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CHAPTER 1 

INTRODUCTION AND BACKGROUND* 

1.1 Motivation for the Energy Crisis 

The current fossil fuel resources used for energy production, including coals, natural gas, 

and petroleum, have been exploited for almost 200 years. According to the report of US Energy 

Information Administration, the current infrastructure relies on oil and natural gas as its main 

source with 84 percentage of total energy produced since the 18thcentury.[1]  

Figure 1.1: Energy demand by fuel type1. [2] 

The earth has been polluted by the burning of fossil fuels. The consumption and production 

of fossil fuel has also increased in amount year by year since A.D.1985 until now. The coal and 

oil buried under the ground for thousands of years have been gradually depleted and burning the 

* Chapter 1 is reproduced with permission from John Wiley & Sons, from C-Y Lin, D. Zhang, Z. Zhao & Z. Xia
(2017), Covalent organic framework electrocatalysts for clean energy conversion. Advanced Materials 30: 1703646. 
https://doi.org/10.1002/adma.201703646  

https://doi.org/10.1002/adma.201703646
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fossil fuels generate air pollutants such as sulfur, nitrogen oxides and carbon dioxide that make 

our earth seriously polluted. According to the report generated by US Energy Information 

Administration (EIA), the consumption of fossil fuels displays a huge financial issue and 

environmental pollution will become a serious problem by A.D. 2030 if people cannot solve this 

issue.  

Although the people have tried to find the solution to replicate the method by which 

burning fossil fuels generate energy, it still cannot match the amount of energy currently made by 

the fossil fuel industry. Also, the fossil fuels will run out between A.D. 2025 to 2070 as shown on 

the website of the Central Intelligence Agency. [2] Therefore, renewable energies such as solar 

energy, wind energy, biomass energy, and nuclear energy should be utilized.  

Solar energy and wind energy are clean and free energy sources for humanity. If we can 

transfer 0.1% of the total solar energy received on the earth to energy infrastructure, that would 

take care of the growing energy needs of humanity.[3] Solar energy has a high capital cost and 

requires special locations such as low latitudes. The efficiency of solar energy is relatively low, 

which mean solar energy cannot transfer into the electric energy that humanity requires. 

For wind power, in setup it is difficult to choose the ideal location because it needs high 

wind speeds in all seasons. Windmills are easily damaged during winter weather. Even though 

wind energy is low pollution and clean energy, it still is uncontrollable and intermittent. Therefore, 

solar and wind energy cannot achieve the high efficiency today if they are compared with nuclear 

energy.  

The nuclear energy is the most efficient among these replacement energies, with the 

transfer of 1 kg of natural Uranium providing energy equal to the 14000 kg of coal. Moreover, 1 

kg of concentrated Uranium-235 will generate 24,000,000 kWh which is much higher than 12 kWh 
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from same amount of coal.[4] However, the protection of radiological materials and nuclear waste 

treatment issues hinder its development and versatility. Finding replacement energy sources which 

are clean, safe, and cheap has become the solution for mankind’s energy needs. Moreover, the key 

advantage is that their products are clean water and heat, which are better than fossil fuels’ 

pollution.  

Recently, metal-air batteries and fuel cells have gotten attention from scientists because 

they are renewable energy devices which can transfer chemical energy to electric energy in both 

theoretical and experimental applications. Table 1-1 show us the comparison of conventional 

energy and renewable system.[5]  

Table 1.1: Comparison of conventional energy and renewable energy systems.[5] 

 Conventional energy Renewable energy 
example Oil, gas, coal Solar, biomass, wind 
state Static store of energy Flow of energy 
lifetime finite infinite 
Location for use Global use Site specific  
Cost  expensive Free 
Skills Its links with electrical and 

mechanical engineering 
Wide range of skills. 
Importance of bioscience. 

Pollution and damage Huge surrounding 
pollution  

Little environmental harm 

Safety Most dangerous when 
faulty 

General safe when out of 
action 

 

1.2 Introduction to Metal-Air Batteries and Fuel Cells 

1.2.1 Fundamentals 

Fuel cells are devices that convert chemical energy directly into electrical energy through 

an electrochemical reaction. Electricity will be continuously generated as long as fuel is 

continuously supplied without interruption. The fuel is usually hydrogen, ethanol, methanol, other 

hydrocarbons or natural gas as a reactant as well as clean water and heat as the product. Therefore, 

fuel cells can convert chemical energy into electricity without the traditional combustion 
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processes. Not only can fuel cells improve efficiency, but also they can continuously generate 

electricity by constantly supplying the fuel for reactions externally.  

The earliest fuel cell was invented in 1839, when British judge William Grove ran the 

experiment of a water gas voltaic battery.[6] He want to verify that the reaction between hydrogen 

and oxygen would release electricity during the reverse water electrolysis process. First, two 

platinum bars and test tubes were connected to a sink. Oxygen and hydrogen were generated from 

both tubes due to the electrolysis of water. However, no one paid attention to it because the current 

generated was extremely low. Two chemists, Charles Langer and Ludwig Mond were the first to 

propose the word “fuel cell” in A.D. 1889.  Then the NASA space mission used the fuel cells to 

provide energy for satellites and capsules in the 1960s. Finally, fuel cells have been commercially 

used in various areas.  

The fuel cell is a Galvanic cell that converts chemical energy into electrical energy. Its 

formula of Gibb’s free energy change can be calculated by the following equation, 

∆𝐺𝐺 = −𝑛𝑛𝑛𝑛𝐸𝐸0  (1-1) 

where, G is Gibbs free energy, n is the number of electrons within the reaction, F is the Faraday 

constant, and E0 is the potential at the nodes during the equilibrium state.  

The schematic setup of a phosphoric acid fuel cell (PAFC) is drawn in Figure 1.2. The 

PAFC displays the phosphoric acid (H3PO4) as a highly concentrated electrolyte. Hydrogen is 

oxidized into protons and flows from anode to cathode. The oxygen is oxidized into O2- to combine 

with proton hydrogen to generate water molecules. Therefore, the overall reaction equation can be 

shown,  

2𝐻𝐻2 +  𝑂𝑂2 → 2𝐻𝐻2𝑂𝑂 (1-2)  
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Figure 1.2: Schematic figure of a phosphoric acid fuel cell (PAFC).[7] 
 

The reaction that happens at an anode is,  

𝐻𝐻2 → 2𝐻𝐻+ + 2𝑒𝑒− (1-3) 

The reaction that happens at a cathode are,  

𝑂𝑂2 + 4𝑒𝑒− → 2𝑂𝑂2− (1-4) 

𝑂𝑂2− + 4𝐻𝐻+ → 𝐻𝐻2𝑂𝑂 (1-5) 

The electrons flow in the circuit during these reactions. The water and heat are generated 

as product at the cathode for this PAFC. 

 

1.2.2 Types of Fuel Cells 

Fuel cells can be classified into 6 various types via the different electrolytes, which are 

alkaline fuel cells (AFC), polymer electrolyte fuel cells (PEMFC), direct methanol fuel cells 

(DMFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC), and solid oxide 

fuel cells (SOFC). The details are shown in Table 1-2.  
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AFC is a kind of low temperature fuel cell, which operate in temperatures under 100 

degrees. The anodes use pure hydrogen as the fuel, and the cathodes use pure oxygen as the 

oxidant. Metal catalysts such as platinum, gold, and other transition metals (Ni, Co, and Mn) are 

commonly used in AFC. AFC is not chosen as a common development target because its 

electrolyte is in a liquid state. It is applied in military and aerospace applications. 

PEMFC is an ion exchange membrane. The platinum film catalyst is coated on the surface 

to accelerate the reaction. Oxygen and hydrogen are supplied on both sides of the membrane. 

Hydrogen atoms are decomposed into two protons and two electrons. Then the protons are 

attracted by oxygen. Lastly, they form water molecules via an external circuit. The corrosion issues 

can be ignored because water is liquid in this device. It is not suitable for being applied in large 

scale power plants but is suitable as the source of automotive energy. 

DMFC’s structure is similar to PEMFC. It displays porous proton exchange membranes to 

replace electrolytes. Thus, it also does not need to consider the corrosion factor. The main 

difference is that the anode reaction is converting methanol into the anode and reacts with 

hydroxide ions from the cathode to produce carbon dioxide and water. Water comes from hydrogen 

atoms of methanol molecules and carbon dioxide comes from carbons of methanol molecules. 

Noble metals or transition metals such as tungsten, molybdenum, rhodium and ruthenium are used 

as a metal catalyst on the cathode of DMFC. Due to the advantages of low operating temperature, 

high stability, and convenient refilling, it can be widely applied in various mobile vehicles and 

electronic products. However, the low energy conversion efficiency still obstructs its development 

in commercialization.  

PAFC is a medium temperature type of fuel cell. It can be used for livelihood purposes due 

to its high stability and long lifetime. However, it is not suitable as a backup generator because it 
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takes a long time to provide stable power generation.  MCFS is a high temperature type of fuel 

cell. It displays a porous ceramic as a carrier for electrolyte which is alkaline carbonate in the 

molten state. The hydrogen is used in the anode and oxygen is used in the cathode. Chemical 

reactions are a spontaneous process due to the high surrounding temperature. The price is lower 

than others because it doesn’t cover expensive metal catalysts. On the other hand, its low stability 

and short lifetime are its disadvantages.   

The solid state ceramic (Y2O3-ZrO2) is used as the electrolyte in SOFE. It also can ignore 

the corrosion issue. Its operate temperature is around 600-1000 degrees, which makes it a high 

temperature type of fuel cell. SOFE do not include the catalyst due to its electrolyte being 

zirconium oxide, which include small amounts of calcium oxide and antimony oxide. It takes a 

long time to start up because sealing needed between metal and ceramic. Therefore, it cannot be 

applied in backup generators.   

Table 1.2: The various types of Fuel cells. [6]  
 AFC 

(Alkaline) 
PEMFC 
(Polymer 
Electrolyte 
Membrane) 

DMFC 
(Direct 
Methanol) 

PAFC 
(Phosphoric 
Acid) 

MCFC 
(Molten 
Carbonate) 

SOFC 
(Solid 
Oxide) 

Operating 
temp (℃) 

<100 60-120 60-120 160-220 600-800 800-1000 

Anode 
reaction 

H2 + 2OH-

→2H2O + 2e- 
H2→2H++ 2e- CH3OH+H2O

→ 

CO2+6H++6e- 

H2→2H++ 2e- H2+CO3
2-

→H2O + CO2 
+ 2e- 

H2+O2-

→H2O+ 2e- 

Cathode 
reaction 

1
2
𝑂𝑂2+H2O+2e

-→2OH- 

1
2
𝑂𝑂2+2H++2e-

→H2O 

3
2
𝑂𝑂2+ 

6H++6e-

→3H2O 

1
2
𝑂𝑂2+2H++2e-

H2O 
CO2+

1
2
𝑂𝑂2+ 

2e- →CO3
2- 

1
2
𝑂𝑂2+2e-→O2- 

Applications Transportation Space Military Energy storage 
systems 

Combined heat 
and power for 
decentralized 
stationary power 
systems 

Combined heat and power for 
stationary decentralized 
systems and for transportation 

Realized 
Power 

Small plants 
5-150kW 
modular 

Small plants 
5-250 kW 
modular 

Small plants 
5 kW 

Small – 
medium sized 
plants 
50-11MW 

Small power 
plants 
100- 
2 MW 

Small power 
plants 
100-250kW 

Charge 
Carrier 

OH- H+ H+ H+ CO3
2- O2- 
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1.3 Introduction to New Microporous Crystalline Materials 

Three various materials which are metal organic frameworks (MOFs), covalent organic 

frameworks (COFs), and zeolitic imidazolate frameworks (ZIFs) will be discussed in this thesis. 

These materials are called coordination polymers which consist of metal ions and coordinated 

ligands to form a periodic structure.  

 

1.3.1 Metal Organic Frameworks 

MOFs are a category of coordination chemistry in the inorganic field. Metal organic 

frameworks (MOFs) are mainly composed of a metal center and organic ligands as shown on 

Figure 1.3. The central metal may be a single metal or may be bonded to the ligand in the manner 

of a metal cluster. The inorganic metals have vacant sites to accept the electron pairs of Lewis 

acids, and organic ligands to prepare one lone pair for a Lewis base in order to archive the trends 

of the self-assembled structure. Thus, the one-dimensional linear chain structure, two-dimensional 

planar network structure, and three-dimensional skeleton structure can be assembled via tuning the 

organic ligands and the coordination numbers of the central metal. The most common ligands used 

are 4,4’-bipyridine, oxalate, 1,3,5-tricarboxylic acid, and 1,4-dicarboxylic acid. [8]–[11]   

MOFs have a high surface area which is 1000-6000 m2/g, and their porous structure have 

chemically functionalized through tuning the center metal and ligands type. [9][12] Moreover, the 

organic metal skeleton has high flexibility to accommodate large volumes of molecules. Third, 

MOFs are a porous crystal material with high porosity and can provide the active site for metal 

ions on the surface in homogenous catalysts.[12]  

Due to the various characteristics of MOFs, great materials in applications such as gas 

storage, conductivity, chemical separate analysis, magnetism, fluorescence, sensors, nonlinear 
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optics, adsorption, and catalysts. MOFs have several disadvantages to hinder the development as 

catalysts in the past. First, the center metal ion cannot provide the catalytic activity because its 

coordination is saturated with organic ligands and no unsaturated situation exist to react or activate 

until recently. Next, MOFs have low thermal stability when it compares with zeolite materials. 

The crystal structure collapse when temperature reaches the 350℃. These issue have been solved 

by scientists in last decade. Therefore, MOFs provide the higher electrocatalytic activity and 

thermal stability than Pt-based electrocatalysts in energy storage and conversion devices applied 

in water splitting, metal-air batteries and fuel cells.[13]  

 
Figure 1.3: Building blocks and linkers for construction of (a) 3D MOF-5,[14] and (b) MOP-18.[15] 
The available volume in the MOFs show yellow color. [16] 

 

1.3.2 Zeolitic Imidazolate Frameworks 

Among the various porous materials, another major class of materials that are similar to 

organic metal skeleton MOFs are zeolitic imidazolate frameworks (ZIFs).  ZIFs are zeolite 

topology formed by complexation of a bivalent transition metal with imidazole ligands. Its 

molecular structure is similar to the natural zeolites with porous structure, and the transition 
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elements as the central metal and four coordinate ligands which are imidazole compounds. It can 

represent as M-IM-M, where M is transition metal such as Co or Zn and IM is imidazolate ligand, 

which is imidazole-base organic ligands bridged by nitrogen atoms. The M-IM-M bond angle is 

145°, which is similar to Si-O-Si angle in zeolites. The tetrahedral structural unit is made with 

adjacent organic ligands and metal forming a three-dimensional skeleton structure of the ZIFs 

material. The different structures of ZIFs can be synthesized by adjusting the types of metal ions 

and organic ligands. ZIFs not only demonstrate the high stability of zeolites, but it also have 

different functions and structures via adjusting the metal ions and organic ligands.  Moreover, they 

exhibits the excellent ability in chemical stability with electrochemical catalysts in both acidic and 

alkaline surrounding material and thermal stability which can achieve 550℃. 

ZIFs are an excellent precursor/substrate for electrocatalysts due to their own huge amount 

of nitrogen and carbon. [17]–[19] Nitrogen also displays an important role with metal to form the 

chemical bond and as the heteroatoms applied in N-doped materials for improving the 

electrocatalysts in OER and ORR. [20], [21] 

ZIF-8 is the wide application structure of ZIFs due to their special topology, multi-

functional active sites, and stable performance. Langner et al proposed the various particle sizes 

range from 78 nm to 26 nm of ZIF-8 via controlling the temperature. [22] In this thesis, the ZIF-

67 will be discussed because its similar structural with ZIF-8. Both of these two structure are 

sodality SOD structures in microscopic and rhombic dodecahedrons in macroscopic forms.  

Through its unique properties, ZIFs also can be applied in many fields, such as gas 

separation [23] and storage [22], heterogeneous catalysts [24], drug delivery[25], electrochemical 

biosensor, and electrocatalysts on electrode surface. [26][27][28] 
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Figure 1.4: Building blocks and linkers for construction of 3D-ZIF-7, 8, 90, which represents the 
various synthesis ligand with center zinc metal. [16]  

 

1.3.3 Covalent Organic Frameworks 

Two-dimensional (2D) covalent organic frameworks (COFs) are an emerging class of 

molecular frameworks linked by covalent bonds as shown on Figure 1.5. Although the COF 

research field is still in its infancy, the unprecedented combination of large surface area, high 

crystallinity, tunable pore size, and unique molecular architecture has made COFs tantalizing 

targets for a new generation of electrocatalysts, photovoltaics, field-effect transistors, light-

emitting diodes, selective transport, sensors, and drug delivery systems. [29]–[31] 

COFs with precisely controllable structures can be constructed by selecting appropriate 

building blocks and linkage motifs, providing an ideal material system for efficient 

electrocatalysis. Recently, significant advances have been made in the design and synthesis of 

COFs for efficient clean energy technologies. For example, COF-based catalysts have 

outperformed the best commercial catalyst, Pt, for catalyzing ORR in terms of catalytic activity, 
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long-term stability, and resistance to CO-poisoning.[32] In this thesis, the principles, progress and 

perspectives in COF material design, synthesis and applications are overviewed, and the future 

direction is discussed to develop efficient COF-based catalysts for clean energy conversion and 

storage.  

One of the advantages of COFs as electrocatalysts is that they can be incorporated with 

transition metal macrocyclic clusters, including porphyrin, phthalocyanine, and tetraazannulene. 

In some metal macrocyclic compounds, there is a core structure similar to a typical biounit, iron 

porphyrins in cytochrome c oxidase in blood cells. In nature, these transition-metal macro-cyclic 

units in biomolecules play a key role in achieving certain important biological functions. From the 

biomimetic point of view, incorporation of the structures similar to those existing in biomolecules 

could create new types of high performance non-precious-metal catalysts. This provides an 

effective approach for designing inexpensive and durable electrochemical catalysts for fuel cells, 

as well as biological applications.  

COFs are porous network polymers, which include cores and linkers, synthesized via 

organic coupling reactions to form strong covalent bonds between the basic units.  The strongly 

covalent bonds can be used to build the order structure with organic building blocks instead of the 

ionic bonds in MOFs.  The porous organic frameworks linked by strong covalent bond were first 

synthesized by Yaghi et al. in 2005.[33] Later, Xu et al. proposed the triphenylbenzene dimethoxy 

terephthaldehyde covalent organic frameworks (TPB-DMTP-COF) that were synthesized by 

organic linkers.[34] The multifunctional COFs can be prepared with different edge linkers.[34] 

The nature of huge surface area, changeable structure and relative derivative can create 2D and 

three-dimensional (3D) COFs for various preponderant applications such as energy conversion, 

light absorption and emission. [35][36]  
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COFs show unique functions via offering a large area for interaction of electrons, photons, 

holes, and molecules. Therefore, the critical part of the rational design is how to design the useful 

space structures. The diversity of building blocks can generate various COF materials for 

adjustable structural and functional application. As schematically shown in Figure 1.5, there are 

six typical building blocks of 2D COFs: linear building block B2, T-shaped building block BT, 

1,3,5 centrosymmetric building block B3, Rhombus-shaped building block B4a, cross-shaped 

building lock B4b, and 1,2,3,4,5,6 centrosymmetric building block B6.[37] The linkage molecules 

include the CN, Cl, Br, I, N3, B (OH)2, CHO, OH, alkyl group, NH2, and thienyl group. The COFs 

with different architectures can be designed and synthesized by connecting the building blocks 

with linkers via appropriate synthesis methods such as cross coupling or self-condensation.  In 

addition, 3D COFs can be assembled from linear and tetrahedrally-structured building units 

[Figure 1.5(g)] [38] or chemical and extended structures (e.g., COF-LZU1) [Figure 1.5(h)] [39]. 

Post-modification of the pore surface can also be achieved through the ‘‘click’’ reaction to form 

the functionalized COFs [Figure 1.5(i)] [40]. Thus, the molecular length of these building units 

determines the pore size of COFs while the their shape controls the topology of the porous 

structures. 

The selected basic building blocks and linkers will determine the structures of COFs in 

designing 2D or 3D configuration. For example, the linear building blocks will generate 2D COFs 

[41] and the tetrahedral building blocks can be used to build 3D COFs.[38], [42] Rigid structures 

can then be formed due to the 𝜋𝜋-electron moving along with building blocks of the aromatic 

system. For example, COF-102 is made of tetrahedral building structures by self-condensation and 

keeps pore size cavity around 5.66 Å. [43] The length of building blocks will determine the pore 

size of structure. 2D COFs, such as porphyrin or phthalocyaniene, was made of the planar sheets 
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in 2D by 𝜋𝜋 - 𝜋𝜋 interaction to form the layer channel, and the 3D COFs were made of triangular 

and tetrahedral units, such as COF-102,103,105, and 108. [43]  

 
Figure 1.5: Building blocks and linkers for construction of 2D and 3D COFs. (a) linear building block 
B2, that can connect with (b), (c), (d), (e), (f) for 2D COFs with different pore sizes, (b) 120 degree 
building block for forming benzene-ring structure B3 (c) 90 degree building block for 2D COFs BT,  
(d) 90 degree building block for 2D COF structure B4, (e) 120 &60 degree building block for 2D COF 
structure B4, (f) 60 degree building block for 2D COF structure B6, for building COF materials which 
are CuP-COF[44], 4PE-1P-COF[45], D-A COF[44], Star-shaped COF[46], CAF[47]. (g) 
tetrahedrally-structured building units for assembly of 3D COFs (e.g., COF-300) with linear building 
unit[38], (h) building block for chemical and extended structures of COFs [39], and (i) COF (N3-
COF-5) and functional group for post-modification of the COF pore surface via the “click” reaction 
to form the functionalized COFs[40]. 

 

1.4 Introduction to Origin of Volcano Plot   

For the surface catalytic reaction, the interaction between the reaction intermediate and the 

catalyst has a significant influence on the reaction kinetics, which is represented by Sabatier 

principle. According to this principle, the activity of various catalysts on the surface catalytic 
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reaction and the affinity or adsorption energy of the catalyst for key reaction intermediates show a 

volcano relationship. The catalyst at the top or close to the summit of the volcanic relationship has 

a moderate adsorption strength to the intermediate and thus has the best activity. On the other hand, 

for catalysts which are far away from the top of the volcanic curve, the activity cannot be improved 

due to the weak affinity. Thus, the volcano plat can be used an index to determinate the catalytic 

activity of the materials. 

 

1.5 Purpose and Dissertation Lay-Out 

Functionalized metal coordinated materials COFs, MOFs, and ZIFs are for metal-air 

batteries and fuel cells. The experimental parts in the past decade have been developed extensively. 

However, the theory research in computational parts still need to be excavated. Therefore, rational 

design and theoretical studies serve a critical role in understanding how to perfectly combine 

experimentation parts.  

In Chapter 1, the motivation of this dissertation is discussed. First, metal-air batteries and 

fuel cells are studied. Then three microporous crystalline materials are discussed in this chapter. 

The DFT calculations are calculated in this dissertation. The free energy and charge transfer are 

covered and analyzed. Moreover, the design principle is proposed to predict or design the 

electrochemical properties of microporous crystalline materials as fuel cells for energy storage and 

conversion.  

In Chapter 2, the foundational theory is discussed which includes the density function 

theory, computational software and reaction pathways of oxygen reduction and evolution 

reactions. The base DFT is discussed including the Schrödinger equation application, Hohenberg-

Kohn theorem which is related to the electronic wave function and electronic density, and the local 
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density and generalized gradient approximation which is further correction or deviation. Next, the 

software package is used for DFT calculations such as VASP, Bader charge tool, charge density 

distribution analysis and visualization software. Finally, key chemical reactions such as oxygen 

reduction and evolution reactions are discussed. The overpotential and Gibbs free energy is also 

covered.    

In Chapter 3, DFT computations are performed on predictions of alkaline-earth metal-

porphyrin COFs, which correlate COF structures to their catalytic activities. To rationally design 

COF-based electrocatalysts for oxygen reduction and evolution reactions in fuel cells and metal-

air batteries, activity descriptors, derived from orbital energy and bonding structures, are identified 

with the first-principle calculations for the COFs, which correlate COF structures with their 

catalytic activities. The calculations also predict that alkaline-earth metal-porphyrin COFs could 

catalyze the direct production of H2O2, a green oxidizer. These predictions are supported by 

experimental data, and the design principles derived from the descriptors provide an approach for 

rational design of new electrocatalysts for both clean energy conversion and green oxidizer 

production. 

In Chapter 4, the first-principles calculation is used to determine the electronic structures 

and catalytic activities for saturated and unsaturated ZIF-67. With plasma etching, the organic 

ligands could be partially removed with CUMSs formed to catalyze OER. This CUMSs-ZIF-67 is 

compared to the precious RuO2 in its ability to provide the 4-electron reactions. The discoveries 

in this work provide a new route to create CUMSs by the proper modification of MOFs as highly 

active atomic-scale electrocatalysts for OER and provides insights into the electrocatalystic 

activity of CUMSs for OER.  
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In Chapter 5, we rationally design the MOF catalysts. We calculate the catalytic activities 

of a type of MOFs, zeolitic imidazolate frameworks (ZIFs), with the density-functional theory 

(DFT) methods and identify an intrinsic descriptor that governs the catalytic activities of the ZIFs. 

My DFT calculations show that the unsaturated metal sites exhibit higher catalytic activities than 

that of the best noble metal electrocatalysts. This work provides a theoretical base and guiding 

principles for rational design of high-performance MOF-based electrocatalysts for clean energy 

conversion and storage. 

In Chapter 6, the resultant of covalent organic formworks COF-SO3H is related to the 

porphyrin molecule, which is commonly found similar structure in Chlorophyll, Heme, and 

Vitamin B12. It plays a cofactor of haemoglobin in Heme, and is the foundation to form coenzyme 

B12 in order to promote the metabolism of carbohydrates, fats and proteins in human bodies. The 

sulfonic acid side group (SO3H) plays the conjugated linkage with the receptor, such as graphene, 

in the fully conjugated 2D covalent organic polymer (COP). COP with reduced graphene oxide is 

studied by DFT simulation. Four different molecules are discussed with the polymer adsorbed on 

the surface of the graphene. The ORR reaction path of intrinsic COP was changed from a two to 

four electron reduction process after the assembly with graphene.  

In Chapter 7, results are summarized and concluded for the whole dissertation. Also, future 

work is covered as well.  
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CHAPTER 2 

COMPUTATIONAL METHODOLOGY 

2.1 Introduction to the Density Functional Theory 

2.1.1 Schrödinger Equation 

Density functional theory (DFT) is the most popular first principle in computational 

chemistry and quantum chemistry. Due to its lower computational cost than other quantum 

chemistry methods, it shows high application value in the field of computational simulation. 

DFT is based on the Schrödinger equation of quantum mechanics. Scientists want to use 

reasonable methods to describe the motion of the electrons. If the ground state of the electrons is 

kept at the lowest energy, it becomes easier to describe their configurations. Using the Born-

Oppenheimer approximation, we can set nuclear kinetic energy to zero, and then we can analyze 

the situation of moving electrons. 

For example, the wave function can be used to describe the N electrons (r1, r2, …to rN) of 

a stationary electronic state in various energy states; it can be proposed that the function of 

locations which are E(r1, r2, …to rN). Thus, the Born-Oppenheimer approximation is defined by 

H�Ψ(𝑟𝑟1, 𝑟𝑟2, … , 𝑟𝑟𝑁𝑁) = EΨ(𝑟𝑟1, 𝑟𝑟2, … , 𝑟𝑟𝑁𝑁)  (2-1) 

where H� is Hamiltonian operator, and E is the eigenvalue. According to my simulation, the 

Schrödinger Equation need to consider the interaction between the multiple electrons and nuclei. 

Thus, it can be described by [48]  

H� = (−1
2
∑ ∇𝑖𝑖2) + �−∑ 𝑍𝑍𝛼𝛼

|𝑟𝑟𝑖𝑖−𝑅𝑅𝛼𝛼|
𝑁𝑁
𝛼𝛼 � + ∑ 1

�𝑟𝑟𝑖𝑖−𝑟𝑟𝑗𝑗�
𝑁𝑁
𝑖𝑖<𝑗𝑗

𝑁𝑁
𝑖𝑖 = 𝑇𝑇� + 𝑉𝑉� + 𝑈𝑈� (2-2) 

where, H� is operator which is the also equal to three parts: 𝑇𝑇� + 𝑉𝑉� + 𝑈𝑈�. The first part is 𝑇𝑇� , which 

represent the operator of a single electron’s kinetic energy. The second part is 𝑉𝑉� , which represents 

the operator of nuclei potential or external potential. The third part is 𝑈𝑈�, which stands for the 
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operator of the electron interaction between electrons. The interaction between the nuclei and 

electrons are considered by following equation:   

−∑ 𝑍𝑍𝛼𝛼
|𝑟𝑟𝑖𝑖−𝑅𝑅𝛼𝛼|

𝑁𝑁
𝛼𝛼 = 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒�  (2-3) 

where 𝑍𝑍𝛼𝛼 is the charge of the nucleus at 𝑅𝑅𝛼𝛼 , 𝑟𝑟𝑖𝑖 is the location of electron i. 

The functions of the coordinates of the electrons are described by wave function Ψ. 

Similarly, the wave function also can describe each electron by  

Ψ = Ψ(𝑟𝑟1, 𝑟𝑟2, … , 𝑟𝑟𝑁𝑁) (2-4) 

Again, the wave functions can be calibrated by the coordination of electrons. Finally, the 

Schrödinger equation is simplified by  

H�Ψ = EΨ (2-5) 

 

2.1.2 Hohenberg-Kohn Theorem  

DFT does not calculate the wave function of each electron, it deals with the total electron 

density which is based on first Hohenberg-Kohn theorem and second Hohenberg-Kohn theorem. 

The first Hohenberg-Kohn theorem state shows us the density of electrons will determine 

the external potential as well as the relationship between the ground state electron density and 

wave function. It is related to the external potential, 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒� . 

The ground state of total energy can be a unique function of the electron density,  

E[n(𝜌𝜌)]  (2-6) 

where n(𝜌𝜌) is the electron density. According the first Hohenberg-Kohn theorem, the electron 

density can make sure the charge and position of nuclei is in order to determine the Hamiltonian. 

Thus, there is a unique corresponding ground state external potential energy part 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒� (𝑟𝑟) and the 

total ground state energy E for an electron density n(𝜌𝜌) which can be followed by  
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E[n(𝜌𝜌)] = Ψ∗�𝑇𝑇� + 𝑉𝑉� + 𝑈𝑈��Ψ (2-7) 

The second Hohenberg-Kohn theorem represents that the lowest energy electron density is 

the positive solution of the Schrödinger equation. Also, the trial Hamiltonian and wave function 

are combined as a proof by following equation. 

E[n(𝜌𝜌)] = 〈𝛹𝛹|𝐻𝐻|𝛹𝛹〉  ≥ 𝐸𝐸0  (2-8) 

The external potential including that which is external to the electrons can be applied with 

pairs of nuclei or other pairs of electrons, such as the Coulomb potential.  

 

2.1.3 Local Density and Generalized Gradient Approximation 

The exchange correlation functional, 𝐸𝐸𝑒𝑒𝑥𝑥 is the sum of the error via not-interacting kinetic 

energy and the interaction between electron and electron. 

𝐸𝐸𝑒𝑒𝑥𝑥(𝜌𝜌) = [𝑇𝑇(𝜌𝜌) − 𝑇𝑇𝑠𝑠(𝜌𝜌)] + [𝑉𝑉𝑒𝑒𝑒𝑒(𝜌𝜌) − 𝑉𝑉𝐻𝐻(𝜌𝜌)]  (2-9) 

The exchange-correlation energy can be described as a functional derivative of the 

exchange correlation energy through its density, 

𝑉𝑉𝑒𝑒𝑥𝑥(𝜌𝜌) = 𝛿𝛿𝐸𝐸𝑥𝑥𝑥𝑥(𝜌𝜌)
𝛿𝛿(𝜌𝜌)

  (2-10) 

The Kohn-Sham equation describe the behaviors of electrons in local potential and 

generate the electron density via the wave function. Thus, the inaccurate result is received, and all 

errors need to be corrected. The following describe various approximate methods based on 

calculations of exchange correlation energy. 

Local density approximation (LDA) is an approximate method, which contains many 

functions. LDA shows that 𝐸𝐸𝑒𝑒𝑥𝑥 at each point is only related to the local electron density at that 

point,  

𝐸𝐸𝑒𝑒𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿(𝜌𝜌) ≈ ∫ 𝜀𝜀𝑒𝑒𝑥𝑥(𝜌𝜌)𝜌𝜌(𝑟𝑟)𝑑𝑑𝑟𝑟  (2-11) 
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where 𝜀𝜀𝑒𝑒𝑥𝑥(𝜌𝜌) is the density 𝜌𝜌 of electron gas for exchange and correlation energy density and is 

the location function which can be separated into various contributions. For example, it can be 

described by, 

𝜀𝜀𝑒𝑒𝑥𝑥(𝜌𝜌) = 𝜀𝜀𝑒𝑒(𝜌𝜌) + 𝜀𝜀𝑥𝑥(𝜌𝜌)  (2-12) 

As we know that LDA is an approximate method, which cannot show the exact exchange-

correlation energy. For example, LDA is only exact for uniform electron gas. Although it also 

useful for uniform electron gas if the density diversity is small and under the Fermi wavelength. 

However, these conditions are hard to meet in atomic physics. LDA can provide the exact 

ionization energy of an atom and dissociation energy of a molecule with accuracy around 10 to 20 

%. LDA can fail in inconsistent system and heavy fermions. 

The second method is generalized gradient approximation (GGA). GGA considers not only 

the local density of electrons but also local gradient at the same time. [49]–[56] Therefore, GGA 

is more accurate than the LDA since it ensures the normalization condition and more physical 

function which improves the binding energy of molecules: 

𝐸𝐸𝑒𝑒𝑥𝑥𝐺𝐺𝐺𝐺𝐿𝐿(𝜌𝜌) ≈ ∫𝜀𝜀𝑒𝑒𝑥𝑥(𝜌𝜌,∇𝜌𝜌)𝜌𝜌(𝑟𝑟)𝑑𝑑𝑟𝑟 (2-13) 

Becke proposed a hybrid exchange function with coefficients by ionization potentials, 

atomization energies, proton affinities and total atomic energies.[57] 

𝐸𝐸𝑒𝑒𝑥𝑥
ℎ𝑦𝑦𝑦𝑦 = 𝐸𝐸𝑒𝑒𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿 + 0.2 (𝐸𝐸𝑒𝑒𝐹𝐹𝐹𝐹𝑥𝑥𝐹𝐹 − 𝐸𝐸𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿) + 0.72 𝐸𝐸𝑒𝑒𝐵𝐵88 + 0.81 𝐸𝐸𝑥𝑥𝑃𝑃𝑃𝑃91 (2-14) 

where Perdew-Wang functional (PW88 and PW91) are applied in GGA corrections with plus LDA 

correlation energies. The Perdew-Burke-Ernzerhof (PBE) and the Perdew-Wang functions 

(PW91) are generally accepted in chemistry.  
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2.2 Computational Software 

2.2.1 High-Performance Computing 

The High-performance computing of University of North Texas provide this dissertation 

with all the computing resource. The HPC facility also provide several high performance 

computing clusters such as the high speed networks, huge storage and software support.  

 

2.2.2 Vienna Ab-initio Simulation Package for DFT Calculations 

Vienna Ab-initio Simulation Package (VASP) is a software package that uses the virtual 

plane wave base group and virtual potential for first principles molecular dynamics calculation. 

VASP also combine an effective matrix and pseudopotentials to generate the instantaneous 

electronic ground state. It is the most widely applied software and is developed by University of 

Vienna.  

The computation of the software is based on the fact that it can transfer the wave function 

of a multi-electron system into a single electron system capable via the DFT. Also, the wave 

function of electron density is developed via the form of a plane wave.  

There are four key files related to calculate by VASP, which are INCAR, POSCAR, 

POTCAR, and KPOINTS. The VASP can be performed when these four parameters are set.   

• The INCAR play an important role for VASP. This file controls what kind of the 
calculation of VASP enacts. For example, these parameters are the initial charge 
density and wave function, optimization of electronic, precision control etc.  

• The POSCAR shows the lattice shape, positions, atomic types, and lattice parameter of 
the simulated system. 

• The POTCAR contains the relationship between the potential of electrons around an 
atom and the position of the atom. It should match the condition of the situation in 
POSCAR. It is difficult to set manually by the user because POTCAR is provided by 
the VASP software itself. 
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• The KPOINTS applies the k-point of the inverted space Brillouin zone in the Bloch 
theorem. [58]–[60] 

VASP can be widely applied in following areas: 

• It can use to calculate the lattice dynamics of the material. 

• The Bloch’s theorem applied to the calculation of VASP to perform these features is 
quite suitable for dealing with the problem of periodic boundary condition (PBC). It 
can be used to deal with the PBC of atoms, surface, molecules, and solid systems. 

• The electronic structure of the materials also can be calculated. For example, the charge 
density distribution, density of states, energy band gap, and energy level are the various 
applications. 

• VASP can deal with the structural parameters such as, bond angle, bond length, lattice 
constant, configuration and atomic position of the material.   

• It also can perform the optical properties and magnetic properties of the material.  

 

2.2.3 Visualization Software 

Visualization software is an easy method to observe my result and confirm the simulation. 

Visualization for Electronic and Structural Analysis (VESTA) is the visualization software what 

we use to create structure, modify and change models to generate the results. It also can provide 

the charge transfer data via changing the volumetric data. [61], [62] 

 

2.2.4 Charge Density Distribution Analysis  

The charge distribution analysis was proposed by the Henkelman from the University of 

Texas at Austin. Richard Bader developed an intuitive method to divide molecules into atoms 

which is called Quantum Theory of Atoms in Molecules (QTAIM) during his studies at McMaster 

University. He defined the atom via electronic charge density and used zero flux surface to divide 

the atoms. The surface of charge density minimum will be perpendicular to the zero-flow surface. 
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The charge density will reach a minimum between atoms in a molecular system, and a space will 

reach the neutral charge when atoms are separated. 

The Bader charge theory is applied charge analysis among intramolecular structures. There 

is a good approximation to the charge of atoms in the Bader volume range. The charge distribution 

can be determined by the multiple charges of interacting molecules and atoms. Therefore, it was 

used to analyze or define the complex atom. It can quantify the consumption of charge removed 

from an atom. The Bader charge theory can also quantify the strength of chemical bonds in the 

quantum chemical calculation. [60], [63]–[65] 

 

2.3 Reaction Pathways of Oxygen Reduction and Evolution Reactions  

2.3.1 Reaction Pathways 

OER/ORR pathways involve the two-electron transfer reaction and four-electron transfer 

reaction. 

The ORR has two reaction pathways, a two-electron transfer reaction,   

O2 (g) + (2H++ 2e-) → H2O2(l)  (2-15) 

where the intermediate product is H2O2, and a more efficient four-electron transfer reaction,  

O2 (g) + (4H++ 4e-) → 2H2O(l)  (2-16) 

where water is produced. In the two-electron transition mechanism, the hydrogen peroxide (H2O2) 

is formed through three elementary steps:  

* + O2 (g) → O2* (g)  (2-17) 

O2*(g) + H+ + e- → OOH*   (2-18) 

OOH* + H+ + e- → * + H2O2 (2-19) 
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In the four electron transfer mechanism, there are associative and 

dissociation/recombination mechanisms.  

The associative mechanism has several elementary reaction steps in an acid environment:   

* + O2 (g) → O2*  (2-20) 

O2*+ H+ + e- → OOH*  (2-21) 

OOH* + H++ e- → O*+ H2O (l)  (2-

22)  

O* + H++ e- → OH* (2-23) 

OH* + H++ e- →* + H2O (l)  (2-24) 

where * refers to active site on the surface of my module such as COFs, the subscripts g and l stand 

for gas and liquid phases, respectively, and O*, OOH*, and OH* refer to adsorbed intermediates. 

Thus, ORR in an alkaline environment will following steps: 

O2 (g) + (2 H2O(l)+ 4e-) → 4OH-  (2-25) 

For separated each step of mechanisms in an alkaline surrounding: 

* + O2 (g) → O2*  (2-26) 

O2*+ H2O(l)
 + e- → OH-+OOH*  (2-27) 

OOH* + e- → OH-+O*      (2-28) 

O* + H2O(l)+ e- → OH-+OH*  (2-29) 

OH* + e- → OH-+  *     (2-30) 

where each step has one proton transfer for ORR in an alkaline environment.  

In dissociation/recombination mechanism, ORR follows the following steps: 

* + O2 (g) → O* +O* (2-31) 

O*+ H+ + e- → OH* (2-32) 
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O*+ H+ + e- → OH* (2-33) 

OH* + H++ e- → H2O (l)  (2-34) 

OH* + H++ e- →* + H2O (l)  (2-35) 

There are two mechanisms for the associative mechanism (equation 2-20-2-24) and the 

dissociation mechanism (equation 2-31-2-35) on ORR. The reverse direction of ORR is OER by 

the following four-electron transfer process: 

* + H2O (l) → OH* + H++ e- (2-36) 

OH*→ O* + H++ e- (2-37) 

O* + H2O (l) → OOH* + H++ e-  (2-38) 

OOH*→ * + O2 (g) + H++ e-  (2-39) 

By using the density functional theory (DFT) involving the SHE model developed by 

Nørskov[66], [67], the thermodynamic reactions can be calculated. The most favorable 

energetically is transferring one electron at a time in OER or ORR when comparing to transferring 

multiple electrons at a time.  

 

2.3.2 Gibbs Free Energy and Overpotential 

The absorption energies are calculated with following equations. [67] 

∆EO* = E (O*) - E (*) - (EH2O-EH2)  (2-40) 

∆EOH* = E (OH*) - E (*) - (EH2O-0.5EH2)  (2-41) 

∆EOOH* = E (OOH*) - E (*) - (2EH2O-1.5EH2)  (2-42) 

where E (*) means the ground state energy of an unabsorbed surface; E (O*), E (OH*), and E 

(OOH*) refer to the ground state energy of surface absorbed with O*, OH*, and OOH*, 
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respectively, and EH2O, EH2 are water and hydrogen molecule in a gaseous phase, respectively.[67] 

Moreover, the zero-point energy (ZPE) and entropy are determined with the follow equation:  

∆Gads = ∆E𝑎𝑎𝑎𝑎𝑠𝑠𝐿𝐿𝐹𝐹𝐷𝐷+ ∆𝑍𝑍𝑍𝑍𝐸𝐸-𝑇𝑇∆𝑆𝑆 (2-43) 

where ∆Gads is the free energy of adsorption, T is the temperature, ∆𝑆𝑆 is the entropy capacity and 

∆E𝑎𝑎𝑎𝑎𝑠𝑠𝐿𝐿𝐹𝐹𝐷𝐷 refer to DFT binding energy. For, ZPE, the vibration frequency, which only contributes to 

the adsorbents and entropy for the solvent can be used, of adsorbed species energy were applied 

with 3d transition metal porphyrin to obtain ZPE of the free energy expression. [68] 

Free energy for each elementary step is represented by this following equation. [69] 

∆G = ∆E + ∆ZPE-T∆S + ∆GU + ∆GpH  (2-44) 

where the ∆G is the free energy difference between the initial and final states, ∆E is the change 

between the adsorbed energy on the surface molecular of the reactant and product, calculated by 

DFT, ∆GU= -eU, where e is the charge transfer, U means the potential of the electrode, ∆GpH is 

the value of correct of the H+ free energy by this following equation. ∆GpH is equal to 0.828 eV 

due to the pH, which is assumed to be equal to 14, in an alkaline environment. The pH value in 

acid surrounding is assumed to 0, and the value of ∆GpH is zero.  

∆GpH = -kBTln[H+]  (2-45) 

The free energy of reactions (equation 2-31-2-35) and (equation 2-36-2-39) can be 

calculated using the following equations. For the OER reactions, Nørskov et al [67] developed a 

method to determine the overpotentials, 

𝐺𝐺𝑂𝑂𝐸𝐸𝑅𝑅 =  𝑚𝑚𝑚𝑚𝑚𝑚{∆𝐺𝐺1 ,∆𝐺𝐺2,∆𝐺𝐺3,∆𝐺𝐺4}  (2-46) 

𝜂𝜂OER = GOER/𝑒𝑒 − 1.23V  (2-47) 
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where, ∆𝐺𝐺1, ∆𝐺𝐺2, ∆𝐺𝐺3, and  ∆𝐺𝐺4 are the free energy of reactions (equation 2-36-2-39), 

respectively. The rate-limiting step of the elementary reactions of OER is the step with maximum 

reaction free energy. For ORR, 

𝐺𝐺ORR = min{∆𝐺𝐺1 ,∆𝐺𝐺2,∆𝐺𝐺3,∆𝐺𝐺4}  (2-48) 

𝜂𝜂ORR = 1.23 − GORR/𝑒𝑒 V (2-49) 

It is emphasized that the models neglected the effect of the electric field in the double layer 

and did not treat barriers that might matter on whether the proton donor is H2O or not. Thus, the 

calculated overpotentials for acid and alkaline electrolyte will be identical. 
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CHAPTER 3 

DESIGN PRINCIPLES FOR COVALENT ORGANIC FRAMEWORKS AS EFFICIENT 

ELECTROCATALYSTS IN CLEAN ENERGY CONVERSION AND  

GREEN OXIDIZER PRODUCTION* 

3.1 Abstract 

Covalent organic frameworks (COFs), an emerging class of framework materials linked by 

covalent bonds, hold potential for various applications such as efficient electrocatalysts, 

photovoltaics, and sensing. To rationally design COF-based electrocatalysts for oxygen reduction 

and evolution reactions in fuel cells and metal-air batteries, activity descriptors, derived from 

orbital energy and bonding structures, are identified with the first-principle calculations for the 

COFs, which correlate COF structures with their catalytic activities. The calculations also predict 

that alkaline-earth metal-porphyrin COFs could catalyze the direct production of H2O2, a green 

oxidizer. These predictions are supported by experimental data, and the design principles derived 

from the descriptors provide an approach for rational design of new electrocatalysts for both clean 

energy conversion and green oxidizer production. 

3.2 Introduction 

Clean energy technologies, such as water splitting, metal-air batteries, and fuel cells, are 

currently being extensively developed because of their zero pollution and high efficiency. At the 

heart of these technologies, electrocatalysts are required to catalyze the key chemical reactions: 

oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), which determine the 

* Chapter 3 is reproduced with permission from John Wiley & Sons, from C-Y Lin, L. Zhang, Z. Zhao, & Z. Xia
(2017), Design principles for covalent organic frameworks as efficient electrocatalysts in clean energy conversion and 
green oxidizer production. Advanced Materials 29: 1606635. https://doi.org/10.1002/adma.201606635    

https://doi.org/10.1002/adma.201606635


30 
 

efficiency of the devices. The state-of-the-art catalysts are Pt and noble metal oxides, but their 

scarcity and high cost have hindered the commercial use of the clean technologies.[70] Therefore, 

it is necessary to find less expensive alternatives that have similar catalytic activities to replace the 

noble metals.  

Covalent organic frameworks (COFs) are an emerging class of framework materials linked 

by covalent bonds, promising for a new generation of electrocatalysts, photovoltaics, field-effect 

transistors, light-emitting diodes, selective transport, sensors, and drug delivery systems.[29], [30], 

[71] The COF construction principles allow atomically precise integration of building blocks to 

achieve pre-designed compositions, components, and functions.[30] This allows for the design and 

fabrication of hierarchical nanoarchitectures with microchannels as “highways” for ion diffusion 

and nanochannels as “shortcut” for ions to access active sites for ORR and OER. Such 

nanoarchitectured materials with precisely controlled channels/dopant locations and highly ordered 

network structures could significantly enhance catalytic performance. Through the selection of 

appropriate building blocks and linkage motifs, the construction principles of COFs allow for the 

design of precisely controllable structures, providing an ideal material system for efficient 

electrocatalysis. For example, recently, Xiang et al. synthesized a class of two-dimensional (2D) 

COFs with metal (e.g., Fe, Co, Mn)-incorporated macrocycles by a nickel-catalyzed Yamamoto 

reaction.[32] The synthesized materials are efficient in catalyzing oxygen reduction in both 

alkaline and acid media with a good stability and free from any methanol-crossover/CO-poisoning 

effects. 

One of advantages of the COFs as electrocatalysts is that they can be incorporated with 

transition metal macrocyclic clusters, such as porphyrin[72]–[74], phthalocyanine[75], [76], and 

tetraazannulene[77]. These metal-based macrocyclic compounds contain a basic structure similar 
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to iron porphyrins in cytochrome c oxidase in blood cells. As many bio-molecules contain 

transition-metal macro-cyclic units in their skeleton for certain biological functions, the use of bio-

molecules with innate reactive sites for ORR has recently proven to be an effective approach to 

high performance non-precious-metal ORR catalysts. This provides a strategy to design 

inexpensive and durable electrochemical oxygen reduction catalysts for metal-air batteries and fuel 

cells. However, to rationally design high performance catalysts with the biomimetic units (e.g., 

porphyrins), it is necessary to understand which intrinsic material characteristics, or descriptors, 

control catalysis. The identification of descriptors that correlate the microstructures to the catalytic 

activities of porphyrin-based catalysts will accelerate the search for highly active catalysts based 

on earth-abundant, cost-effective materials to replace noble metals, including platinum.  

Recently, it was proposed that the energy level of a metal atom’s d-band center could serve 

as an activity descriptor for metal surfaces,[78] and similarly, eg-filling acts as a descriptor for 

transition-metal-oxide perovskites.[79] For the family of metal-free carbon-based catalysts, a 

characteristic, namely the product of electronegativity and electric affinity of dopants, was 

identified as an activity descriptor for predicting bifunctional ORR/OER activities, and a volcano 

relationship was established between the descriptor and the ORR/OER activities.[80] For dual-

element doping, the same descriptor was applied, yielding an inverted volcano relationship.[81] In 

this study, we have, for the first time, identified crystal field stabilization energy (CFSE)—an 

intrinsic orbital energy of atoms—that serves as the activity descriptor for predicting ORR/OER 

activities of the COFs with porphyrin units and established a volcano relationship between the 

descriptor and the ORR/OER catalytic activity of the COF catalysts. The predictions are supported 

by experimental reports from literatures. We also predict that COFs with certain alkaline-earth 

metal units (e.g., Ca- and Sr-porphyrin) could efficiently catalyze the direct production of H2O2. 
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The hydrogen peroxide (H2O2) is an environmentally friendly alternative to chlorinated oxidizers. 

It can be used to selectively oxidize organic molecules, bleach pulp and paper, and treat 

wastewater, leaving behind just H2O and O2 as byproducts. However, H2O2 cannot compete 

financially with these other reagents because of the costly and energy-intensive separation and 

concentration steps currently involved in its synthesis. Direct synthesis of H2O2 that combines H2 

and O2, has been achieved using noble metal catalysts (e.g., palladium) through an electrochemical 

reaction [82]. Direct synthesis based on non-noble metal catalysts would be an ideal route, and our 

results provide a possible solution to the selection of the catalysts for the direct production of 

hydrogen peroxide. 

 

3.3 Experimental Section 

A series of models are developed to simulate the oxygen reduction reaction (ORR) and 

oxygen evaluation reaction (OER) on covenant organic frameworks (COFs) with biological unit 

containing 3d transition metals M (M= Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn), and alkaline-

earth metals (M= Be, Mg, Ca, Sr and Ba). Density Functional Theory (DFT) calculations with the 

Hubbard U (DFT+U) corrections were carried out using soft projector-augmented wave (PAW) 

pseudopotentials [83][84] and the Perdew-Burke-Ernzenhof [85] (PBE) exchange correlation 

functional, as implemented in the VASP code [59][86]. For a better description of the transition 

metal 3d electrons, the Hubbard effective terms were added to the PBE functional through the 

rotationally invariant approach proposed by Dudarev et al [87] with the values listed in Table 3-1. 

All periodic slab calculations were carried out using a plane wave kinetic energy cutoff of 

550 eV and a vacuum spacing of at least 20 Å in z direction. All models were sampled by 3x3x1 

Monkhorst-Pack k-point mesh. Spin-polarized calculations with lowest energy magnetic 
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configurations were identified for all surfaces and the geometries were relaxed until a maximum 

threshold force of 0.01 eV Å-1 was fulfilled. 

Table 3.1: The value of U-J parameters for DFT calculations [88] 

3d Sc Ti V Cr Mn Fe Co Ni Cu Zn 
U-J  2.11 2.58 2.72 2.79 3.06 3.29 3.42 3.4 3.87 4.12 

 

3.4 Calculations of Descriptors 

All of our structures in this paper possess a square pyramidal coordination geometry with 

the Jahn-Teller effect. For example, the CFSE energy of Titanium (Ti) atom has two electrons on 

3d orbital, which is located in dyz and dxz orbital, it is calculated by 2*(-4.57∆0)=-9.14∆0. In regards 

to d5 orbital, the factors effect of the magnitude of ∆0 need to be discussed. The electron will fill 

into the eg if spin pairing energy (P) is larger than ∆0. It is called high spin (HS) or low weak field. 

However, the electron goes into t2g if the P is smaller than ∆0, which is called the low spin (LS) or 

strong field. It can be easy to predict the various splitting of d orbital through CFSE. In general, 

the high spin and low spin factors are not considered in this because the complexes are not 

octahedral complexes. However, the structure is strong field ligand if the 4-coordinate complexes 

and metal is second or third row of transition metal of d8 complexes. Therefore, the d5 has two 

electrons located at dxy, two electrons located at dyz, and one electron located at dz
2. CFSE of d5 is 

-19.14∆0 as show in Figure 3.8. The following d orbital will keep the same trend of the orbital dx
2-

y
2, dz

2, dxy, dxz, and dyz. There are several factors will affect the magnitude of ∆0, which are metal 

oxidation state, characteristics of center metal, geometry of ligands, and characteristics of ligands. 

Therefore, our result shows us the OER/ORR change linearly with our descriptor when combine 

of the adsorption free energy of meddle of MTPP and the CFSE. 



34 
 

Alkaline-earth metal-COFs cannot be described by CFSE, and we proposed configuration 

energies (CEs) be used for Alkaline-earth metal-COFs. The configuration energies (CEs) 

calculated by  

CE= (aEs + b Ep) / (a+b) (3-30) 

where a is the number of s orbital electrons, b is the number of p orbital electrons; Es and Ep are  

the multiplet averaged of s or p orbital energies in single electron, respectively [89] , which are 

shown in Figure 3.7. 

 

3.5 Results  

3.5.1  Reaction Pathways and Scaling Relationship 

To identify the catalytic activities of the COFs with porphyrin units, we created a series of 

porphyrin-contained COF structures with 3d transition metals M (M = Sc, Ti, V, Cr, Mn, Fe, Co, 

Ni, Cu, and Zn) in the center of porphyrin active site [Figure 3.1(a)]. Using the first principle 

calculation, the elementary steps of ORR on the transition metal sites and possible carbon sites 

were simulated by introducing O2 molecules and then protons near the metal. Both two-electron 

(2e) transfer (H2+O2H2O2) and four-electron (4e) transfer (2H2+O22H2O) occur, depending 

on the types of transition metals (Materials and Methods are described in detail in Supporting 

Information). Figures 3.2, 3.3, and 3.4 show the two-electron and four-electron transfer reactions, 

respectively. Free energy diagram [Figure 3.1(b)] shows that among the 3d transition metals, Fe 

and Co could spontaneously lead to two-electron transfer but other 3d transition metals have either 

a small energy barrier (<0.5 eV) in the first step of the OOH adsorption (O2OOH*) for Zn and 

Cu contained COFs or a large energy barrier (>1.0 eV) in the second step (OOH*H2O2) for Sc, 

Ti, V, Cr, and Mn contained COFs.  
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Figure 3.1: Metal-porphyrin COFs and their free energy diagrams. (a) Schematic of a M-porphyrin 
COFs (M= Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn). The green, blue, deep gold, and silver colors 
represent C, N, M, and H, respectively. Free energy diagrams of M-porphyrin COFs for (b) two-
electron transfer ORR, and (c) four-electron transfer ORR in acid medium at UNHE = 0V. (d) 
Absorption energy of OOH* versus that of OH*,which linear regression with y=x+2.94, which R2=1. 

 



36 
 

 
Figure 3.2: The elementary reactions of ORR in two-electron transfer process. (a) The adsorption of 
O2 on metal, (b) the formation of OOH* after the first electron transfer, and (c) Formation of H2O2 
after second electron transfer on Cu in COF, the white, brown, silver and blue colors represent H, C, 
N, and Cu, respectively. 

 

 
Figure 3.3: The dissociate reaction process of ORR in four-electron transfer process. (a) side view 
and (e) top view of the adsorption of O2 on Fe in COF, (b) side view and( f) top view of the formation 
of OOH* after the first electron transfer, (c) side view and (g) top view of the formation of O* after 
second electron transfer and O-O bond break to form a water molecule, (d) side view and (h) top 
view of the formation of OH* after the third electron transfer. The red, pink, deep gold, silver and 
gold colors represent O, H, C, N, and Fe, respectively.  
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Figure 3.4: The dissociate reaction process of ORR in four-electron transfer process. (a) side view 
and (f) top view of the adsorption of O2 to form two O* on Sc in COF, (b) side view and( g) top view 
of the formation of a OH* and a O* after the first electron transfer, (c) side view and (h) top view of 
the formation of two OH* after second electron transfer, (d) side view and (i) top view of the 
formation of a water molecule after the third electron transfer. (e) side viewand (j) top view of the 
second water molecule is formed from OH* after last electron transfer.  The red, pink, deep gold, 
silver and purple colors represent O, H, C, N, and Sc, respectively.  

 

For four-electron transfer, we have calculated the free energy and overpotential for 

ORR/OER elementary reactions (Equation 3-6 to 3-19) on COFs with 3d transition metals, and 

determined the rate-limiting step. Free energy diagrams for ORR [Figure 3.1(c)] indicate that the 

rate-limiting step for ORR is the transformation of OH* to water in the last step of ORR for all 3d 

transition metals except for Zn, Cu and Ni. The rate-limiting step for Zn, Cu and Ni is the first 

electron transfer (O2OOH*). Among the 3d transition metals, similar to two-electron transfer, 

Fe and Co could spontaneously lead to four-electron transfer while all other 3d transition metals 

have energy barriers in the elementary reactions. 
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Figure 3.5: Free energy diagrams of M-porphyrin for OER. Free energy diagrams of M-porphyrin 
for OER in acid medium at a) UNHE=0 V and b) UNHE=1.23 V. 

 

Figure 3.5 shows the diagram of OER on COFs with various 3d transition metals under 

different applied potentials. The rate-limiting step of the OER can be identified from the diagram 

as the formation of O* (Equation 3-17) for Co, Cu and Zn; and the formation of OOH* for Ti, Cr 

and Fe (Equation 3-18).  We have calculated the free energy of ORR/OER under different applied 

potentials, from which overpotential can be calculated as listed in Tables 3-2. In principle, 

overpotential can be considered as a measure of catalytic activities since it represents the energy 

barrier that need to overcome in ORR/OER[66]. An ideal catalyst enables oxygen reduction or 

water oxidation just above the equilibrium potential (U0), with zero overpotential (η = 0). However, 

this ideal catalyst rarely exists because the binding energies of the intermediates are correlated in 

ORR/OER[67]. Thus, from thermodynamic viewpoint, a catalyst with lower η would have better 

performance.  Among the 3d transition metals, Fe-porphyrin shows the lowest overpotential 

(0.381V for OER and 0.485V for ORR) in 4e transfer. This indicates that catalytic activities of Fe-

porphyrin is comparable to that of the noble metal catalysts, such as RuO2 for OER (0.42V), and 

Pt for ORR (0.45V).[66], [67]  
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As mentioned above, the binding energies of the intermediates are correlated in ORR; this 

correlation could be used to predict the lower limit of overpotential of porphyrin-containing COFs. 

We have calculated the adsorption energies of OOH* and OH* for porphyrin-containing COFs 

and made a plot in Figure 3.1(d). The relationship between the adsorption energies of OOH* and 

OH* is well described with linear regression by ∆ 𝐺𝐺𝑂𝑂𝑂𝑂𝐻𝐻∗0  = ∆ 𝐺𝐺𝑂𝑂𝐻𝐻∗0  + 2.94. According to Equations 

3-17-18, this relationship correlates the free reaction energies of the second and third elementary 

reactions in OER by ∆G2 +∆G3 = 2.94 eV. Since the ideal situation is that the free reaction energy 

in each step of charge transfers is close to 1.23 eV in an acidic environment, the lowest free reaction 

energy should be ∆G2 =∆G3= 1.47 eV. Therefore, 𝑈𝑈𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖𝑒𝑒𝑂𝑂𝐸𝐸𝑅𝑅  = 1.47- 1.23 = 0.24 V, which sets the 

lower limit of OER and ORR overpotentials for COFs. 

Table 3.2: Crystal field stabilization energy (CFSE), configuration energy (CE), and overpotentials 
for ORR and OER in four-electron (4e) transfer and ORR in two-electron (2e) transfer. 

 CFSE CE** ηORR(4e) ηOER(4e) ηORR(2e) 
Sc -5.14 - 3.2432 2.2618 2.4948 
Ti -10.28 - 2.4782 2.3250 2.3367 
V -15.42 - 2.3126 2.1063 2.6363 
Cr -24.84 - 2.0928 2.3407 1.6871 
Mn -24.84 - 2.7408 2.3991 2.929 
Fe -29.12 - 0.4824 0.3814 0.5520 
Co -26.84 - 0.6616 1.0120 0.7167 
Ni -24.56 - 1.7724 1.5019 1.2424 
Cu 0 - 1.6865 1.4563 1.1565 
Zn 0 - 1.5088 1.7852 0.9788 
Be - 9.32 1.1442 1.4126 0.6141 
Mg - 7.65 1.5034 1.9651 0.6788 
Ca - 6.11 1.5527 2.0849 0.2668 
Sr - 5.70 1.5817 2.0669 0.2903 
Ba - 5.21 1.5692 2.0096 0.4774 
Pt* - - 0.45[66] - 0.24[67] 

RuO2* - - - 0.42[90] - 

* value for bulk Pt from References [66], [67], [90] 
** value from Reference [89] 
The unit of ηORR(4e), ηOER(4e), ηORR(2e) are V; CFSE and CE are ∆0 
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3.5.2 Intrinsic Descriptors for COFs 

It is of interest to find descriptors to describe the catalytic behaviors of TM-porphyrin COF 

systems such that the best catalyst could be identified from a volcano diagram. In the first step, we 

employed two descriptors ∆ 𝐺𝐺𝑂𝑂𝐻𝐻∗0  and ∆𝐺𝐺𝑂𝑂∗0 − ∆ 𝐺𝐺𝑂𝑂𝐻𝐻∗0  that were previously selected to describe 

catalytic behavior of transition metals and doped carbon nanomaterial catalysts[91]. Figure 3.7(a) 

and (b) shows the OER and ORR overpotentials, 𝜂𝜂OER and 𝜂𝜂ORR as a function of the descriptors 

∆ 𝐺𝐺𝑂𝑂𝐻𝐻∗0  and∆𝐺𝐺𝑂𝑂∗0 − ∆ 𝐺𝐺𝑂𝑂𝐻𝐻∗0 , respectively. These plots form “volcanoes” with Fe at the volcano 

summits, indicating that these descriptors work reasonably well for TM-COFs. However, these 

descriptors are not related to the intrinsic properties of COFs, and inconvenient to be applied for 

predictions of the catalytic properties of TM-COFs.  

Crystal field stabilization energy (CFSE) is related to chemical bonding of transition 

metals, and it represents the individual energy being held by the d orbital’s splitting as shown in 

Figure 3.7. This energy is determined by ligands architectures and can be calculated based on the 

bonding structures with Jahn-Teller effect. Therefore, this energy could be a simple descriptor to 

describe the catalytic properties of COFs with 3d transition metals. For a 3d transition metal in 

COFs, the 3d orbital splitting is square pyramidal, energy distribution of which is dx
2-y

2(9.14 ∆0), 

dz
2(0.86∆0), dxy (-0.86∆0), dxz (-4.57∆0) and dyz (-4.57∆0), where ∆0 is the orbital splitting such as 

the split energy level between the t2g and eg for octahedral. [92], [93],[94]  All of our structures in 

this paper possess a square pyramidal coordination geometry. The values of CFSE for 3d transition 

metals are listed in Table 3-2 and the energy distributions of CFSE are showed in Figure 3.8.  
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Figure 3.6: Volcano plots of ORR/OER catalytic activities versus descriptors and reaction pathways. 
(a) OER and (b) ORR overpotentials as a function of adsorption energy for M-porphyrin COFs. (c) 
OER and ORR overpotentials as a function of CFSE for M-porphyrin COFs in four-electron 
reaction. (d) Associate and E) Dissociate ORR mechanisms, in which there are one adsorption step 
and four electrochemical steps, and in each step there is one coupled electron-proton transfer.  
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Figure 3.7: Orbital energy used for determining descriptors: (a) configuration energy (CE) and (b) 
crystal field stabilization energy (CFSE). 
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Figure 3.8: Orbital energy used for calculating descriptor of crystal field stabilization energy (CFSE) 
of metals. (a) Sc, (b) Ti, (c) V, (d) Cr, (e) Mn, (f) Fe, (g) Co, (h) Ni, (i) Cu, and (j) Zn-COFs, each read 
arrow means the electron fill in the d orbital.  

 

Using the new descriptor, we have identified the best catalyst as well as the mechanism 

maps for both ORR and OER. Figure 3.6(c) shows the ORR/OER overpotentials for 4-electron 

pathway as a function of CFSE. The mechanism map can be divided into two regimes: two electron 

transfer (CFSE > 0), where Cu and Zn are included and could have little four-electron catalytic 

capability for ORR/OER; and four electron transfer (CFSE < 0), where Sc, Ti, V, Cr, Mn, Fe, Co, 

and Ni perform. The four-electron transfer regime can be further divided into a volcano region 
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(CFSE < -22), and transition region with high overpotentials and thus low catalytic activities (-22 

< CFSE < 0). In the volcano region, iron is identified to be the best metal element in porphyrin for 

OER (0.381 V), and ORR (0.482 V), whereas the catalytic activities of other 3d transition metals 

could be predicted for OER in the order of Fe > Co> Ni> Cr >V> Ti > Sc > Mn. Furthermore, the 

descriptor also well describes the mechanisms of O2 adsorption and reactions. For CFSE < -22, 

the adsorption on metals (Mn, Cr, Fe, Co, Ni, and V) is side-on and the ORR is associate [Figure 

3.6(d)], whereas for -10 < CFSE < -2, the adsorption on metal (e.g., Sc) is bridge and the ORR is 

dissociate. Between these two regimes (e.g., Ti), there is a transition zone from associate reaction 

to dissociate one [Figure 3.6(e)]. Therefore, the new descriptor well describes catalytic activities 

and distinguish catalytic mechanisms for COFs. 
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Figure 3.9: Two electron reaction and four electron reaction for ORR overpotentials as a function of 
CFSE for M-porphyrin COFs 

 

The overpotential for 2e path was also calculated and plotted in Figure 3.9. Similar to 4e 

transfer, the descriptor also well describes the trend for 2e transfer. For Fe and Co, the 

overpotential for 4e transfer is relatively smaller than that for 2e pathway, indicating that the 4e 

pathway is dominant in the case of Fe, Co-COFs, but small amounts of H2O2 may be formed in the 

ORR process from viewpoint of overpotential as shown in Figure 3.9.  
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3.5.3 Direct Synthesis of H2O2 based on TM-COFs  

In addition to the prediction of the best catalyst in the transition metal-COF materials 

system for energy conversion, the CFSE descriptor also predicts the formation of hydrogen 

peroxide (H2O2) on Cu and Zn-COFs. These COFs could be used as catalysts for direct synthesis 

of hydrogen peroxide (H2+O2H2O2). The experimental value of the free energy for hydrogen 

peroxide in 2e transfer procedure is -1.40 eV. [95] The technology that is currently used industrially 

to synthetize H2O2 is based on the anthraquinone process, which is very energy intensive.[82] It was 

proposed that a fuel cell based device could be used to produce hydrogen peroxide. Alternatively, 

one could use an electrolyser with water oxidation at the anode and oxygen reduction to hydrogen 

peroxide at the cathode. [90] In these devices, COFs could be used to replace noble metal catalysts to 

catalyze the formation of H2O2 in acidic media through sequential proton–electron transfer to O2 

and OOH surface intermediates, competing with H2O synthesis by oxygen–oxygen bond rupture 

within OOH surface species. According to Figure 3.6(c), there are several metal-COFs that could 

catalyze the formation of H2O2. Among 3d transition metals, Zn and Cu-COFs stand out as the 

most active catalysts for 2e pathway presenting theoretical overpotentials of 1.15V for Cu and 

0.97V for Zn, away from the optimal because these overpotentials are much smaller than that for 

H2O (1.456V and 1.785 V for Cu and Zn, respectively). Although H2O2, instead of H2O, forms on 

Cu- and Zn-COF theoretically, the energy barriers (~1.0 eV) are still too high for production of 

H2O2.  

In addition to the 3d transition metals, we have searched for other metal-porphyrin COFs 

and found that alkaline-earth metal (Be, Mg, Ca, Sr, and Ba) contained COFs are potentially 

efficient catalysts for the direct production of H2O2. Free energy diagrams for 2e ORR [Figure 

3.10(a)] and 4e ORR [Figure 3.10(b)] show that these alkaline-earth metal COFs could lead to 
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spontaneous two-electron transfer for H2O2 but not 4e transfer ORR for H2O. The overpotential of 

these COFs is much high (>1.4 V) for 4e path ORR, but relatively low (<0.6V) for 2e pathways 

(Table 3-2). In particular, Ca and Sr-COFs show much low overpotentials ( 0.27 V and 0.29 V, 

respectively) comparable to Pt (-0.24V) [90].  

For rational design of a high-performance catalyst for the generation of H2O2, it is of 

interest to find a descriptor that can also describe the ORR catalytic activities. Although the 

descriptor, the CFSE, well describes the transition metal-COFs, it cannot be applied to alkaline 

metals. To extend the idea of the CFSE, we introduced a new descriptor—orbital configuration 

energy (CE)[89] (Figure 3.7)—to describe the catalytic activities of alkaline-earth metal-COFs. 

For completion, the overpotential of alkaline-earth metal-COFs is also plotted as function of the 

CE, together with the CFSE for 2e and 4e ORR [Figure 3.10(c)][89]. The 2e transfer catalytic 

activity shows a volcano relationship with the descriptor.   

 
Figure 3.10: Free energy diagrams and volcano plot for alkaline-earth metal-porphyrin COFs. Free 
energy diagrams of M-porphyrin COFs (M=Cu, Zn, Be, Mg, Ca, Sr and Ba) for (a) two-electron 
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transfer ORR (UNHE=0.7V), Pt [90], and (b) four-electron transfer ORR in acid medium 
(UNHE=1.23V). (c) ORR overpotentials as a function of CFSE and CE for M-porphyrin COFs in 2e/4e 
electron reactions.     

   

3.6 Discussion 

Our results show that the catalytic activities of TM-porphyrin COFs strongly depend on 

the types of metals in porphyrin. This may be related to the charge redistribution and bonding 

strength difference of O-TM. As shown in Figures 3.11(a-c), 3.12, 3.13, and 3.14 and Table 3.3, 

the charges unevenly distribute on COFs, with highly positive charge (+0.8e to +1.8e) on metals, 

and highly negative charges (-1e to -1.3e) on nitrogen.  

The carbon atoms directly bonded to nitrogen atom are also positively charged (+0.3e to 

+0.5e) but other carbon atoms are negatively charged (-0.01e to -0.2e). Since the metal carries 

highly positive charges, it strongly interacts with oxygen, facilitating O2 adsorption and the 

formation of active center of ORR/OER. In these cases, charges can be somewhat correlated with 

the ORR catalytic activities with a positive charge of 1.15 being the best (e.g., Fe). 

Table 3.3: Bader effective charges of nitrogen and metals in COFs   

Charg
e 

Sc Ti V Cr Mn Fe Co Ni Cu Zn 

N* -1.34 -1.27 -1.26 -1.25 -1.24 -1.24 -1.14 -1.08 -1.22 -1.24 
Metal 1.85 1.64 1.43 1.15 1.20 1.16 0.99 0.84 0.92 1.17 

* Average charge on nitrogen atoms 
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Figure 3.11: Charge distribution and experimental verification. Typical electron charge distribution 
for (a) scandium, (b) iron, and (c) copper elements after O2 is adsorbed on metals. The blue and 
yellow colors indicate the positive and negative values of electron quantities, respectively. The 
isosurface value is set to 0.001. The white and brown color represents the hydrogen and carbon atoms, 
respectively. (d) Relative onset potential as a function of descriptor (CFSE) for metal-incorporated 
C-COP-P-M[32], Fe-Por-CNT[96], FePc, Co(Bu)Pc, CoEtP, Co(BuPh)P[97], FePc-Py-CNT[21]. 
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Figure 3.12: Bader effective charge distribution of TM-COFs. (a) Sc, (b) Ti, (c)V, (d) Cr, (e) Mn, (f) 
Fe, (g) Co, (h) Ni, (i) Cu, and (j) Zn-COFs. The green, yellow, blue and red colors refer to negative, 
positive, highly negative, and highly positive charges, respectively. 
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Figure 3.13: Charge transfer distribution on COFs with O2 adsorption. Top (first row) and side 
(second row) views of the electron charge distribution (ECD) on COFs with O2 adsorption, from left 
to right which is scandium (Sc), titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn), iron 
(Fe), cobalt (Co), nickel (Ni), copper (Cu) and zinc (Zn) elements, as the active site of doped on the 
porphyrin. The blue and yellow colors indicate the positive and negative values of electron quantities, 
respectively. The isosurface value is set to 0.001. The white and brown color means the hydrogen and 
carbon atoms, respectively. 
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Figure 3.14: Electron charge distribution (ECD) on COFs. (a) Sc, (b) Ti, (c)V, (d) Cr, (e) Mn, (f) Fe, 
(g) Co, (h) Ni, (i) Cu, and (j) Zn-COFs. The blue and yellow colors indicate the positive and negative 
values of electron quantities, respectively. The isosurface value is set to 0.0661. The white and brown 
color means the hydrogen and carbon atoms, respectively. 
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On the other hand, the bonding strength and structures formed on the transition metals would 

play a key role in determining the catalytic activities since the bonding energy of O2, O, OH, OOH 

and other species in ORR is correlated with the overpotentials of the ORR [68],[78]. Since the CFSE 

and CE are directly related to the bonding formation of the transition metals, and alkaline-earth 

metals, respectively, they well describe the catalytic activities of TM-COFs, which show a 

“volcano”-shaped dependence on the descriptor with a maximum at the optimal value of this 

descriptor [Figure 3.6(c)]). Similar principles were also applied in d-band and eg-filling theories 

[78][79]. As a result, the COF-based ORR catalysts can be predicted from the calculations of orbital 

energy-based CFSE and CE. This approach follows the Sabatier principle [98], which states that the 

interaction between the catalysts and the adsorbents should be neither too strong nor too weak, but 

introduces the important new aspect of quantifying this interaction strength. 

The predictions are compared with the experimental results. It is well known that the onset 

potential Vonset is a critical index of the ORR activities of electrocatalysts in fuel cells and metal-

air batteries[99], and can be derived from linear scan voltammogram (LSV) measurement. We 

have cited the data reported for porphyrin-containing materials, including COFs[32], carbon-based 

materials with porphyrin structures. [100] [21] [96] [97], and made a plot of the onset potential vs. 

the descriptor. To reliably compare the data from different sources, the onset potential is subtracted 

by the benchmarked Pt/C electrode onset potential measured under the same condition in the same 

experiment. Figure 3.11(d) shows the relative onset potential as a function of the descriptor. The 

experimental results show a volcano with Fe sitting on its top. In particular, the onset potential 

measured in the same experiment for metal incorporated COF materials show the volcano shape. 

This volcano relationship is consistent with the predictions from our calculations, as shown in 

Figure 3.6. Thus, the experimental data support that the primary descriptor governs the ORR 
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activities of porphyrin-containing COFs, as demonstrated theoretically in this work. Note that the 

ORR activity of porphyrin-containing COFs is higher than that of Pt when the value of the 

descriptor is in the range of -16 ~ -17.  

It should be noted here that the current study focuses on the periodic structure with an ideal 

infinite lattice. If this COF architecture is considered as a 2D material, metal vacancy at the lattice-

level may exist, which could influence the activity of the COFs. In addition, two or three types of 

metal ions could be introduced into the lattice to form mixed-TM-COFs. However, the distance 

between metal sites is relatively large (17.0 Å) in the current COF system. According to our 

previous calculations on graphene, the synergetic effect vanishes if the distance between two 

dopants exceeds 6 Å. [101]  Thus, the interaction between metal sites or vacancies should be weak 

and the catalytic activity could depend only on the metal sites. Nevertheless, metal vacancies and 

mixed metals in M-porphyrin COF systems are of practical interest and worth further studying. 

 

3.7 Conclusions 

We have calculated the ORR and OER activities of M-porphyrin-COFs (M = Sc, Ti, V, Cr, 

Mn, Fe, Co, Ni, Cu, and Zn), and found an intrinsic descriptor, the crystal field stabilization energy, 

that well describes the catalytic activities of the COFs. Two regimes for two-electron and four-

electron transfer reactions were identified using the descriptor. In the four-electron transfer regime, 

there is a “volcano”-shaped dependence on the descriptor with the best ORR/OER catalyst, Fe-COF, 

identified at its summit. The minimum overpotentials of Fe-COF were estimated to be 0.381 V and 

0.482 V for OER and ORR, comparable to RuO2 and Pt, respectively. The predictions are 

consistent with the experimental results.  In the two-electron transfer regime, Zn-COFs could 

catalyze the direct production of H2O2, but alkaline-earth metal-COFs, in particular Ca- and Sr-
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COFs, have been identified to be the more efficient catalysts for the direct synthesis of H2O2 via 

an electrochemical approach. CE can be used to describe the catalytic behavior of alkaline-earth 

metal-COFs. 
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CHAPTER 4 

METAL-ORGANIC-FRAMEWORKS AS EFFICIENT ELECTROCATALYSTS FOR 

OXYGEN EVOLUTION REACTION: INSIGHTS INTO THE ACTIVE CENTERS* 

4.1 Abstract 

Metal-organic-frameworks (MOFs), in which metal ions are single-atomically dispersed, 

are regarded as one of the most promising single-atom doped catalysts. Co-based species have 

been considered as a potential candidate to replace the precious RuO2 to electrocatalyze oxygen 

evolution reaction (OER). Zeolitic imidazolate frameworks-67(ZIF-67), a Co-containing MOF, 

maybe an excellent precursor for single atom OER electrocatalysts due to its rich and uniform 

distribution of cobalt species. In principle, Co ions are fully coordinated (except for those on the 

surfaces) in ZIF-67 without accessible sites for electrocatalysis. One way to utilize this single-

atom material as electrocatalysts is to remove some of the ligands attached to Co atoms to create 

coordinately unsaturated metal sites (CUMSs) as the catalytic centers for OER. Herein, we, for the 

first time, have created CUMSs in ZIF-67 through dielectric barrier discharge (DBD) plasma 

etching. The CUMSs act as excellent catalytic centers for OER with a promising electrocatalytic 

activity, even comparable to the precious RuO2. Interestingly, the OER activity of the CUMSs is 

reversible by supplementing the missing ligands. Our density-functional theory calculations also 

demonstrated the contribution of the unsaturated metal sites to the high catalytic activity for OER. 

4.2 Introduction 

The pursuit of promising electrocatalysts for energy storage and conversion has been an 

* Chapter 4 is reproduced with permission from Elsevier, from L. Tao, C-Y Lin, S. Dou, S. Feng, D. Chen, D. Liu, J.
Huo, Z. Xia, & S. Wang (2017), Creating coordinatively unsaturated metal sites in metal-organic frameworks as 
efficient electrocatalysts for the oxygen evolution reaction: Insights into the active centers. Nano Energy 41: 417-425. 
https://doi.org/10.1016/j.nanoen.2017.09.055  

https://doi.org/10.1016/j.nanoen.2017.09.055
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essential step to meet the increasing global demand of sustainable energy. [102] The oxygen 

evolution reaction (OER) is a key process in electricity-driven water splitting and rechargeable 

metal-air batteries. The sluggish kinetics of OER has limited the development of these energy 

devices. [103] Highly active electrocatalysts are required to lower the overpotential of OER to 

increase its reaction rate. [104] Precious metal oxides, such as RuO2, are the most efficient OER 

electrocatalysts to date. [105]–[107] However, the high cost, limited resources, and poor durability 

of these precious metal oxides hinder their large-scale applications. To solve this problem, 

numerous materials have been screened to replace precious metal oxides. [108]–[113] To realize 

the best electrocatalytic performance, the structural properties such as size, morphology, support 

and electronic interaction should be optimized. With 100% utilization efficiency, down-sizing 

catalysts to single-atom have been considered as the ultimate way for the design of catalysts.  

Electrocatalysts derived from MOFs have been extensively investigated due to their highly 

ordered structures, large porosities and diversified pore surfaces. [114] In most cases, MOFs were 

used as pre-cursors to prepare metal compounds on porous carbon by high temperature 

pyrolysis.[13], [115]–[119] The high energy-cost, shrink effect and volatile waste during the 

pyrolysis process made this strategy in- effective. A new possible way to activate MOFs to an 

effective catalyst is to tune the metal sites in some transition metal-based MOFs. Until recently, 

researchers turned the attentions to the intrinsic activity for OER on MOFs without pyrolysis. Tang 

et al. developed Co-Ni ultrathin MOFs nanosheets as highly efficient electrocatalysts for 

OER.[120] Zhang et al. developed ion exchanged [Co2(μ-Cl)2(btta)] to catalyze OER.[114]  The 

atomically-dispersed metal ions can act as catalytic sites, which maximize atom utilization. 

However, these two cases involved the unique synthesis and design of functional MOFs. 

Therefore, it is of the significant demand to discover the activity of the most available MOFs, such 
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as popular and stable Co-based ZIF-67. Unfortunately, ZIF-67 shows very poor intrinsic activity 

for OER, because, in principle, Co ions in the bulk ZIF-67 are coordinated by four strong imidazole 

ligands without available sites for adsorption and thus electrocatalysis. A feasible strategy is to 

create coordinative unsaturated metal sites (CUMSs) in ZIF-67 by removing some of its ligands. 

The CUMSs provide more active sites for the adsorption of reactants and act as catalytic centers 

for OER.  

Figure 4.1: Illustration of the preparation of CUMSs-ZIF-67. 

Although CUMSs play an important role in MOFs for catalysis, ad- sorption/separation, 

storage, and sensing,[121] it is challenging to control proper CUMSs in MOFs. Herein, we, for the 

first time, have created CUMSs in ZIF-67 (CUMSs-ZIF-67) as active sites to electro- chemically 

catalyze OER through an efficient dielectric barrier dis- charge (DBD) plasma treatment. The 

plasma treatment is highly efficient to etch the target material. [122]–[125] As illustrated in Figure 

4.1, the CUMSs enriched ZIF-67 was simply prepared by irradiating ZIF-67 with the DBD plasma 

for a few minutes at room temperature and atmospheric pressure. After the DBD plasma 

irradiation, abundant CUMSs were generated. The OER activity of CUMSs-ZIF-67 was enhanced 
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significantly compared to pristine ZIF-67 in both near-neutral (0.5 M KBi) and alkaline (1 M 

KOH) electrolyte. Furthermore, CUMSs are proposed to be catalytic centers by density-functional 

theory (DFT) calculations.  

 

4.3 Methods 

4.3.1 Material Synthesis 

ZIF-67 was synthesized by following our previous work.[102] Briefly, 1.642 g2-

methylimidazole and 1.455g cobalt nitrate hexahydrate were dissolved in 80 mL methanol 

respectively. Then, the dimethyl imidazole solution was slowly added in cobalt nitrate solution 

and stirring for 30s. After that, the solution was kept at room temperature for 24h without stirring. 

The precipitate of the solution was washed with CH3OH for several times and dried in 60 °C. The 

CUMSs-ZIF-67 was synthesized by N2 DBD plasma irradiation. The ZIF-67 was then added in 

DBD plasma reactor and treated under nitrogen atmosphere. The reactor input voltage and current 

are 100 V and 3.0 A, respectively. 

 

4.3.2 Electrochemical Measurement 

Electrochemical measurements of ZIF materials for OER were conducted at room 

temperature in a standard three-electrode cell in 0.5 M KBi (pH=9.2) and1 M KOH solution. A 

glassy carbon electrode (5 mm in diameter) and a carbon paper (1 cm × 1 cm) were employed as 

the working electrode; a large surface area Platinum mesh (1 cm × 1 cm) and saturated calomel 

electrode (SCE) were used as the counter and reference electrode, respectively. 4 mg of catalyst 

was dispersed in 2 mL ethanol and ultrasonicated for 1 h, then, 100 µL of 5 wt. % Nafion solution 

was added into the slurry followed by ultrasonication for another 1 h. After that, the working 
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electrode coated with 10 µL of the above catalyst ink and dried naturally. All potentials were been 

converted to the reversible hydrogen electrode (RHE) to unequivocally compensate for the pH 

changes. 

 

4.3.3 Density Functional Theory Calculation  

A series of models were developed to simulate OER on ZIF-67 and CUMSs- ZIF-67 with 

various number of nitrogen ligands (ZIF-xN, x=1–4). DFT with Hubbard (DFT + U) were carried 

out using soft projector augmented wave (PAW) pseudopotentials and the Perdew-Burke-

Ernzenhof [113] (PBE) exchange correlation functional, as implemented in the VASP code. The 

k-point setting of Brillioun zone was obtained by 3 × 3 × 1 grid generating meshes with their origin 

point at the gamma point. The plane wave kinetic energy has a high cut of energy of 450eV 

throughout the computations and a vacuum spacing of at least 20 Å in z direction. Moreover, all 

the spin-polarized calculations converged to 0.01 eV Å−1 for all surfaces and the geometries.  

 

4.4 Results and Discussion 

The surface morphologies of the ZIF-67 and CUMSs-ZIF-67 were observed with scanning 

electron microscope (SEM). Pristine ZIF-67 shows a typical dodecahedral structure with smooth 

surface as literatures [127], and mean particle size is ~500 nm. After treated by DBD plasma for 9 

min, the dodecahedral structure of CUMSs-ZIF-67 was well preserved but its surface became 

rougher due to the etching effect of DBD plasma. Brunaure-Emment-Teller (BET) surface area 

slightly decreased from 1824.0 m2 g−1 (ZIF-67) to 1718.4 m2 g−1 (CUMSs-ZIF-67). However, as-

obtained surface area is still relatively high for electrochemical applications. The pore-size 

distribution in the inset of Figure 4.1(c) implies the formation of mesopores in CUMSs-ZIF-67 in 
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addition to intrinsic micropores. The change of these structural properties is attributed to the 

plasma etching effect. The powder X-ray diffraction (PXRD) patterns of CUMSs-ZIF-67 and ZIF-

67, from which we can see that both the materials have similar crystalline structure consistent with 

the simulated structure and no other phases were detected in CUMSs-ZIF-67. However, weakened 

diffraction intensities and broadened peaks (Table 4.1) were observed in the PXRD pattern for 

CUMSs-ZIF-67, compared to pristine ZIF-67. This indicates a partial loss of long-range order with 

the formation of defects (CUMSs) by plasma.[128] Carbon monoxide (CO) is a sensitive probe to 

detect the CUMSs.  

To gain insight into the microstructure of CUMSs-ZIF-67, the materials were observed 

with TEM. Pristine ZIF-67 exhibits a typical dodecahedral structure. With the DBD plasma 

treatment, CUMSs-ZIF-67 became slightly transparent and draped, which is consistent with SEM 

observation, and confirms the etching effect of plasma to partially remove the coordination ligands 

in ZIF-67. As the draped and shrunk CUMSs-ZIF-67 was observed, metal particles could 

aggregate in CUMSs-ZIF-67 due to the plasma treatment. To check this possibility, the HAADF 

imaging in aberration-corrected STEM was conducted. The Co atoms are uniformly distributed in 

CUMSs-ZIF-67 without any particle aggregation, indicating that cobalt species are still 

atomically-dispersed in the CUMSs-ZIF-67 as in pristine ZIF-67. At the same time, no point- or 

ring-like patterns can be observed in the selected area electron diffraction (SAED) pattern, which 

confirms the absence of crystalline Co species.[129] The HAADF image and EDX mapping of 

CUMSs-ZIF-67, in which all of the three elements: Co, N and C are well dispersed in CUMSs-

ZIF-67. Combining the SEM, TEM, HAADF-STEM, and FT-IR, EDX mapping with XRD data, 

we can conclude that the CUMSs-ZIF-67 reserves the bulk structure and composition of pristine 
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ZIF-67, after the DBD plasma treatment, with a possible modification on the atom coordination 

geometry. 

To study the coordination geometry, the chemical state of CUMSs-ZIF-67 and pristine 

ZIF-67 were detected by X-ray photoelectron spectroscopy (XPS). The survey spectra of CUMSs-

ZIF-67 and pristine ZIF-67, which reveals the changes of elemental compositions. As summarized 

in Figure 4.3(c) and (d), after the plasma treatment for 9 min, the C element decreased noticeably 

while Co, N, and O were increased. The significant decrease of C species in CUMSs-ZIF-67, 

compared with pristine ZIF-67, indicated that the ligands were partially etched with CUMSs 

exposed. The increase of nitrogen may be due to the nitrogen-doping into the ligands as the plasma 

has been successfully proved to be able to dope heteroatoms into many carbon-based species.[123]  

The increase of O element in CUMSs-ZIF-67 may originate from the increased O-species (such as 

O2 and H2O) adsorption onto the CUMSs and from the partical oxidation of the suspended bonds 

in ligands by plasma once exposed to air. The Co 2p XPS peaks of CUMSs-ZIF-67. Compared to 

that in pristine ZIF-67, the Co 2p XPS peak in CUMSs-ZIF-67 shows a significant broadening 

with obviously reduced satellite peak, indicating the change of the coordination geometry of Co 

ions. To confirm this change, the Co 2p peaks in both CUMSs-ZIF-67 and pristine ZIF-67 were 

carefully deconvoluted. The Co 2p of ZIF-67 was deconvoluted into three components. The peak 

at 781.1 eV is attributed to fully coordinated cobalt within the Co-N4 environment, and the peak 

at 779.9 eV is attributed to the unsaturated cobalt species in Co–Nx (x<4) geometry. [130], [131] 

The few unsaturated Co species in pristine ZIF-67 mainly locate on the external surface or the in-

situ formed defect sites during its synthesis.[132], [133] 

The other two peaks are satellite peak. The Co 2p XPS peak in CUMSs-ZIF-67 could also 

be deconvoluted into the similar four peaks. However, the cobalt species in Co-Nx geometry 
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significantly increased and the ratio of cobalt species in Co–Nx (x<4) to the overall geometry 

increased from 6.55% in ZIF-67 to 13.45% in CUMSs-ZIF-67, indicating that the plasma treatment 

resulted in the partial removal of ligands from the Co-N4 geometry with open cobalt sites 

generated in the process. In addition, a new peak appears at 397.7 eV in CUMSs-ZIF-67, which is 

attributed to the unprotonated N (–C≡N) from the N2 plasma. The other one, O2 at 532.1 eV, is 

attributed to the physi- and chemisorbed water.[134] Thus, the increased O element in CUMSs-

ZIF-67 is mainly attributed to the adsorbed O-species. These XPS results, combined with the TGA, 

XRD, SEM and TEM data, confirm that the ligands were partially removed by the DBD plasma 

with the formation of coordinatively unsaturated Co sites, which may act as active sites for 

reactants adsorption and catalytic centers to electrocatalyze OER. 

The valence state of cobalt species in CUMSs-ZIF-67 was detected by CVs. Both ZIF-67 

and CUMSs-ZIF-67 show typical redox behavior: oxidation at 1.1 V and reduction at 1.05 V. The 

redox peaks could be attributed to the redox behaviour of Co 2+/3+ in both ZIF-67 and CUMSs-

ZIF-67. Since there are no any other redox peaks found in the curves, Co species mainly exist in 

the form of Co2+.[135] With the formation of CUMSs as the catalytic centers, the electrocatalytic 

activity of the as-prepared CUMSs-ZIF-67 towards OER was first studied in 0.5 M KBi. Figure 

4.2(a) displayed the OER performance measured by linear sweep voltammetry (LSV) with scan 

rate of 5 mV s−1. CUMSs-ZIF-67 shows a much smaller onset potential at ~1.50 V vs. RHE 

compared to pristine ZIF-67 (1.58 V vs. RHE). Furthermore, the potential at the current density of 

10 mA cm−2 is usually used as an indicator to evaluate the performance of catalytic materials. 

CUMSs-ZIF-67 displayed a much smaller potential at 1.64 V vs. RHE (410 mV overpotential) 

compared to the 1.78 V vs. RHE (550 mV overpotential) on pristine ZIF-67 to reach 10 mA cm−2. 

The catalytic mechanism of OER on CUMSs-ZIF-67 was studied with Tafel slope. As shown in 
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Figure 4.2(b), CUMSs-ZIF-67 displays a smaller Tafel slope (185.1 mV dec−1) than pristine ZIF-

67 (316.9 mV dec−1), which confirms that the OER performance of CUMSs-ZIF-67 is better than 

that of pristine ZIF-67. Although very weak, pristine ZIF-67 shows a little catalytic activity for 

OER. The weak activity may originate from the CUMSs on the external surface or the defect sites 

in pristine ZIF-67. It is shown that the Cdl of CUMSs-ZIF-67 (35.5 mF cm−2) is ~2.25 times higher 

than the pristine ZIF-67 (about 15.5 mF cm−2). Figure 4.4(c) shows a typical chronopotentiometric 

curve of CUMSs-ZIF-67 in 0.5 M KBi with the current changing from 10 to 40 mA cm−2 with an 

increment of ~3.3 mA cm−2 per 500 s. The potential immediately levels off at 1.68 V at the initial 

current value and remains unchanged for 500 s, and the other steps with the increased current 

density also show similar results, implying the good conductivity, mass transportation, and 

mechanical robustness of this electrode.[136]  

The turnover frequency (TOF) was also calculated to estimate the activity of the catalyst 

film. CUMSs-ZIF-67 displayed a remarkably larger TOF (0.462 s−1 at an overpotential of 0.30 

V) than ZIF-67 (0.043 s−1).[120] The excellent catalytic properties of CUMSs-ZIF-67 may 

attribute to the excellent adsorption of reactants onto the available CUMSs generated by DBD 

plasma as the active sites. As CUMSs are considered as the catalytic centers, it would be interesting 

to observe what occurs if the CUMSs are re-saturated (i.e, fully coordinated again) by 

supplementing additional organic ligands. CUMSs-ZIF-67 was re-coordinated by 2-

methylimidazole (so-called Ligand- repaired CUMSs-ZIF-67) under the same conditions of the 

ZIF-67 synthesis. As expected, the XRD pattern of the Ligand-repaired CUMSs-ZIF-67 shows 

increased diffraction intensities, confirming the re-coordination of CUMSs by additional ligands. 

With the re-coordination of CUMSs to lose available catalytic centers, the OER activity decreased 

significantly. But it still delivers better activity than pristine ZIF-67 due to incomplete repairing. 
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At the same time, the ZIF-67 was treated with different time to investigate the influence on the 

CUMSs. With the increase of treat time, the OER performance of CUMSs-ZIF-67 was gradually 

increased, due to the more and more CUMSs generated. However, with the further increase of the 

DBD treatment time to 11 min, the OER activity decreased significantly, probably due to the 

structural collapse and metal atoms aggregation after long-time plasma treating. Thus, the active 

sites for oxygen electrocatalysis in CUMSs-ZIF-67 is identified to be CUMSs. 

 
Figure 4.2: (a) LSV polarization curves of the ZIF-67 and CUMSs-ZIF-67 electrocatalysts in O2-
saturated 0.5 M KBi aqueous solution; (b) The corresponding Tafel plots from the LSV curves; (c) 
Multi-current process of CUMSs-ZIF-67. The current density started at 10 mA cm−2 and ended at 
40 mA cm−2 with an increment of about ~3.33 mA cm−2 per 500 s without iR correction; (d) LSV 
curves recorded for CUMSs-ZIF-67 before and after 2000 CV cycles in 0.5 M KBi with iR correction, 
the inset graph are the time-dependent current density curves for CUMSs-ZIF-67 at a fixed 1.64 V 
vs RHE. 

 

Furthermore, the electrochemical impedance spectroscopy (EIS) was conducted to study 

the electrochemical kinetics at the electrode/ electrolyte surface under OER conditions. As shown 



67 
 

in Figure 4.2(d), we tested the stability of CUMSs-ZIF-67 for OER, and only a slight decay 

occurred after 2000 cycles both in 0.5 M KBi and 1 M KOH. The long-term stability tests by bulk 

electrolysis at a fixed current density of 10 mA cm−2 further demonstrated that CUMSs-ZIF-67 

maintains its activity for at least 24 h in 0.5 M KBi (Figure 4.2(d) inset). In addition, the structure 

change of the CUMSs-ZIF-67 after cycling in KOH and KBi was investigated by measuring the 

XRD pattern. The ZIF structure was preserved even after long-term cycling, which confirms 

relative stability in OER operation. 

To understand the reaction mechanism, the rotating ring-disk electrode (RRDE) was used 

to analyze by-products by fixing the ring potential at 1.5 V vs. RHE in 1 M KOH at 1600 rpm. 

During OER process, collected ring current is about 7 ~ 8 μA, which is much lower than disk 

current. There was no evident change of the current even at the high potential, indicating that the 

hydrogen peroxide formation was negligible and the rapid increase in current density is mainly 

attributed to a desirable four-electron transfer pathway to form O2. Faradaic efficiency was 

obtained to confirm that the rapid increase of current density is a main factor that contributes to 

water oxidation rather than side reactions. By using the RRDE to carry out a continuous OER (disk 

electrode)-ORR (ring electrode) process, the Pt ring was fixed at 0.4 V vs. RHE to reduce the 

sweeping across O2 molecule from the disk (the current was fixed at 200 μA). The collected ring 

current is approximately 40.3 μA and a high Faradaic efficiency of 95.9% was obtained. This result 

confirms that the CUMSs-ZIF-67 catalyst could provide fast 4-electron reaction in OER process 

and the detected oxidation current is mainly attributed to OER process. 

To gain further insights into the OER catalytic mechanism of CUMSs-ZIF-67, we 

performed the first-principles calculations to determine the electronic structures and catalytic 

activities for saturated and unsaturated ZIF-67 using density functional theory (DFT) methods. As 
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mentioned above, pristine ZIF-67 has four nitrogen ligands (also referred to ZIF-67-4N), whereas 

an unsaturated ZIF-67 may consist of one to three ligands on Co sites (referred to ZIF-67-xN, 

where x = 1, 3 is the number of the ligands). To study the OER catalytic activities of these 

structures, the possible types of ZIF-67-xN structures were built, in which Co sites are bonded 

with different number of N ligands, as shown in Figure 4.3 OER elementary reactions on ZIF-67-

xN are listed in Equations S1-S5 and the reaction processes on Co sites are shown in Figures 4.4 

and 4.5. The free energy diagrams of OER for ZIF-67-xN structures under electrode potentials of 

0 V and 0.402 V are shown in Figure 4.6(a) and Figure 4.7, respectively. While the rate-limiting 

step in the elementary reactions for saturated ZIF-67 is the second electron transfer (Equation 4-

2), it is the third step (Equation 4-3) for unsaturated ones (x = 2–3). Since the overpotential of 

ORR/OER is a measure of catalytic activities of a catalyst, [66] we calculated the overpotential for 

all the ZIF-67-xN structures (x = 1–4) and determined minimum overpotentials for OER (Table 

4.2). From these calculations, the saturated structures have a relatively high overpotential (0.63 

V). After a ligand was knocked off from the Co site in ZIF-67-4N to form ZIF-67-3N, the 

overpotential is reduced to 0.57 V. However, a remove of more ligands will significantly increase 

the overpotential (~1–2 V). We have made a plot of the overpotential versus adsorption energy of 

OH on Co sites [Figure 4.6(b)], which shows a volcano relationship. As predicted in Figure 4.6(b), 

the overpotential at the top of the volcano is close to that of the best catalysts identified 

theoretically (~0.42 V for OER on RuO2 [67]), which is consistent with the experimental results. 

Through XPS, we also calculated the average coordination number of CUMSs-ZIF-67 which is 

3.44, namely ZIF-67-3.44N. Clearly, the number of ligands strongly affects the adsorption energy 

and consequently the electrocatalytic activities of OER on Co sites. This follows Sabatier principle, 
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which states that the interaction between the catalysts and the adsorbents should be neither too 

strong nor too weak. 

The role of the ligands in catalytic activities may be related to the charge redistribution on 

the active sites due to coordinative change. As shown in Figure 4.6(c) and (d), Figures 4.8 to 4.10, 

and Table 4.2, the charges unevenly distribute on ZIFs, with highly positive charge (+0.8 e) on 

metals, and highly negative charges (−1.3 e) on nitrogen. The carbon atoms directly bonded to 

nitrogen atom are also positively charged (+0.3 e to +1.3 e). With reduction of the number of the 

ligands from 4 to 3 and to 2, the charge on metal sites reduces from 0.8 e to 0.73 to 0.33 e, 

respectively. Since the metal carries highly positive charges, it strongly interacts with oxygen, 

facilitating O2, O, OH, OOH adsorption and the formation of active centers of OER. 

 
Figure 4.3: (a) Tope view and (c) side view of ZIF-67-4N, and (b) tope view and (d) side view of ZIF-
67-3N. The colors of blue, pink, deep gold, and silver represented atoms of Co, H, C, and N, 
respectively. Boxes are periodic in x, y and z directions. 
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Figure 4.4: The associate reaction process of OER in four-electron transfer process. (a) top view and 
(e) side view of the ZIF-67-4N, (b) top view and (f) side view of the formation of OH* on Co in ZIF-
67-4N, (c) top view and (g) side view of adsorption of O on Co in ZIF-67-4N, (d) top view and (h) side 
view of the formation of OOH* on Co in ZIF-67. The colors of red, pink, deep gold, silver and blue 
represented atoms of O, H, C, N, and Co, respectively. Boxes are periodic in x, y and z directions. 

 

 
Figure 4.5: The associate reaction process of OER in four-electron transfer process. (a) top view and 
(e) side view of the CUMSs-ZIF-67(ZIF67-3N), (b) top view and (f) side view of the formation of OH* 
on Co in CUMSs-ZIF-67(ZIF67-3N), (c) top view and (g) side view of adsorption of O on Co in 
CUMSs-ZIF-67(ZIF67-3N), (d) top view and (h) side view of the formation of OOH* on Co in 
CUMSs-ZIF-67(ZIF67-3N). The colors of red, pink, deep gold, silver and blue represented atoms of 
O, H, C, N, and Co, respectively. Boxes are periodic in x, y and z directions. 
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Figure 4.6: (a) Free energy diagrams of ZIF-67-xN (x=1–4) with various nitrogen ligands for OER in 
alkaline medium at UNHE = 0 V. (b) A volcano plot of OER catalytic activities versus adsorption 
energy of OH on Co sites for ZIF-67-xN (x=1–4). Charge transfer distribution of (c) ZIF-67-4N and 
(d) ZIF-67-3N with a hydroxyl OH adsorbed on Co sites. The blue and yellow colors refer to the 
positive and negative values of electron quantities, respectively. The isosurface value is set to 0.001. 
The blue, red, white and brown colors refer to cobalt, oxygen, hydrogen and carbon atoms, 
respectively. 
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Figure 4.7: Free energy diagrams of ZIF-67-xN (x= 1 - 4) with different number of nitrogen ligands 
for OER in acid medium at UNHE = 0.402 V. 

 

 
Figure 4.8: Electron charge distribution (ECD) on a) ZIF67-4N, b) ZIF67-3N. The blue and yellow 
colors indicate the positive and negative values of electron quantities, respectively. The isosurface 
value is set to 0.09. The colors of blue, white and brown meant atoms of the cobalt, hydrogen and 
carbon, respectively. 
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Figure 4.9: Bader effective charge distribution of (a) ZIF67-4N, and (b) ZIF67-3N. The colors of 
green, yellow, blue and red refer to negative, positive, highly negative, and highly positive charges, 
respectively. 

 

 
Figure 4.10: Charge transfer distribution on ZIF67 with OH adsorption. Top (first row) and side 
(second row) views of the electron charge distribution (ECD) on ZIF67 with OH adsorption, from 
left to right which is (a) (b) (g) (h) ZIF67-4N, (c) (d) (i) (j) ZIF67-3N, and (e) (f) (k) (l) ZIF67-2N. The 
blue and yellow colors indicate the positive and negative values of electron quantities, respectively. 
The isosurface value is set to 0.001. Charges are not shown in (b), (d), (f), (h), (j), and (l). The colors 
of blue, red, white and brown meant atoms of cobalt, oxygen, hydrogen and carbon, respectively. 
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Table 4.1: The PXRD patterns studies of ZIF-67 and CUMSs-ZIF-67. 

ZIF-67 CUMSs-ZIF-67 
2-Theta d(Å) FWHM 2-Theta d(Å) FWHM 
7.257 12.1705 0.186 7.336 12.0404 0.254 
10.282 8.5961 0.167 10.361 8.5308 0.183 
12.621 7.0078 0.164 12.699 6.9651 0.192 
14.6 6.062 0.166 14.677 6.0303 0.18 

16.323 5.4259 0.164 16.418 5.3947 0.177 
17.92 4.9459 0.169 17.981 4.9292 0.184 
19.38 4.5763 0.153 19.421 4.5667 0.135 
22.038 4.0301 0.082 22.077 4.023 0.169 
24.38 3.648 0.168 24.46 3.6362 0.149 
25.499 3.4904 0.064 25.539 3.4849 0.13 
26.559 3.3534 0.164 26.621 3.3457 0.152 
28.541 3.1249 0.166 28.619 3.1165 0.081 
29.539 3.0215 0.165 29.603 3.0152 0.166 
30.462 2.9321 0.126 30.522 2.9264 0.157 
31.362 2.8499 0.153 31.475 2.84 0.153 
32.261 2.7725 0.16 32.358 2.7644 0.159 
33.151 2.7001 0.16 33.166 2.6989 0.085 
33.996 2.6349 0.161 33.987 2.6356 0.121 

 

Table 4.2: The charges and minimum OER overpotentials for various ZIF-67. 

Name The number 
of N ligands 

Charge of Co 
atom 

Charge of N 
atom 

OER 

ZIF67-4N 4 0.853 -1.218 0.647 
ZIF67-3N 3 0.733 -1.018 0.577 
ZIF67-2N 2 0.369 -1.958 1.093 
ZIF67-1N 1 0.362 -1.796 1.940 

 

4.5 Conclusion 

In summary, we have successfully created coordinatively unsaturated metal sites in ZIF-

67 as the active catalytic centers to efficiently electrocatalyze OER. As Co ions in ZIF-67 are fully 

coordinated, the OER activity on ZIF-67 is very poor. To transform the atomically dispersed Co 

ions into active catalytic centers, the coordination geometry should be tuned to produce CUMSs. 

With the plasma etching, the organic ligands could be partially removed with CUMSs formed to 

catalyze OER. The remained large surface area, the formation of mesopores, and the mono-
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dispersion of CUMSs after plasma etching made the CUMSs-ZIF-67 an excellent OER catalyst. 

The electrochemical characterizations indicated that CUMSs-ZIF-67 could provide fast 4-elecron 

reactions, comparable to commercial precious RuO2. The high activity induced by unsaturated 

metal sites is confirmed by the DFT calculation. Since the metal carries highly positive charges, it 

strongly interacts with oxygen, facilitating O2, O, OH, OOH adsorption and the formation of active 

centers of OER. The finding in this work offers a new route to create CUMSs by the proper 

modification of MOFs as highly active atomic-scale electrocatalysts for OER and provides insights 

into the electrocatalystic activity of CUMSs for OER. 
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CHAPTER 5 

LIGAND EFFECT AND DESIGN PRINCIPLES OF METAL-ORGANIC FRAMEWORKS AS 

EFFICIENT ELECTROCATALYSTS FOR CLEAN ENERGY CONVERSION 

5.1 Abstract 

Metal-organic frameworks (MOFs) are promising as highly-performance electrocatalysts 

in clean energy conversion and storage owning to their unique porous structures, large surface area 

and atomically-distributed non-precious transition metal ions (single atom catalysts). However, 

their ligands or coordination of metal ions strongly influence their catalytic activities, making it 

complicated for selecting better catalysts. To rationally design the MOF catalysts, we have 

calculated the catalytic activities of a type of MOFs, zeolitic imidazolate frameworks (ZIFs), with 

the density-functional theory (DFT) methods and identified an intrinsic descriptor that governs the 

catalytic activities of the ZIFs. Our DFT calculations show that with the unsaturated metal sites 

exhibit higher catalytic activities than that of the best noble metal electrocatalysts. The efficiency 

and selectivity of the ZIF catalysts could be improved by controlling the number of ligands 

/coordination and type of metal ions. The best catalysts are identified for fuel cells, water splitting 

and direct production of hydrogen peroxide. The theoretical predictions are supported by the 

experimental data. This work provides a theoretical base and guiding principles for rational design 

of high-performance MOF-based electrocatalysts for clean energy conversion and storage. 

5.2 Introduction 

The rising global energy consumption on traditional fusel fuels has posed serious 

challenges to energy security and environmental protection. One promising solution is the clean 

energy sources， such as hydrogen fuel generated by water splitting utilizing sunlight and fuel 
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cells used to generate electricity, without pollution or greenhouse gas emission. In these clean 

energy technologies, noble metal (e.g., Pt and RuO2) catalysts are usually needed to promote the 

key chemical reactions: oxygen reduction reaction (ORR) in fuel cells and oxygen evolution 

reaction (OER) in water splitting. [137], [138] However, the high cost and poor durability of the 

noble metal catalysts hinder the development of the clean energy technologies. It is therefore 

necessary to search for alternative materials that are abundant and have comparable or better 

catalytic activities than the noble metals. 

Metal organic frameworks (MOFs) are appealing as electrocatalysts owning to their unique 

porous structures with non-precious transition metals. MOFs are compounds composed of 

metal ions or clusters coordinated to organic ligands to form one-, two-, or three-dimensional 

structures.  Among the MOFs, zeolitic imidazolate frameworks (ZIFs) are topologically 

isomorphic with zeolites, consisting of tetrahedrally-coordinated transition metal ions 

(e.g., Fe,  Co,  Cu, and Zn) connected by imidazolate linkers. The molecular structure of the ZIFs 

is similar to the natural zeolites with the transition metals as the central ions and four coordinate 

ligands which are imidazole compounds. Their high surface area, tunable porosity, diversity in 

metal and functional groups make them especially attractive as heterogeneous catalysts[137], 

[139], [140], as well as gas storage and separation, and biosensor. [78], [137] 

ZIFs have diverse coordination geometries, and their organic linking groups can be 

modified and even exchanged with a new linker by ligand exchange or partial ligand exchange. 

[104],[105] This modification or exchange allows for the pores and, in some cases the overall 

frameworks of ZIFs, to be tailored for specific purposes. For example, ZIF-67, composed of 

coordinately saturated cobalt ions with four ligands, shows almost inert in catalytic activities, but 

after plasma etching to break some ligands of ZIF-67 to create the unsaturated metal sites, it 
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exhibits improved catalytic performance comparable to the best OER catalyst, RuO2.[143] This 

approach provides a strategy to design inexpensive and durable electrochemical oxygen reduction 

catalysts for water splitting, metal-air batteries and fuel cells. Nevertheless, to rationally design 

high performance catalysts by modifying ligands or exchanging metal ions, it is necessary to 

understand how the metal ion and ligands determine the catalytic activities. Identification of 

descriptors that correlate the intrinsic properties of ligands/metal ions with the catalytic activities 

would establish the guiding principles for the rational design of the MOFs as high-performance 

electrocatalysts. 

A few of effective activity descriptors have been proposed in different material systems, 

including d-band center for metal surfaces,[78] eg-filling for transition-metal-oxide 

perovskites,[137] the product of electronegativity and electrofidanity for metal-free doped carbon 

nanomaterials,[144] the crystal field stabilization energy (CFSE) for COFs,[126] and the 

electronegativity and electric affinity for doped carbon materials.[144] However, the principle has 

not been established to guide the catalytic design for the family of ZIFs. In this study, we have, for 

the first time, identified the effective ligand number that serves as the activity descriptor for 

predicting ORR/OER activities of the ZIFs and established a volcano relationship between the 

descriptor and the ORR/OER catalytic activity of the ZIF catalysts, which has predictive power to 

guide the experiments. The predictions are consistent with the experimental reports from 

literatures.  

 

5.3 Method 

A series of models are developed to simulate OER/ORR on ZIF67 with various number of 

nitrogen ligands (ZIF-xNy, x=1-4, y=2, 3, 4). Density functional theory (DFT) with Hubbard 
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(DFT+U) [88]were carried out using soft projector-augmented wave (PAW) pseudopotentials[84], 

[85] and the Perdew-Burke-Ernzenhof [85](PBE) exchange correlation functional, as implemented 

in the VASP code [59], [86]. The k-point setting of Brillioun zone was obtained by 3x3x1 grid 

generating meshes with their origin point at the gamma point. The plane wave kinetic energy has 

a high cut of energy of 550 eV throughout the computations and a vacuum spacing of at least 20 

Å in z direction. Moreover, all the spin-polarized calculations were converges to 0.01 eV Å-1 for 

all surfaces and the geometries.  

 

5.4 Results  

5.4.1 Reaction Pathways and Scaling Relationship 

To predict the catalytic activities of MOFs with ZIF units, we created a series of ZIF 

structures containing 3d transition metals (TM), (TM= Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) 

with different number of ligands, as shown in Figure 5.1(A) and Figure 5.2. These ZIFs are denoted 

as xNy-TMz, where x and y (x,y=1-4) refer to the number of ligands on the central and neighboring 

metal ions, respectively, and z is the active site with z=1 for central metal ion and z=2, or 3 for 

neighboring metal ions (Figure 5.3). Using the density functional theory (DFT) methods, the 

elementary steps of ORR and OER on transition metal sites of the ZIFs with different ligands were 

simulated (Figures 5.4 and 5.5). Both four-electron (4e) transfer (2H2+O22H2O) (Figure 5.5) 

and two-electron (2e) transfer (H2+O2H2O2) (Figure 5.6) were simulated (Materials and 

Methods are described in detail in Supporting Information). The reactions take place in both 

associate and dissociate pathways, depending on the metal ions. Figure 5.1(B) and (C) show the 

free energy diagrams for the 4e and 2e transfer reactions over the 4N4 ZIFs, respectively. For the 
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4e transfer, the free energy diagrams [Figure 5.1(B)] show that the rate limiting step is the third 

reaction step of ORR except for Mn and Co that are the fourth reaction step.  

In essence, the overpotential can be considered as an effective indicator of the catalytic 

activities. [66] In general, an ideal catalyst will make water oxidation or oxygen reduction above 

the equilibrium potential (U0), with zero overpotential (η = 0), but the ideal catalyst rarely exists 

in OER/ORR due to the correlation of the binding energies of intermediates. Therefore, the lower 

value of η would indicate the better performance. We have calculated the overpotentials of 

OER/ORR on the metal ions of coordination-saturated 4N4-TM ZIFs (Figure 5.4), as listed in 

Table 5.2. Overall, the 4N4-TM ZIFs have much larger OER overpotential (~0.79V for 4N4-Co, 

the lowest one among the 3d TM) than that of benchmark Ru2O (~0.42V), indicating that their 

catalytic activities are much lower in catalyzing OER compared with Ru2O. This prediction is 

consistent with the experimental results for the ZIFs. [143] In the case of ORR, 4N4-Cr ZIFs 

(~0.42V) has the lowest overpotential, comparable to that of Pt (~0.45V) for 4e ORR[66], but its 

overpotential for 2e transfer is also low (~ 0.10 V), very close to that of the best 2e ORR catalyst, 

Pd (~0.08 V). [145] Thus, the reaction pathway of 4N4-Cr ZIFs probably follows the mixture of 

2e and 4e transfer. Interestingly, 4N4-Fe ZIF exhibit the lowest 2e overpotential (~0.05 V) but 

relatively high 4e one, which could be an excellent non-precious metal-containing catalysts for 

direct H2O2 production from H2 and O2 with good selectivity.  
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Figure 5.1: (a) Schematics of a TM-ZIFs (TM= Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn). The light 
blue, deep blue, and silver colors represent TM, N, and C, respectively. Free energy diagram of ZIF-
67 with various TM for (b) four-electron transfer, (c) two-electron transfer ORR in 4N4-TM ZIFs at 
U=0V, (d) Absorption energy of OOH* versus that of OH* for 4N4-TM ZIFs.  
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Figure 5.2: Three various metal coordination with on Co in ZIF-67, which (a) 4N4-Co1, (b) 4N2-Co1, 
(c) 3N4-Co1, (d) 3N3-Co1, (e) 3N2-Co1, (f) 3N2-Co3, (g) 3N1-Co2, (h) 2N2-Co1. The red, pink, deep 
gold, silver and blue colors represent O, H, C, N, and Co, respectively. Boxes are periodic in x, y and 
z directions. 

 

 
Figure 5.3: Three various metal coordination with Co in ZIF-67-4N2, which (a) 4N2-Co1, (b) 4N2-
Co2, (c) 4N2-Co3. The red, pink, deep gold, silver and blue colors represent O, H, C, N, and Co, 
respectively. Boxes are periodic in x, y and z directions. 
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Figure 5.4: The associate reaction process of OER in four-electron transfer process. (a) top view and 
(e) side view of the ZIF-67-4N4-Co1, (b) top view and (f) side view of the formation of OH* on Co in 
ZIF-67-4N4, (c) top view and (g) side view of adsorption of O on Co in ZIF-67-4N4, (d) top view and 
(h) side view of the formation of OOH* on Co in ZIF-67-4N4. The red, pink, deep gold, silver and 
blue colors represent O, H, C, N, and Co, respectively. Boxes are periodic in x, y and z directions. 

 

 
Figure 5.5: The dissociate reaction process of ORR in four-electron transfer process. (a) top view and 
(f) side view of the adsorption of O2 to form two O* on Sc in ZIFs, (b) top view and (g) side view of 
the formation of a OH* and a O* after the first electron transfer, (c) top view and (h) side view of the 
formation of two OH* after second electron transfer, (d) top view and (i) side view of the formation 
of a water molecule after the third electron transfer. (e) top view (j) side view of the second water 
molecule is formed from OH* after last electron transfer.  The red, pink, deep gold, silver and purple 
colors represent O, H, C, N, and Sc, respectively. 
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Figure 5.6: The elementary reactions of ORR in two-electron transfer process. (a) and (c) the 
formation of OOH* after the first electron transfer, and (b) and (d) Formation of H2O2 after second 
electron transfer on Ni in ZIF-4N4-Ni1. The white, brown, silver and deep silver colors represent H, 
C, N, and Ni, respectively. 

 

Table 5.1: The value of U-J parameters for DFT calculations [88] 

3d Sc Ti V Cr Mn Fe Co Ni Cu Zn 
U-J  2.11 2.58 2.72 2.79 3.06 3.29 3.42 3.4 3.87 4.12 

 
Table 5.2: Overpotentials for ORR and OER on ZIF67-4N4 –TM1 

 ηOER ηORR(4e) ηORR(2e) Bader 
Charge 

Sc 2.950 1.126 2.359 1.45 
Ti 1.112 1.071 0.632 1.33 
V 2.224 1.339 0.979 1.35 
Cr 0.834 0.424 0.105 2.35 
Mn 1.072 0.722 0.192 1.36 
Fe 1.231 0.472 0.057 1.3 
Co 0.799 0.592 0.617 0.94 
Ni 0.932 1.414 0.884 0.85 
Cu 21.34 23.63 21.87 0.96 
Zn(C3)** 1.619 1.249 0.719 0.58 
Pt* - 0.45[66] 0.24[67]  
RuO2* 0.42[90] - -  
Pd*   0.08[145]  

* Value for bulk Pt from References[66], [67], RuO2 from[90], Pd from[145]  
** Reactions occur on C3 
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Table 5.3: Overpotentials for ORR and OER on ZIF67-4N2-TM1 

 ηOER ηORR(4e) ηORR(2e) Bader 
Charge 

Sc(Sc2)** 3.968 4.146 3.134 1.47 
Ti(Ti2)** 1.867 2.560 2.397 1.47 
V 3.013 2.131 0.812 1.37 
Cr 0.893 0.476 1.423 1.26 
Mn 0.554 0.737 0.207 1.37 
Fe 0.408 0.671 0.483 1.09 
Co 0.647 0.651 0.674 0.85 
Ni 0.863 1.438 0.908 0.85 
Cu(C4)** 1.811 1.400 0.870 0.39 
Zn(Zn3)** 1.313 2.222 1.843 0.54 
Pt* - 0.45[66] 0.24[67]  
RuO2* 0.42[90] - -  
Pd*   0.08[145]  

* Value for bulk Pt from References[66], [67], RuO2 from[90], Pd from[145]  
** Sc2, Ti2, C4 and Zn3 are active site for the reactions. 
 

Table 5.4: Overpotentials for ORR and OER on ZIF67-3N4-TM1 

 ηOER ηORR(4e) ηORR(2e) Bader 
Charge 

Sc 3.602 2.428 2.661 1.42 
Ti 1.158 1.399 1.196 1.45 
V 2.238 1.421 1.097 1.35 
Cr 0.670 1.560 1.200 1.16 
Mn 0.369 0.413 0.116 1.35 
Fe 0.601 0.615 0.202 1.2 
Co 0.378 0.890 0.822 1.16 
Ni 0.538 0.560 0.474 0.75 
Cu 0.780 0.493 0.425 0.72 
Zn(C3)** 2.103 1.700 1.170 0.37 
Pt* - 0.45[66] 0.24[67]  
RuO2* 0.42[90] - -  
Pd*   0.08[145]  

* Value for bulk Pt from References[66], [67], RuO2 from[90], Pd from[145]  
** C3 are active site for reaction. 
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Table 5.5: Overpotentials for ORR and OER on ZIF67-3N3-TM1 

 ηOER ηORR(4e) ηORR(2e) Bader 
Charge 

Sc - - - 1.3 
Ti 1.003 1.278 1.221 1.41 
V 1.768 1.682 1.539 1.25 
Cr 0.981 1.821 1.511 1.25 
Mn 0.689 0.833 0.373 1.35 
Fe 0.698 1.562 1.197 1.12 
Co 0.493 1.080 1.023 0.75 
Ni 0.577 0.586 0.056 0.93 
Cu 0.616 0.411 0.118 0.78 
Zn 1.196 0.902 0.372 1.12 
Pt* - 0.45[66] 0.24[67]  
RuO2* 0.42[90] - -  
Pd*   0.08[145]  

* Value for bulk Pt from References[66], [67], RuO2 from[90], Pd from[145]  
 

Table 5.6: Overpotentials for ORR and OER on ZIF67-2N2-TM1  

 ηOER ηORR(4e) ηORR(2e) Bader 
Charge 

Sc 3.817 6.427 6.660 0.88 
Ti 1.495 2.598 2.025 0.84 
V 1.855 2.464 2.091 0.72 
Cr 1.365 1.744 1.124 0.76 
Mn 1.611 2.477 2.141 0.66 
Fe 1.462 3.066 1.992 0.66 
Co 1.308 1.710 1.412 0.69 
Ni 0.896 0.748 0.480 0.54 
Cu 0.787 1.108 0.578 0.49 
Zn(Zn2)** 3.128 2.303 15.267 0.48 
Pt* - 0.45[66] 0.24[67]  
RuO2* 0.42[90] - -  
Pd*   0.08[145]  

* Value for bulk Pt from References[66], [67], RuO2 from[90], Pd from[145]  
** active site is Zn2 
 

The binding energies of the intermediates can be used to predict the lower limit of the 

overpotentials that the ZIF material system could possibly reach in OER/ORR. Figure 5.1(D) 

shows the correlation of the adsorption energies of OOH* and OH* for the 4N4-TM ZIFs. Through 



87 
 

the linear regression the adsorption energies of OH* is correlated with that of OOH* by ∆ 𝐺𝐺𝑂𝑂𝑂𝑂𝐻𝐻∗0  

= ∆ 𝐺𝐺𝑂𝑂𝐻𝐻∗0  + 3.28, from which the relationship between the second and third elementary reactions 

(OH*→ O* + H++ e- and O* + H2O (l) → OOH* + H++ e-) in OER are determined as ∆G2 +∆G3 = 

3.28 eV, where ∆G2 and ∆G3 are free energies of the second and third reactions of OER, 

respectively. According the above equation, the lowest free reaction energy, or overpotential is 

achieved when ∆G2 =∆G3= 1.64 eV. Since the ideal free reaction energy in each step of charge 

transfer is 1.23 eV in acidic media, the lowest overpotential, 𝑈𝑈𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖𝑒𝑒𝑂𝑂𝐸𝐸𝑅𝑅  = 1.64- 1.23 = 0.41 V, which 

sets the lower limit of OER and ORR overpotentials for 4N4-TM ZIFs.  

 

5.4.2 Ligand Effect on the Catalytic Activities of the ZIFs  

It is well known that knocking off ligands from the metal ions in ZIFs will lead to 

coordinately unsaturated metal sites, which could affect the OER/ORR catalytic activities of the 

ZIFs. We have built all the possible types of unsaturated ZIF structures with different numbers of 

ligands (e.g., 4N2, 3N4, 3N3, and 2N2) to study role of the ligands in the ORR/OER catalytic 

activities, as shown on Figure 5.6(A-E). The free energy and overpotentials of these coordinately 

unsaturated ZIFs were calculated and the results are listed in Tables 5.3 to 5.6. Compared with 

those 4N4-TM ZIFs with coordinately saturated metal sites, removing one ligand of an active metal 

site results in the reduction of OER overpotential except for Cr-ZIFs, but knocking off more than 

one ligands would lead to an increase in the overpotential, as shown in Figure 5.7(F). Therefore, 

the coordinately unsaturated metal sites with one missing ligand would enhance the OER catalytic 

activities of the ZIFs. This result is supported by the experiment that showed significantly 

enhanced OER catalytic activities comparable to Ru2O after the Co-ZIFs were treated to knocking 

off some of the ligands by plasma treatment.[146] Conversely, eliminating the ligands would lead 
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to the increase in ORR overpotential, which would suppress ORR catalytic activities except for 

Ni-ZIF [Figure 5.6(G)].  

In addition to the number of the ligands attaching to the active sites of the metal ions, the 

number of the ligands on the neighboring metal ions also influence the overpotential and thus 

catalytic activities. Figure 5.7(I) shows OER and 4e ORR overpotentials as a function of the 

number of the ligands of metal ions neighboring to the active sites for 3Ny-Co ZIFs (y = 1-4).  

With reducing the number of ligands of the neighboring metal ions, the ORR and OER 

overpotentials increase gradually. Thus, reducing the number of ligands of the active sites enhance 

the OER catalytic activities but reducing the number of ligands of the neighboring metal sites 

would suppress the activities. Similar trend has been found for other TM ions. Therefore, the 

catalytic activities of an active site are influenced by its environments (e.g., neighboring metal 

ions). It is possible to control the catalytic activities by introducing different number of ligands 

and different type of the metal ions (e.g., Co and Zn co-doping). 
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Figure 5.7: The adsorption of O2 on Co in ZIFs with various ligand numbers. (a) Saturated 4N4 ZIF, 
(b) unsaturated 4N2 ZIF, (c) unsaturated 3N4 ZIF, (d) unsaturated 3N3 ZIF, (e) unsaturated 2N2 
ZIF. The red, pink, deep gold, silver and gold colors represent O, H, C, N, and Co, respectively. The 
overpotentials of (F) OER, (G) 4e ORR, and (H) 2e ORR as a function of the number of the ligands 
on the active sites. (I) OER and 4e ORR overpotential as a function of the number of ligands of metal 
ions neighboring to the active sites for 3Ny Co-ZIF (y=1-4). 

 

5.4.3 Ligand Effects on 2e Transfer ORR for H2O2 Production  

Hydrogen peroxide (H2O2) can be used as an environmentally benign chemical oxidant in 

chemical synthesis, pulp and paper industry, and water treatment as well as a potential energy 

carrier for vehicles and space shuttles. H2O2 could be synthesized directly from its elements 

through a catalytic process.[90], [147] Currently, Pd nanoparticles are the best catalysts, showing 

up to 90% selectivity.[140] Since 2e and 4e processes are competitive to each other in energy 

conversion and oxidizer production, any materials that promote one process, while suppressing the 

other reaction, could serve as an effective catalyst with good selectivity in either energy conversion 

or oxidizer production. ZIFs could be an excellent catalyst for the direction production of H2O2. 

As can be seen from Figure 5.7(G) and (H), while eliminating the ligands increases 4e ORR 

overpotential, it actually lowers 2e ORR overpotential for some metal ions. In particular, the 2e 

ORR overpotential for 3N3-Ni ZIFs (~0.056 V) are much lower than that of Pd (0.08 V)[145] 

while its 4e ORR overpotential is 0.586 V, larger than that of Pt (~0.45 V)[11]. This ligand effect is 

particularly useful to create highly-effective catalysts with high selectivity for the direction 
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production of H2O2. This offers a new route to create highly-selective and highly-effective 

catalysts by properly modifying ligand structure of the ZIFs for the production of H2O2. 

 

5.4.4 Intrinsic Descriptors for ZIFs  

It is critical to find the intrinsic materials properties that govern the catalytic behaviors of 

ZIF system such that the best catalyst could be identified. As a start point, we employ the descriptor 

∆ 𝐺𝐺𝑂𝑂𝐻𝐻∗0  that was previously selected to describe the catalytic behavior of doped carbon and 

transition metals.[91] Figure 5.8(A) shows the OER overpotentials, 𝜂𝜂OER as a function of the 

descriptor ∆ 𝐺𝐺𝑂𝑂𝐻𝐻∗0  for Co-ZIFs. A “volcano”-shaped curve is formed for the descriptor-activity 

relationship with 3N4-Co1 located on the top of the volcano, at which the adsorption energy of 

OH* is almost zero. Therefore, 3N4-Co1 ZIF is identified as the best catalysts in the Co-ZIFs. As 

shown in Figure 5.8(A), eliminating one ligand from the active metal site leads to the increase in 

the adsorption energy of OH intermediate, thereby increasing the catalytic activities, but further 

eliminating ligands would result in too high adsorption energy which in turn reduces the catalytic 

activities.  Similar volcano-shaped descriptor-activity maps can also be found in other TM-ZIF 

systems for ORR. In particular, the activities of all the TM-ZIF system can be well described by 

the same volcano diagram, as shown in Figure 5.8(B). This descriptor follows the Sabatier principle 

[98], which states that the interactions between the catalysts and the adsorbents should be neither too 

strong nor too weak. However, the descriptor ∆ 𝐺𝐺𝑂𝑂𝐻𝐻∗0  is not the intrinsic properties of ZIFs, and 

inconvenient for predictions of the catalytic activities of ZIFs from their ligand structures. 

Since the catalytic activities are affected by both the ligands of the active metal sites and 

their neighboring metal sites, we defined a parameter, so-called effective ligand number (ELN), 
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which is the number of ligands connecting to the active metal site, x, plus the number of ligands 

bonded to the neighboring metal site, y,  

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑚𝑚𝑚𝑚 + 𝑏𝑏𝑏𝑏  (5-13) 

where a and b are the factors associated with the types of the metal ions. The second term of 

Equation (5-13) on the right hand represents the contribution from the neighboring metal ions.  For 

Co-ZIF, when a = 1 and b = 0.2, ELN is nearly proportional to the adsorption energy, ∆ 𝐺𝐺𝑂𝑂𝐻𝐻∗0  

[Figure 5.8(C)]. Therefore, ELN can be considered as an intrinsic descriptor to describe the 

catalytic behavior of TM-ZIFs. Figure 5.8(D) shows a volcano plot of OER catalytic activities 

versus the ELN for Co-ZIFs. Similar plots can be made for the ZIFs with different metal ions (TM) 

by adjusting the parameters a and b in Equation (5-13). These plots can be useful in predicting the 

performance of a catalyst with certain ligand structures.   

 
Figure 5.8: Volcano plots of ORR/OER catalytic activities versus descriptors. (a) Volcano plot of 
OER catalytic activities versus absorption energy of OH* for Co-ZIFs, (b) Absorption energy of OH* 
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versus ORR overpotentials as a function of the ligand number for 3N4-TM ZIFs, (C) Absorption 
energy of OH* versus the descriptor, the ligand number (ELN), and (D) Volcano plot of OER 
catalytic activities versus the descriptor, the ligand number (ELN).   

 

5.5 Discussion 

Our DFT simulations show that the catalytic activities of ZIFs strongly depend on the types 

of metal ions and the number of ligands. This dependence may be attributed to the charge 

coordination of the metal ions that determines the chemical interactions and bonding strength of 

the metal ions with the intermediates (e.g. O2, OOH*, O*, and OH*) during catalytic reactions. 

We have calculated the charge distribution over the ZIFs and the results show that there is highly 

positive charge (0.37-2.35e) on metal sites, and highly negative charges (-0.44e to -2.71e) on 

nitrogen, as shown in Figure 5.9(A-C) and Table 5.8. For the coordinately-saturated metal sites 

(4N4 ZIFs), the charges increase with increasing the number of valence electrons. The highly 

positively charged metal sites strongly interact with oxygen, facilitating O2 adsorption as an active 

center of ORR/OER, but too high the charge would suppress the catalytic activities.  

The number of that ligands on the metal sites also influences the coordination of the metal 

ions. When ligands are knocked off from a metal site, it becomes coordinately unsaturated. The 

coordinately unsaturated metal ions would interact with the intermediates more strongly, which 

affects the overpotentials of the ORR [68], [78]. Our calculations show that the charge on the active 

metal sites reduces with reducing the number of ligands (Figure 5.10). Therefore, the ELN is directly 

associated with the coordination state and the bonding energy of the transition metals. The catalytic 

activities of the ZIFs can be well described by the ELN, which show a “volcano”-shaped 

dependence on the descriptor with a maximum at the optimal value of this descriptor [Figure 5.8(D)]. 

This provide quantitative information that can be used to predict new effective catalysts for energy 

conversion. 
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The above simulation results are supported by the experimental results. It is well known 

that the onset potential Vonset is a critical indicator of the ORR and OER catalytic activities of 

electrocatalysts in fuel cells, metal-air batteries and water splitting system[99], and can be 

measured by linear scan voltammogram (LSV) method. We firstly compare the predictions with 

the experimental results available for coordinately saturated ZIF (4N4). To make a reliable 

comparison, the relative onset potential Vonset is used, which is defined as the onset potential of the 

ZIFs subtracted by that of the benchmarked Pt/C electrode, measured under the same condition in 

the same experiment. All the experimental data are shown on Table 5.7. Similarly, the relative 

ORR overpotential is calculated by subtracting overpotential of Pt. Figure 5.9(D) and € show the 

relative ORR overpotential predicted by the DFT calculations and the relative onset potential 

gathered from the literature, respectively. [139], [141], [142], [146], [148], [149] The DFT 

calculations predict that the catalytic performance of Co-ZIF is comparable to that of Fe-ZIF but 

better than that of Zn-ZIF, which is consistent with the experimental results. Secondly, we 

compared ligand effects determined from the predictions and the experiments for OER. It has been 

reported that ZIF-67 (Co-containing MOFs) has low OER catalytic activity, but after dielectric 

barrier discharge (DBD) plasma etching, its catalytic activities are significantly improved and is 

comparable to the commercial precious RuO2. [143] Interestingly, the OER activity of the ZIF-67 

is reversible by adding the missing ligands. These results are also consistent with the predictions 

that removing a ligand lowers the overpotential from 0.8V to 0.38V which leads to the enhanced 

catalytic activity comparable to that of RuO2 (~0.42V), as shown in Figure 5.8(A). 
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Figure 5.9: Charge distributions of (a) 4N4-Co, (b) 3N3-Co, and (c) 2N2-Co, where the colors of green, 
yellow, blue and red refer to negative, positive, highly negative, and highly positive charges, 
respectively. (d) Predicted Relative 4e ORR overpotential for TM-ZIFs and (e) measured relative 
onset potential for MDC[146], ZIF67/8-900[142], and FelM800[149] in acidic environments as a 
function of adsorption energy for TM-ZIFs.  

 

2N2 3N3 3N4 4N2 4N4

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50

Ba
de

r C
ha

rg
e 

on
 th

e 
ac

tiv
e 

m
et

al
 s

ite

-

 Sc
 Ti
 V
 Cr
 Mn
 Fe
 Co
 Ni
 Cu
 Zn

 
Figure 5.10: The relationship between the charge on the active metal site and the number of ligands. 
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Table 5.7: Onset potential. (V vs. RHE) measured in the experiments*  

Catalyst Precursor Metal ion 
Onset 

potential (V) 
for catalysts 

Onset 
potential (V) 

for Pt 

Relative 
onset 

potential (V) 
Reference 

FeIM800 ZIF8 Fe 0.859 0.94 -0.081 [149] 
MDC ZIF67 Co 0.86 0.94 -0.08 [146] 

ZIF-8-900 ZIF67 Zn 0.74 0.88 -0.14 [142] 
ZIF-67-

900 ZIF67 Co 0.85 0.88 -0.03 [142] 

Electrolyte: 0.1 M HClO4 
 

Table 5.8: Bader effective charges of nitrogen and active metals site in ZIFs    
Ligand Site Sc Ti V Cr Mn Fe Co Ni Cu Zn 
4N4 
 

N* -1.62 -1.72 -1.38 -1.38 -1.72 -1.31 -1.69 -1.14 -1.12 -1.66 
Metal 1.45 1.33 1.35 2.35 1.36 1.30 0.94 0.85 0.96 0.58 

(C3) 
4N2 
 

N* -1.90 -1.89 -1.97 -2.11 -1.33 -1.86 -1.38 -1.46 -1.20 -1.40 
Metal 0.67 

(Sc2) 
0.79 
(Ti2) 

1.37 1.26 1.37 1.09 0.85 0.85 0.39 
(C4) 

0.54 
(Zn3) 

3N4 
 

N* -1.72 -1.82 -1.30 -1.46 -1.42 -1.42 -1.33 -0.81 -0.67 -1.22 
Metal 1.42 1.45 1.35 1.16 1.35 1.20 1.16 0.75 0.72 0.37 

(C3) 
3N3 
 

N* -0.47 -1.91 -0.44 -1.29 -1.30 -0.47 -1.49 -0.85 -0.78 -0.92 
Metal 1.30 1.41 1.25 1.25 1.35 1.12 0.75 0.93 0.78 1.12 

2N2 N* -2.11 -1.57 -2.28 -2.71 -1.81 -1.37 -1.33 -2.44 -2.41 -1.87 
Metal 0.88 0.84 0.72 0.76 0.66 0.66 0.69 0.54 0.49 0.60 

(Zn2) 

* Average charge on nitrogen atoms 
 
 
5.6 Conclusions 

In summary, we have calculated the OER and ORR activities of TM-ZIFs (M = Sc, Ti, V, 

Cr, Mn, Fe, Co, Ni, Cu, and Zn) and found an intrinsic descriptor, ELN, which will describe the 

catalytic activities of the TM-ZIFs. The best OER and ORR catalysts are identified to be those 

with the adsorption energy of OH* being 0 and ~0.5 eV, respectively. The ligand number or 

coordination strongly affects the ORR/OER catalytic activities of TM-ZIFs. While eliminating one 

ligand from the active metal site results in an increase in the OER catalytic activity, removing two 

or more ligands would suppress the OER catalytic activities. Decreasing the ligand 

number/coordination would lower the 2e and 4e ORR catalytic activity of most of the ZIFs except 
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for Ni-, Zn- and Cu-ZIFs. Thus, the ORR catalytic activities of Ni-, Zn- and Cu-ZIFs could be 

improved by modifying their ligands or coordination. The coordinately saturated Fe-, Cr-, Mn-

ZIFs are identified to be promising electrocatalysts for the direction production of H2O2. 
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CHAPTER 6 

A PYROLYSIS-FREE COVALENT ORGANIC POLYMER FOR OXYGEN REDUCTION* 

6.1 Abstract 

Highly efficient electrocatalysts derived from metal– organic frameworks (MOFs) and 

covalent organic frameworks (COFs) for oxygen reduction reaction (ORR) have been developed. 

However, the subsequent pyrolysis is often needed owing to their poor intrinsic electrical 

conductivity, leading to undesirable structure changes and destruction of the original fine structure. 

Now, hybrid electrocatalysts were formed by self-assembling pristine covalent organic polymer 

(COP) with reduced graphene oxide (rGO). The electrical conductivity of the hybridized COP/rGO 

materials is increased by more than seven orders of magnitude (from 3.06×10-9 to 2.56×10-1 S m-

1) compared with pure COPs. The ORR activities of the hybrid are enhanced significantly by the

synergetic effect between highly active COP and highly conductive rGO. This COP/rGO hybrid 

catalyst exhibited a remarkable positive half-wave. (150 mV) 

6.2 Introduction 

Developing inexpensive electrocatalysts with superior catalytic activity and high stability 

for the oxygen reduction reaction (ORR) are crucial to the commercialization of fuel cells. [150]–

[156] Researchers have demonstrated that heteroatom doping, e.g., N, can affect the electronic 

structure of neighboring carbon atoms and induce the uneven charge distribution of carbon atoms, 

which subsequently enhance the electrochemical reactivity. [80], [91], [157]–[159] However, none 

of the methods has achieved atomically precisely controlled locations of dopants to enhance the 

* Chapter 6 is reproduced with permission from John Wiley & Sons, from J. Guo, C-Y Lin, Z. Xia, & Z. Xiang,
(2018), A pyrolysis-free covalent organic polymer for oxygen reduction. Angewandte Chemie 130(38): 12747-
12752. https://doi.org/10.1002/ange.201808226  

https://doi.org/10.1002/ange.201808226
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catalytic activities. Recently, the rationally designed metal organic frameworks (MOF)- and 

covalent organic frameworks (COFs)- based electrocatalysts for oxygen reduction in fuel cells 

have received extensive attention owning to their tunable structures with desired multi-element 

composition and high surface area. [31][160]–[164] For example, Lou et al combined nitrogen-

rich MOF with core-shell inorganic nanocage to prepare many MOF-based composites as efficient 

electrocatalysts with remarkable electrocatalytis performance for the ORR in alkaline 

conditions.[118], [165], [166] Feng et al. reported a serious of work on growing porous polymers 

on substrate-supported graphene, in where graphene sheet features good conductivity and a large 

specific surface area. [118], [165], [166] These resulting hybrids exhibit a large surface area and 

outstanding electrochemical performance for ORR. Nevertheless, due to the poor conductive 

properties of MOFs/COFs, their intrinsic π-conjugated structures or enhanced π-conjugation by 

pyrolysis are essential for the electrocatalytic activity, which may induce undesirable structure 

changes and even destruct the fine structures, leaving the mechanism of electrocatalysis 

uncertain.[168] Therefore, it is urgent to obtain MOFs/COFs-based electrocatalysts with well-

defined structures and controllable active sites without pyrolysis. 

 

6.3 Method 

Recently, well-defined covalent organic polymers (COPs), a class of COF analogues but 

with high thermodynamic stability, have been widely developed. [168]–[172] Although efforts 

have been made recently to synthesize well-defined COPs with high thermodynamic stability and 

the potentials of atomically precisely controllable capacities, such as robust tailoring heteroatom 

incorporation and location of active sites for ORR at the atomic scale,[31][173][174][175] the 

conductivity of the COPs is usually still poor, leading to low catalytic activities. As a highly 
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conducting 2D material, graphene exhibits large specific surface area, large conjugated system, 

unique high charge mobility and high thermal/chemical stability, [176]–[178]which could 

significantly enhances charge transfer from the current collector to active intrinsic COP material. 

[175] To overcome the challenge while keeping atomically precisely controllable capabilities, we 

have developed a new facile approach to synthesize a hybrid material, i.e., COP-P-SO3-Co-rGO 

(termed as 4), by directly combining pristine COP with reduced graphene oxide (rGO) via self-

assembly. To obtain rich active sites, we selected porphyrin analogues with the high nitrogen 

content as monomers to prepare COP-based electrocatalyst. [31] [179]The as-synthesized 4 hybrid 

not only exhibits a significant enhancement in ORR activity with a positive half-wave better than 

that of the intrinsic COP material, but also a good durability in alkaline solutions. 

The as-synthesized COP materials have very low solubility in water. To facilitate the self-

assembly between COP material and graphene by the attraction, we first prepared a better water-

dispersive porphyrin macrocycles-based COP-P (termed as 1) (Table 6.1) material with sulfonic 

acid side groups, COP-P-SO3H (termed as 2), via post-synthetic modification according to our 

previous method. [180] Moreover, considering the electronegativity of graphene oxide in solution, 

we further incorporated metal ion (e.g., Co) into the fully conjugated polymer COP backbone via 

connecting with sulfonic acid side groups to further accelerate self-assembly between COP 

material and graphene in the solution. As shown in Figure 6.1, the electrocatalyst 4 was prepared 

through non-covalent assembly between the designed COP, i.e., COP-P-SO3Co (termed as 3), and 

graphene oxide (GO) followed by the reduction of the GO. The scanning electron microscopy 

(SEM) images revealed the layered texture of the COP-P and the thin graphene layers. The above 

scheme is supported by the result of the high-resolution transmission electron microscopy 

(HRTEM) images of 4 and the following X-ray photoelectron spectroscopy (XPS).  
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Figure 6.1: Schematic illustration of synthesis for 4 catalyst. For clarity, yellow and dark blue spheres 
refer to carbon atoms in 1 and graphene, respectively. Purple spheres refer to nitrogen atoms.  

 

XPS was used to probe the nature of the chemical bonding and the elemental composition 

of the 4. The survey XPS spectrum of 4 clearly shows five visible peaks corresponding to carbon 

(C 1s), oxygen (O 1s), nitrogen (N 1s), sulfur (S 2p) and cobalt (Co 2p) in the 4 hybrid. For N1s 

spectra, the pronounced peak at 399.9 belongs to the pyrrolic N. As mentioned before, Co is 

introduced to increase the interactions between the rGO and COP. From the above results along 

with the electrocatalytic performance (vide infra), it is evidential that 4 hybrid has been 

successfully synthesized by the self-assembly between COP material and graphene with the aid of 

ionic attraction between cobalt sulfonate from COP and carbonyl groups from GO (Figure 6.1). 

The Fourier-transformed (FT) k3-weighted extended X-ray absorption fine structure 

(EXAFS) spectrum of 4 shows only one main peak at1.50 Å, which is assigned to the Co−O 

distance, and no obvious Co−N peak (1.32 Å) or other high-shell peaks were observed. [180] This 

indicates that the Co atoms are only coordinated by O atoms, in accordance with the above 

experiment. To verify the generality of the role of metal species, we replaced cobalt with other 

metals, e.g., iron, manganese, and copper. 
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The above conclusion was also supported by further measurements on the hybrid materials. 

We collected the K-edge XANES spectra of the cobalt and sulfur in the 4 backbone before and 

after ORR. There is no obvious difference, either in the pre-edge or absorption edge of Co K-edge 

XANES between the pristine and used catalysts. Thus, there is no gain and loss in Co electronic 

environments, suggesting that Co species do not involve in ORR process. [180] The slight change 

of sulfur element suggests that sulfur ligands changed in this hybrid, which may be raised from 

the loss of electrons for elements near sulfur element during ORR process. Therefore, all above 

results suggest that sulfur and cobalt in this hybrid rarely participate in the ORR process and are 

not the efficient active sites for the ORR. The presence of the doped N with its electron rich nature 

likely creates partial positive charges on their adjacent carbon atoms, facilitating the adsorption 

and activation of O2 and thus improving the ORR activity. 

 
Figure 6.2: The corresponding simple schematic model of 3, Co (purple), N (white), O (red), S (yellow) 
and C (gold). 

 

Table 6.1: The abbreviation of the name of the catalysts. 

Catalyst Abbreviation 
COP-P 1 

COP-P-SO3H 2 
COP-P-SO3Co 3 

COP/rGO 4 
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Table 6.2: Elemental analysis of different samples. 

Sample C (%) N (%) S (%) H (%) O (%) 
1 82.34 5.78 0.01 4.91 7.089 
2 51.96 3.39 8.25 3.92 29.48 
3 47.98 3.05 7.24 4.08 30.632 
4 52.28 3.95 3.84 3.61 29.685 

 

6.4 Computational Modeling 

The Vienna Ab initio Simulation Package (VASP) was used to calculate the free energy of 

the ORR. For each possible active site of the structures (graphene, COP-P-SO3H, and their hybrid), 

the free energy and overpotential for ORR were calculated via the density functional theory (DFT). 

Graphene, COP and their hybrid were modeled as three-dimensional periodic structures, where 

vacuum layers were set around 20 Ả in the z-directions, respectively, to avoid interaction between 

slabs. The Perdew-Burke-Ernzenhof (PBE) exchange correlation functional and soft projector-

augmented wave (PAW) pseudopotentials were implemented in VASP code via the DFT. [84]The 

high cut off energy of plane wave basis was 550 eV. The model was sampled by 3x3x1 Monkhorst-

Pack k-point mesh. Both of energy cutoff and k point meshes were converged within 1 meV in per 

atom. The whole calculation in spin-polarized with the lowest energy magnetic configurations 

were identified for all surfaces and the geometries were relaxed until a maximum force of 0.01 eV 

Å-1 was converged. 

 

6.5 Result  

According to the above analysis, it is likely that O2 molecules adsorb on the carbon atom 

of the ring porphyrin plane, consistent with the density functional theory (DFT) calculations to be 

described, as schematically shown in Figure 6.2. To fundamentally understand the catalytic 

mechanism, the atomic models of 4 hybrid were developed based on the above SCN- results and 
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XANES analysis, as shown in Figure 6.4. The adsorption energy and overpotentials of O2 and 

intermediates, as well as charge distributions, were calculated with the DFT methods. As shown 

in Figure 6.3, the charges unevenly distribute on 2 with positive charge (~+0.14e) on carbon (C8; 

Figure 6.6), and highly negative charges on oxygen (-1.1e to -1.4e) & nitrogen (-1.1e to -1.2e) in 

this hybrid, and charges redistribute very locally near the sites absorbing reaction intermediates. 

 
Figure 6.3: (a) Differential charge density distribution (between those before and after O adsorption) 
on 4 hybrid with O adsorption on a carbon active site of the COP in three different views. The blue 
and yellow colors indicate the positive and negative values of electron quantities, respectively. The 
isosurface value is set to 0.007. The white and brown colors refer to the hydrogen and carbon atoms, 
respectively. Bader effective charge distributions on (b) single layer of graphene, and (c) graphene 
hybrid with 1. The green, yellow, blue and red colors refer to negative, positive, highly negative, and 
highly positive charges, respectively. The red cycle refers to the positions with maximum charge. (d) 
charge transfer between the 1 and Graphene in the 4 hybrid. 
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By comparing with all possible adsorption sites, we finally confirmed that the best active site is 

the carbon adjacent to the pyrrol of porphyrin ring in 1 material (Figures 6.3(a), 6.5, and 6.6), 

which is consistent with XANES results. Furthermore, the Bader effective charge distribution on 

graphene [Figure 6.3(b)] and COP with graphene [Figure 6.3(c)] was calculated and summarized 

in Figure 6.3(d). The calculations show that there seems to be no electron transfer between the 

graphene and 1 layer, confirming that adsorption of macromolecular polymer onto graphene 

cannot tune the electronic structure of graphene. To further verify if the catalytic active sites are 

located on the surfaces of graphene, we investigated the possible sites by calculating the 

overpotentials. These selected active sites are highlighted in Figure 6.7. The results show that 

intermediate O can adsorb on the surface of graphene, but O2, and intermediates OH, and OOH 

cannot appropriately adsorb on the surface of graphene, indicating graphene cannot be the active 

sites for ORR. Basing on the above experimental and theoretical calculations, it is therefore 

convinced that the active sites of ORR are located on the 1, the carbon adjacent to the pyrrol of 

porphyrin ring in 1 material is the active sites and graphene is just as conductive polymers to 

promote charge transfer from the current collector to active intrinsic 1. 

 
Figure 6.4: Schematics of 2 with graphene in unit cell. (a) Top view and (b) Side view. The distance 
between the graphene and 2 is 3.2 Angstrom. 
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Figure 6.5: The elementary reactions of ORR in four-electron transfer process. The adsorption of (a) 
O2, (b) OOH, (c) O, and (d) OH on the COPs of the hybrid. The red arrow is the active site of the 
hybrid structure.  
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Figure 6.6: The active sites and charge distribution on 1 for ORR. (a) The possible active sites were 
tested on the carbon atoms labeled with C31, C16, C9, C1, C8, C23, C21, C19, C20, C18, C22, C38, 
C41, C43, and C42. The most active site is C8. (b) Charge distribution on COP, where Positive charge 
for carbon is -0.19 e to +0.53e, for nitrogen is -1.11e to -1.24e, and oxygen is -1.11e to -1.42e. 
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Figure 6.7: Charge distribution and possible active sites on graphene. The locations (red circle) of the 
most possible catalytic active sites are shown on the surfaces of graphene sheet but the O2 cannot be 
absorbed on the graphene sheet, suggesting the graphene does not have catalytic capability.  

 

6.6 Conclusions 

In summary, we have developed a one-step strategy for synthesis of hybrid electrocatalysts 

by self-assembling highly ordered 1 with graphene. This approach avoids using high-temperature 

pyrolysis that usually destroys the frameworks of the COPs, and can therefore atomically precisely 

control the catalyst structures. The resultant 4 hybrid materials exhibit the enhanced catalytic ORR 

activities in terms of the half-wave potential and the catalyst stability, which are much better than 

those of intrinsic 3 and rGO. In the case of non-carbonization, the 1 maintains the original structure 

and plays a major role in ORR activity. Both K-edge XANES analysis and DFT calculations 

suggest that the active sites locate on the carbon adjacent to the pyrrol of porphyrin ring in 1 

material in this hybrid. The electrical conductivity of the intrinsic 1 materials is increased by more 

than seven orders of magnitude after assembling graphene. The synergetic effects between active 
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1 and high electrical conductivity of rGO enhance ORR activity. Although the ORR performance 

of the newly developed hybrid 4 is not high enough compared with the benchmark Pt/C, this work 

opens an avenue to construct well-defined electrocatalyst by pre-designed strategy not only for 

efficient catalytic performance in the ORR process, but also for a large variety of electronic and 

photoelectronic device applications. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

Density function theory (DFT) is used to study the catalysis reactions which are oxygen 

evolution reaction (OER), oxygen reduction reaction (ORR) for metal coordination frameworks as 

electrocatalysts in clean energy conversion such as fuel cells, solar cells, metal-air batteries and 

water splitting. The main nanomaterials that were covered are covalent organic frameworks 

(COFs), metal organic frameworks (MOFs), and zeolitic imidazolate frameworks (ZIFs). The 

parameters of thermodynamic are included, such as: Gibb’s free energies, reaction free energies, 

overpotentials, binding energies, charge transfer and charge distribution during my computations 

in this dissertation.  

My research goal is to find better catalysts to replace Pt which is high cost and scarce. Also, 

my volcano plots showed the best catalysts among all other possible metal materials in my metal 

coordination frameworks. Moreover, this dissertation also provides the intrinsic descriptors to 

predict the best OER or ORR catalyst. Therefore, the catalyst can be easily designed and avoid 

wasting huge human resources and money to try all possibilities materials. The descriptors are 

consistent with the experimental results, which are onset potential and current density, to confirm 

its accuracy. Rationally designing metal coordinated frameworks as electrocatalysts allows us to 

deeply understand the electrochemical properties for clean energy conversion and green oxidizer 

production.  

Through the rational design of COF-based electrocatalysts for OER/ORR in fuel cells, the 

catalytic activities can be improved via using DFT calculation on OER/ORR on 3d transition metal 

containing porphyrin COFs. Moreover, the alkaline-earth metal porphyrin COFs could catalyze 
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the direct production of H2O2 which is a green oxidizer and an energy carrier proposed in this 

dissertation. These predictions are not only valid in theoretical studies but also supported by 

experimental data, and the design principles derived from the descriptors lead to a clear pathway 

for rational design of the new electrocatalysts for green oxidizer production and energy conversion 

devices. The CFSE descriptor can describe the catalytic activities of COFs. Both the four-electron 

and two-electron transfer reaction are identified and applied in this descriptor. The minimum 

overpotentials, which are 0.381 V in OER and 0.482 V in ORR, on Fe of H2TPP form a volcano 

relationship with the descriptor. It is comparable to Pt containing catalysts. RuO2 is 0.42 V in OER, 

and Pt is 0.45 V in ORR. My descriptors provide an approach for rational design of new 

electrocatalysts.  

Another model of MOFs is one of the most potential single-atom doped catalysts. ZIF-67, 

which is a Co-containing MOF. As Co metal of ZIF-67 is fully coordinated, it shows poor OER 

activity. In order to find the better catalytic centers, the coordination geometry should be changed 

to produce CUMSs via plasma etching. Hence, I found out that the unsaturated metal sites in ZIF-

67 show the excellent catalytic ability in OER, and its activity is comparable to the precious RuO2 

in water splitting. The unsaturated metal sites represent that the ligand was broken. Through the 

calculation with the ZIF-67-xN, where x=1-4, the ZIF-67-3N shows the overpotential being 

0.577V of OER via the DFT method in this dissertation. The charge distribution of ZIFs is also 

discussed in this dissertation. The relationship between the number of the ligands and the charge 

is a proportional relationship; with reducing the number of the ligands from 4 to 2, the charge on 

metal sites will reduce from 0.8e to 0.33e, respectively. 

Third, the unsaturated and saturated metal of ZIF-67 can be applied in various 3d transition 

metal ions connected by imidazolate linkers among the MOFs. Due to its properties such as high 
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surface area, functional group, and tunable porosity, it caught the attention for scientists. Through 

the exchange with a new linker by ligands the ZIFs have diverse coordination geometries and 

various applications. Hence, it is critical to understand how the metal ion and ligands determine 

the catalytic activities. The ligand number or coordination strongly affects the OER/ORR catalytic 

activities of TM-ZIFs. While eliminating one ligand from the active metal site results in an increase 

in the OER catalytic activity, removing two or more ligands would suppress the OER catalytic 

activities. In this dissertation, I have identified the effective ligand number that serves as the 

activity descriptor for predicting OER/ORR activities of ZIFs and the volcano plot also provide 

the guidance of ZIF catalysts, which is consistent with the experiments data.  

Lastly, the covalent organic polymer uses a similar structure to COF- porphyrin, free-base 

5,10,15,20-tetraphenylporphine (H2TPP), and has excellent potential in a wide range of 

applications in the solar cells such as artificial solar energy harvesting in dye-sensitized solar cells 

(DSSCs), optoelectronic device such as optical gas sensor including zinc 5,10,15,20-

tetraphenylporphine (ZnTPP)/PVC matrix and fuel cells as COF- and MOF- based electrocatalysts 

in ORR. The covalent organic formworks COF-SO3H is related to the porphyrin molecule which 

is commonly found as a similar structure in Chlorophyll, Heme, and Vitamin B12. The light 

absorption range is wide for porphyrin to transfer the light to electron in DSSCs, and it plays as a 

cofactor of haemoglobin in Heme, and is the foundation to form coenzyme B12 in order to promote 

the metabolism of carbohydrates, fats and proteins in human bodies. The sulfonic acid side group 

(SO3H) forms the conjugated linkage with the receptor, such as graphene, in the fully conjugated 

2 D covalent organic polymer (COP). COP with reduced graphene oxide is studied by DFT 

simulation. In order to overcome the poor conductive properties of COPs, my target is to create 

the high thermodynamic stability of COPs. To overcome these challenges, I discuss the four 
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different molecules as they relate to how the polymer is adsorbed on the surface of the graphene. 

The ORR reaction path of intrinsic COP was changed from a two to four electron reduction process 

after the assembly with graphene. The COP/rGO hybrid, the well-defined COP material acts as 

highly efficient ORR active sites and the graphene serves as conductive substrate to improve the 

electrode conductivity of COP material.  

 

7.2 Future Work 

Based on the work done in this dissertation, several other avenues of investigation have 

been identified to provide insight into metal coordination frameworks or apply DFT method to 

various areas. These topics that are worthy of future investigation are listed below: 

1. The multi-metal frameworks models can be used as efficient catalysts for fuel cells and 

metal-air batteries in experiments. For example, MOF/carbon nanomaterial hybrids, which 

combine with Co and Zn metal ions, show high activity in OER/ORR. Hence, the multi-metal 

containing frameworks can be studied for its electrochemical properties to provide an evidence to 

fully understand the insight of catalysts.  

2. Apart from the porphyrin in COFs that shows catalytic activities in OER/ORR 

phthalocyanine can also provide the excellent catalysts in OER/ORR. Therefore, combining these 

two structures is a good strategy to create the better catalysts.  

3. MOFs have been studied for decades in experiments. However, the insight of function, 

active site location, and high activity metal are still not fully understood. Hence, DFT can be used 

to get a deep insight into the catalytic mechanisms and explain the results of the experiment.   

4. Since the formation and structure of the metal organic frameworks is still not fully 

understood, machine learning provides an alternative method to discover or predict physical 
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properties of materials and determine the structure. It combines the big data, statistics and 

computer science to generate more accuracy in the result compared with the theoretical calculation 

for energy storage and conversion devices. 

5. The metal-containing polymer structure are widely represented in biological systems. 

The Fe-catecholate complexes included in the mussel thread show the high extensibility and 

hardness. The first principle calculation can be used to explain the experimental results and 

determine if the reaction is spontaneous or not. The DFT results can also provide the evidence of 

mechanisms at the molecular level. 

6. MOFs materials can apply not only oxygen evolution reaction (OER)/ oxygen 

reduction reaction (ORR) in four-electron but also hydrogen evolution reaction (HER) in two-

electron, which can be calculated using DFT for energy storage and conversion. For HER, the 

subtle surface of MOF can be adjusted to improve the catalytic performance. Hence, these new 

catalysts devices provide the low overpotentials as the best electrocatalysts and cheaper materials 

to replace the precious metals for widespread application.  
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My Ph.D. work yielded the following journal publications: 

7. L. Zhang, C. Y. Lin, D. Zhang, L. Gu, Q. Xu, Z. Xia. Guiding Principles for Designing 
Highly-Efficient Metal-free Carbon Catalysts. Advanced Materials, just accepted by 2018, 
9/19. (Invited Review) 

8. J. Guo, C. Y. Lin, Z. Xia, Z. Xiang, Pyrolysis-free covalent organic polymer for oxygen 
reduction. Angewandte Chemie International Edition, 2018, 57,1-7. 

9. C. Y. Lin, L. Zhang, Z. Zhao, Z. Xia, Design principles for heteroatom-doped carbon 
materials as metal-free catalysts on “Carbon-Based Metal-Free Catalysts: Design and 
Applications”. Wiley., 2018. (Invited Book Chapter)  

10. Z. Zhao, C. Y. Lin, J. Tang, Z. Xia, Catalytic Mechanism and Design Principles for 
Heteroatom-Doped Graphene Catalysts in Dye-Sensitized Solar Cells. Nano Energy., 2018, 
49, 193-199. 

11. C. Y. Lin, D. Zhang, Z. Zhao, Z. Xia, Covalent Organic Framework Electrocatalysts for 
Clean Energy Conversion. Advanced Materials., 2018, 30, 1703646.   

12. L. Tao*, C. Y. Lin*, S. Dou, S. Feng, D. Chen, D. Liu, J. Huo, Z. Xia, S. Wang, Creating 
Coordinatively Unsaturated Metal Sites in Metal-Organic-Frameworks as Efficient 
Electrocatalysts for the Oxygen Evolution Reaction: Insights into the Active Centers. Nano 
Energy., 2017, 41, 417-425. (* Equal Contributions) 

13. C. Y. Lin, L. Zhang, Z. Zhao, Z. Xia, Design principles for covalent organic frameworks as 
efficient electrocatalysts in clean energy conversion and green oxidizer production. 
Advanced Materials., 2017, 29(17), 1606635.    

14. C. Y. Lin, Z. Zhao, J. Niu, Z. Xia, Synthesis, Properties and applications of 3D carbon 
nanotube-graphene junctions. J. of Phys. D: Applied Physics., 2016, 49(44), 443001.  

 

  



116 
 

REFERENCES 

[1] https://www.aib-net.org/eecs 

[2] https://www.ecotricity.co.uk/our-green-energy/energy-independence/the-end-of- fossil-
fuels 

[3] “Studies on the Porphyrin and Phthalocyanine Modified on SnO2 Photoelectrochemical 
Cells,” 2013. 

[4] M. K. Hubbert, Nuclear Energy and the Fossil Fuels. Spring Meeting of the Southern 
District. Division of Production., 1956. 

[5] “renewable-energy-resources-by-john-twidell-tony-weir.pdf.” . 

[6] L. Carrette, K. A. Friedrich, and U. Stimming, “Fuel Cells - Fundamentals and 
Applications,” Fuel Cells, vol. 1, no. 1, pp. 5–39, 2001. 

[7] H. Vaghari, H. Jafarizadeh-Malmiri, A. Berenjian, and N. Anarjan, “Recent advances in 
application of chitosan in fuel cells,” Sustainable Chemical Processes, vol. 1, no. 1, p. 16, 
2013. 

[8] U. Mueller, M. Schubert, F. Teich, H. Puetter, K. Schierle-Arndt, and J. Pastré, “Metal-
organic frameworks - Prospective industrial applications,” Journal of Materials 
Chemistry, vol. 16, no. 7, pp. 626–636, 2006. 

[9] H. Chae, J. Kim, and Y. Go, “A route to high surface area, porosity and inclusion of large 
molecules in crystals,” Nature, vol. 427, no. February, pp. 523–527, 2004. 

[10] S. Kitagawa, R. Kitaura, and S. I. Noro, “Functional porous coordination polymers,” 
Angewandte Chemie - International Edition, vol. 43, no. 18, pp. 2334–2375, 2004. 

[11] K. M. Fromm, “Coordination Polymers.Design, Analysis and Application. By Stuart R. 
Batten, Suzanne M. Neville and David R. Turner.,” Angewandte Chemie International 
Edition, vol. 48, no. 27, pp. 4890–4891, 2009. 

[12] G. Férey, C. Mellot-Draznieks, C. Serre, F. Millange, J. Dutour, S. Surblé, and I. 
Margiolaki, “A Chromium Terephthalate – Based Solid with Unusually Large Pore 
Volumes and Surface Area,” Science, vol. 309, no. November, pp. 2040–2042, 2005. 

[13] B. Y. Xia, Y. Yan, N. Li, H. Bin Wu, X. W. D. Lou, and X. Wang, “A metal-organic 
framework-derived bifunctional oxygen electrocatalyst,” Nature Energy, vol. 1, no. 1, pp. 
1–8, 2016. 

[14] N. L. Rosi, “Hydrogen Storage in Microporous Metal-Organic Frameworks,” Science, 
vol. 300, no. 5622, pp. 1127–1129, 2003. 



117 
 

[15] H. Furukawa, J. Kim, K. E. Plass, and O. M. Yaghi, “Crystal structure, dissolution, and 
deposition of a 5 nm functionalized metal-organic great rhombicuboctahedron,” Journal 
of the American Chemical Society, vol. 128, no. 26, pp. 8398–8399, 2006. 

[16] E. Perez, C. Karunaweera, I. Musselman, K. Balkus, and J. Ferraris, “Origins and 
Evolution of Inorganic-Based and MOF-Based Mixed-Matrix Membranes for Gas 
Separations,” Processes, vol. 4, no. 3, p. 32, 2016. 

[17] T. Palaniselvam, B. P. Biswal, R. Banerjee, and S. Kurungot, “Zeolitic imidazolate 
framework (ZIF)-derived, hollow-core, nitrogen-doped carbon nanostructures for 
oxygen-reduction reactions in PEFCs,” Chemistry - A European Journal, vol. 19, no. 28, 
pp. 9335–9342, 2013. 

[18] P. Zhang, F. Sun, Z. Xiang, Z. Shen, J. Yun, and D. Cao, “ZIF-derived in situ nitrogen-
doped porous carbons as efficient metal-free electrocatalysts for oxygen reduction 
reaction,” Energy Environ. Sci., vol. 7, no. 1, pp. 442–450, 2014. 

[19] Q. Lin, X. Bu, A. Kong, C. Mao, X. Zhao, F. Bu, and P. Feng, “New heterometallic 
zirconium metalloporphyrin frameworks and their heteroatom-activated high-surface-area 
carbon derivatives,” Journal of the American Chemical Society, vol. 137, no. 6, pp. 
2235–2238, 2015. 

[20] H. Furukawa, K. E. Cordova, M. O’Keeffe, and O. M. Yaghi, “The chemistry and 
applications of metal-organic frameworks,” Science, vol. 341, no. 6149, 2013. 

[21] R. Cao, R. Thapa, H. Kim, X. Xu, M. Gyu Kim, Q. Li, N. Park, M. Liu, and J. Cho, 
“Promotion of oxygen reduction by a bio-inspired tethered iron phthalocyanine carbon 
nanotube-based catalyst.,” Nature communications, vol. 4, no. May, p. 2076, 2013. 

[22] B. Assfour, S. Leoni, and G. Seifert, “Hydrogen adsorption sites in zeolite imidazolate 
frameworks ZIF-8 and ZIF-11,” Journal of Physical Chemistry C, vol. 114, no. 31, pp. 
13381–13384, 2010. 

[23] K. S. Park, Z. Ni, A. P. Côté, J. Y. Choi, R. Huang, F. J. Uribe-Romo, H. K. Chae, M. 
O’Keeffe, and O. M. Yaghi, “Exceptional chemical and thermal stability of zeolitic 
imidazolate frameworks.,” Proceedings of the National Academy of Sciences of the 
United States of America, vol. 103, no. 27, pp. 10186–91, 2006. 

[24] L. Yang, L. Yu, M. Sun, and C. Gao, “Zeolitic imidazole framework-67 as an efficient 
heterogeneous catalyst for the synthesis of ethyl methyl carbonate,” Catalysis 
Communications, vol. 54, pp. 86–90, 2014. 

[25] C. Y. Sun, C. Qin, X. L. Wang, G. S. Yang, K. Z. Shao, Y. Q. Lan, Z. M. Su, P. Huang, 
C. G. Wang, and E. B. Wang, “Zeolitic imidazolate framework-8 as efficient pH-
sensitive drug delivery vehicle,” Dalton Transactions, vol. 41, no. 23, pp. 6906–6909, 
2012. 



118 
 

[26] W. Morris, C. J. Doonan, H. Furukawa, R. Banerjee, and O. M. Yaghi, “Crystals as 
Molecules : Postsynthesis Covalent Functionalization of Zeolitic Imidazolate 
Frameworks Crystals as Molecules : Postsynthesis Covalent Functionalization of Zeolitic 
Imidazolate Frameworks,” Journal of the American Chemical Society, vol. 130, pp. 
12626–12627, 2008. 

[27] X. C. Huang, Y. Y. Lin, J. P. Zhang, and X. M. Chen, “Ligand-directed strategy for 
zeolite-type metal-organic frameworks: Zinc(II) imidazolates with unusual zeolitic 
topologies,” Angewandte Chemie - International Edition, vol. 45, no. 10, pp. 1557–1559, 
2006. 

[28] X. Huang, J. Zhang, and X. Chen, “[Zn(bim)2] · (H2O)1.67: A metal-organic open-
framework with sodalite topology,” Chinese Science Bulletin, vol. 48, no. 15, pp. 1531–
1534, 2003. 

[29] G. H. V. Bertrand, V. K. Michaelis, T.-C. Ong, R. G. Griffin, and M. Dinca, “Thiophene-
based covalent organic frameworks,” Proceedings of the National Academy of Sciences, 
vol. 110, no. 13, pp. 4923–4928, 2013. 

[30] S.-Y. Ding and W. Wang, “Covalent organic frameworks (COFs): from design to 
applications,” Chem. Soc. Rev., vol. 42, no. 2, pp. 548–568, 2013. 

[31] P. Peng, Z. Zhou, J. Guo, and Z. Xiang, “Well-Defined 2D Covalent Organic Polymers 
for Energy Electrocatalysis,” ACS Energy Letters, vol. 2, no. 6, pp. 1308–1314, 2017. 

[32] Z. Xiang, Y. Xue, D. Cao, L. Huang, J. F. Chen, and L. Dai, “Highly efficient 
electrocatalysts for oxygen reduction based on 2D covalent organic polymers complexed 
with non-precious metals,” Angewandte Chemie - International Edition, vol. 53, no. 9, 
pp. 2433–2437, 2014. 

[33] N. W. Ockwig, A. P. Cote, M. O. Keeffe, A. J. Matzger, and O. M. Yaghi, “Porous , 
Crystalline , Covalent Organic Frameworks,” Science, vol. 310, no. November, pp. 1166–
1171, 2005. 

[34] H. Xu, J. Gao, and D. Jiang, “Stable, crystalline, porous, covalent organic frameworks as 
a platform for chiral organocatalysts,” Nature Chemistry, vol. 7, no. 11, pp. 905–912, 
2015. 

[35] Z. Xiang, L. Zhu, L. Qi, L. Yan, Y. Xue, D. Wang, J. F. Chen, and L. Dai, “Two-
Dimensional Fully Conjugated Polymeric Photosensitizers for Advanced Photodynamic 
Therapy,” Chemistry of Materials, vol. 28, no. 23, pp. 8651–8658, 2016. 

[36] D. Wu, F. Xu, B. Sun, R. Fu, H. He, and K. Matyjaszewski, “Design and preparation of 
porous polymers,” Chemical Reviews, vol. 112, no. 7, pp. 3959–4015, 2012. 

[37] Z. Xiang, D. Cao, and L. Dai, “Well-defined two dimensional covalent organic polymers: 
rational design, controlled syntheses, and potential applications,” Polym. Chem., vol. 6, 
no. 11, pp. 1896–1911, 2015. 



119 
 

[38] F. J. Uribe-romo, J. R. Hunt, H. Furukawa, C. Klo, M. O. Keeffe, and O. M. Yaghi, 
“Communication A Crystalline Imine-Linked 3-D Porous Covalent Organic Framework 
A Crystalline Imine-Linked 3-D Porous Covalent Organic Framework,” J. Am. Chem. 
Soc., no. 131, pp. 4570–4571, 2009. 

[39] S.-Y. Ding, J. Gao, Q. Wang, Y. Zhang, W.-G. Song, C.-Y. Su, and W. Wang, 
“Construction of Covalent Organic Framework for Catalysis: Pd/COF-LZU1 in Suzuki--
Miyaura Coupling Reaction: Journal of the American Chemical Society,” Journal of the 
American Chemical Society, vol. 133, no. 49, pp. 19816–19822, 2011. 

[40] A. Nagai, Z. Guo, X. Feng, S. Jin, X. Chen, X. Ding, and D. Jiang, “Pore surface 
engineering in covalent organic frameworks,” Nature Communications, vol. 2, p. 536, 
2011. 

[41] R. P. Bisbey, C. R. DeBlase, B. J. Smith, and W. R. Dichtel, “Two-dimensional Covalent 
Organic Framework Thin Films Grown in Flow,” Journal of the American Chemical 
Society, vol. 138, no. 36, pp. 11433–11436, 2016. 

[42] Q. Fang, S. Gu, J. Zheng, Z. Zhuang, S. Qiu, and Y. Yan, “3D microporous base-
functionalized covalent organic frameworks for size-selective catalysis,” Angewandte 
Chemie - International Edition, vol. 53, no. 11, pp. 2878–2882, 2014. 

[43] H. M. El-Kaderi, J. R. Hunt, J. L. Mendoza-Cortes, A. P. Cote, R. E. Taylor, M. 
O’Keeffe, and O. M. Yaghi, “Designed Synthesis of 3D Covalent Organic Frameworks,” 
Science, vol. 316, no. 5822, pp. 268–272, 2007. 

[44] X. Feng, X. Ding, and D. Jiang, “Covalent organic frameworks,” Chemical Society 
Reviews, vol. 41, no. 18, p. 6010, 2012. 

[45] P. J. Waller, S. J. Lyle, T. M. Osborn Popp, C. S. Diercks, J. A. Reimer, and O. M. 
Yaghi, “Chemical Conversion of Linkages in Covalent Organic Frameworks,” Journal of 
the American Chemical Society, vol. 138, no. 48, pp. 15519–15522, 2016. 

[46] X. Feng, Y. Dong, and D. Jiang, “Star-shaped two-dimensional covalent organic 
frameworks,” CrystEngComm, vol. 15, no. 8, pp. 1508–1511, 2013. 

[47] W. Liu, X. Luo, Y. Bao, Y. P. Liu, G.-H. Ning, I. Abdelwahab, L. Li, C. T. Nai, Z. G. 
Hu, D. Zhao, B. Liu, S. Y. Quek, and K. P. Loh, “A two-dimensional conjugated 
aromatic polymer via C–C coupling reaction,” Nature Chemistry, no. January, 2017. 

[48] N. M. Harrison, “An Introduction to Density Functional Theory,” Technology, vol. 2, no. 
1, pp. 1–26, 1995. 

[49] T. Helgaker, M. Watson, and N. C. Handy, “Analytical calculation of nuclear magnetic 
resonance indirect spin-spin coupling constants at the generalized gradient approximation 
and hybrid levels of density-functional theory,” Journal of Chemical Physics, vol. 113, 
no. 21, pp. 9402–9409, 2000. 



120 
 

[50] A. D. Boese and N. C. Handy, “A new parametrization of exchange-correlation 
generalized gradient approximation functionals,” Journal of Chemical Physics, vol. 114, 
no. 13, pp. 5497–5503, 2001. 

[51] H. Iikura, T. Tsuneda, T. Yanai, and K. Hirao, “A long-range correction scheme for 
generalized-gradient-approximation exchange functionals,” Journal of Chemical Physics, 
vol. 115, no. 8, pp. 3540–3544, 2001. 

[52] C. Stampfl and C. G. Van de Walle, “Density-functional calculations for iii-v nitrides 
using the local-density approximation and the generalized gradient approximation,” 
Physical Review B - Condensed Matter and Materials Physics, vol. 59, no. 8, pp. 5521–
5535, 1999. 

[53] J. P. Perdew, S. Kurth, A. Zupan, and P. Blaha, “Accurate density functional with correct 
formal properties: A step beyond the generalized gradient approximation,” Physical 
Review Letters, vol. 82, no. 12, pp. 2544–2547, 1999. 

[54] Z. Wu and R. E. Cohen, “More accurate generalized gradient approximation for solids,” 
Physical Review B - Condensed Matter and Materials Physics, vol. 73, no. 23, pp. 2–7, 
2006. 

[55] J. Tao, J. P. Perdew, V. N. Staroverov, and G. E. Scuseria, “Climbing the density 
functional ladder: Nonempirical meta–generalized gradient approximation designed for 
molecules and solids,” Physical Review Letters, vol. 91, no. 14, pp. 3–6, 2003. 

[56] J. Perdew, J. Chevary, S. Vosko, K. Jackson, M. Pederson, D. Singh, and C. Fiolhais, 
“Atoms, molecules, solids, and surfaces: Applications of the generalized gradient 
approximation for exchange and correlation,” Physical Review B, vol. 46, no. 11, pp. 
6671–6687, 1992. 

[57] A. D. Becke, “Density-functional thermochemistry. III. The role of exact exchange,” The 
Journal of Chemical Physics, vol. 98, no. 7, pp. 5648–5652, 1993. 

[58] G. Sun, K. Jenö, P. Rajczy, M. Kertesz, J. Hafner, and G. Kresse, “Performance of the 
Vienna ab initio simulation package ( VASP ),” Journal of Molecular 
Structure(Theochem), vol. 624, pp. 37–45, 2003. 

[59] G. Kresse and J. Furthmüller, “Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set,” Physical Review B, vol. 54, no. 16, pp. 
11169–11186, 1996. 

[60] B. R. Brooks, C. L. B. III, J. A. D. Mackerell, L. Nilsson, R. J. Petrella, B. Roux, Y. 
Won, G. Archontis, C. Bartels, S. Boresch, A. Caflisch, L. Caves, Q. Cui, A. R. Dinner, 
M. Feig, S. Fischer, J. Gao, M. W. I. Hodoscek, and M. Karplus, “CHARMM: The 
Biomolecular Simulation Program B.,” Journal of computational chemistry, vol. 30, no. 
10, pp. 1545–1614, 2009. 



121 
 

[61] K. Momma and F. Izumi, “VESTA: A three-dimensional visualization system for 
electronic and structural analysis,” Journal of Applied Crystallography, vol. 41, no. 3, pp. 
653–658, 2008. 

[62] K. Momma and F. Izumi, “VESTA 3 for three-dimensional visualization of crystal, 
volumetric and morphology data,” Journal of Applied Crystallography, vol. 44, no. 6, pp. 
1272–1276, 2011. 

[63] W. Tang, E. Sanville, and G. Henkelman, “A grid-based Bader analysis algorithm 
without lattice bias.,” Journal of physics. Condensed matter : an Institute of Physics 
journal, vol. 21, no. 8, p. 084204, 2009. 

[64] M. Yu and D. R. Trinkle, “Accurate and efficient algorithm for Bader charge 
integration,” Journal of Chemical Physics, vol. 134, no. 6, pp. 1–19, 2011. 

[65] G. Henkelman, A. Arnaldsson, and H. Jónsson, “A fast and robust algorithm for Bader 
decomposition of charge density,” Computational Materials Science, vol. 36, no. 3, pp. 
354–360, 2006. 

[66] J. K. Nørskov, J. Rossmeisl, A. Logadottir, L. Lindqvist, J. R. Kitchin, T. Bligaard, and 
H. Jónsson, “Origin of the overpotential for oxygen reduction at a fuel-cell cathode,” 
Journal of Physical Chemistry B, vol. 108, no. 46, pp. 17886–17892, 2004. 

[67] I. C. Man, H. Y. Su, F. Calle-Vallejo, H. A. Hansen, J. I. Martínez, N. G. Inoglu, J. 
Kitchin, T. F. Jaramillo, J. K. Nørskov, and J. Rossmeisl, “Universality in Oxygen 
Evolution Electrocatalysis on Oxide Surfaces,” ChemCatChem, vol. 3, no. 7, pp. 1159–
1165, 2011. 

[68] M. Li, L. Zhang, Q. Xu, J. Niu, and Z. Xia, “N-doped graphene as catalysts for oxygen 
reduction and oxygen evolution reactions: Theoretical considerations,” Journal of 
Catalysis, vol. 314, pp. 66–72, 2014. 

[69] S. Zuluaga and S. Stolbov, “Factors controlling the energetics of the oxygen reduction 
reaction on the Pd-Co electro-catalysts: Insight from first principles,” Journal of 
Chemical Physics, vol. 135, no. 13, 2011. 

[70] C. Sealy, “The problem with platinum,” Materials Today, vol. 11, no. 12, pp. 65–68, 
2008. 

[71] A. P. Cote, “Porous, Crystalline, Covalent Organic Frameworks,” Science, vol. 310, no. 
5751. pp. 1166–1170, 2005. 

[72] P. Bogdanoff, I. Herrmann, M. Hilgendorff, I. Dorbandt, S. Fiechter, and H. Tributsch, 
“Probing structural effects of pyrolysed CoTMPP-based electrocatalysts for oxygen 
reduction via new preparation strategies,” Journal of New Materials for Electrochemical 
Systems, vol. 7, no. 2 SPEC. ISS., pp. 85–92, 2004. 



122 
 

[73] H. Liu, C. Song, Y. Tang, J. Zhang, and J. Zhang, “High-surface-area CoTMPP/C 
synthesized by ultrasonic spray pyrolysis for PEM fuel cell electrocatalysts,” 
Electrochimica Acta, vol. 52, no. 13, pp. 4532–4538, 2007. 

[74] N. A. Savastenko, V. Brüser, M. Brüser, K. Anklam, S. Kutschera, H. Steffen, and A. 
Schmuhl, “Enhanced electrocatalytic activity of CoTMPP-based catalysts for PEMFCs 
by plasma treatment,” Journal of Power Sources, vol. 165, no. 1, pp. 24–33, 2007. 

[75] Y. Lu and R. G. Reddy, “The electrochemical behavior of cobalt 
phthalocyanine/platinum as methanol-resistant oxygen-reduction electrocatalysts for 
DMFC,” Electrochimica Acta, vol. 52, no. 7, pp. 2562–2569, 2007. 

[76] W. Jingjie, T. Haolin, P. Mu, W. Zhaohui, and M. Wentao, “Novel methanol electro-
oxidation catalyst assisting with functional phthalocyanine supports,” Electrochimica 
Acta, vol. 54, no. 5, pp. 1473–1477, 2009. 

[77] P. Convert, C. Coutanceau, P. Crouïgneau, F. Gloaguen, and C. Lamy, “Electrodes 
modified by electrodeposition of CoTAA complexes as selective oxygen cathodes in a 
direct methanol fuel cell,” Journal of Applied Electrochemistry, vol. 31, no. 9, pp. 945–
952, 2001. 

[78] B. Hammer and J. K. Norskov, “Why gold is the noblest of all the metals,” Nature, vol. 
376, no. 6537. pp. 238–240, 1995. 

[79] J. Suntivich, H. a Gasteiger, N. Yabuuchi, H. Nakanishi, J. B. Goodenough, and Y. Shao-
Horn, “Design principles for oxygen-reduction activity on perovskite oxide catalysts for 
fuel cells and metal-air batteries.,” Nature chemistry, vol. 3, no. 7, pp. 546–550, 2011. 

[80] Z. Zhao, M. Li, L. Zhang, L. Dai, and Z. Xia, “Design Principles for Heteroatom-Doped 
Carbon Nanomaterials as Highly Efficient Catalysts for Fuel Cells and Metal-Air 
Batteries,” Advanced Materials, vol. 27, pp. 6834–6840, 2015. 

[81] Z. Zhao and Z. Xia, “Design Principles for Dual-Element-Doped Carbon Nanomaterials 
as Efficient Bifunctional Catalysts for Oxygen Reduction and Evolution Reactions,” ACS 
Catalysis, pp. 1553–1558, 2016. 

[82] N. M. Wilson and D. W. Flaherty, “Mechanism for the Direct Synthesis of H2O2 on Pd 
Clusters: Heterolytic Reaction Pathways at the Liquid-Solid Interface,” Journal of the 
American Chemical Society, vol. 138, no. 2, pp. 574–586, 2016. 

[83] G. Kresse, “From ultrasoft pseudopotentials to the projector augmented-wave method,” 
Physical Review B, vol. 59, no. 3, pp. 1758–1775, 1999. 

[84] P. E. Blöchl, “Projector augmented-wave method,” Physical Review B, vol. 50, no. 24, 
pp. 17953–17979, 1994. 

[85] J. P. Perdew, K. Burke, and M. Ernzerhof, “Generalized Gradient Approximation Made 
Simple,” Physical Review Letters, vol. 77, no. 18, pp. 3865–3868, 1996. 



123 
 

[86] G. Kresse and J. Furthm??ller, “Efficiency of ab-initio total energy calculations for 
metals and semiconductors using a plane-wave basis set,” Computational Materials 
Science, vol. 6, no. 1, pp. 15–50, 1996. 

[87] S. L. Dudarev, S. Y. Savrasov, C. J. Humphreys, and  a. P. Sutton, “Electron-energy-loss 
spectra and the structural stability of nickel oxide:  An LSDA+U study,” Physical 
Review B, vol. 57, no. 3, pp. 1505–1509, 1998. 

[88] H. Dederichs, “Corrected the of Rb,” vol. 50, no. 23, 1994. 

[89] J. B. Mann, T. L. Meek, and L. C. Allen, “Configuration energies of the main group 
elements,” Journal of the American Chemical Society, vol. 122, no. 12, pp. 2780–2783, 
2000. 

[90] S. Siahrostami, A. Verdaguer-Casadevall, M. Karamad, D. Deiana, P. Malacrida, B. 
Wickman, M. Escudero-Escribano, E. a Paoli, R. Frydendal, T. W. Hansen, I. 
Chorkendorff, I. E. L. S. Stephens, I. E. Stephens, and J. Rossmeisl, “Enabling direct 
H2O2 production through rational electrocatalyst design.,” Nature materials, vol. 12, no. 
December, pp. 1137–43, 2013. 

[91] J. Zhang, Z. Zhao, Z. Xia, and L. Dai, “A metal-free bifunctional electrocatalyst for 
oxygen reduction and oxygen evolution reactions,” Nature Nanotechnology, vol. 10, no. 
5, pp. 444–452, 2015. 

[92] J. Börgel, M. G. Campbell, and T. Ritter, “Transition Metal d-Orbital Splitting Diagrams: 
An Updated Educational Resource for Square Planar Transition Metal Complexes,” 
Journal of Chemical Education, p. acs.jchemed.5b00542, 2015. 

[93] J. J. Zuckerman, “Crystal field splitting diagrams,” Journal of Chemical Education, vol. 
42, no. 6, p. 315, 1965. 

[94] R. Krishnamurthy and W. Schapp, “Computing Ligand Field Potentials and Relative 
Energies of d Orbitals,” J. Chem. Educ., vol. 46, no. 12, pp. 799–810, 1969. 

[95] R. A. Sidik, A. B. Anderson, N. P. Subramanian, S. P. Kumaraguru, and B. N. Popov, 
“O2 reduction on graphite and nitrogen-doped graphite: Experiment and theory,” Journal 
of Physical Chemistry B, vol. 110, no. 4, pp. 1787–1793, 2006. 

[96] D. H. Lee, W. J. Lee, W. J. Lee, S. O. Kim, and Y. H. Kim, “Theory, synthesis, and 
oxygen reduction catalysis of Fe-porphyrin-like carbon nanotube,” Physical Review 
Letters, vol. 106, no. 17, pp. 8–11, 2011. 

[97] A. Morozan, S. Campidelli, A. Filoramo, B. Jousselme, and S. Palacin, “Catalytic activity 
of cobalt and iron phthalocyanines or porphyrins supported on different carbon nanotubes 
towards oxygen reduction reaction,” Carbon, vol. 49, no. 14, pp. 4839–4847, 2011. 

[98] L. Brewer and R. H. Lamoreaux, “ILLiad Delivery Cover Sheet,” Bulletin of alloy phase 
diagrams, vol. 1, no. 2, pp. 93–95, 1980. 



124 
 

[99] L. Birry, J. H. Zagal, and J. P. Dodelet, “Does CO poison Fe-based catalysts for ORR?,” 
Electrochemistry Communications, vol. 12, no. 5, pp. 628–631, 2010. 

[100] V. . Arima, E. . Fabiano, R. I. R. . Blyth, F. D. . Sala, F. . Matino, J. . Thompson, G. . 
Vasapollo, R. . Cingolani, and R. Rinaldi, “Self-Assembled Monolayers of Cobalt(II)-(4-
tert-Butylphenyl)-Porphyrins: The Influence of the Electronic Dipole on Scanning 
Tunneling Microscopy Images,” Journal of the American Chemical Society, vol. 126, no. 
Ii, pp. 16951–16958, 2004. 

[101] Z. Zhao and Z. Xia, “Interactions between Dopants in Dual-Doped Graphene 
Nanoribbons as Metal-Free Bifunctional Catalysts for Fuel Cell and Metal-Air Batteries,” 
MRS Advances, no. January, pp. 1–5, 2016. 

[102] A. S. ARICÒ, P. BRUCE, B. SCROSATI, J.-M. TARASCON, and W. VAN 
SCHALKWIJK, “Nanostructured materials for advanced energy conversion and storage 
devices,” Materials for Sustainable Energy, vol. 4, no. May, pp. 148–159, 2010. 

[103] J. A. Seabold and K. S. Choi, “Effect of a cobalt-based oxygen evolution catalyst on the 
stability and the selectivity of photo-oxidation reactions of a WO3 photoanode,” 
Chemistry of Materials, vol. 23, no. 5, pp. 1105–1112, 2011. 

[104] Y. Li, H. Wang, L. Xie, Y. Liang, G. Hong, and H. Dai, “MoS2 nanoparticles grown on 
graphene: An advanced catalyst for the hydrogen evolution reaction,” Journal of the 
American Chemical Society, vol. 133, no. 19, pp. 7296–7299, 2011. 

[105] A. F. J. Moffat, N. I. Morrell, P. S. Broos, E. D. Feigelson, G. P. Garmire, K. V Getman, 
A. F. J. Moffat, O. Schnurr, P. A. Crowther, A. F. J. Moffat, C. Neiner, G. Wade, G. 
Meynet, G. Peters, E. Gaburov, M. Iwasawa, Y. Funato, J. Makino, L. R. Penny, J. 
Vukovich, J. Casoli, A. F. J. Moffat, F. Bresolin, P. A. Crowther, J. Puls, A. Z. Bonanos, 
E. Bica, J. J. Claria, A. Brown, and K. Nitadori, “A Perovskite Oxide Optimized for 
Molecular Orbital Principles,” vol. 334, no. December, pp. 2009–2012, 2011. 

[106] T. Reier, M. Oezaslan, and P. Strasser, “Electrocatalytic oxygen evolution reaction 
(OER) on Ru, Ir, and pt catalysts: A comparative study of nanoparticles and bulk 
materials,” ACS Catalysis, vol. 2, no. 8, pp. 1765–1772, 2012. 

[107] C. C. L. McCrory, S. Jung, J. C. Peters, and T. F. Jaramillo, “Benchmarking 
Heterogeneous Electrocatalysts for the Oxygen Evolution Reaction,” Journal of the 
American Chemical Society, vol. 135, no. 45, pp. 16977–16987, 2013. 

[108] X. Long, J. Li, S. Xiao, K. Yan, Z. Wang, H. Chen, and S. Yang, “A strongly coupled 
graphene and FeNi double hydroxide hybrid as an excellent electrocatalyst for the oxygen 
evolution reaction,” Angewandte Chemie - International Edition, vol. 53, no. 29, pp. 
7584–7588, 2014. 

[109] A. Grimaud, K. J. May, C. E. Carlton, Y.-L. Lee, M. Risch, W. T. Hong, J. Zhou, and Y. 
Shao-Horn, “Double perovskites as a family of highly active catalysts for oxygen 
evolution in alkaline solution,” Nature Communications, vol. 4, no. May, pp. 1–7, 2013. 



125 
 

[110] J. Rosen, G. S. Hutchings, and F. Jiao, “Ordered mesoporous cobalt oxide as highly 
efficient oxygen evolution catalyst,” Journal of the American Chemical Society, vol. 135, 
no. 11, pp. 4516–4521, 2013. 

[111] L. Wu, Q. Li, C. H. Wu, H. Zhu, A. Mendoza-Garcia, B. Shen, J. Guo, and S. Sun, 
“Stable Cobalt Nanoparticles and Their Monolayer Array as an Efficient Electrocatalyst 
for Oxygen Evolution Reaction,” Journal of the American Chemical Society, vol. 137, 
no. 22, pp. 7071–7074, 2015. 

[112] J. Tian, Q. Liu, A. M. Asiri, K. A. Alamry, and X. Sun, “Ultrathin Graphitic C 3 N 4 
Nanosheets/Graphene Composites: Efficient Organic Electrocatalyst for Oxygen 
Evolution Reaction,” ChemSusChem, vol. 7, no. 8, pp. 2125–2130, 2014. 

[113] S. Chen, J. Duan, M. Jaroniec, and S. Z. Qiao, “Nitrogen and oxygen dual-doped carbon 
hydrogel film as a substrate-free electrode for highly efficient oxygen evolution 
reaction,” Advanced Materials, vol. 26, no. 18, pp. 2925–2930, 2014. 

[114] X. F. Lu, P. Q. Liao, J. W. Wang, J. X. Wu, X. W. Chen, C. T. He, J. P. Zhang, G. R. Li, 
and X. M. Chen, “An Alkaline-Stable, Metal Hydroxide Mimicking Metal-Organic 
Framework for Efficient Electrocatalytic Oxygen Evolution,” Journal of the American 
Chemical Society, vol. 138, no. 27, pp. 8336–8339, 2016. 

[115] S. Dou, X. Li, L. Tao, J. Huo, and S. Wang, “Cobalt nanoparticle-embedded carbon 
nanotube/porous carbon hybrid derived from MOF-encapsulated Co3O4for oxygen 
electrocatalysis,” Chemical Communications, vol. 52, no. 62, pp. 9727–9730, 2016. 

[116] X. Li, Q. Jiang, S. Dou, L. Deng, J. Huo, and S. Wang, “ZIF-67-derived Co-NC@CoP-
NC nanopolyhedra as an efficient bifunctional oxygen electrocatalyst,” Journal of 
Materials Chemistry A, vol. 4, no. 41, pp. 15836–15840, 2016. 

[117] L. Zhang, H. Bin Wu, and X. W. Lou, “Metal-organic-frameworks-derived general 
formation of hollow structures with high complexity,” Journal of the American Chemical 
Society, vol. 135, no. 29, pp. 10664–10672, 2013. 

[118] B. Y. Guan, L. Yu, and X. W. Lou, “A dual-metal-organic-framework derived 
electrocatalyst for oxygen reduction,” Energy and Environmental Science, vol. 9, no. 10, 
pp. 3092–3096, 2016. 

[119] H. Bin Wu, B. Y. Xia, L. Yu, X. Y. Yu, and X. W. Lou, “Porous molybdenum carbide 
nano-octahedrons synthesized via confined carburization in metal-organic frameworks 
for efficient hydrogen production,” Nature Communications, vol. 6, pp. 1–8, 2015. 

[120] S. Zhao, Y. Wang, J. Dong, C.-T. He, H. Yin, P. An, K. Zhao, X. Zhang, C. Gao, L. 
Zhang, J. Lv, J. Wang, J. Zhang, A. M. Khattak, N. A. Khan, Z. Wei, J. Zhang, S. Liu, H. 
Zhao, and Z. Tang, “Ultrathin metal–organic framework nanosheets for electrocatalytic 
oxygen evolution,” Nature Energy, vol. 1, no. November, p. 16184, 2016. 



126 
 

[121] J. C. Wang, F. W. Ding, J. P. Ma, Q. K. Liu, J. Y. Cheng, and Y. Bin Dong, “Co(II)-
MOF: A Highly Efficient Organic Oxidation Catalyst with Open Metal Sites,” Inorganic 
Chemistry, vol. 54, no. 22, pp. 10865–10872, 2015. 

[122] L. Xu, Q. Jiang, Z. Xiao, X. Li, J. Huo, S. Wang, and L. Dai, “Plasma-Engraved Co 3 O 4 
Nanosheets with Oxygen Vacancies and High Surface Area for the Oxygen Evolution 
Reaction,” Angewandte Chemie International Edition, vol. 55, no. 17, pp. 5277–5281, 
2016. 

[123] S. Dou, L. Tao, J. Huo, S. Wang, and L. Dai, “Etched and doped Co9S8/graphene hybrid 
for oxygen electrocatalysis,” Energy and Environmental Science, vol. 9, no. 4, pp. 1320–
1326, 2016. 

[124] L. Tao, Q. Wang, S. Dou, Z. Ma, J. Huo, S. Wang, and L. Dai, “Edge-rich and dopant-
free graphene as a highly efficient metal-free electrocatalyst for the oxygen reduction 
reaction,” Chemical Communications, vol. 52, no. 13, pp. 2764–2767, 2016. 

[125] L. Tao, X. Duan, C. Wang, X. Duan, and S. Wang, “Plasma-engineered MoS 2 thin-film 
as an efficient electrocatalyst for hydrogen evolution reaction,” Chem. Commun., vol. 51, 
no. 35, pp. 7470–7473, 2015. 

[126] C.-Y. Lin, L. Zhang, Z. Zhao, and Z. Xia, “Design Principles for Covalent Organic 
Frameworks as Efficient Electrocatalysts in Clean Energy Conversion and Green 
Oxidizer Production,” Advanced Materials, no. February, p. 1606635, 2017. 

[127] Y. Hou, Z. Wen, S. Cui, S. Ci, S. Mao, and J. Chen, “An advanced nitrogen-doped 
graphene/cobalt-embedded porous carbon polyhedron hybrid for efficient catalysis of 
oxygen reduction and water splitting,” Advanced Functional Materials, vol. 25, no. 6, pp. 
872–882, 2015. 

[128] B. Chen, N. W. Ockwig, A. R. Millward, D. S. Contreras, and O. M. Yaghi, “High H2 
adsorption in a microporous metal-organic framework with open metal sites,” 
Angewandte Chemie - International Edition, vol. 44, no. 30, pp. 4745–4749, 2005. 

[129] S. Dou, C.-L. Dong, Z. Hu, Y.-C. Huang, J. Chen, L. Tao, D. Yan, D. Chen, S. Shen, S. 
Chou, and S. Wang, “Atomic-Scale CoO  x  Species in Metal-Organic Frameworks for 
Oxygen Evolution Reaction,” Advanced Functional Materials, vol. 1702546, p. 1702546, 
2017. 

[130] S. Pylypenko, S. Mukherjee, T. S. Olson, and P. Atanassov, “Non-platinum oxygen 
reduction electrocatalysts based on pyrolyzed transition metal macrocycles,” 
Electrochimica Acta, vol. 53, no. 27, pp. 7875–7883, 2008. 

[131] K. Artyushkova, S. Levendosky, P. Atanassov, and J. Fulghum, “XPS Structural studies 
of nano-composite non-platinum electrocatalysts for polymer electrolyte fuel cells,” 
Topics in Catalysis, vol. 46, no. 3–4, pp. 263–275, 2007. 



127 
 

[132] C. Zhang, C. Han, D. S. Sholl, and J. R. Schmidt, “Computational Characterization of 
Defects in Metal-Organic Frameworks: Spontaneous and Water-Induced Point Defects in 
ZIF-8,” Journal of Physical Chemistry Letters, vol. 7, no. 3, pp. 459–464, 2016. 

[133] G. Saracco, S. Vankova, C. Pagliano, B. Bonelli, and E. Garrone, “Outer Co(ii) ions in 
Co-ZIF-67 reversibly adsorb oxygen from both gas phase and liquid water,” Physical 
Chemistry Chemical Physics, vol. 16, no. 13, pp. 6139–6145, 2014. 

[134] Y. Lei, J. Li, Y. Wang, L. Gu, Y. Chang, H. Yuan, and D. Xiao, “Rapid Microwave-
Assisted Green Synthesis of 3D Hierarchical Flower-Shaped NiCo 2 O 4 Microsphere for 
High-Performance Supercapacitor,” ACS Applied Materials & Interfaces, vol. 6, no. 3, 
pp. 1773–1780, 2014. 

[135] B. Han, D. Qian, M. Risch, H. Chen, M. Chi, Y. S. Meng, and Y. Shao-Horn, “Role of 
LiCoO<inf>2</inf> surface terminations in oxygen reduction and evolution kinetics,” 
Journal of Physical Chemistry Letters, vol. 6, no. 8, pp. 1357–1362, 2015. 

[136] L. Xie, R. Zhang, L. Cui, D. Liu, S. Hao, Y. Ma, G. Du, A. M. Asiri, and X. Sun, “High-
Performance Electrolytic Oxygen Evolution in Neutral Media Catalyzed by a Cobalt 
Phosphate Nanoarray,” Angewandte Chemie - International Edition, vol. 56, no. 4, pp. 
1064–1068, 2017. 

[137] J. Suntivich, H. A. Gasteiger, N. Yabuuchi, H. Nakanishi, J. B. Goodenough, and Y. 
Shao-Horn, “Design principles for oxygen-reduction activity on perovskite oxide 
catalysts for fuel cells and metal-air batteries,” Nature Chemistry, vol. 3, no. 7, pp. 546–
550, 2011. 

[138] M. M. Ottakam Thotiyl, S. A. Freunberger, Z. Peng, Y. Chen, Z. Liu, and P. G. Bruce, 
“A stable cathode for the aprotic Li-O2 battery,” Nature Materials, vol. 12, no. 11, pp. 
1050–1056, 2013. 

[139] L. Zhang, Z. Su, F. Jiang, L. Yang, J. Qian, Y. Zhou, W. Li, and M. Hong, “Highly 
graphitized nitrogen-doped porous carbon nanopolyhedra derived from ZIF-8 
nanocrystals as efficient electrocatalysts for oxygen reduction reactions,” Nanoscale, vol. 
6, no. 12, pp. 6590–6602, 2014. 

[140] J. S. Jirkovský, I. Panas, E. Ahlberg, M. Halasa, S. Romani, and D. J. Schiffrin, “Single 
atom hot-spots at Au-Pd nanoalloys for electrocatalytic H2O2production,” Journal of the 
American Chemical Society, vol. 133, no. 48, pp. 19432–19441, 2011. 

[141] X. Li, Z. Niu, J. Jiang, and L. Ai, “Cobalt nanoparticles embedded in porous N-rich 
carbon as an efficient bifunctional electrocatalyst for water splitting,” J. Mater. Chem. A, 
vol. 4, no. 9, pp. 3204–3209, 2016. 

[142] X. Wang, J. Zhou, H. Fu, W. Li, X. Fan, G. Xin, J. Zheng, and X. Li, “MOF derived 
catalysts for electrochemical oxygen reduction,” J. Mater. Chem. A, vol. 2, no. 34, pp. 
14064–14070, 2014. 



128 
 

[143] L. Tao, C. Y. Lin, S. Dou, S. Feng, D. Chen, D. Liu, J. Huo, Z. Xia, and S. Wang, 
“Creating coordinatively unsaturated metal sites in metal-organic-frameworks as efficient 
electrocatalysts for the oxygen evolution reaction: Insights into the active centers,” Nano 
Energy, vol. 41, no. July, pp. 417–425, 2017. 

[144] Z. Zhao, M. Li, L. Zhang, L. Dai, and Z. Xia, “Design Principles for Heteroatom-Doped 
Carbon Nanomaterials as Highly Efficient Catalysts for Fuel Cells and Metal-Air 
Batteries,” Advanced Materials, vol. 27, no. 43, pp. 6834–6840, 2015. 

[145] A. Verdaguer-Casadevall, D. Deiana, M. Karamad, S. Siahrostami, P. Malacrida, T. W. 
Hansen, J. Rossmeisl, I. Chorkendorff, and I. E. L. Stephens, “Trends in the 
electrochemical synthesis of H2O2: Enhancing activity and selectivity by electrocatalytic 
site engineering,” Nano Letters, vol. 14, no. 3, pp. 1603–1608, 2014. 

[146] W. Xia, J. Zhu, W. Guo, L. An, D. Xia, and R. Zou, “Well-defined carbon polyhedrons 
prepared from nano metal–organic frameworks for oxygen reduction,” J. Mater. Chem. 
A, vol. 2, no. 30, pp. 11606–11613, 2014. 

[147] J. M. Campos-Martin, G. Blanco-Brieva, and J. L. G. Fierro, “Hydrogen peroxide 
synthesis: An outlook beyond the anthraquinone process,” Angewandte Chemie - 
International Edition, vol. 45, no. 42, pp. 6962–6984, 2006. 

[148] M. Liu and J. Li, “Cobalt Phosphide Hollow Polyhedron as Efficient Bifunctional 
Electrocatalysts for the Evolution Reaction of Hydrogen and Oxygen,” ACS Applied 
Materials and Interfaces, vol. 8, no. 3, pp. 2158–2165, 2016. 

[149] D. Zhao, J.-L. Shui, C. Chen, X. Chen, B. M. Reprogle, D. Wang, and D.-J. Liu, “Iron 
imidazolate framework as precursor for electrocatalysts in polymer electrolyte membrane 
fuel cells,” Chemical Science, vol. 3, no. 11, p. 3200, 2012. 

[150] C. Tang and Q. Zhang, “Nanocarbon for Oxygen Reduction Electrocatalysis: Dopants, 
Edges, and Defects,” Advanced Materials, vol. 29, no. 13, 2017. 

[151] Y. Zheng, Y. Jiao, Y. Zhu, Q. Cai, A. Vasileff, L. H. Li, Y. Han, Y. Chen, and S.-Z. 
Qiao, “Molecule-Level g-C 3 N 4 Coordinated Transition Metals as a New Class of 
Electrocatalysts for Oxygen Electrode Reactions,” Journal of the American Chemical 
Society, vol. 139, no. 9, pp. 3336–3339, 2017. 

[152] P. Peng, Z. Zhou, J. Guo, and Z. Xiang, “Well-Defined 2D Covalent Organic Polymers 
for Energy Electrocatalysis,” ACS Energy Letters, vol. 2, no. 6, pp. 1308–1314, 2017. 

[153] S. Wang, E. Iyyamperumal, A. Roy, Y. Xue, D. Yu, and L. Dai, “Vertically aligned BCN 
nanotubes as efficient metal-free electrocatalysts for the oxygen reduction reaction: A 
synergetic effect by co-doping with boron and nitrogen,” Angewandte Chemie - 
International Edition, vol. 50, no. 49, pp. 11756–11760, 2011. 



129 
 

[154] N. Levy, A. Mahammed, M. Kosa, D. T. Major, Z. Gross, and L. Elbaz, “Metallocorroles 
as Nonprecious-Metal Catalysts for Oxygen Reduction,” Angewandte Chemie - 
International Edition, vol. 54, no. 47, pp. 14080–14084, 2015. 

[155] C. Y. Lin, L. Zhang, Z. Zhao, and Z. Xia, “Design Principles for Covalent Organic 
Frameworks as Efficient Electrocatalysts in Clean Energy Conversion and Green 
Oxidizer Production,” Advanced Materials, vol. 29, no. 17, 2017. 

[156] A. Han, W. Chen, S. Zhang, M. Zhang, Y. Han, J. Zhang, S. Ji, L. Zheng, Y. Wang, L. 
Gu, C. Chen, Q. Peng, D. Wang, and Y. Li, “A Polymer Encapsulation Strategy to 
Synthesize Porous Nitrogen-Doped Carbon-Nanosphere-Supported Metal Isolated-
Single-Atomic-Site Catalysts,” Advanced Materials, vol. 30, no. 15, pp. 1–7, 2018. 

[157] Z. Zhao, L. Zhang, and Z. Xia, “Electron Transfer and Catalytic Mechanism of Organic 
Molecule-Adsorbed Graphene Nanoribbons as Efficient Catalysts for Oxygen Reduction 
and Evolution Reactions,” Journal of Physical Chemistry C, vol. 120, no. 4, pp. 2166–
2175, 2016. 

[158] D. R. Paul, W. J. Koros, R. Y. F. Liu, Y. S. Hu, E. Baer, A. Hiltner, H. D. Keith, R. Y. F. 
Liu, A. Hiltner, E. Baer, R. E. Cohen, A. Bellare, R. J. Albalak, W. Hu, and G. Reiter, 
“Nitrogen-Doped Carbon Nanotube,” vol. 323, no. FEBRUARY, 2009. 

[159] H. Shen, E. Gracia-Espino, J. Ma, K. Zang, J. Luo, L. Wang, S. Gao, X. Mamat, G. Hu, 
T. Wagberg, and S. Guo, “Synergistic Effects between Atomically Dispersed Fe−N−C 
and C−S−C for the Oxygen Reduction Reaction in Acidic Media,” Angewandte Chemie - 
International Edition, vol. 56, no. 44, pp. 13800–13804, 2017. 

[160] Z. Li, M. Shao, L. Zhou, R. Zhang, C. Zhang, M. Wei, D. G. Evans, and X. Duan, 
“Directed Growth of Metal-Organic Frameworks and Their Derived Carbon-Based 
Network for Efficient Electrocatalytic Oxygen Reduction,” Advanced Materials, vol. 28, 
no. 12, pp. 2337–2344, 2016. 

[161] B. Ni, C. Ouyang, X. Xu, J. Zhuang, and X. Wang, “Modifying Commercial Carbon with 
Trace Amounts of ZIF to Prepare Derivatives with Superior ORR Activities,” Advanced 
Materials, vol. 29, no. 27, pp. 1–7, 2017. 

[162] Q. Lai, L. Zheng, Y. Liang, J. He, J. Zhao, and J. Chen, “Metal-Organic-Framework-
Derived Fe-N/C Electrocatalyst with Five-Coordinated Fe-NxSites for Advanced Oxygen 
Reduction in Acid Media,” ACS Catalysis, vol. 7, no. 3, pp. 1655–1663, 2017. 

[163] J. Guo, Y. Li, Y. Cheng, L. Dai, and Z. Xiang, “Highly Efficient Oxygen Reduction 
Reaction Electrocatalysts Synthesized under Nanospace Confinement of Metal-Organic 
Framework,” ACS Nano, vol. 11, no. 8, pp. 8379–8386, 2017. 

[164] H. Zhang, S. Hwang, M. Wang, Z. Feng, S. Karakalos, L. Luo, Z. Qiao, X. Xie, C. Wang, 
D. Su, Y. Shao, and G. Wu, “Single Atomic Iron Catalysts for Oxygen Reduction in 
Acidic Media: Particle Size Control and Thermal Activation,” Journal of the American 
Chemical Society, vol. 139, no. 40, pp. 14143–14149, 2017. 



130 
 

[165] H. Hu, L. Han, M. Yu, Z. Wang, and X. W. Lou, “Metal-organic-framework-engaged 
formation of Co nanoparticle-embedded carbon@Co9S8double-shelled nanocages for 
efficient oxygen reduction,” Energy and Environmental Science, vol. 9, no. 1, pp. 107–
111, 2016. 

[166] P. Zhang, B. Y. Guan, L. Yu, and X. W. D. Lou, “Formation of Double-Shelled Zinc–
Cobalt Sulfide Dodecahedral Cages from Bimetallic Zeolitic Imidazolate Frameworks for 
Hybrid Supercapacitors,” Angewandte Chemie - International Edition, vol. 56, no. 25, pp. 
7141–7145, 2017. 

[167] C. Zhu, H. Li, S. Fu, D. Du, and Y. Lin, “Highly efficient nonprecious metal catalysts 
towards oxygen reduction reaction based on three-dimensional porous carbon 
nanostructures,” Chemical Society Reviews, vol. 45, no. 3, pp. 517–531, 2016. 

[168] Z. Xiang, D. Cao, and L. Dai, “Well-defined two dimensional covalent organic polymers: 
Rational design, controlled syntheses, and potential applications,” Polymer Chemistry, 
vol. 6, no. 11, pp. 1896–1911, 2015. 

[169] Z. Xiang, R. Mercado, J. M. Huck, H. Wang, Z. Guo, W. Wang, D. Cao, M. Haranczyk, 
and B. Smit, “Systematic Tuning and Multifunctionalization of Covalent Organic 
Polymers for Enhanced Carbon Capture,” Journal of the American Chemical Society, vol. 
137, no. 41, pp. 13301–13307, 2015. 

[170] Z. Xiang, Q. Dai, J.-F. Chen, and L. Dai, “Edge Functionalization of Graphene and Two-
Dimensional Covalent Organic Polymers for Energy Conversion and Storage,” Advanced 
Materials, vol. 28, no. 29, pp. 6253–6261, 2016. 

[171] Q. Yang, P. Peng, and Z. Xiang, “Covalent organic polymer modified TiO2nanosheets as 
highly efficient photocatalysts for hydrogen generation,” Chemical Engineering Science, 
vol. 162, pp. 33–40, 2017. 

[172] Z. Xiang and D. Cao, “Porous covalent-organic materials: Synthesis, clean energy 
application and design,” Journal of Materials Chemistry A, vol. 1, no. 8, pp. 2691–2718, 
2013. 

[173] Z. Xiang, D. Cao, and L. Dai, “Well-defined two dimensional covalent organic polymers: 
rational design, controlled syntheses, and potential applications,” Polym. Chem., vol. 6, 
no. 11, pp. 1896–1911, 2015. 

[174] Z. Xiang, Q. Dai, J.-F. Chen, and L. Dai, “Edge Functionalization of Graphene and Two-
Dimensional Covalent Organic Polymers for Energy Conversion and Storage,” Advanced 
Materials, vol. 28, no. 29, pp. 6253–6261, 2016. 

[175] C. N. R. Rao, K. Pramoda, and R. Kumar, “Covalent cross-linking as a strategy to 
generate novel materials based on layered (2D) and other low D structures,” Chemical 
Communications, vol. 53, no. 73, pp. 10093–10107, 2017. 



131 
 

[176] W. Yang, L. Chen, X. Liu, J. Jia, and S. Guo, “A new method for developing defect-rich 
graphene nanoribbons/onion-like carbon@Co nanoparticles hybrid materials as an 
excellent catalyst for oxygen reactions,” Nanoscale, vol. 9, no. 4, pp. 1738–1744, 2017. 

[177] Z. S. Wu, Y. Zheng, S. Zheng, S. Wang, C. Sun, K. Parvez, T. Ikeda, X. Bao, K. 
Mï¿½llen, and X. Feng, “Stacked-Layer Heterostructure Films of 2D Thiophene 
Nanosheets and Graphene for High-Rate All-Solid-State Pseudocapacitors with Enhanced 
Volumetric Capacitance,” Advanced Materials, vol. 29, no. 3, pp. 1–7, 2017. 

[178] J. Zhang, L. Qu, G. Shi, J. Liu, J. Chen, and L. Dai, “N,P-codoped carbon networks as 
efficient metal-free bifunctional catalysts for oxygen reduction and hydrogen evolution 
reactions,” Angewandte Chemie - International Edition, vol. 55, no. 6, pp. 2230–2234, 
2016. 

[179] Z. H. Xiang, Y. H. Xue, D. P. Cao, L. Huang, J. F. Chen, and L. M. Dai, “Highly 
Efficient Electrocatalysts for Oxygen Reduction Based on 2D Covalent Organic 
Polymers Complexed with Non-precious Metals,” Angewandte Chemie-International 
Edition, vol. 53, no. 9, pp. 2433–2437, 2014. 

[180] Z. Xiang, L. Zhu, L. Qi, L. Yan, Y. Xue, D. Wang, J. F. Chen, and L. Dai, “Two-
Dimensional Fully Conjugated Polymeric Photosensitizers for Advanced Photodynamic 
Therapy,” Chemistry of Materials, vol. 28, no. 23, pp. 8651–8658, 2016. 

 

 

 


	ACKNOWLEDGEMENT
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1. INTRODUCTION AND BACKGROUND
	1.1 Motivation for the Energy Crisis
	1.2 Introduction to Metal-Air Batteries and Fuel Cells
	1.2.1 Fundamentals
	1.2.2 Types of Fuel Cells

	1.3 Introduction to New Microporous Crystalline Materials
	1.3.1 Metal Organic Frameworks
	1.3.2 Zeolitic Imidazolate Frameworks
	1.3.3 Covalent Organic Frameworks

	1.4 Introduction to Origin of Volcano Plot
	1.5 Purpose and Dissertation Lay-Out

	CHAPTER 2. COMPUTATIONAL METHODOLOGY
	2.1 Introduction to the Density Functional Theory
	2.1.1 Schrödinger Equation
	2.1.2 Hohenberg-Kohn Theorem
	2.1.3 Local Density and Generalized Gradient Approximation

	2.2 Computational Software
	2.2.1 High-Performance Computing
	2.2.2 Vienna Ab-initio Simulation Package for DFT Calculations
	2.2.3 Visualization Software
	2.2.4 Charge Density Distribution Analysis

	2.3 Reaction Pathways of Oxygen Reduction and Evolution Reactions
	2.3.1 Reaction Pathways
	2.3.2 Gibbs Free Energy and Overpotential


	CHAPTER 3. DESIGN PRINCIPLES FOR COVALENT ORGANIC FRAMEWORKS AS EFFICIENT ELECTROCATALYSTS IN CLEAN ENERGY CONVERSION AND  GREEN OXIDIZER PRODUCTION
	3.1 Abstract
	3.2 Introduction
	3.3 Experimental Section
	3.4 Calculations of Descriptors
	3.5 Results
	3.5.1  Reaction Pathways and Scaling Relationship
	3.5.2 Intrinsic Descriptors for COFs
	3.5.3 Direct Synthesis of H2O2 based on TM-COFs

	3.6 Discussion
	3.7 Conclusions

	CHAPTER 4. METAL-ORGANIC-FRAMEWORKS AS EFFICIENT ELECTROCATALYSTS FOR OXYGEN EVOLUTION REACTION: INSIGHTS INTO THE ACTIVE CENTERS
	4.1 Abstract
	4.2 Introduction
	4.3 Methods
	4.3.1 Material Synthesis
	4.3.2 Electrochemical Measurement
	4.3.3 Density Functional Theory Calculation

	4.4 Results and Discussion
	4.5 Conclusion

	CHAPTER 5. LIGAND EFFECT AND DESIGN PRINCIPLES OF METAL-ORGANIC FRAMEWORKS AS EFFICIENT ELECTROCATALYSTS FOR CLEAN ENERGY CONVERSION
	5.1 Abstract
	5.2 Introduction
	5.3 Method
	5.4 Results
	5.4.1 Reaction Pathways and Scaling Relationship
	5.4.2 Ligand Effect on the Catalytic Activities of the ZIFs
	5.4.3 Ligand Effects on 2e Transfer ORR for H2O2 Production
	5.4.4 Intrinsic Descriptors for ZIFs

	5.5 Discussion
	5.6 Conclusions

	CHAPTER 6. A PYROLYSIS-FREE COVALENT ORGANIC POLYMER FOR OXYGEN REDUCTION
	6.1 Abstract
	6.2 Introduction
	6.3 Method
	6.4 Computational Modeling
	6.5 Result
	6.6 Conclusions

	CHAPTER 7. CONCLUSIONS AND FUTURE WORK
	7.1 Conclusions
	7.2 Future Work

	APPENDIX: LIST OF PUBLICATIONS
	REFERENCES



