bonds within the sample are identified.83 Unlike dispersive spectroscopy where a 

monochromatic beam is used, FTIR collects signals with a wide range of wavelengths 

simultaneously and process the raw data by leveraging Fourier transform. 

3.2.3 X-ray Diffraction (XRD) 
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XRD measures the diffraction of x-rays that interact with a material. Some would 

consider the X-ray diffraction a reflection rather than a diffraction. The general 

mechanism of XRD consist of two incident X-ray that interact with the sample and then 

are diffracted. The reflected X-rays can have either constructive or deconstructive 

interference which is then picked up by a detector.  The X-ray interference in XRD is 

usually represented by the known Bragg’s Law equation () which shows the relationship 

between the wavelength (λ), the scattering angle of the x-ray (θ) and lattice spacing (d).  

The d-spacing can then be used to determine the different atomic planes present using 

Miller indices. However, as crystal structures get more complex it gets more difficult to 

use the d-spacings solely to determine the different atomic planes present. Therefore, to 

determine the different atomic planes and phases present in XRD spectra we compare it 

to with a reference from a database. The most used databases are maintained by the 

International Center of Diffraction Data (ICCD).   

 

Figure 3-3 shows the X-ray interference that occurs in XRD 

3.2.4 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive spectroscopy 

technique that allows for elemental analysis and characterization, which includes 

chemical states, electronic states, and electronic densities. Based on the photoelectron 

effect, XPS not only can identify the atomic composition of our electrode but can 

potentially help unveil the stoichiometry found in the metal oxide of the electrocatalytic 
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material. Furthermore, XPS can also help identify the complexation of the transition 

metals with other atoms such as oxygen, carbon, and nitrogen. 

The energy of the x-ray (Al Kα, Ephoton = 1486.7 eV) used in XPS is usually has a 

known wavelength and kinetic energy is known. Therefore, the electron binding energy 

of the emitted electrons can be calculated by using the photoelectric effect equation: 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 =  𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 +  ϕ)  Equation 3.3 

Where ϕ is the work function term for the specific surface of the material. Generally, the 

XPS spectra generated (which is usually counts vs. binding energy) is related to the 

number of electrons detected at certain binding energies, and each peak in the spectra is 

corresponding to the electron configuration of the atom’s electrons.  

The bindings energies of each peak can be identified using a database such as 

those found in National Institute of Standards and Technology (NIST), which will 

characterize specific elemental and electronic states for specific elements. The peaks of 

each XPS spectra are found by doing fittings. There should not be any binding energy 

shifts before doing a peak fitting, which could be verified by the C 1s peak that is usually 

around 284.6 eV. Peak fittings in these studies were done using XPSPeak and having 

some knowledge of peak position for each corresponding elements. The main parameters 

that are adjusted are binding energy, full width at half maximum (FWHM), chemical 

shifts and peak shapes. 

The atomic concentration (atom %) for each type of different elemental 

components for each spectrum (C 1s, N 1s, O1s, Co 2p, and Cu 2p) can be determined 

from relative peak areas and the corresponding sensitivity factor (for Al K-alpha x-ray) 

according to: 

 𝑎𝑡𝑜𝑚% = 100(𝐴𝑖 ∕ 𝑠𝑖) ∕ 𝛴(𝐴𝑖 ∕ 𝑠𝑖) Equation 3.4 

where is the peak area of the element i and is the sensitivity factor for each element.  
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3.3 Electrochemical Measurements 

For this study, an electrochemical analyzer (Biologic SP-200; 

potentiostat/galvanostat and impedance spectroscopy) is mainly used to perform cyclic 

voltammetry (CV), linear sweep voltammetry (LSV) and electrochemical impedance 

spectroscopy (EIS). A rotating disk electrode (RDE) apparatus (ALS RDE-3A) and a 

rotating rind disk electrode (RRDE) apparatus (ALS RRDE 3-A) were used to obtain 

LSV at different rotational speeds. For all electrochemical measurements, a three-

electrode set-up was used to gauge ORR, OER and HER capabilities of synthesized 

materials. In the three-electrode set-up, a 0.3 mm glassy carbon electrode (GCE) was 

deposited with sample, which served as the working electrode. A platinum wire or 

graphite rod was used as a counter electrode, and silver-silver chloride (Ag/AgCl) in 

saturated potassium chloride or mercury-mercury oxide (Hg/HgO) in 1 M sodium 

hydroxide were used as reference electrodes.  

3.3.1 Cyclic Voltammetry 

Cyclic voltammetry (CV) is a potential-sweeping technique that measures the 

resulting current from the cell of test. The controlled potential is applied at a specific rate 

within a desired potential window in a cyclic fashion. A potential sweep towards higher 

anodic potentials gives rise to an oxidation current while reduction occurs as the potential 

is being cycled back towards the cathodic potential. CV usually provides an initial 

assessment about the relative amplitude of electrochemically active surface area, 

presence of specific redox reactions and their relative activity.  
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Figure 3-4 is a diagram of the three-electrode set-up of electrochemical testing showing 

the working, reference and counter electrode 

3.3.2 Linear Sweep Voltammetry with RDE and RRDE measurements 

Linear sweep voltammetry (LSV) is commonly used with a rotating disk electrode 

(RDE) and rotating ring disk electrode (RRDE) to gauge the catalytic capabilities of 

materials in a quantitative way. In general, LSV curves (after compensating the 

overpotential originated from ohmic loss) provides an overview of the electrocatalytic 

performance of the electrode material (Figure 3-5), and allows for the extraction of the 

Tafel slope, an indication of catalytic activity.84  
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Figure 3-5 a general overview of the type of information that could be extracted from a 

LSV curve 

The RDE allows for the convective flow of reactant to the surface of the working 

electrode thus creating a steady-state diffusion where the mass transport dependent 

current, 𝑖𝑙, can be described with the following Levich equation: 

il = nFAD
2

3⁄ ω
1

2⁄ ν−1
6⁄ C∗ Equation 3.5 

where n is the number electron moles, F is Faraday’s constant, D is the diffusion 

coefficient of the reactant, C* bulk concentration of the reactants, 𝜈 is the kinematic 

viscosity of the solution, 𝜔 is the angular frequency of rotation, and A surface area.  

This equation can then be combined with 𝑖𝑘, which is the kinetically dependent 

current which results in the Kourtecky-Levich equation that describes the current from 

electrochemical reaction dependent on kinetics and mass-transport: 

1

ⅈ
=

1

ⅈk
+

1

ⅈl
  Equation 3.6 
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Often the constants terms (𝑛𝐹𝐴𝐷𝜈𝐶∗𝐷) of 𝑖𝑙 are combined in one term, B, known 

as the Levich slope. This value can be obtained by plotting the reciprocal current of the 

sample versus the reciprocal of the rotational frequency. From the Levich slope, the 

number of electron moles can be calculated by dividing the slope by all the constants 

except for n, which is what we are solving for.     

In addition, RRDE can also give off additional information due to the set-up with 

a platinum ring, which allows for discerning different types of reactions that are 

occurring during the experiment. A certain volume of catalyst ink (the catalyst loading 

was usually 0.4 mg/cm2) deposited on the surface of the rotating disk electrode (RRDE), 

which is composed of a glassy carbon disk (D= 4mm, A= 0.126 cm2) enveloped by a Pt 

ring (ID/OD: 5/7 mm).  

Both the glassy carbon disk and the Pt ring’s current were recorded 

simultaneously. The LSV measurements were collected on the RRDE at a rotation of 

1600 rpm with a scan rate of 5 mV/s. The Pt ring’s current was recorded by applying a 

constant potential of 0.3 V. The electron transfer (n) deduced from the reduction of O2 

molecules at the disk and the reduction of HO2
- at the ring can be calculated by the 

following equation41: 

𝑛 = 4 ×
𝐼𝐷

𝐼𝐷+𝐼𝑅∕𝑁
 Equation 3.7 

Where 𝐼𝐷 and 𝐼𝑅 are the disk and ring currents (Fig.S7). N is the collection 

efficiency, which is obtained by taking the ratio of the 𝐼𝐷 and 𝐼𝑅 in 0.1 M KOH with 10 

mM K3Fe(CN)6 electrolyte.  

The HO2
- percentage was calculated using the following equation: 

𝐻𝑂2
−% = 2 ×

𝐼𝑅/𝑁

𝐼𝐷+𝐼𝑅∕𝑁
 Equation 3.8 
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Figure 3-6 shows (left) the LSV of both ring and disk electrodes and (right) a diagram of 

the RRDE components 

3.3.3 Tafel Slope 

The Tafel slope is an approximation of the Butler-Volmer equation that can be 

done at overpotentials usually larger than 50 mV. At a large enough overpotential the 

second exponential is negligible because it is presumed that applying a high overpotential 

(or at least higher than 50 mV) will be favoring the forward reaction, or in other words 

the production of reactant to products and thus becoming an irreversible reaction process. 

The resultant B-V turns into j= j0ⅇαnFη∕(RT) Equation 2.16 (which is discussed in 

Chapter 2), and by plotting the region associated with this equation, and fitting a line we 

get the Tafel equation (Equation 3.3). From the linear fitting we can get the Tafel slope, 

which shows the relationship between overpotential and current density.  

η𝑎𝑐𝑡 = 𝑎 + 𝑏 log (𝑗) Equation 3.9 
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Figure 3-7 shows the region from an I-V curve that is chosen to do the linear fitting for 

finding the Tafel slope 

3.3.4 Quantification of electrochemical active surface area (ECSA) 

The ECSA was characterized using cyclic voltammetry (CV) in 0.1 M KOH 

electrolyte saturated with N2. The CVs were cycled from -0.2 to -0.3 V vs Ag/AgCl/KCl 

(3.5 M) for scan rates12 to 40 mV s-1 in intervals of 4 mV s-1. This potential range was 

chosen because of its non-faradaic characteristics. Janodic and Jcathodic values were obtained 

at -0.25 V and then plotted vs scan rate. The slope was obtained from a linear fitting on 

the plot, which was used to find the double-layer capacitance (Cdl). The ECSA can be 

calculated using the following equation: 

where A is the geometric area of the electrode (0.071 cm2), and Cref is the referential 

areal capacitance of flat electrode (80 mF/cm2)3. 

𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙 𝐴

𝐶𝑟𝑒𝑓
 Equation 3.10 
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4. CO-CU BIMETALLIC METAL ORGANIC FRAMEWORK 

FOR ELECTROCATALYSIS 

4.1 Introduction  

The advancement of electrochemical energy conversion technologies such as fuel 

cells, water splitting systems and metal-air batteries is heavily reliant upon a range of 

functionalities for three essential electrochemical reactions – hydrogen evolution 

reactions (HER), oxygen evolution reaction (OER) and oxygen reduction reaction 

(ORR).85–87 Noble metal-based catalysts have been widely used for HER (Pt), ORR (Pt) 

and OER (Ir and Ru) owing to their excellent electrocatalytic activity, but their high cost, 

scarcity, and low stability drives active development of alternative catalysts.86,88  

Transition metals (TM) and their oxides (TMO), among many, have been widely 

studied as a typical class of non-noble metal-based hydrogen and oxygen electrocatalysts 

due to the cost-effectiveness and multi-valence, along with their tunability of chemical 

composition, structure and morphology.35,36 Cobalt (Co) is one of the most commonly 

used TMs for bifunctional oxygen electrocatalysis 14,17,89 partially because of their 

tendency to better absorb reactants for each reaction (i.e. O2 for ORR; OH– for OER, and 

H2O for HER).35 To augment electrical conductivity and catalytic activity, as is the case 

for many other TM/TMO-based catalysts, Co and CoOx nanoparticles are often 

dispersedly embedded into carbon-based structures for bifunctional electrocatalysis.89–91 

On the other hand, copper (Cu) is theoretically predicted to exhibit one of the best ORR 

activities among TMs, and 92 copper oxides (CuxO) have shown good HER activity due to 

its low energy barrier for hydrogen adsorption.93,94 Even though metal nanoparticles 

exhibit good electrocatalytic activity, due to having a larger active surface area, they 

often have high surface energy and fast nucleation that makes them prone to 

agglomeration.95–97 To address the issue of Cu being readily agglomerated, researchers 

have used N-doped carbon as the template to stably anchor tiny Cu species.67,98,99 The 
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approach also rendered excellent ORR performance, which is mainly ascribed to rich Cu-

Nx bonds within the hybrid matrix.36  

To overcome relatively low activity of single-TM catalysts, bimetal-based systems 

have attracted significant recent attention.35,63 A multi-metallic species often induces a 

synergistically enhanced catalytic activity due to a favorable rearrangement of electronic 

structures to reduce kinetic energy barriers.63 In addition, the introduction of a secondary 

metal can deter the overall agglomeration kinetics of each metal during the pyrolysis of 

metal-organic frameworks (MOFs),100 a widely used approach in synthesizing TM-

supporting N-doped carbon.64 All the aforementioned studies considered, it is a 

reasonable approach to design bimetallic Co and Cu-embedded N-doped carbon systems 

for trifunctional electrocatalysis. There have been several recent studies on the use of 

Co/Cu-based bimetallic hybrids for monofunctional or bifunctional catalysis of HER, 

ORR and/or OER, but there has not been a report on the trifunctional capability.[13, 20, 

23–28] 

Herein, this study demonstrates a new facile MOF-based process to realize an 

efficient trifunctional catalyst where tiny Cu species are uniformly dispersed in Co/CoOx-

embedded N-doped carbon. The amino terephthalic acid organic linker used in this study 

not only has the carboxylic acid sites where the metals could complex but also has an 

amine group that can complex with metal centers and provides a nitrogen source for 

doping carbon.104–106 It is believed that Co-anchored N-doped carbon acts not only as an 

efficient OER catalyst but also as an inhibitor of Cu agglomeration for both ORR and 

HER. The hybrid system also has CuCo2O4 clusters (for ORR and OER) in addition to 

Cu-Nx, Cu-Ox (for HER and ORR), and Co-Nx complexes (for OER) in a N-doped carbon 

structure for further enhanced catalytic activity. The resulting heterogeneous material 

renders a hierarchical structure for both efficient mass transport and large surface area 

that demonstrates active trifunctional catalysis for ORR, OER and HER in alkaline 

solution. 
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4.2 Experimental  

4.2.1 Metal-organic hybrid synthesis  

0.75 mmol of CoCl2∙6H2O (98%, Alfa Aesar) and 0.75 mmol CuCl2∙2H2O (99+% 

ACS grade, Alfa Aesar) were dissolved in 20 ml of dimethylformamide (DMF, 99.8+% 

ACS grade, Alfa Aesar) and sonicated for 20 min. Then 1.5 mmol of 2-aminoterephthalic 

acid (99%, ACS grade, Alfa Aesar) was added to the solution and sonicated for an 

additional 20 min. The solution was transferred to a 40 ml autoclave for the solvothermal 

reaction at 140 ºC for 24 h under airtight conditions. The solid was collected and rinsed 

several times via centrifugation using DMF, water and ethanol. After being air-dried, the 

sample was dried further at 150 ºC under N2 conditions for several hours. By heat-

treating the resulting solid at 800 ºC for 2 h in N2, a N-doped carbon with Co and Cu (we 

name it M-NC-CoCu; M-NC meaning MOF-derived N-doped carbon) was obtained. Two 

other variants of study, M-NC-Co and M-NC-Cu were prepared via the same approach by 

starting with CoCl2∙6H2O or CuCl2∙6H2O, respectively, instead of both. It is noted that 

two more batches of samples heat-treated at 700 ºC and 600 ºC were also characterized, 

but those pyrolyzed at 800 ºC are mainly discussed in this report due to their higher 

catalytic performance. 

4.2.2 Material Characterization 

Transmission electron microscopy (TEM) and scanning transmission electron 

microscopy (STEM) images were recorded on a 200 kV FEI monochromated F20 UT 

Tecnai system. The STEM image was acquired with a convergence angle of 10 mrad and 

a detection angle of 30 mrad. Energy filtered transmission electron microscopy (EFTEM) 

was used to visualize elemental distribution. Sample preparation for TEM samples 

included drop-casting ethanol-suspended catalyst upon a 3 mm Lacey B Carbon 400 

mesh grid from Ted Pella, followed by ambient drying. X-ray photoelectron spectroscopy 

(XPS) was performed on a PHI Quantum 2000 system using a focused, monochromatic 

Al Kα X-ray (1486.6 eV) source for excitation and a spherical section analyzer (200 µm 

diameter X-ray beam incident to the surface normal; detector set at 45). The collected 
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data were referenced to an energy scale with binding energies for Cu 2p3/2 at 932.7 ± 0.1 

eV and Au 4f7/2 at 84.0 ± 0.1 eV. For XPS, catalysts were dispersed in ethanol and drop-

cast onto a cleaned Si wafer. X-ray diffraction (XRD) pattern was recorded by a 

PANalytical X’Pert PRO with Co Kα radiation (λ = 1.7890 Å) at a step size of 0.02º and 

scanning rate of 0.04º s-1. The obtained data were converted to Cu Kα radiation (λ = 

1.5406 Å)-based spectra for facile comparison with other reports. The dried powder 

sample was placed on the surface and flattened on the surface of a MTI P-type Boron 

doped Silicon Zero Diffraction Plate. FT-IR samples were dried under vacuum for 24 h 

by placing samples in a desiccator overnight and placed on a diamond crystal (Nicolet 

380 system, Thermo Scientific). 

4.2.3 Electrochemical Characterization 

The catalytic activity was evaluated with linear sweep voltammetry (LSV) using a 

potentiostat (SP-200, Bio-Logic Science Instruments) in either ring-disk electrode (RDE) 

or rotating ring-disk electrode (RRDE) setup (RRDE-3A, ALS Co. Ltd). Measurements 

were performed in a three-electrode setup with a graphite rod as the counter and Ag/AgCl 

(3.5 M KCl) or Hg/HgO (1 M NaOH) electrode as the reference electrodes. The working 

electrode was prepared by drop-casting each electrode ink onto a glassy carbon (GC) disk 

electrode or nickel (Ni) foam. The ink was prepared by immersing 5 mg of hybrid 

catalyst materials into 1 ml of 2:1 volume of ethanol to MiliQ water along with 10.75 µl 

of 5 wt% Nafion (Nafion D-521, Alfa Aesar). For Pt/C electrode, a 5 mg ml–1 Pt/C 

suspension was prepared by using a commercial 20 wt% Pt supported on carbon black 

(Vulcan XC72). These samples were dried under N2 at 2 standard cubic feet per hour 

(scfh). The loading mass for all samples measured on glassy carbon was 0.4 mg/cm2. 

Then, O2 and N2 saturated environments were implemented by flowing high-purity O2 

and N2 gas at 2 scfh into 80 ml of electrolyte for 30 min. All electrochemical data were 

expressed with respect to the reversible hydrogen electrode (RHE). 
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4.3 Results and Discussion  

Three metal/N-doped hybrid catalysts (M-NC-Co, M-NC-Cu and M-NC-CoCu) are 

studied. In all three samples, metal clusters are well dispersed within a porous carbon 

matrix as shown in the SEM (Figure 4-1. a-c) and TEM images (Figure 4-1. d-f). The 

sizes of metal clusters in M-NC-Co and M-NC-Cu span up to hundreds of nanometers 

whereas those of M-NC-CoCu are significantly smaller with a more uniform distribution 

in size. This is in accordance with recent studies reporting the suppression of metal 

particle agglomerations by the introduction of a secondary metal in a MOF-based 

synthesis.100,107 The SEM micrographs show that the carbon matrix of M-NC-CoCu is in 

a pinecone-like shape while the geometry of the other two samples are less defined. The 

HRTEM images of M-NC-CoCu show nanoparticles of metallic Co (Figure 4-1. g; d-

spacing = 1.98 Å corresponding to Co (1 1 1) planes) encapsulated by graphitic carbon 

layers (Figure 1h; d-spacing of ~ 3.5 Å corresponding to C (0 0 2) plane).108 The 

elemental maps of Co and Cu in M-NC-CoCu (Figure 4-1. m and n) reveal that Co 

species form nanoclusters while seemingly much smaller Cu are uniformly dispersed. 

Meanwhile, the O species (Figure 4-1. k) tend to reside where C species are located but a 

significantly lower O concentration is observed on Co nanoclusters, hinting most Co 

species are mostly in the metallic state. The N mapping (Figure 4-1. l) also suggests 

uniform and dense N-doping in the carbon matrix.  
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Figure 4-1 . SEM (a-c) and TEM (d-f) micrographs of M-NC-Co, M-NC-Cu and M-NC-

CoCu. (g,h) HRTEM images of M-NC-CoCu showing lattice fringes of Co (1 1 1) and C 

(0 0 2). (i-n) A TEM image of M-NC-CoCu and its corresponding EFTEM elemental 

maps. 

Fourier transform infrared spectroscopy (FT-IR) spectra (Figure 4-2. a) shows 

that M-NC-CoCu has a distinct presence of sp2 C=N and C=C bonds,109 unlike the other 

two hybrid catalysts. The larger amount of sp2 bonds in M-NC-CoCu should provide a 

higher electronic conductivity through the carbon structure,110,111 making it advantageous 

for electrode performance. The peaks located at 2000 – 2300 cm-1 are ascribed to ambient 

CO2. The XRD spectra (Figure 4-2. b) shows a dominant presence of cubic Co in M-NC-

Co and cubic Cu in M-NC-Cu. The average sizes of Co in M-NC-Co and Cu in M-NC-
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Cu quantified by applying the Scherrer equation112 to their (1 1 1) peaks are 44.3 and 73.8 

nm, respectively. Interestingly, the spectrum for M-NC-CoCu has peaks mostly 

corresponding to cubic Co without a trace of monometallic Cu. The average size of Co in 

M-NC-CoCu (27.7 nm) is much smaller than that of M-NC-Co, which is in accordance 

with the SEM images in Figure 1. Most of the other tiny peaks found in M-NC-CoCu 

(Figure 4-2. c) are attributed to spinel CuCo2O4 (Fm-3m:2 space group).65,67,113 The 

average size of CuCo2O4 crystals quantified by applying the Scherrer equation to the (3 1 

1) peak is 4.3 nm, which is significantly  
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Figure 4-2. (a) FT-IR spectra and (b,c) XRD spectra of the three samples. (c) shows 

zoomed-in spectra of (b) for clarity. 
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Figure 4-3. Raman spectra of M-NC-Co, M-NC-Cu and M-NC-CoCu 

smaller than Co (33.7 nm) found in the same sample. It is also noted that the small 

graphitic peak at 2θ = 25.6° corresponding to (0 0 2) carbon plane is visible in M-NC-Co 

and M-NC-CoCu (Figure 4-2. c), which is also aligned with the aforementioned HRTEM 

observation (Figure 4-1. h). The average thicknesses of the graphitic layers estimated 

again by the Scherrer equation are 3.52 nm for M-NC-Co and 1.80 nm for M-NC-CoCu. 

An encapsulation of Cu by graphitic carbon is known to be difficult to achieve via an in 

situ carbonization of MOFs due to the fast nucleation of Cu,114 explaining the absence of 

the graphitic diffraction peak (Figure 4-2c) and the large Cu particle sizes in M-NC-Cu 

(Figure 4-1. b). 

Raman spectra of M-NC-Co, M-NC-Cu and M-NC-CoCu in Figure 4-3 shows 

that all samples had graphitic sp2 carbon. M-NC-Co has the highest ID/IG ratio. This 

correlates with results quantified relative atomic percentage of the XPS C1s, which also 

showed that M-NC-Co with the highest relative graphitic carbon in Figure 4-5. 
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Figure 4-4. (a-c) XPS spectra of N 1s (a), Co 2p (b) and Cu 2p (c) and (d-f) the atomic 

percentages of species quantified based upon the XPS spectra.  

X-ray photoelectron spectra (XPS) analysis was conducted for a better 

understanding of the chemical bonding in these samples. In the survey spectra for the 

three hybrid samples, Co, Cu, O, N, and C were detected (Figure 4-5. a). The N 1s 

spectra shows peaks for graphitic (402.2 eV), pyrrolic (400.7 eV) and pyridinic (398.7 

eV) nitrogen for all three samples (Figure 4-4. a),67,115,116 confirming a considerable 

amount of N-doping in the supporting carbon structures. The M-NC-Cu and M-NC-CoCu 

samples are quantified to have higher N contents (Figure 4-4. d; 3.7 and 3.6 at%) than M-

NC-Co (2.8 at%). This is ascribed to the presence of Cu, which readily complexes with N 

and retains N even after thermal treatments,67 forming more catalytically active Cu-Nx 

moieties.117,118 It is also noted that M-NC-CoCu has the highest amount of pyridinic and 

graphitic N (Figure 4-4d), both of which are known to contribute to ORR and HER 

activity.48,67,101,119–122  
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Figure 4-5. (a-c) XPS spectra. (a) Wide-range survey scan, (b) O 1s, (c) C 1s. (d-e) 

Atomic percentages of species deduced from the XPS spectra shown in (b) and (c). 

We also note that the M-NC-CoCu has a distinct metallic Co peak (778.4 eV) 

unlike M-NC-Co (Figure 4-4. b). While M-NC-Co showed a strong presence of metallic 

Co phase in XRD (Figure 4-2b), no metallic Co peak is detected by XPS, indicating Co 

was oxidized on its surface. In contrast, the metallic Co peak detected from M-NC-CoCu 

is possibly due to the graphitic layer that encased the Co nanoparticles as seen in Figure 

1h, which protects the Co from oxidation, leading to the enhancement in catalytic 

performance and stability.17,67,123  
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Figure 4-6. (a-c) LSV voltammograms for ORR (a), OER (b) and HER (c). (d-f) Tafel 

plots along with Tafel slope values for ORR (d), OER (e) and HER (f). All quantified at 

1600 rpm. ORR voltammograms are obtained in 0.1 M KOH while OER and HER 

voltammograms are obtained in 1 M KOH. 

 

Figure 4-7. Cyclic durability LSV of M-N-CoCu and noble metal benchmarks for ORR 

(a), OER (b) and HER (c). The potential range of cycling is 0.2 – 1.2 V for ORR, 1 – 2 V 

for OER and -0.1 – 0.3 V for HER. Quantified at 1600 rpm in 0.1 M KOH for ORR, in 1 

M KOH for HER, and in a stationary condition on a Ni foam in 1 M KOH for OER. Note 
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that the OER voltammograms presented in Figure 4 were obtained on a RDE setup at 

1600 rpm, not on a Ni foam. 

 

Figure 4-8. Electrochemical voltammograms for (a-d) ORR and. (a) LSV 

voltammograms, (b) Tafel plots along with Tafel slope values, (c) RRDE 

voltammograms for ORR and (d) the resulting peroxide percentage (lower) and electron 

transfer number (upper). All quantified at 1600 rpm in 0.1 M KOH. 

Two oxidized Co species, Co3+ (780.2 eV) and Co2+ (781.9 eV) are present with a 

Co3+/Co2+ ratio of 1.52 and 2.22 for M-NC-Co and M-NC-CoCu, respectively (Figure 

4-4. e). The higher Co3+/Co2+ ratio of M-NC-CoCu supports the presence of spinel 

CuCo2O4 in the sample; in the spinel structure, Cu occupies tetrahedral sites making Co 

species sit in octahedral sites with high valence state.65 Furthermore, spinel CuCo2O4 is 

considered to be highly active toward ORR and OER,65,103,124,125 which is well aligned 

with the excellent catalytic performance of M-NC-CoCu discussed below. In the N 1s 

spectra, the pyridinic N peak (398.6 eV) can also be ascribed to the catalytically active 

Co-N and/or Cu-N bonds due to their similar binding energies.116,126 The Cu 2p spectra of 

M-NC-Cu and M-NC-CoCu have two main peaks, one associated with metallic Cu or 

Cu+ species (932.7 eV) and the other corresponding to Cu2+ (934.8 eV). Both Cu+ and 

Cu2+ are assigned to unsaturated Cu–N centers,67,114,127,128 while Cu2+ is additionally 
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assigned to Cu–O in the spinel structure and Cu-Ox.
65 The aforementioned Cu elemental 

map (Figure 4-1. m) showed that Cu species are uniformly dispersed on both Co 

nanoclusters and carbon matrix. Those dispersed on Co clusters is ascribed to small 

crystalline domains of CuCo2O4, and those located on the carbon matrix are presumed to 

form Cu-N-C and Cu-O-C, as opposed to crystalline clusters of monometallic cubic Cu. 

The N 1s spectra also suggests the presence of Cu-Nx, which has been assigned for 

~398.5 eV.58,99,128  

 

Figure 4-9. (a-c) chronoamperometric stability evaluation for OER, HER and ORR of M-

NC-CoCu and benchmarks. (a) OER in1 M KOH at 1.55 vs. RHE, (b) HER in 1 M KOH 

-0.3 V in 1 M KOH vs RHE and (c) ORR in 0.1 M KOH at 0.5 vs. RHE. 
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Figure 4-10. CV measurements for M-NC-Co (a), M-NC-Cu (b), M-NC-CoCu (c) under 

N2 saturation in 0.1 M KOH and (d) their corresponding ECSA quantification. 

The oxygen electrocatalytic performance of the three hybrid samples is compared 

with noble metal-based benchmark catalysts: Pt/C for ORR and HER, and IrO2 for OER. 

The ORR voltammograms in 0.1 M KOH (Figure 4-6. a) shows that M-NC-CoCu 

performs the best among the three hybrids with onset potential (Eon) and half-wave 

potential (E1/2) of 0.85 V and 0.75 V (versus RHE hereafter), comparable to those of Pt/C 

(Eon = 0.93 V; E1/2 = 0.82 V). M-NC-CoCu also affords a small Tafel slope (63 mV dec-1; 

Figure 4-6. b), even lower than Pt/C (70 mV dec-1) indicating its fast ORR kinetics. In 

addition, M-NC-CoCu exhibits a dominant four electron process with the electron 

transfer number (n) of 3.9 – 4.0 in the wide potential window of 0.2 – 0.8 V (Figure 4-8), 

unlike the other two hybrids rendering a mixed 2e– and 4e– transfer (n = 2.48 and 3.28 for 

M-NC-Cu and M-NC-Co at 0.4 V). As for OER, M-NC-CoCu still exhibits the best 

performance among the hybrid catalysts, reaching 10 mA cm-2 in 1 M KOH at the lowest 
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potential of 1.54 V (Ej=10 = 1.54 V; Figure 4-6a), slightly smaller than the value for IrO2 

(1.55 V). Its Tafel slope is also the smallest (77 mV dec-1; Figure 4-6. b) among the three 

hybrids, close to that of IrO2 (65 mV dec-1). Furthermore, M-NC-CoCu shows the lowest 

HER overpotential among the hybrid samples with Ej=10 = -0.24 V to reach 10 mA cm-2 

(Figure 4-6. c), the closest to that of Pt/C (Ej=10 = -0.11 V). Both M-NC-CoCu and Pt/C 

have the smallest Tafel slope (Figure 4-6. d) with 164 mV dec-1 and 138 mV dec-1, 

respectively.  

The reasons for the trifunctional capability of M-NC-CoCu can be summarized as 

follows. First, M-NC-CoCu has CuCo2O4 phases, which has been reported to be active 

toward both OER and ORR.103,124,125 Additionally, the highly dispersed Cu-Nx and Cu-Ox 

moieties and the largest amount of graphitic and pyridinic N-doping should further 

contribute to the ORR, OER and HER activities. The unsaturated nature of Cu-Nx centers 

(with Cu+ and Cu2+) become active sites for ORR due to the unfilled 3d-orbital electrons 

that can contribute to the electronic interactions with oxygen intermediates, which results 

in an ideal chemisorption of oxygen.117 The high concentrations of sp2 bonding are also 

expected to enhance electronic conductivity of the matrix, and the well-defined 3D 

structure along with uniformly-dispersed catalytically-active species should also be 

synergistically beneficial to the performance. A separately quantified electrochemically 

active surface area (ECSA; represented by double layer capacitance, Cdl) of M-NC-CoCu 

is indeed found to be the highest by a significant margin among the hybrid catalysts. The 

Cdl values of M-NC-Co, M-NC-Cu and M-NC-CoCu are 4.0, 6.2 and 14.0 mF cm-2, 

respectively (Figure 4-10). The high ECSA of M-NC-CoCu is consistent with its 

hierarchical morphology, smaller nanoparticles and highly dispersed Cu species. 

Additionally, the durability of the best performing sample (M-NC-CoCu) is 

characterized by cyclic measurements in the potential window of 0.2 V – 1.2 V for ORR 

(in 0.1 M KOH), 1.0 V – 2.0 V for OER (in 1 M KOH) and -0.3 V - 0.3 V for HER (in 1 

M KOH), and compared to those of noble metal benchmarks. For ORR, M-NC-CoCu 

shows a slight change in E1/2 (from 0.75 V to 0.74 V) after 2,000 cycles whereas Pt/C 

showed a significant degradation by decreasing E1/2 from 0.82 V to 0.77 V (Figure 4-7. 
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a). For both OER and HER, M-NC-CoCu shows impressive cycling durability; there is 

little change in the current-potential profile up to 50 mA cm-2 after 2,000 cycles (Figure 

4-7. b). On the other hand, IrO2 for OER shows a noticeable degradation by increasing 

Ej=10 from 1.51 V to 1.52 V. The degradation is more pronounced at higher current 

densities; the potential to reach j = 40 mA cm-2 increased from 1.73 V to 1.76 V. It is 

noted that the discrepancy between OER voltammograms shown in  Figure 4-6. a and 

Figure 4-7. b is originated from the different setup they are obtained; the cycle durability 

test for OER was performed by placing the samples on a Ni foam whereas all the 

electrochemical measurements including ORR durability test was performed on a rotating 

glassy carbon. Oxygen gas bubbling from a continuous OER prevented stable 

voltammetry in the rotating glassy carbon setup. 

 

Figure 4-11.  (a) XRD and (b-d) XPS spectra of samples after electrochemical durability 

cycling. (b) Cu 2p, (c) Co 2p, (d) N1s. (e-f) Relative atomic percentage (%) of species 

deduced from (a) wide scan spectra of the samples and the XPS spectra shown in (b-d). 

For M-NC-CoCu-KOH there is a decrease in intensity and positive shift to higher 

binding energy (BE) in both metallic Co0 (~778 eV in Figure 4-11. c) and Cu0/1+ (~933 

eV in Figure 4-11. b), which is likely due to the leaching of the metallic species and their 

oxidation after being submerged in KOH for 12 hours.19,129 Even though the amount of 

metallic Co is lower in M-NC-CoCu-KOH,  it is still present when comparing to the post 
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durability samples. This could be associated with the nanoparticles being encased in 

graphitic carbon (Figure 4-1. h). 17,67,123 The oxidation of these species is further 

corroborated by the O1s (Figure 4-11. d) and N1s (Figure 4-12. a), which reveal an 

increase metal oxide species (M-O), absorbed oxygen/water species and increase in 

pyridinic N (Figure 4-12. c). Nonetheless, still intact in XRD are the peaks corresponding 

to spinel CuCo2O (COD no. 1537073) and potentially crystalline CoOx catalytic active 

site pertaining to Co3O4 (COD no. 1528447) at around 18.9° and 36.3° and CoOOH 

(COD no. 9009449) 20.15° and 41.8°, which shows that all the peak locations of M-NC-

CoCu-KOH are similar with M-NC-CoCu.  

 

Figure 4-12. (a and c) XPS spectra of samples after electrochemical durability cycling. 

(a) O 1s, (c) C 1s. (b and d) Relative atomic percentage (%) of species deduced from the 

XPS spectra shown in (a) and (c). 

 

Similarly, post OER sample M-NC-CoCu had similar XRD spectra with not much 

change. However, in terms of XPS, M-NC-CoCu-OER had complete absence of Co0 

peak this is due to oxidation and leaching of metallic Co in alkaline environment and 
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oxidative potential. From the Co 2p3/2 spectra M-NC-CoCu-OER (Figure 4-11. c) the 

peaks at 780.22 eV and 781.83 eV corresponding to Co3+ and Co2+ are in the line with the 

M-NC-CoCu sample. This indicates that Co3+ could be found in octahedral sites and Co2+ 

of tetrahedral sites for potential OER catalytic sites like CuCo2O4 and crystalline CoOx 

structures, which also include Co3O4.
130–132 However, looking at the relative atomic 

percentages (Figure 4-11. h), the Co3+/Co2+ ratio decreased post OER (1.33 to 0.7750), 

which is not common for the formation of CoOOH during OER resulting in the oxidation 

of  Co2+ to Co3+.130,133 Still, an increase in Co2+ could signify an increase in oxygen 

vacancies in CoOx and CuCoOx, and when comparing to M-NC-CoCu-KOH there is an 

increase in Co3+/Co2+ ratio (0.911 to 1.09), which might indicate the oxidation of Co 

during OER could of happened after the sample had been etched by the KOH 

electrolyte.54,134 The increase in oxygen vacancies is supplemented by O1s spectra 

(Figure 4-11. d) increase in the peak associated with defect oxygen (0.508 to 0.538) and 

M-O peak (0.126 to 0.221). In addition, the higher Co2+ content (Figure 4-11. c) could 

also pertain to Co-Nx, which happens to have a negative shift that is complimented by a 

positive shift and increase (0.368 to 0.553) in pyridinic peak in N 1s for post OER 

(Figure 4-12. a) signifying potential electron donating from N to Co.135 Looking at Cu 

2p3/2 (Figure 4-11. b) the for M-NC-CoCu-OER shows BE corresponding to CuCo2O4 

with Cu+ at 932.7 eV and Cu2+ at 934.7 eV, that could correspond to Cu oxidations states 

in CuCo2O4. The slightly higher biding energy of peak corresponding to Cu+ might also 

signify the oxidation of metallic Cu.136 

For M-NC-CoCu-HER, its XRD spectra is similar to M-NC-CoCu-KOH and M-

NC-CoCu-OER only differing by a more well-defined peak at around 37.7° pertaining 

CoOOH. Like KOH and OER samples, M-NC-CoCu-HER also had the Co 2p3/2 peaks 

(Figure 4-12c)  corresponding to Co0 completely diminished. Therefore, the well defined 

CoOOH XRD peak could pertain to the oxidization of Co found in CuCo2O4, which is 

similar to M-NC-CoCu-OER, or also to oxidization of Co in CoNx due the adsorption of 

water during HER in alkaline environment resulting in OH-Co-N moiety.137 In general, 

the peak of Cu 2p3/2 centered at around 932.7 eV for Cu+ could be connect with Cu+ in 

Cu3N, and its positive shift post HER can signify the possible oxidation in alkaline 
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environment. This falls in line with N 1s (Figure 4-12. a) graphitic N and O 1s (Figure 

4-12. b) C-N peak, which have a negative shift supporting the electron coupling of Cu 

complexed in N-doped carbon support for HER electrocatalysis. 136    

After ORR cycling, there is a well-defined narrow XRD peak around 

corresponding spinel Co and CuCoCO. Looking at Co 2p3/2 (Figure 4-11. c) we see that 

there is a negative shifts for Co3+ to 779.88 eV  and Co2+ to 781.36 eV. These lower BE 

shifts could be associated with a change in the cation distribution at the spinel surface 

when Co2+ (occupying the tetrahedral site) is replaced by Cu2+ ions in the spinel 

structure.138 Therefore, this XRD peak would most likely be attributed to CuCo2O4.  The 

peak location of Cu2+ (Figure 4-11. b), which was around 934.4 eV, has slightly lower 

BE than M-NC-CoCu, which might indicate a interaction between Co-Cu and an increase 

of electron-density for Cu2+.102 Though, Cu2+ is also linked with CuNx, and is a known 

catalytic site for ORR, so the lower BE could also be due to its activity as a redox center 

for ORR. Meanwhile, the Cu 2p3/2 peak associated with Cu0 and Cu+ has a positive BE 

shift, which could signify the oxidation metallic Cu0 to Cu+. However, this could also 

signify the participation of Cu+ as an unsaturated in CuNx serving as an active center for 

ORR, which resulted in a positive BE shift due to Cu atoms transferring some valence 

electrons to nitrogen.117 This is supported with negative shift in N 1s graphitic N (Figure 

4-12. a) and C 1s C-N (Figure 4-12. b). Furthermore, it is suspected that during ORR the 

presence of adsorbed oxygen on the basal plane of quaternary site causes is positive shift 

in the BE of the pyridinic peak (Figure 4-12. a), resulting in pyridinic oxide (N-O+).139 

4.4 Conclusions 

 In this chapter, we demonstrated a facile synthesis of an efficient trifunctional 

electrocatalyst where Co/Cu species are incorporated in a high-surface-area N-doped 

carbon structure. The facile synthesis approach of MOF formation followed by a 

pyrolysis process formed highly-dispersed catalytically-active sites in a hierarchical N-

doped carbon. The presence of both Cu and Co species is conjectured to have deterred the 

agglomeration of each other and form well-dispersed active sites such as Cu-Nx, Cu-Ox 
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and CuCo2O4. The excellent electrocatalytic performance of M-NC-CoCu can be 

ascribed to multiple factors: (1) the high-surface-area structure of carbon matrix, (2) 

uniformly distributed tiny-sized catalytically active sites such as CuCo2O4 phases as well 

as Cu-Ox, Cu-Nx and Co-Nx moieties, (3) high concentration of graphitic and pyridinic 

nitrogen, and (4) high concentration of sp2 bonding beneficial for electronic conduction. 

The multitude of active sites derived from bimetallic Cu and Co species and N-doped 

carbon support of M-NC-CoCu prove to be effective in catalyzing ORR, OER and HER. 

This study suggests that a bimetallic mixture and doping can result in multiple favorable 

effects that can be highly leveraged for efficient trifunctional electrocatalyst.  

Limitations: Although, the heterogeneity of this material demonstrated beneficial 

for achieving tri-functionality, it is still difficult to pin-point exact the catalytic active 

sites because there were so many possibilities. This in turn will make it difficult to try to 

further improve the catalytic activity of this material because there are so many possible 

sites. In addition, because this material has trifunctional electrocatalytic activity, it is not 

the best catalyst for all three reactions. It seems that it is a comparable OER catalyst in 

comparison to other catalyst found in literature but is still lacking in both ORR and HER. 

HER, had very poor stability as seen in Figure 4-9.  
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5. TIO2 FUNCTIONALIZATION ON GRAPHENE OXIDE BY 

ATOMIC LAYER DEPOSITION 

5.1 Introduction 

Titanium dioxide (TiO2) is an abundant, inexpensive and non-toxic material that 

has been widely used for a variety of applications ranging from sunscreens, solar cells, 

optics to photocatalyzers.140 TiO2 versatility is due to the capability to tune its chemical 

and physical properties20 and  its electrocatalytic performance.141 The catalytic activity of 

TiO2 can also be significantly enhanced by incorporating them onto an electron-

conducting scaffold made of nanostructured carbon such as reduced graphene oxide 

(rGO).  

Graphene oxide (GO) can be chemically reduced to graphene-like materials with 

excellent mechanical and chemical properties, and work as a useful precursor for the 

synthesis of functionalized graphene, which potentially renders a unique mechanical, 

electrochemical and electronic properties.142 Since GO itself has very low electron 

conductivity, it needs to be reduced for use as an electrode material. As an approach of 

reducing GO, TiO2 can be used; from UV-irradiated TiO2 suspensions, GO accepts 

electrons and thus becomes reduced.143 The TiO2 tethered on the GO is also found to 

prevent restacking of graphene sheets, which is advantageous to use the resulting hybrid 

as a catalyst. The rGO incorporated with TiO2 is a commonly used material as 

photocatalyzers,144 but it was rarely considered for ORR catalysis.  

Recent studies have shown that the TiO2 can have catalytic activity towards ORR. 

It was observed that ordered phases of TiO2 crystals can facilitate electron transport, 

which enhances its catalytic activity towards the reduction of oxygen.145 TiO2 is a 

polymorphous structure that has three common phases: anatase, rutile and brookite.21 

This study not only showed anatase as the optimal phase for ORR catalysis, but also 

showed that the oxygen vacancies in sub-stoichiometric TiO2-x provides favorable site for 

oxygen binding, and thus facilitating its reduction. Forming oxygen vacancies, or 
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reducing TiO2, can be done in several ways such as doping,146 photo induced 

reduction,147 thermal reduction and hydrogen reduction. We aimed to achieve this by the 

use of ALD.  

ALD has recently gained popularity because of its precise deposition at the atomic 

level.148 Unlike other physical and chemical deposition methods, ALD depends on self-

limiting chemical reactions; only one layer can be adsorbed on the substrate for reaction 

per cycle. The titanium precursor used for ALD is expected to bind to oxygen functional 

groups such as hydroxyl (-OH) and carboxylic (-COOH) groups. GO is rich in these 

oxygen functional groups, making it an ideal substrate for ALD of TiO2. By controlling 

the temperature of ALD chamber and precursor pulsing time, it is possible to control the 

resulting TiO2 phase and deposition rate. The number of ALD cycle is varied to render 

different nominal thicknesses.  

This study investigates the catalytic activities of titanium dioxide (TiO2) 

incorporated GO, which was achieved by ALD. The catalytic activity was systematically 

evaluated by CV curves. It was found that TiO2-anchored GO (by ALD) exhibits a 

catalytic activity significantly higher than rGO itself.  The temperature for ALD process 

also was found to affect the catalytic activity of resulting TiO2/rGO. This is ascribed to a 

combined contribution from facilitated reduction of GO and higher deposition rate of 

TiO2 at higher temperatures. In addition, there is an optimal amount of TiOx for catalytic 

activity, which is achieved by 25 cycles of ALD. The deposition of TiOx onto GO by 

ALD is not new, but to our knowledge this is the first study to take this approach for 

ORR catalysis.  

5.2 Experimental 

5.2.1 TiOx on GO by ALD synthesis 

GO was synthesized using graphite by a modified and improved version of 

Hummer’s method using graphite powder (<20 um, Sigma-Aldrich), KMnO4 (ACS 

reagent, >99.0%), and an acid mixture of 9:1 of H2SO4 (ACS, 95 – 98 %, Alfa 

Aesar)/H3PO4  (ACS reagent, > 85wt% in H2O, Alfa Aesar).149 The reaction was then 
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heated to 50°C. The GO solution was then brought to a pH > 5 by several water rinses 

followed by centrifuge, and vacuum filtrated to a solid. The GO was then dispersed in 1:9 

water to dimethylformamide (DMF) to make a 2 M solution.  

The GO solution was then drop-casted on the surface of stainless steel (SS; 

99.99% purity, Goodfellow). The SS was prepared and cleaned using a three-step solvent 

rinse with isopropanol, ethanol, and water. The SS was submerged in each solvent is 

sonicated for 20 min and finalized with ozone cleaning. The drop casting process 

consisted of covering the surface SS with 10 ml of the GO colloidal solution followed by 

an air-drying at room temperature. This drop casting-and-drying process was repeated 

eight times to prepare a GO/SS scaffold for TiO2 ALD onto it.  

Before inserting the GO/SS sample into the ALD chamber (Savanah 100, 

Cambridge NanoTech), the chamber was heated up to the desired temperature. The 

deposition was performed at three different temperatures (150, 200 and 250°C) with 

different number of ALD cycles (10 – 125). The pulsing time for titanium precursor, 

Tetrakis (dimethylamido) titanium (99.99%-Ti Puratrem, STREM), was maintained at 

0.5 s and the water (as oxygen source) was maintained at 0.1 s. The deposition was 

performed under vacuum conditions (0.2 torr) with 20 sccm N2 flow. It is estimated that 

25 cycles lead to a TiOx deposition with a nominal thickness of ~1 nm.  

5.2.2 Material Characterization 

Scanning electron microscopy (SEM) was used to obtain the morphology of the 

sample using a Zeiss Gemini SEM 500 using a working current of 0.4 kV. The energy 

dispersive X-ray spectra (EDS) was captured using a FEI Qunata 200 ESEM equipped 

with EDAX Genesis software. FT-IR samples were dried under vacuum for 24 h by 

placing samples in a desiccator overnight and placed on a diamond crystal (Nicolet 380 

system, Thermo Scientific). 
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5.2.3 Electrochemical Measurements 

Cyclic voltammetry (CV) measurements were performed using a potentiostat (SP-

200, Bio-Logic Science Instruments) with the catalyst (TiO2 ALD’ed GO) in 0.1 M KOH 

electrolyte. Ag/AgCl (3.5 M KCl) was used as the reference electrode, and Pt wire was 

used as the counter electrode. The scan rate was 20 mV/sec, with a potential window of -

0.3 to 0.7 V, under oxygen and nitrogen purged environments using a Biologic 

Potentiostat. All samples were tested after drop-casting a catalyst ink on a glassy carbon 

electrode. The ink was a mixture of the TiO2/rGO catalyst and 5 wt% Nafion in a solvent 

made of 1:1 water and DMF. For Pt/C electrode was prepared using 20 wt5 Pt supported 

on carbon black (Vulcan XC72). 

5.3 Results and Discussion 

The SEM image in Figure 5-1 obtained at a low voltage using an in-lens detector 

reveals the morphology of GO sheets obtained from the modified Hummer’s method. The 

GO structure is folded sheets that are wrinkled throughout the SS substrate.  

 

Figure 5-1. An SEM image of GO on the SS revealing a sheet-like morphology of GO. 
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The FTIR spectrum shown in Figure 5-2indicates the abundance of oxygen-

containing functional groups on GO. These oxygen functional groups are conjectured to 

be responsible for binding the Ti precursor during ALD. The FTIR result shows distinct 

carbonyl peak, which can be responsible for carboxylic functional group at around 1625 

cm-1, and a distinct hydroxyl (-OH) peak at around 3400 cm-1.  

The synthesis of GO by a modified form of Hummer’s method was proven to be 

successful based on the SEM (Figure 5-1) and FTIR results (Figure 5-2). The goal of 

using Hummer’s method is to synthesize carbon structures rich in oxygen functional 

group that TiOx can bind to during the ALD,149 which was successfully achieved. GO, 

due to its high density of defects, is not a conductive material, but it was chosen for its 

simple processing, stable mechanical properties and the flexibility. More importantly, it 

has the flexibility of being readily functionalized and reduced. Even though GO itself has 

low conductivity, which is not ideal for catalytic material, the functionalization and 

reduction of GO can enhance its conductivity.50,12 

 

Figure 5-2. An FTIR spectrum showing oxygen functional groups on GO. 
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After TiO2 was deposited by ALD onto the GO/SS, energy dispersive 

spectroscopy (EDS) was performed to examine the presence of titanium. The EDS 

spectra in Figure 5-3 shows two small peaks corresponding to titanium, confirming that 

Ti is indeed deposited by ALD on the surface of the GO. A distinct Fe peak in the spectra 

is ascribed to the SS substrate.  

 

Figure 5-3. EDS map of the elemental composition found in the TiO2/GO hybrid. 

 

Transmission electron microscopy (TEM) was used to image the morphology of 

the GO and TiO2 nanoparticles formed by the ALD. The sheet-like graphene structure 

was still conserved even after ALD was performed at elevated temperatures. However, 

embedded in the GO sheet-like structure there are nanoparticles that are several 

nanometers wide (Figure 5-5). With the use of energy filtered transmission electron 

microscopy (EFTEM), the nanoscale particles was found to correspond to TiO2 (Figure 

5-5d).  
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Figure 5-4. (a-c) TEM images of the TiO2 incorporated GO by ALD. (d) An energy filtered TEM 

image that reveals the nanoparticles correspond to TiO2. 

 

When exposed to high temperatures during ALD, GO is likely to turn into reduced 

graphene oxide (rGO), which is more conductive.150 In addition, TiO2 binds to oxygen 

functional groups on GO, which is considered to be another contribution toward GO 
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reduction. On the other hand, by binding TiO2 nanoparticles, GO nanosheets can be free 

of the issue of being agglomerated.151 As an agglomeration can cause a decrease in the 

overall surface area and thus a sacrifice in the overall catalytic activity per gram, the 

suppression of agglomeration is highly advantageous for catalytic performance.  

CV results in Figure 5-5 exhibits a comparison of electrochemical activity 

between TiO2/rGO and GO. There is a significant different in the ORR performance 

between the two samples in terms of current density (0.1 mA/cm2 for GO; ~ 0.5 mA/cm2 

for TiO2/rGO) and on-set potential (-0.18 V vs Ag/AgCl for GO; -0.02 V for TiO2/rGO), 

indicating that the ORR activity of GO was dramatically improved by TiO2 ALD. 

In addition, Figure 5-6 shows the effect that different number of ALD cycles has 

on the ORR activity. The CV was taken of GO samples deposited with 12 cycles, 25 

cycles and 125 cycles. All samples were deposited at 250°C. In terms of the on-set 

potential and current, the sample deposited with 25 cycles has the best performance 

among the three samples. The TiO2/rGO deposited with 25 cycles has a current density of 

~ 1 mA/cm2, and an on-set potential of ~ -0.056 V vs Ag/AgCl. The tetrakis 

(dimethylamido) titanium precursor at 250°C is expected to have a deposition rate of 0.04 

nm/cycle. Therefore, an estimated thickness of ~ 1 nm coating was enough to form the 

nanometer-sized TiO2 nanoparticles seen in the TEM images, which exhibited the best 

catalytic performance. The 125 cycles, corresponding to the TiO2 thickness of 5 nm, 

would result in the formation of film, as opposed to dispersed nanoparticles. Film in 

comparison to nanoparticles have smaller surface area, which can reduce the number of 

exposed active sites. When compared to the benchmark Pt/C catalyst, the on-set potential 

was measured at ~ 0.015 V vs Ag/AgCl, slightly higher than that of the TiO2/rGO 

catalyst.    
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Figure 5-5. CV curves of GO and ALD TiO2/GO in O2 and N2 saturated 0.1M KOH 

electrolyte. 
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Figure 5-6. CV curves of TiO2/GO deposited for different number of ALD cycles. 
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Figure 5-7. CV curves of TiO2/GO deposited at different chamber temperatures (150, 200 

and 250C) by ALD. 

  

The TiO2/rGO samples were also deposited at three different chamber temperatures. The 

set of samples in Figure 5-7 were all deposited with a cycle number of 25. From the CV 

measurements, it is evident that the overall performance of TiO2/rGO was improved by 

increasing the chamber temperature during ALD. Deposition at a higher temperature not 

only increases the reduction of GO, but it also has an important role in nucleation and 

crystal structure formation. Recall that catalytic activity of certain nanostructures has 

depended on the cationic oxidation state, crystal structure and crystal phase. This has 

especially been true for TiO2, and the formation of non-stoichiometric form of TiO2 has 

been shown to be better for its ORR catalytic activity by facilitating the absorption of 

O2.
18  
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5.4 Conclusion 

This Chapter presents a study using CV for characterizing the catalytic activity of 

TiO2/rGO. From TEM images, it was evident that TiO2 nanoparticles (< 10 nm) were 

deposited by ALD. The CV results indicated a significant increase in catalytic activity 

after deposition of TiO2 by ALD. The optimal ALD condition for ORR catalysis was 

found to be 25 cycles of deposition at 250 C. An excessive number of cycles is 

conjectured to result in a relatively low-surface-area structure while a small cycle number 

cannot disperse sufficient TiO2 nanoparticles for an optimum catalysis. Even with the 

same cycle number, the reaction temperature is also found to have a significant impact on 

the ORR activity of resulting TiO2/GO hybrid. A higher temperature is advantageous in 

further reducing GO (and thus improving electronic conductivity of resulting rGO) and 

facilitating nucleating and crystalline growth of TiO2 particles. Any impact on the 

stoichiometry of TiO2 particles itself can be a possible factor, which is yet to be revealed. 

Limitations: It is challenging to characterize the TiO2/GO interfaces because of the small 

quantity of the titania that was deposited by ALD. In addition, the inconsistency in the 

chemical nature of GO, which as aforementioned is filled with different types of oxygen 

functional groups, made an explicit revelation of the active sites difficult.  
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6. ATOMICALLY DISPERSED TRANSITION METAL BY 

ATOMIC LAYER DEPOSITIN ON CARBONIZED ZIF-8 

6.1 Introduction 

Atomically dispersed metal sites (ADMS) have an important role in the 

development of electrocatalytic and photocatalytic devices. ADMS maximize atom-use 

efficiency and can provide unique coordination that is beneficial for catalyzing oxygen 

reactions that are crucial for energy conversion and renewable energy device 

efficiency.152 In addition, decreasing metal size from bulk to nanoparticles, and then to 

the monoatomic level, can increase the specific activity per metal atom.153 There are 

different synthesis methods for creating ADMS. One that has garnered considerable 

attention has been ADMS derived from metal-organic frameworks (MOFs).52,53,154 The 

benefits of MOFs are that they can form highly ordered structures composed of organic 

linkers and metal nodes, and the well-defined porous arrangements, making them ideal 

substrates for supporting atomically dispersed metal sites (ADMS).155 Usually, ADMS 

supported on MOFs can be achieved through controlled treatments, such as pyrolysis, 

nanoparticle transforming method and high-energy ball milling synthesis97,156,157 These 

controlled treatments have been recently popular for designing catalytically active 

materials for electrode use in renewable energy devices.  

However, there are some limitations to these methods of synthesizing MOF-derived 

ADMS including: agglomeration,  drastic decrease of metal loading, and lower stability 

and/or bonding between support and metal complex.38 Furthermore, the strengthening 

interfacial chemical bonding and finely dispersed anchor sites, have been the focus of 

many working on ADMS. 158  

One way of doing this is by introducing more than one metal center. The chemical 

bonds that are formed between metal atoms and supports can also enhance the stability of 

single metal atoms and anchoring of metals sites to prevent agglomeration.52 Moreover, 

having more than one metal can exhibit binary metal composites and multi-valence 

species available to catalyze multiple reactions.57,58 Therefore, creating transition bimetal 
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sites on carbon structures can increase the utilization and bifunctional catalytic activity of 

electrode material, overcoming the relatively low activity of single-TM catalysts.35,63 A 

multi-metallic species often induces a synergetic effect resulting in a facile charge 

transfer between dissimilar metals and a decrease in the kinetic energy barrier from 

modulation of electronic structures.63 For these reasons, bimetallic transition metals 

embedded N-doped carbon systems.  

Furthermore, using an alternative synthesis method that can provide precise control 

and stability for ADMS is also highly sought out. Atomic layer deposition (ALD) has 

garnered a lot of interest recently due to its ability to provide controlled growth at the 

atomic level.159–161 Even though ALD is mainly used for film making, controlling ALD 

parameters, such as temperature and cycle number, can allow the formation metal 

nanostructures. In addition, ALD is also useful in the exploration of structure-

performance relationships in ADMS. For example, Sun et al. anchored isolated Pt atoms 

onto graphene nanosheets using an ALD technique with oxygen and (methylcyclo-

pentadineyl)-trimethyl platinum as precursors. The researchers reported that through the 

use of ALD the Pt content of the catalyst can be varied from isolated single atoms to sub-

nanometer sized.162  

Still, the type of substrate used for ALD has a large influence on the formation 

kinetics of TM sites, their dispersion, and stabilization. Supports based on doped carbon 

can provide versatile binding sites to anchor potential catalytically active transition metal 

species. One of the most used functional groups in ALD is oxygen functional groups for 

attaching transition metals. These oxygen functional groups facilitate the removal of 

ligands for the deposition of metal.163 Similarly, N-doped carbon materials have a variety 

of N functional groups, such as pyridinic N, pyrrolic N, graphitic N and quaternary N, 

which provide rich coordination sites for binding metal atoms.158 

For this study, a zinc-based zeolitic imidazole framework (ZIF-8) is carbonized to 

form organized N-doped carbon nanostructures. The carbonized ZIF-8 (C-ZIF-8) was 

then used as a substrate (support) for ALD. Titanium (Ti) and cerium (Ce) precursors 

were deposited on C-ZIF-8 to create bimetal (Ti and Ce) and monometal (Ti or Ce) 
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electrocatalyst. We investigated the effects of bimetal incorporation to enhance the 

electrocatalytic properties of titanium and cerium supported on ZIF-8 derived carbon 

nanostructures. Preliminary data shows promising preliminary results towards oxygen 

evolution reaction (OER) and hydrogen evolution reaction (HER) after ALD. 

6.2 Experimental 

6.2.1 Synthesis of transition metal embedded C-Zif-8  

The synthesis of Zif-8 was done using 0.05 mmol of zinc nitrate (Zn(NO3)2, 98%, 

Alfa Aesar) and 0.40 mmol 2-methylimidazole (99+% ACS grade, Alfa Aesar) were 

separately dissolved in 50 ml of methanol ( 99.8+% ACS grade, Alfa Aesar) and 

sonicated for 20 min. Then both solutions were transferred to a clean beaker and the final 

mixture was brought to 300 ml of methanol. The reaction took place at ambient 

temperature pressure for 1hr. The white solid was collected and rinsed several times via 

centrifugation using methanol and ethanol. After being air-dried, the sample was dried 

further at 150 ºC under N2 conditions for 30 mins and prepped for a subsequent heat 

treatment. By heat-treating the resulting solid at 700 ºC for 2 h in N2, a carbonized 

polyhedron Zif-8 structure denoted as C-Zif-8 was formed. Subsequently, atomic layer 

deposition (ALD) was then used to deposit titanium (Ti) and cerium (Ce) on the surface 

C-Zif-8. Titanium deposition was done under 250°C for 10 cycles with a deposition of 

0.4 Å/ cycle using Tetrakis (dimethylamido) titanium (99.99%-Ti Puratrem, STREM). 

Cerium deposition was done under 250°C for 14 cycles with a deposition of 0.3 Å/ cycle 

using Tris(isopropylcyclopentadienyl)cerium(III) (99.9%-Ce, REO, STREM). For the 

bimetallic sample with both Ce and Ti, C- Zif-8 was first deposited with Ti and then with 

Ce using the conditions stated above. The samples deposited with Ti are denoted C-Zif-8-

Ti, with Ce are denoted C-Zif-8-Ce and the bimetallic samples are denoted C-Zif-8-CeTi.  
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6.2.2 Material Characterization  

Scanning electron microscopy (SEM) was used to get the overall morphology of 

the sample using a Zeiss Gemini SEM 500 using a working current of  0.4 kV . The 

energy dispersive x-ray spectra (EDS) was captured using a FEI Qunata 200 ESEM  

equipped with EDAX Gensiss software. Transmission electron microscopy (TEM) and 

scanning transmission electron microscopy (STEM) images were recorded on a 200 kV 

FEI monochromated F20 UT Tecnai system. The STEM image was acquired with a 

convergence angle of 10 mrad and a detection angle of 30 mrad. Energy filtered 

transmission electron microscopy (EFTEM) was used to visualize elemental distribution. 

Sample preparation for TEM samples included drop-casting ethanol-suspended catalyst 

upon a 3 mm Lacey B Carbon 400 mesh grid from Ted Pella, followed by ambient 

drying. X-ray photoelectron spectroscopy (XPS) was performed on a PHI Quantum 2000 

system using a focused, monochromatic Al Kα X-ray (1486.6 eV) source for excitation 

and a spherical section analyzer (200 µm diameter X-ray beam incident to the surface 

normal; detector set at 45). The collected data were referenced to an energy scale with 

binding energies for Cu 2p3/2 at 932.7 ± 0.1 eV and Au 4f7/2 at 84.0 ± 0.1 eV. For XPS, 

catalysts were dispersed in ethanol and drop-cast onto a cleaned Si wafer. 

6.2.3 Electrochemical Characterization  

The catalytic activity was evaluated with linear sweep voltammetry (LSV) using a 

potentiostat (SP-200, Bio-Logic Science Instruments) in either ring-disk electrode (RDE) 

or rotating ring-disk electrode (RRDE) setup (RRDE-3A, ALS Co. Ltd). Measurements 

were performed in a three-electrode setup with a graphite rod as the counter and Ag/AgCl 

(3.5 M KCl) or Hg/HgO (1 M NaOH) electrode as the reference electrodes. The working 

electrode was prepared by drop-casting each electrode ink onto a glassy carbon (GC) disk 

electrode or nickel (Ni) foam. The ink was prepared by immersing 5 mg of hybrid 

catalyst materials into 1 ml of 2:1 volume of ethanol to MiliQ water along with 10.75 µl 

of 5 wt% Nafion (Nafion D-521, Alfa Aesar). For Pt/C electrode, a 5 mg ml–1 Pt/C 

suspension was prepared by using a commercial 20 wt% Pt supported on carbon black 
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(Vulcan XC72). These samples were dried under N2 at 2 standard cubic feet per hour 

(scfh). The loading mass for all samples measured on glassy carbon was 0.4 mg/cm2. 

Then, O2 and N2 saturated environments were implemented by flowing high-purity O2 

and N2 gas at 2 scfh into 80 ml of electrolyte for 30 min. All electrochemical data were 

expressed with respect to the reversible hydrogen electrode (RHE). 

6.3 Results and Discussion 

The SEM images in Figure 6-1. SEM micrographs of carbonized Zif-8 (C-Zif-8) (a) 

before ALD deposition, (b) after Ce ALD (C-Zif-8-Ce), (c) after Ti ALD (C-Zif-8-Ti) 

and then after bimetallic ALD of Ce and Ti (C-Zif-8-CeTi) confirm the overall 

polyhedron morphology of the carbonized Zif-8 (C-Zif-8). The polyhedron structures are 

range from 100 – 200 nm in size.52 Post ALD, there is still remnants of the C-Zif-8 

morphology, which will still have the high surface area and promote high surface area, 

which can potentially promote the exposure of catalytic active sites.115,164 However, there 

is agglomeration presented in the post-ALD samples (C-Zif-8-Ce, C-Zif-8-Ti and C-Zif-

8-CeTi). In some of the images, especially for C-Zif-8-CeTi, there is high contrast of 

white, which could be from the formation of films due to ALD of Ti and Ce. Usually, 

higher atomic dense materials scatter electrons more giving more signal, and thus looking 

brighter. Certainly, higher magnification images might show some particles that could be 

a result of ALD of the metallic samples. 
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Figure 6-1. SEM micrographs of carbonized Zif-8 (C-Zif-8) (a) before ALD deposition, 

(b) after Ce ALD (C-Zif-8-Ce), (c) after Ti ALD (C-Zif-8-Ti) and then after bimetallic 

ALD of Ce and Ti (C-Zif-8-CeTi) 
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Figure 6-2 FTIR spectra of C-Zif-8, C-Zif-8-Ce, C-Zif-8-Ti and C-Zif-CeTi 

The FTIR spectra in Figure 6.2 shows the presence of the following functional 

groups which include: OH (3550 cm-1), C=O (1875 cm-1), C=C or C=N (1563 cm-1), C-C 

(1143 cm-1) and C-OH (1015 cm-1), and give an insight on what functional might have 

attached the metals that were deposited by ALD. The peak corresponding for OH is no 

longer present after ALD of Ce and Ti, this could signify that the metals have attached to 

these groups.165,166 In addition, for C-Zif-8-Ce sample shows a decrease in the C=O after 

ALD, which can also show that Ce has attached to the carbonyl groups present in C-Zif-

8. Both C-Zif-8-Ti and C-Zif-8-CeTi have similar spectra, with the absence of the 

hydroxyl group, but the peak corresponding to carbonyl is still present. However, there is 

a change before and after ALD for C-Zif-8-Ti, C-Zif-8-Ce, and C-Zif-8-TiCe. For the C-

Zif-8 sample, the C-C and C-OH peak are quite distinguishable, but it seems those peaks 

are less defined in the samples post-ALD.   
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Table 6.1:  Relative atomic percentages (%) 

Specimen C-Zif-8 C-Zif-8-Ce C-Zif-8-Ti C-Zif-8-CeTi 

C 52.44 59.4 59.61 58.4 

N 17.22 21.25 17.27 18.39 

O 24.21 16.51 20.31 19.68 

Ce - 1.76 - 0.54 

Ti - - 1.34 2.17 

Table 6.1 The table is shows the relative atomic percentages of all samples, and it was 

derived from a full-range XPS spectra 

 

Figure 6-3 (a-c) XPS spectra of samples (a) C 1s, (b) N1s, and (c) O 1s. (d-f) Relative 

atomic percentage (%) of species deduced from the XPS spectra shown in (a-c). 
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X-ray photoelectron spectroscopy (XPS) was done to identify the chemical composition 

and valence states of the samples. The spectra shown in Figure 6.3 and 

 

Figure 6-4 shows the presence of C, N, O, Ce and Ti. For all samples the majority of the 

composition, as seen in Table 6.1, is carbon with atomic percent, over 50% for all 

samples. Nitrogen and oxygen are the second highest with their relative atomic 

percentage ranging from about 16 to 24%. While both metals are close to 1-2 atomic 

percent. It seems the Ti percentage is in both monometallic and bimetallic samples are 

comparable, with the bimetallic sample having a slightly higher amount of Ti atomic 

percentage. On the other hand, the Ce content is higher for C-Zif-8-Ce than in the 

bimetallic sample, C-Zif-8-CeTi. This could be because of the method that was used to 

introduce the Ce, which was done after the Ti deposition instead of the common 

alternating cycles of each precursor. It could be that the Ti deposition had taken over the 

functional groups where Ce could have bonded and therefore the incorporation of Ce by 

ALD was limited. 
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As for the oxidation states and composition based on peak location the following 

was determined. For the C 1s spectra ( 

Figure 6-3.a) all samples exhibited peaks around 284.6 eV, 287.3 and 292.4 eV, 

which correspond to graphitic carbon/C-N, C-OH/C-O-C, and C-N/C=O, respectively. 

When comparing the relative atomic percentage of each of the peaks it seems that the 

bimetallic sample C-Zif-8-CeTi has relatively higher carboxyl and carboxide groups. 

Whereas C-Zif-8-Ce has slightly higher graphitic C and C-Zif-8-Ti has higher C-N and 

carbonyl groups C=O ( 

Figure 6-3.d). For N 1s ( 

Figure 6-3.b) spectra of all the samples, there are peaks located at around 398.7, 400.7 

and 402.2 eV, which correspond to pyridinic N, pyrrolic N, and graphitic N, respectively. 

This not only confirms the incorporation and presence of nitrogen, but also the N-doping 

of the carbonized support structure. The relative atomic percentage for all the 

corresponding peaks of N 1s are relatively the same for all the specimens around 33 

relative atomic%. The O 1s spectra ( 

Figure 6-3.c) shows peaks at around 531.5 eV is usually associated with metal 

carbonates and carboxylic bonding, which not only confirms the incorporation of Ti and 

Ce metal in the C-Zif-8, but it also confirms the C-O present in the sample that are 

supplemented by the C 1s.  
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Figure 6-4 XPS spectra of samples (a) Ce 3d and (b) Ti 2p. (c) and (d) Relative atomic 

percentage (%) of species deduced from the respective XPS spectra shown in (a) and (b). 

The metal incorporation characterized by XPS, shows some interesting oxidation states 

for the bimetallic sample, C-Zif-8-CeTi that could have led to its improved performance 

for both OER and HER. As seen in Figure 6-4.a for Ce 3d spectra the peaks present show 

both 3d 5/2  and 3d 3/2 that correspond to Ce 4+ at around 881.7 eV and Ce3+ at around 886 

eV. The bimetal sample, C-Zif-8-CeTi, and C-Zif-8-Ce have very similar atomic of Ce3+ 

and  Ce4+ (Figure 6-4.c), which could have some correlation as to why it had an overall 

better performance than the rest of the samples. In contrast, for the Ti 2p spectra it 

showed differences in different oxidation states between the bimetallic and monometallic 

sample. Even though both samples have relatively similar atomic percentages of Ti, 

Figure 6-4.d shows that there are higher amounts of Ti3+ in C-Zif-8-CeTi than in 

comparison to Ti4+. In contrast, C-Zif-8-Ti had higher Ti3+ content. However, it seems for 
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both metals, C-Zif-8-CeTi has a higher atomic percentage of lower oxidation states of 

both metals.  

 

Figure 6-5 are LSV voltammogram for (a) OER and (b) HER. (d and c) Tafel plotes with 

Tafel slope values for OER and HER. All obtained in 1 M KOH under N2 environment. 

The electrocatalytic performance of the three samples were obtained under 

alkaline environment using 1 M KOH. Since the samples were deposited onto a Ni foam. 

In Figure 6-5.a the OER LSV voltammograms show that the best performing sample C-

Zif-8-Ce reaching 50 mA/cm2 at around 1.61 V vs RHE. The second-best sample was the 

bimetallic sample, C-Zif-8-CeTi, 50 mA/cm2 at around 1.62 V vs RHE. Both samples 

outperform the benchmark IrO2, which reaches 50 mA/cm2 at around 1.68 V vs RHE. 

Since it has a higher potential. For HER, (Figure 6-5.b) the best performing is the noble 

meal benchmark Pt/C with an overpotential of 0.22 V at 50 mA/cm2. However, C-Zif-8-

CeTi and C-Zif-8, which doesn’t contain any metal, had comparable HER electrocatalytic 
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performance to Pt/C reaching -50 mA/cm2 at around 0.24 V. When comparing Tafel 

slopes (Figure 6-5.c and d) we see that both benchmarks have the lowest slope followed 

by the bimetallic samples.  

Correlating the material characteristics and their performance we see a few things. For 

one, the bimetallic sample was the only sample that had good performance in both OER 

and HER. As seen in Figure 6.6, C-Zif-8-Ce and C-Zif-CeTi only differed by 10 mV of 

over potential. Overall, both samples had similar compositions based on what was 

quantified using XPS, especially having similar atomic percentages of oxidation states. 

Still, C-Zif-8-Ce had a higher relative atomic percentage of Ce could have led to more 

active sites for OER electrocatalysis formed by Ce. One difference that was evident 

between C-Zif-8-Ce and C-Zif-8-CeTi, is that the bimetallic sample has higher C-OH 

relative atomic percentage than C-Zif-8-Ce. This could signify why there was less Ce for 

the bimetallic sample, and as discussed previously this might be due to the synthesis 

method of depositing Ti first and the Ce during ALD. Overall, the presence of some sort 

of CeOx formed by ALD can aid in the process of OER electrocatalyst. What is known 

about Ce-Ox catalytic active sites is that the intermediates of OER in an alkaline 

environment have weaker intermediate binding energies that favor the process.167  

On the other hand, for HER the best performing sample was C-Zif-8 without any 

metal and C-Zif-8-CeTi. Both monometallic samples did not have good performance 

towards HER, with C-Zif-8-Ti have the worst performance for all the samples. This does 

show the possibility that most of the catalytic sites are either coming from the N-doped 

carbon or some bimetallic interaction between Ce and Ti. What is known about N-doped 

carbon electrocatalyst for HER especially both graphitic N and pyridinic N.42,168 Even 

though, we didn’t confirm Ti-Ox
169 is also a known electrocatalyst site for HER.  

6.4 Conclusion 

For this study, we synthesized a bifunctional electrocatalyst by carbonizing ZIF-8 

(C-ZIF-8) that was then used as a substrate for ALD. Titanium (Ti) and cerium (Ce) 

precursors were deposited on C-ZIF-8 to create bimetal (C-Zif-8-CeTi) and monometal 
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(C-Zif-8-Ce or C-Zif-8-Ti) electrocatalyst. The bimetal-based electrocatalytic material, 

C-Zif-CeTi, showed promising performance for OER and HER reaching 50 mA/cm2 at 

around 1.62 V vs RHE for OER and reaching -50 mA/cm2 at around 0.24 V for HER. 

Some of the electrocatalytic sites that are suspected to be responsible for this bifunctional 

performance include the presence of CeOx, TiOx, and N-doped carbon complexes that are 

both stand-alone and synergistic catalytic active sites that promote the adsorption of 

reactants, desorption of products, and electron conductivity.  

Limitations: In this study, we didn’t explicitly show how the metals are atomically 

dispersed, so we would have to show higher magnification images, which includes TEM. 

In addition, use EDS to characterize the elemental composition of the structures we 

image to verify the distribution and Ti and Ce. Also, we did not discuss anything 

regarding the structure or phases present in this material, so we would have to include 

XRD analysis and potential diffraction analysis using TEM. Overall, we still need to 

verify and identify if there is a synergistic effect between both metals and how it is 

correlated to their electrocatalytic performance.  
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7. CONCLUSION 

In this thesis, two different methods were applied to synthesize inorganic/organic hybrid 

electrocatalysts for ORR, OER, and HER: an ALD-based metal oxide anchoring and a 

solvothermal approach. The electrocatalytic performance of the resulting hybrid catalysts 

was characterized, and relevant discussions were provided.  

1) We were successful in synthesizing electrocatalysts that have comparable or 

even exceeding electrocatalytic activity to that of noble metal-based 

benchmark.  

2) The electrocatalytic performance for each electrocatalyst was then correlated 

to specific characteristic attributes of the materials in terms of structure, 

composition, and chemical states.  

In the first study, a hybrid catalyst synthesized through a metal-organic framework-based 

process (M-NC-CoCu) enables active trifunctional catalysis due to its multi-faceted 

favorable characteristics. The presence of both Cu and Co species is conjectured to have 

deterred the agglomeration of each other and form well-dispersed active sites such as Cu-

Nx, Cu-Ox, and CuCo2O4. The excellent electrocatalytic performance of M-NC-CoCu can 

be ascribed to multiple factors: (1) the high-surface-area structure of carbon matrix, (2) 

uniformly distributed tiny-sized catalytically active sites such as CuCo2O4 phases as well 

as Cu-Ox, Cu-Nx, and Co-Nx moieties, (3) high concentration of graphitic and pyridinic 

nitrogen, and (4) high concentration of sp2 bonding beneficial for electronic conduction. 

The multitude of active sites derived from bimetallic Cu and Co species and N-doped 

carbon support of M-NC-CoCu prove to be effective in catalyzing ORR, OER, and HER. 

This study suggests that a bimetallic mixture and doping can result in multiple favorable 

effects that can be highly leveraged for efficient trifunctional electrocatalyst 

The second study investigated the catalytic activities of TiO2 incorporated GO where 

TiO2 incorporation was achieved by ALD. The catalytic activity was systematically 

measured by CV. TiO2 nanoparticles sized < 10 nm were successfully deposited evenly 
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on GO surface by ALD. A higher number of ALD cycles resulted in an overall better 

ORR performance in terms of on-set potential and active surface area. At 25 ALD cycles, 

the performance, especially in terms of on-set potential, reaches an optimum. It was also 

found that the chamber temperature for ALD process renders a positive impact on the 

catalytic performance when the same ALD cycle number of 25 was used. It is 

conjectured that a higher temperature resulted in a further reduction of GO (and thus an 

improved electronic conductivity of graphene scaffold) and facilitated nucleation and 

crystallization of TiO2 nanoparticles. 

For this study, we synthesized a bifunctional electrocatalyst by carbonizing ZIF-8 (C-

ZIF-8) that was then used as a substrate for ALD. Titanium (Ti) and cerium (Ce) 

precursors were deposited on C-ZIF-8 to create bimetal (C-Zif-8-CeTi) and monometal 

(C-Zif-8-Ce or C-Zif-8-Ti) electrocatalyst. The bimetal-based electrocatalytic material, 

C-Zif-CeTi, showed promising performance for OER and HER reaching 50 mA/cm2 at 

around 1.62 V vs RHE for OER and reaching -50 mA/cm2 at around 0.24 V for HER. 

Some of the electrocatalytic sites that are suspected to be responsible for this bifunctional 

performance include the presence of CeOx, TiOx, and N-doped carbon complexes that are 

both stand-alone and synergistic catalytic active sites that promote the adsorption of 

reactants, desorption of products, and electron conductivity.  

While the aforementioned studies show promises of each organic/inorganic hybrid 

material as multifunctional electrocatalyst, an in-depth mechanism study to reveal the 

process-property-performance correlation is expected to provide a useful insight in 

designing high-performance catalysts from these approaches.  
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