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ABSTRACT OF THE DISSERTATION 

 

 

Rational Design of Transition Metal-Nitrogen-Carbon Electrocatalysts for Oxygen Reduction 

Reaction 

 

 

by 

 

Zhuang Liu 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2018 

 

Professor Yunfeng Lu, Chair 

 

The harvest and conversion of energy is of crucial importance for human civilization. Today, 

the fast growth in energy consumption, together with the environmental problems caused by fossil 

fuel usage, calls for renewable and clean energy supply, such as solar, wind, geothermal, and tidal 

energy.  However, such energies are not consistent in both time and location, bringing energy 

storage on request.  Intensive research has been focused on the development of electrochemical 

energy storage (EES) devices.  
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Among these EES devices, hydrogen fuel cells and metal-air batteries have attracted the 

special attention because of their high theoretical energy densities.  Yet, one major issue lies in 

the sluggish oxygen reduction reaction (ORR) that takes place at the cathodes.  For example, the 

theoretical voltage of a hydrogen-oxygen fuel cell is 1.23 V (standard condition).  However, the 

voltage output obtained under a meaningful current density is only about 0.7 V, where the voltage 

loss is primarily caused by the overpotential in the cathodes.  Developing efficient electro-

catalysts, which can lower the overpotential of ORR, is indispensable for achieving high 

performance devices. 

The state-of-the-art ORR electro-catalysts are generally based on platinum, which is limited 

by cost and scarcity.  Developing electro-catalysts based on earth abundant metal elements is 

critical for large-scale application of fuel cells and metal-air batteries.  Among the non-precious-

metal catalysts (NPMCs) explored in recent decades, pyrolyzed iron-nitrogen-carbon (Fe-N-C) 

catalysts is widely regarded as the most promising candidate for replacing platinum due to their 

high activity.  However, the traditional method for preparing Fe-N-C catalysts involves high-

temperature pyrolysis of the precursors, which is a highly complex and unpredictable process.  

As-prepared Fe-N-C catalysts usually contain mixed chemical phases (e.g., Fe-based nanoparticles, 

Fe-N coordination site and various nitrogen species), as well as carbon scaffolds with random 

morphology.  Such complexity makes it difficult to identify the active site and control the porous 

structure.  Though progress has been made in improving their performance through delicate 

selection of precursors, such process is largely based on test-and-trial method, shedding little light 
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on the understanding of the material. 

In this dissertation, we designed a novel “post iron decoration” synthetic strategy towards 

efficient Fe-N-C catalysts, which de-convolutes the growth of iron and nitrogen species, enables 

the rational design of the catalyst structure, and provides a series of effective model materials for 

active site probing.  Specifically, liquid iron penta-carbonyl was used to wet the surface of 

mesoporous N-doped carbon spheres (NMC), whose porous structure is determined by the 

template used for preparation.  The obtained Fe(CO)5/NMC complex was then pyrolyzed to 

generate the Fe/NMC catalysts.  Through comparative study and thorough material 

characterization, we demonstrated that the pyridinic-N of NMC anchors the Fe atoms to form Fe-

Nx active sites during pyrolysis, while the graphitic-N remains ORR active.  The excessive Fe 

atoms were aggregated forming fine nanoparticles, which were subsequently oxidized forming 

amorphous-iron oxide/iron crystal core-shell structure.  All the composing elements of Fe/NMC 

catalysts are uniformly distributed on the NMC scaffold, whose porous structure is shown to be 

not affected by Fe decoration, guaranteeing the effective exposure of active sites.  The best 

performing Fe/NMC catalysts exhibited a high half-wave potential of 0.862 V, which is close to 

that of the benchmark 40% Pt/C catalyst.  Such high activity is primarily attributed to the Fe-Nx 

active sites in the catalysts.  While the surface oxidized Fe crystallites though not being the major 

active site, is revealed to catalyze the reduction of HO2
-, the 2e ORR product, facilitating the 4e 

reduction of oxygen.  Finally, such synthetic strategy is successfully extended to prepare other 

Me-N-C materials. 
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Based on the established understanding of the active sites, we then complexed the active 

Fe(CO)5 molecules with a N-rich metal-organic framework (ZIF-8) to form a precursor, which was 

subsequently pyrolyzed to form Fe-NC catalysts. During the pyrolysis, Fe(CO)5 reacts 

homogeneously with the ZIF-8 scaffold, leading to the formation of uniform distribution of Fe-

related active sites on the N-rich porous carbon derived from ZIF-8.  The zinc atoms in the 

crystalline structure of ZIF-8 serves as thermo-sacrificial template, resulting in the formation of 

hierarchical pores that provide abundant easily accessible ORR active sites.  In virtue of these 

advantageous features, the best performing Fe-NC catalyst exhibited a high half-wave potential of 

0.91 V in rotating disk electrode experiment in 0.1 M NaOH.  Furthermore, zinc-air battery 

constructed with Fe-NC-900-M as the cathode catalyst exhibited high open-circuit voltage (1.5 V) 

and a peak power density of 271 mW cm-2, which outperforms those made with 40% Pt/C catalyst 

(1.48 V, 1.19 V and 242 mW cm-2), and most noble-metal free ORR catalysts reported so far.  

Finally, such a synthetic method is economic and easily-scalable, offering possibility for further 

activity and durability improvement. 
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Chapter 1. Introduction 

1.1 Background & Physics and Chemistry of Oxygen Reduction 

Reaction (ORR) 

The harvest and conversion of energy constitutes a very important part of human civilization. 

However, the huge and fast growing world energy demand faces us with the depletion of fossil 

fuels in the near future, which is the major (80%) energy source of today’s society. Such energy 

crisis, together with the many urgent environmental problems caused by fossil fuel use, has forced 

the seeking of renewable and clean energy supply. Solar and wind energy appears to be promising 

alternatives available, as they are both sustainable and environment-friendly. However these 

renewable energies (also geothermal, wave and tidal, and biomass energies) are not consistent in 

both time and location, requesting energy storage and subsequent conversion.1-5 Therefore, as 

electricity is the main form of energy consumption in modern society, intensive research has been 

focused on the development of electrochemical energy storage (EES) devices worldwide.6 Of the 

many EES devices, lithium-ion battery (LIB) is probably the most important one and has served 

effectively as the primary power source for many portable electronic products that is seen 

everywhere in our daily life. However, the ever growing demand for EES technologies for 

emerging electronic devices and especially electric vehicles requires continuously the 

improvement of the energy and power density of the energy source. Whereas the performance of 

LIB is already approaching its limit and consequently no dramatic improvement of its performance 
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is expected in the future. Thus, new EES devices based on new chemistry is being actively 

investigated with a target energy density of 500 Wh/kg at a price < $100/kWh.7 

 

  

Figure 1.1 Ragone plot comparing the performance of various EES devices (energy density vs. 

power density).8 

Power density and energy density are the most important metric for evaluating the 

performance of EES devices. The characteristic power and energy densities of various EES devices 

are summarized and compared in the Ragone plot (Figure 1.1). Consequently, fuel cells and metal-

air batteries have attracted the special interest of researchers among the potential candidate EES 

devices, because of their high theoretical power and energy densities. Besides the electrochemical 
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performance, hydrogen fuel cells and metal-air batteries also have the advantage of being 

environment-friendly as their only byproduct are heat and water. Which makes them the most 

promising and attractive technologies for future energy supply.9 

 

 

Figure 1.2 (a) Schematic illustration of acid hydrogen fuel cell (left) and alkaline hydrogen fuel 

cell (right). (b) Schematic illustration of zinc-air battery.10, 11 

The schematic illustration of hydrogen fuel cell and zinc-air battery operation are shown in 

Figure 1.2. The chemical reactions that happen at the cathode and anode of these EES devices are 

listed from equation (1) to (9), where their corresponding potentials are included. As demonstrated 

in Figure 1.2, hydrogen fuel cells can be divided into two types depending on the electrolyte it 

uses (acidic or alkaline). Though electrode reactions can be different under the two conditions, the 

overall reaction of the cells are the same (equation 5), generating an open circuit voltage of 1.23 

V under standard conditions according to thermodynamic calculations. The zinc air battery, which 
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runs only with alkaline electrolyte on the other hand, has a higher open circuit voltage of 1.65 V 

under standard conditions according to thermodynamic calculations (equation 9). The higher 

theoretical voltage of zinc-air battery endows it with higher power density than hydrogen fuel cells, 

yet less energy density, because zinc is much heavier than hydrogen per electron transferred.  

 

 

 

However, the theoretically calculated output voltage of these devices are compromised during 

practical application. In practice, the typical working voltage of zinc-air battery is lower than 1.2 

V, and that of hydrogen fuel cell is under than 0.7 V at meaningful discharge current densities. 

Such voltage loss includes contribution from kinetic losses, ohmic losses and mass transfer losses 

at the same time. Yet, the dominant part of it comes from the over-potential of the air cathode, 

owing to the sluggish kinetics of the oxygen reduction reaction (ORR) that happens there.9, 11 Thus, 
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ORR catalyst at the air cathode are indispensable in both hydrogen fuel cells and zinc-air batteries, 

in order to have them operate at meaningful voltage and current densities.  

 

 

Figure 1.3 Summary of possible ORR reaction routes in acidic and alkaline media (left), and the 

standard reaction potential of the corresponding reactions involved in different reaction pathways 

(right).12 

Basically, the oxygen reduction reaction we are focusing on, is an electrochemical process, in 

which four or two electrons are passed from the electrode to a dioxygen molecule. The oxygen 

molecule is reduced it into various products, depending on the electrolyte used, and the specific 

reaction route it follows. 

Figure 1.3 shows a summary of the possible reaction routes of ORR, and the specific reaction 

formula involved in both acidic and alkaline media. As can be seen, there are mainly two types of 

reaction pathways, which are the 2 e pathway and the 4 e pathway, differentiated by the number 

of electrons transferred per oxygen molecule and the final products. Specifically, after the 
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adsorption of oxygen molecule onto the surface of the electrode (the first step of the catalytic 

process), there are four routes the reaction can follow. 1. Four electrons are inserted into an oxygen 

molecule, forming two water molecules in acidic media or four hydroxide ions in alkaline media 

directly (k1) without any intermediate products. Which is called a direct 4e pathway. 2. The 

adsorbed oxygen molecule takes only two electrons at first, turning into adsorbed peroxide species, 

and then the peroxide species accept another two electrons (k2, k3), forming the same final products 

as in the former pathway. Which is called a serial 2+2 e pathway. 3. The adsorbed peroxide species, 

either decompose, forming a new oxygen molecule that goes back into the reduction cycle (k4), or 

desorb from the electrode surface and go into the bulk electrolyte (k5). Both of which can be 

considered a 2e pathway. Thus, to achieve a fuel cell or zinc-air battery with high power and energy 

density, the direct 4e pathway which has the fastest kinetics, is obviously the most favorable route 

for ORR.12 

In spite that the oxygen reduction reaction follows similar reaction routes in alkaline and acid 

electrolyte, it’s long been noticed that it is much easier for an electro-catalyst to achieve high 

performance in alkaline media than in acidic media. And besides the fact that it’s generally harder 

for catalysts to be stable in acid electrolyte, previous work also tried to articulate this phenomenon 

(the so called pH effect) from the perspective of fundamental reaction mechanism. It is typically 

assumed that, the first step, also the rate determining step in the oxygen reduction reaction is the 

insertion of one electron into the oxygen molecule, forming superoxide radical anion (O2
•-), either 

via inner-sphere electron transfer mechanism or outer-sphere electron transfer mechanism. And 
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since only O2 and electron are involved in the process, the standard potential of this redox couple 

(O2/O2
•-) is pH independent, being E° = -0.3 + 0.03 V vs. SHE. However, as shown in equation (2) 

and (4), the standard reduction potential of oxygen drops from 1.23 V to 0.401 V, when the pH of 

the electrolyte changes from zero to fourteen. And consequently, the over potential of the first step 

of electron transfer decreases from 1.53 V at a pH value of zero, to 0.7 V when pH is equal to 

fourteen. Which indicates that it is much easier for this rate determining step of first electron 

transfer to happen in alkaline media than in acidic media, regardless of the other factors affecting 

the ORR, making an outer sphere model for ORR possible.13-15 While, the above argument 

primarily offers a thermodynamic reason for the pH effect, on the other hand, kinetic reasons could 

also play an important role in causing the observed pH effect. Since the ORR performance varies 

a lot on different catalysts’ surfaces, it’s obvious that the inner-sphere electron transfer mechanism 

is dominant in this heterogeneous catalytic oxygen reduction reaction. And the adsorption of 

oxygen molecule onto the catalyst’s surface, being the first step of the heterogeneous inner-sphere 

reaction (which is often termed electro-catalytic reaction), is of great importance for the overall 

performance of the catalysts. As there is a competition for the catalysts’ surface sites between O2 

and the anions in the electrolyte, and the adsorption energy of the inions on the electrode surface 

is decreased when pH increases, owing to the accompanying negative shift of the reduction 

potential of oxygen, it is kinetically easier for ORR to proceed in alkaline electrolyte. Moreover, 

the simple fact that the stable intermediate hydrogen peroxide doesn’t adsorb on active site is 

actually one fundamental problem for all kinds of catalysts in acidic media. For hydrogen peroxide 
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has a closed shell electronic structure, and unlike its counterpart hydrogen peroxide anion in 

alkaline media, it possesses no net charges, which means that there is no motive force for it to 

adsorb on the active site. Also considering that it’s a stable molecule itself, it will just desorb into 

the bulk electrolyte, terminating the ORR after only transferring 2 electrons. Rendering the catalyst 

ineffective. 

1.2 State of Art ORR Electrocatalysts and Challenges 

Although the specific reaction routes that the oxygen reduction reaction follows varies 

depending on the catalysts and electrolyte used, there are some general understanding and principle 

regarding the catalytic mechanism of ORR.  

As mentioned previously, the reaction route of ORR is strongly dependent on the properties of 

the catalyst used, demonstrating that it is primarily an inner-sphere reaction. Thus, it is important 

to study both the electron transfer process and the interaction between the chemical species 

involved and the catalysts’ surface, when trying to understand the reaction mechanism. 

According to the molecular orbital theory, the first electron inserted into the antibonding orbital 

of O2 molecule, activates the reactant by weakening the O-O bond, after the initial adsorption of 

O2 onto the catalyst. Therefore, it requires a strong interaction between the reactant species and 

the catalyst’s surface, to enable fast heterogeneous electro-catalytic ORR. For that the migration 

distance of electrons from the electrode to the O2 molecule is shortened when they become 

spatially closer. Because a dominant fraction of the best performing precious metal free ORR 

catalysts found so far are all transition metal containing materials, it’s necessary to study the 
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interaction between O2 molecule and the metal atom/cation. Three kinds of adsorption models 

have been proposed by literature as shown in Figure 1.4.16, 17  

 

 

 

 

Figure 1.4 Molecular orbital structure of oxygen molecule (above) and three types of proposed 

adsorption models of oxygen molecule adsorbing on catalyst’s surface (down). 

In the Griffith model, the two oxygen atoms of an O2 molecule interact with the same metal 

atom/cation simultaneously. Electrons of the π-orbital of O2 molecule interact with the empty d-z2 
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orbitals of a transition metal atom/cation, building up a coordination bond, while the electrons 

from the d-xz and d-yz orbitals of the metal center will partially occupy the π* orbitals of O2, 

forming a back bonding. In such process, a strong interaction between the oxygen atom and metal 

atom/cation is established, while the O-O bond is attenuated and the distance between the two 

oxygen atoms is increased. This will facilitate the breaking of the O-O bond, and consequently 

leading to a dissociative adsorption of the oxygen molecule, which is favorable for a direct (4e) 

pathway of ORR. 

However, the most probable form of O2 adsorption on the surface of a majority of transition 

metal containing catalysts is the Pauling model, owing to the steric hindrance effect. In this case, 

O2 molecule adsorb onto the metal atom/cation adopting an end-on position. The un-bonded 

electron pair of one oxygen atom approaches the metal center and forms a coordination bond, 

while stimulating the back flow of electrons from the d-xz and d-yz orbitals of transition metal 

atom to the anti-bonding orbital of the oxygen molecule. The anti-bonding mechanism facilitates 

the breaking of the O-O π bond as expected, whereas the resulting hydrogen peroxide intermediate 

is quite stable. Also, as only the adjacent O atom is sufficiently activated, the breaking of the 

second O-O bond (σ bond) becomes much harder, rendering the process less favorable for a direct 

4e pathway compared to the Griffiths model. 

The last proposed adsorption model is the bridge model. The two oxygen atoms interact with 

two different metal atoms/cations at the same time, building a bridge consisting of two M-O bonds 

and one O-O bond between the two metal centers. This process promotes the direct (4e) pathway 
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of ORR by activating both of the oxygen atoms, and is more efficient than the Griffiths model. 

Whereas, such mechanism requires proper surface spacing of the transition metal atoms/cations of 

the catalysts, and the two metal centers have to possess partially filled d orbitals with proper 

configuration to bond with the π* orbitals of the oxygen molecule. Which is hard to achieve 

because most synthetic methods cannot manipulate the structure of the product at atomic level. 

 

       

Figure 1.5 Trends in oxygen reduction activity plotted as a function of the oxygen binding 

energy.18 

While, although a substantial interaction between the reactant and the electrode surface is 

needed in promoting a fast inner-sphere reaction mechanism of ORR, it turns out that a too strong 

bonding between them will play an opposite effect from what is desired.  
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Norskov et al. studied the relationship between the M-O and M-OH bond energies and the 

catalytic activity of metal catalysts, through electronic structure calculations combined with 

detailed density functional calculations.18  

As shown in Figure 1.5, a nice volcano shape appears when plotting the catalytic activity of 

various transition metals towards ORR, against the oxygen binding energies. On the one hand, for 

metals left to the vertex of the volcano in the plot, their high oxygen binding energies make it easy 

for them to form metal oxides. Which indicates that the removal of the adsorbed O and OH species 

formed after the catalytic reaction is difficult and become the rate limiting step. On the other hand, 

the metals on the right side of the volcano vertex, because of their full d orbitals, interacts only 

weakly with the oxygen molecule, which prevents the formation of back bonding between the 

metal atom and the oxygen atom. As a result, these metal surfaces cannot amply activate O-O bond, 

leading to poor catalytic activity. While the platinum-group metals, being the closest to the volcano 

vertex, have moderate oxygen binding energies. Where the M-O interactions are strong enough to 

promote the cleavage of the O-O bond, yet not too strong to turn the product desorption into trouble.  

Although platinum has already got a high catalytic activity for the oxygen reduction reaction, 

the volcano plot indicates that there is still room for improvement. The binding of oxygen molecule 

on the platinum surface (Pt (111)) at high potential is still too strong, leading to an over-potential 

of 300 mV for the oxygen reduction reaction. And it has been proposed that, the most advantageous 

M-O bond energy for ORR, on the catalyst’s surface would be 0.2 eV smaller than that of the Pt-

O bond.19  

According to the d-band center (the average energy of d-band) theory, which is used to interpret 
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the interaction between transition metal surfaces and the adsorbates. The Metal-O bond strength 

depends on how well the 2p orbitals of oxygen and the d orbitals of transition metal match with 

each other, as well as the filling condition of the antibonding orbitals formed correspondingly. The 

more the antibonding states are occupied, the weaker the M-O bond is, and the filling condition is 

largely decided by the relative position of d-band center to the Fermi level. Shifting the d-band 

center upwards from the Fermi level will result in an upward shift of the antibonding states, 

resulting in less occupancy and thus a stronger M-O bond. And vice versa.20 Therefore, researchers 

has devoted intensive efforts to adjust the electronic properties of platinum to improve its catalytic 

activity for ORR according to the above principles. Usually, the method of adjusting the electronic 

structure of platinum is to alloy it with other transition metals, utilizing strain effect and ligand 

effect. One example of such alloys is Pt3Ni, in which the Pt-O bond strength is decreased and the 

ORR activity of the material increased compared to primitive Pt. The improved acticity of Pt3Ni 

and many other platinum alloys proves the validity of using the Metal-O bond strength as an 

indicator of the catalysts’ ORR activity, which also serves as the basis of the designing principle 

of other types of ORR catalysts.21-24  

The effects of the size and morphology of catalysts on the activity for oxygen reduction 

reactions have also been studied in literature. Different opinions exist regarding various specific 

material systems. Whereas, the explanations proposed all falls within the range of the designing 

principles discussed previously.25, 26 

The above studies discussed why platinum catalysts has the highest intrinsic activities towards 
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ORR among transition metals, the activity descriptor of ORR catalysts, and how the activity of Pt 

catalysts can be further improved. However, the more fundamental problem about platinum-based 

catalyst, which is the most efficient and widely used ORR catalysts today, is its high cost and 

scarcity. Currently, the cost of platinum electrocatalysts accounts for more than half of the whole 

fuel cell stack cost. Although the anode requires platinum to catalyze the hydrogen oxidation 

reaction (HOR) as well, the account of Pt required at anode is far less than that of cathode, owing 

to the intrinsic sluggish kinetics of the 4e ORR process. The precious metal catalyst is the only 

component in fuel cell that won’t benefit from economies of scale, and the increasing demand for 

fuel cell or metal-air battery power systems will inevitably drive up the already high price of Pt (~ 

1000 dollars/ounce). Moreover, the scarcity and the uneven local distribution of the element (South 

Africa and Russia together host about 97% of the world’s total platinum reserve) also forms an 

intrinsic obstacle for the large scale application of the catalyst, as well as the fuel cell and metal-

air battery technologies. Therefore, the development of nonprecious metal electro-catalysts 

(NPMCs) for oxygen reduction reaction that can replace platinum, is pivotal for the 

commercialization of both fuel cells and metal-air batteries. 

1.3 Goal of the Dissertation 

As discussed in the previous sections, one key factor determining the feasibility of the 

commercialization of fuel cells and metal-air batteries is to replace platinum-based catalysts with 

non-precious metal catalysts (NPMCs). Therefore, the goal of this dissertation is to study and 

design highly active and durable NPMCs towards ORR, that deliver promising device performance 
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when employed as the cathode catalyst (as indicated in Figure 1.6). High-performance NPMCs 

reported so far includes transition metal oxides, heteroatom-doped nano-carbon materials and 

pyrolyzed transition Metal-Nitrogen-Carbon catalyst (Me-N-C).27 Among which the Me-N-C 

catalysts is generally accepted as the most promising candidate, because of their high intrinsic 

activity and stability for ORR. Hence, the current dissertation will focus on the development of 

Me-N-C catalysts.  

 

 

Figure 1.1 Energy diagram of catalytic reaction (left) and the schematic illustration of metal-air 

batteries.28 
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Chapter 2. Literature Review of Metal-Nitrogen-

Carbon (Me-N-C) Catalysts 

2.1 History of Me-N-C Catalysts 

As oxygen is the most abundant element in the Earth’s crust, the oxygen reduction reaction is 

also one of the most important and common bio-catalytic reaction in living bodies.  

 

 

Figure 2.1 (a) Hemoglobin consists of globin (two alpha and two beta polypeptide chains) and 

four heme groups. (b) Iron-containing heme pigment. (c) 3D structure of heme before and after 

loaded with O2.29 
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The bio-catalysts in mammal’s body ensures that ORR proceeds at sufficient speeds during 

respiration, so the cells can gain energy fast enough for carrying out their activities. Therefore, it 

can be very inspiring for researchers to study the mechanism and structure of the bio-catalysts 

when designing ORR catalysts for fuel cells and metal-air batteries.30 

Before ORR takes place, the protein hemoglobin in red blood cells first carries the oxygen 

molecules breathed in to the cells in need. As shown in Figure 2.1, one hemoglobin contains four 

heme groups, which has a strong affinity towards oxygen molecules. The iron associated with the 

heme has the flexibility to move in and out of the plane of the porphyrin structure, which enables 

it to adopt energy-favorable configurations when binding oxygen. It is the iron in hemoglobin that 

gives blood its red color. Interestingly, though hemoglobin provides only transportation for oxygen, 

the heme structure is actually very similar to that of the ORR active sites in cytochrome c oxidase 

(CcO). During the final stage of respiration, cytochrome c oxidase, a membrane–bound enzyme, 

catalyzes the four-electron reduction of oxygen to water, where cytochrome c serves as the electron 

donor. As shown in Figure 2.2, the active site for oxygen reduction consists of a myoglobin-like 

Fe-porphyrin (haem-a3) that is adjacent to a semi-haemocyanin-like Cu (known as CuB) 

coordinated by three histidine ligands. Such smart and subtle bimetallic active site structure 

enables the oxygen molecule to adopt a bridge-like configuration when adsorbing on the metal 

centers. Which is advantageous for breaking the O-O bond and is favorable for the 4 electron 

pathway of ORR. The success of biocatalysts in accelerating ORR in mammal’s body is very 

inspiring for researchers. Since the active sites of both hemoglobin and cytochrome c oxidase have 
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the transition metal-nitrogen coordination structure, research efforts were first focused on 

exploring molecules that contain similar structures (transition metal porphyrin and transition metal 

phthalocyanine complexes) as ORR catalysts. 

 

 

Figure 2.2 Crystal structure of the active site of CcO from the bovine heart (left)31 and 3D structure 

of CcO when loaded with oxygen.32  

In 1964, Jasinski et al. summarized the field and discovered that cobalt phthalocyanine is 

effective in catalyzing the ORR.33 Since then, research of the field were directed to exploring the 

ORR activity of Fe-N4 and Co-N4 macrocycles integrated with a carbon support, and several 

catalysts of improved catalytic activity for ORR had been reported. However, these transition 

metal-N4 macrocycle materials are not stable enough in acidic media and dies quickly. Later on in 

1970, research found that pyrolyzing the pristine metal centered macrocycle compound can result 

in better catalytic activity and stability.34 However, thus synthesized materials still suffer from 
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complicated synthesis process and high price, owing to the indispensability of the expensive 

macrocycle molecules. One work worth noticing was reported by J. P. Collman et. al. in 1980. In 

which they fabricated a series of dicobalt face-to-face porphyrin molecules, intelligently 

mimicking that of the active center of CcO.35 Whereas, though these bi-active center catalysts 

effectively promote the 4 electron pathway of ORR, they still lack in activity and stability for 

applications, just as all the other catalysts fabricated from macrocycle molecules. On the other 

hand, though the subtle bi-metallic active center is advantageous for the breaking of O-O bond, 

such structure is too hard to achieve in materials synthesized through pyrolysis. Which is due to 

the random nature of pyrolytic reactions. A major breakthrough came in 1989, when Yeager et al. 

synthesized catalysts with high activity by the high temperature pyrolysis of a mixture of 

individual nitrogen and cobalt precursors and carbon support under inert atmosphere.36 Which 

revealed that the high-performing Me-N-C catalysts could be synthesized with cheap individual 

carbon, nitrogen and metal precursors without the often expensive macrocycle molecules. Ever 

since, numerous works following similar synthetic routes have been reported, and great progress 

have been achieved. Which has established Me-N-C catalysts as the most promising non-precious 

metal electro-catalysts for the oxygen reduction reaction.37-39 However, many challenges still 

remain with the development of Me-N-C catalysts. This includes understanding the catalytic 

functions of different chemical phases of the catalysts, rational design of the catalysts’ structure, 

and the fabrication of air cathode with Me-N-C catalysts that demonstrate superior device 

performance. 
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2.2 Active Sites and Catalytic Mechanism of Me-N-C Catalysts 

As mentioned in the previous section, ever since the remarkable discovery of Yeager et. al. 

reported in 1989, high temperature pyrolysis of the mixture of transition metal salts, nitrogen 

containing molecules and carbon scaffolds has become the “standard” synthetic route for 

fabricating Me-N-C catalysts. Though great progress of the catalysts’ activity and stability have 

been made through the careful selection of different precursors and the manipulation of synthetic 

conditions, it is very challenging to reveal the catalytic mechanism and the identity of active sites 

of the materials. A variety of iron salts, nitrogen and carbon precursors, and synthetic techniques 

used for Me-N-C catalytsts synthesis result in highly heterogeneous and complex structures with 

inconsistent active centers in numerous studies. The active sites structure of Me-N-C catalysts is 

largely decided by the electronic and geometric configurations of the metal atoms, where even 

small changes of their chemical environment can lead to different catalytic mechanism and ORR 

pathways. Moreover, the chaos of the structures and the chemical phases in the reported catalysts 

has greatly hampered the further development of the catalysts because of the difficulty of structural 

characterization and active site identification. Various microscopic and spectroscopic techniques, 

including scanning transmission electron microscopy (STEM), X-ray photoelectron spectroscopy 

(XPS), electron energy loss spectroscopy (EELS) mapping, Mossbauer spectroscopy and X-ray 

absorption spectroscopy (XAS) have been applied to characterize the Me-N-C catalysts and study 

the active site structure. In parallel, electrochemical methods are also used to investigate the nature 

of the active sites using the ion poisoning effect.40-42 
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Figure 2.3 Schematic illustration of Me-N-C catalysts with various carbon structure and metal-

related chamical phases, synthesized from different precursors.42  

 

   To date, the Fe-N-C catalysts have been demonstrated to be the most active catalysts for ORR 

among all the Me-N-C catalysts studied. Three types of active sites have been suggested to account 

for their high activity,43, 44 including the iron-nitrogen coordination structure (denoted as Fe-Nx 

moieties) embedded in carbon matrix, nitrogen-doped carbon coated Fe/Fe3C nanoparticles, and 

nitrogen-carbon moieties (C-Nx). The major distinction between the three types of active sites lies 

in the role of transition metal in active site formation. For the Fe-Nx moieties, the Fe cation is the 

direct center for binding oxygen, as is the case for non-pyrolyzed macrocycles and CcO.36, 45, 46 

Others state that the Fe/Fe3C particles entrapped in N-doped carbon layers, though is not in direct 

contact with oxygen molecule, can modify the electronic structure of the surface carbon layer and 
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turn the latter into ORR active sites.47-51 Additionally, many researchers argue that the transition 

metals only catalyze the formation of C-Nx active sites during pyrolysis, but do not participate in 

catalyzing ORR itself.52-54 It should also be noted that N-doped carbon is ORR active even without 

the presence of transition metal in precursor. 

2.2.1 The Me-Nx Moieties 

 Gu et. al. used aberration-corrected STEM and EELS mapping techniques are used to 

investigate the distribution of different elements in pyrolyzed Fe-N-C catalysts. STEM images 

confirms the existence of Fe as single atom in many cases besides forming nanocrystals. And the 

signals of Fe and N are found to be adjacent to each other in EELS mapping spectrum of sub-

angstrom level resolution, providing visual evidence for the existence of the Fe-Nx structure.55-57 

The chemical environment of surface Fe in Fe-N-C catalysts is extensively studied with XPS 

analysis. Which confirms the presence of Fe bound to pyridinic nitrogen at the edge of carbon 

scaffold.58-60 Besides showing the existence of Fe-Nx site, various comparison studies are also 

performed to demonstrate its role as the key ORR active site. Acid treatment are employed in many 

studies to selectively remove Fe-based nanoparticles without affecting the Fe-Nx centers. Many 

works report the enhancement of ORR activities of the catalysts after nanoparticle removal, which 

indicates the necessity of exposing Fe-Nx sites, and that Fe-based nano-crystallites are ORR 

inactive. [33-35SiO,yadong] Besides, the poisoning effect of many anions with high affinity for 

Fe cation points out that the catalysts lose their high activity when Fe is blocked, confirming their 

participation in the ORR process.61  
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Figure 2.4 Side views and top views of the proposed structures of (a) the FeN4/C catalytic site in 

heat-treated, macrocycle-based catalysts assigned to Mössbauer doublet D1, (b) the FeN2+2-like 

micropore-hosted site found in the catalyst prepared with iron acetate and heat-treated in ammonia 

assigned to doublet D2, and (c) the N–FeN2+2-like composite site, where N–FeN2+2 is assigned to 

doublet D3. In all side views, the graphene planes are drawn as lines.62 
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Figure 2.5 Comparison between the K-edge XANES experimental spectrum of Fe0.5 (black dashed 

lines) and the theoretical spectrum calculated with the depicted structures (solid red lines). a. 

FeN4C10 moiety. b. FeN2C2C4C4 moiety. c. FeN4C12 moiety. d. FeN4C12 moiety with one O2 

molecule adsorbed in end-on mode. e. FeN4C12 moiety with two O2 molecules adsorbed in end-on 

mode. f. FeN4C12 moiety with one O2 molecule adsorbed in side-on mode. The brown sphere 

represents an iron atom, whereas blue, grey and red spheres identify nitrogen, carbon and oxygen 

atoms, respectively.63 
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   The more accurate identification of the Fe-Nx structure are obtained by X-ray absorption near-

edge spectroscopy (XANES) analysis and Mossbauer spectroscopy analysis, which are highly 

precise to the chemical environment and bonding condition of heavy elements. Plenty of 

experimental evidence using such techniques has confirmed the existence of several types of Fe-

N4C12 coordination structures in the pyrolytically synthesized Fe-N-C catalysts (Figure 2.4 and 

2.5). While the orbital energy of the central Fe atom is found to be affected by the properties of 

the carbon support hosting the Fe-N4C12 structure, which is critical for the high ORR activity of 

the catalyst.62-67 

   According to Sabatier’s principle, the high ORR activity of the Fe-N4 active site is probably 

attributed to the moderate adsorption strength between the ORR intermediates and the center Fe 

atom.45, 68 Mukerjee et al. confirmed the chemical environment of Fe-N4 structure in macrocycle 

and polymer derived Fe-N-C materials under ORR operation using in-situ XAS investigation. 

Figure 2.6 shows the proposed catalytic mechanism of ORR on Fe-Nx sites in alkaline media. The 

central Fe resided out-of-plane the reducing of oxygen and moved back to the plane of the four 

coordinating nitrogen at higher potential. Fe undergoes Fe2+/Fe3+ redox transition during the 

catalytic reaction. The disordered graphitic carbon basal planes serve as electron-withdrawing 

group surrounding the Fe-Nx structure. Such π-electron delocalization effect cause a downshift of 

the dz2 orbital of Fe, weakening its binding strength with reaction intermediates to a favorable 

level. Moreover, the downshift of the eg orbitals also anodically shifts the Fe2+/Fe3+ redox potential 

and stabilizes the Fe-Nx coordination structure at higher potentials.45, 69 The above effects together 
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boosts the ability of Fe-Nx active site to reduce oxygen at higher potentials, and offers explanations 

for the different observed activity of the coordination structure on various carbon matrices.  

 

 

Figure 2.6 Catalyst cycle showing the redox mechanism involved in the ORR on pyrolyzed 

Fe−Nx/C active sites in dilute alkaline media.69 

 

2.2.2 The Fe-based Nanoparticles 

Fe-based nano-crystallites (Fe, Fe3C, FeN, Fe2O3 etc.) are commonly formed in Fe-N-C 

catalysts due to the great tendency of Fe atoms to aggregated under high temperatures. These 

nanoparticles may not be the targeted chemical phases during synthesis in many studies, and some 

research allege that they are catalytically inert towards ORR and even impede the Fe-Nx active 



27 

 

sites from functioning.70, 71 Whereas, recent research demonstrate that the nano-crystallites may 

have very profound and positive affect on the activity and stability of the Fe-N-C catalysts.48, 51, 64, 

66, 72-76 

 

 

Figure 2.7 TEM image of Pod-Fe (left) and HRTEM image of Pod-Fe with the inset showing the 

[110] crystal plaine of the Fe particle.50 

Iron-based nano-particles in Fe-N-C catalysts are usually coated with graphitic carbon layers, 

because of their ability to catalyze carbon formation during pyrolysis.77 Bao et al. thoroughly 

studied these type of encapsulation structure and proposed that the confined metal nanoparticles 

(NPs) can activate the surface carbon layer for ORR, through a unique host-guest electronic 

interaction. Specifically, they constructed pod-like CNTs encapsulating Fe and Co NPs (Figure 

2.7). The coating of carbon layers prevent the Fe NPs from direct interaction with the oxygen 

molecule, as well as the harsh electrolyte environments, improving the structures’ stability, 
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especially in acidic media. Density functional theory (DFT) calculations suggest that the catalytic 

activity arises from the decreased local work function of the CNT surface, which is due to the 

electron transfer from metal NPs to CNT. The doping of nitrogen of the carbon layers in addition, 

makes it more favorable for oxygen adsorption and activation. These effects together result in the 

high ORR activity and stability of the N-doped carbon layers encapsulating metal NPs.50 Bao et 

al. further explored the influence of the thickness of the carbon layers on the ORR activity of Pod-

Fe catalyst.78 Where they found that the ideal number of the coating carbon layers should be 1-3, 

and the ORR activity decrease drastically with increasing carbon thickness. These results 

confirmed their host-guest electronic interaction theory and opened a new route for designing ORR 

catalysts based on the encapsulation structure. 

Similarly, Li et al. prepared catalyst of hollow spherical morphology consisting of uniform iron 

carbide (Fe3C) nanoparticles encased by graphitic layers.48 The catalyst is demonstrated to be 

highly active in alkaline media and very stable in acidic media. The authors claimed that such 

catalysts contains negligible surface nitrogen and iron according to XPS analysis and thus 

attributed the ORR activity the carbon layers activated by the Fe3C particles encased (Figure 2.8). 

The catalyst lost its high activity after the ball-milling and acid leaching, after which the Fe3C 

particles were removed. 

Further, Mukerjee et al. employed the more precise ex-situ Fe Mossbauer spectroscopy and in-

situ synchrotron XAS analysis to study a type of highly active FePhen@MOF-ArNH3 catalysts. 

They claimed that the catalyst is predominantly composed of N-doped carbon embedded Fe/FexC 
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NPs without the presence of any N-Fe bond, proving the activation effect of Fe/FexC particles on 

the surface carbon atoms.49 More recently, Lu et al. also observed the activation of carbon shells 

for ORR by the encapsulated iron and cobalt sulfides.64 The catalyst possesses prominent activity 

and durability in alkaline media, and the covalent interaction between metal sulfide particles and 

carbon shells are elucidated by XAS and XPS analysis.  

 

 

Figure 2.8 Oxygen reduction process on carbon encapsulated Fe3C nano-crystallites (scale bar = 

5 nm).48 

As the encapsulated metal-based particles can affect the electronic structure surface carbon 

atoms, it is expected that they can adjust the electron density of other chemical phases in the surface 

carbon planes as well. Jiang et al. conducted a series of comparison studies of various Fe-N-C 
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catalysts and concluded that the presence of both Fe-Nx and Fe/Fe3C particles are necessary for 

achieving high catalytic activity for ORR.56 The authors found that the presence of encapsulated 

Fe/Fe3C nano-crystallites can modify the charge density of Fe atoms in the adjacent Fe-Nx sites, 

thus boosting its activity. Yet, the activity of the catalyst is greatly compromised with SCN- in the 

electrolyte, demonstrating the role of Fe-Nx as the direct ORR active center. Besides the 

encapsulated metal particles, the presence of iron oxides is also reported to improve the ORR 

activity of Fe-N-C catalysts through synergistic effect.79 In summary, metal-based nano-particles 

are found to have positive effects on the ORR activity of Fe-N-C catalysts. The host-guest 

electronic effect of confined nano-particles opens new avenues for designing Fe-N-C catalysts 

with improved activity. However, there is still ongoing debate about the functions of the 

nanoparticles caused by the complexity of the pyrolytic reaction and the different precursors used 

in various studies. Therefore, novel synthetic routes of more precise chemistry would be helpful 

for analyzing the functions of various components in Fe-N-C catalyst towards ORR. 

 

2.2.3 The C-Nx Active Sites 

It has been argued by many researchers that metal atoms, instead of catalyzing ORR directly 

as active sites, only catalyze the formation of the nitrogen sites in the carbon plane (pyridinic N, 

graphitic N and pyrrolic N), which are the actual active centers (the C-Nx sites).80-83 The presence 

of exposed edge-plane defects and nitrogen species are important for the effective adsorption of 

ORR intermediates.84, 85 For example, Ozkan and co-workers observed that a high level of 
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pyridinic N doping and large proportion of exposed edge planes of N-doped graphite could 

dramatically improve the activity of metal (Fe, Co, Ni) based catalysts.86  

 

 

Figure 2.9 Calculated charge density distribution for the NCNTs (left). And schematic 

representations of possible adsorption modes of an oxygen molecule at the CCNTs (top) and 

NCNTs (bottom). The C atoms around the pyrrolic-like nitrogen could possess much higher 

positive charges than do the C atoms around the pyridinic-like nitrogen.87 

Dai et al. prepared highly active vertically aligned N-doped CNT arrays by the pyrolysis of 

iron phthalocyanine followed by residual Fe removal.87 The researchers claimed that the 

incorporation of the more electron negative nitrogen atoms results in the electronic dipole 

formation between N(-) and adjacent C(+) atoms. The uneven distribution of charges expedites the 
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chemisorption of oxygen, facilitating the subsequent reduction. Different N species possess varied 

ORR catalytic functions. First-principle calculations reveals that pyridinic-N and graphitic-N are 

the dominant C-Nx active sites in nitrogen doped nano-carbon materials.88 Generally, the doping 

level of graphitic nitrogen determines the limiting current density of the catalyst, while high level 

pyridinic-N doping results in high onset potential.89-91 On the other hand, Guo et al. proposed 

recently that the carbon atom adjacent to pyridinic-N are the active site for N-doped carbon 

materials in acidic electrolyte. Which is based on their studies of highly oriented graphite model 

and N-doped graphene.52 

However, it has remained highly controversial to attribute the ORR activity of N-doped carbon 

materials to the nitrogen species, because of the presence of transition metal in the synthetic 

process. It has been pointed out that even trace amount of metal impurities can greatly influence 

the catalytic activity of heteroatom-doped graphene.92 With the observed phenomena in the 

previous literature, recent studies has established the theory that multiple active sites may work 

synergistically in Fe-M-C catalysts. In several cases, researchers probed the active site by adding 

cyanide into the electrolyte, which forms highly stable coordination bond with Fe cation and 

inhibits the Fe-O interactions. According to the poisoning treatment result, Xu et al. and Chen et 

al. speculated separately that the ORR active sites are primarily C-Nx species, with a small 

contribution from trace Fe cations. 
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2.3 Synthetic Strategies for High-Performing Fe-N-C Catalysts 

As the complexity of chemical phases and catalyst structure of pyrolytically synthesized Fe-

N-C catalysts have greatly hampered the understanding of the nature of active sites (section 2,2). 

The random nature of the traditional “mix & pyrolysis” synthetic method for Fe-N-C catalysts has 

also impeded the rational design of the material. Although some breakthroughs were obtained by 

the careful selection of different nitrogen and transition-metal precursors, as well as carbon 

supports, the rational optimization of the catalysts has remained challenging based on such test-

and-trial method.36, 37, 51, 93 

In general, two crucial factors govern the performance of non-precious metal catalysts. 1. 

Chemical composition and the interactions between different components of the catalyst, which 

determine the intrinsic activity of the active sites. 2. Porous structure and specific surface area of 

the catalyst, which determine the accessibility of active sites and the transport conditions of ORR-

relevant species (O2, OH-, H+, e-). The traditional method for preparing Fe-N-C catalysts is based 

on the direct pyrolysis of the mixture of nitrogen, carbon precursors and transition metal salts and 

always fails in controlling the above mentioned two properties of the resulting material. Thus, a 

novel synthetic strategy that enables the rational design of catalyst with desired properties 

mentioned above and comparable activity and stability to that of Pt/C catalyst will greatly benefit 

the progress of the field.93, 94 Herein, we summarize some recent advances to modulate the 

performance of Fe-N-C catalyst by adopting novel synthetic routes and rational selection of 

suitable precursors. 
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2.3.1 Me-Nx macrocycle molecule precursors 

 Me-Nx macrocycle molecules (metal phthalocyanines, metal porphyrins) have attracted 

widespread interest because the chemical environment of their metal atom resembles that of the 

bio-catalysts. However, though such molecules show good selectivity towards 4e ORR, they lacks 

intrinsically in activity and stability owing to their poor electron conductivity and tendency to 

aggregate. Despite great efforts, limited progress has been made in improving their catalytic 

performance. In several studies, researchers tried improving the performance of macrocycles 

through integrating it with carbon supports (graphene, CNT).95, 96 For example, Tang et al. reported 

the fabrication of rGO supported cobalt porphyrin. The π-π interaction between the macrocycle 

and graphene improved its activity and stability to a level comparable to Pt/C.97   

As mentioned in the beginning of the chapter, CcO can catalyze ORR with great selectivity 

for the 4e pathway. Therefore, utilizing macrocycle molecules to mimic the active site in enzyme 

might results in catalysts that feature the same selectivity. Specifically, the iron active center in 

CcO resides in a five-coordinated porphyrin ring, with an additional axial ligand. To mimic such 

structure, similar Fe macrocycles are covalently grafted onto CNTs in two reports, where the 

catalysts demonstrated improved activity and stability for ORR.98, 99 Theoretical calculations 

attributed the improved performance of such macrocycles to the altered energy of Fe 3d orbitals, 

which is caused by the change of ligand field.  
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Figure 2.10 (a) The structure of rGO/(Co2+-THPP)n.97 (b) Schematic diagram of the structure of 

the FePc–Py–CNT composite.98 (c) Schematic representation of the bio-inspired ORR catalyst, 

(2,6-difluorotetraphenylporphyrin (DFTPP))Fe-imidazole (Im)-CNT, covalently anchored to the 

surface of multi-walled CNTs.99 (d) Schematic synthetic strategy for FeCo-N-MC.100 (e) 

Schematic diagram of the synthesis of PCN-FeCo and PCN-FeCo/C.101 
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Metal macrocycles, unlike pyrolytically synthesized Me-N-C catalysts has well-defined 

molecular structures, and has recently regained research attention.102, 103 However, in spite of the 

progress made, the degradation of the macrocycle structure by ORR intermediates remains a major 

issue undermining their performance.104 As pyrolytically prepared Fe-N-C catalysts lacks the 

above problems, macrocycle molecules have also been explored as the metal and nitrogen source 

for pyrolysis.100, 105-107 Interesting progress has been made in the studies, including incorporating 

Fe porphyrins into carbon organic frameworks for the fabrication of hierarchical porous structure 

with uniform Fe-Nx center. Whereas, though the macrocycles seem to be advantageous precursor 

for obtaining Fe-Nx coordination structure during heat treatment, their high price is still a major 

drawback as mentioned before. 

 

2.3.2 Individual nitrogen precursors 

As discussed at the beginning of the chapter, preparing efficient ORR catalysts with individual 

nitrogen and carbon precursor and metal salts has the advantage of being cost-effective and has 

thus been the major focus of the field. Particularly, the molecular structure of the starting nitrogen 

source has significant influence over the chemical environment of N atoms formed in products. 

Whereas the precise mechanism of nitrogen species growth is too hard to predict for such complex 

high temperature pyrolysis, leaving alone the rational design of the catalyst. Therefore, the 

progress of the field has largely relied on the delicate selection of suitable N-containing precursors 

based on the test-and-trial method. Where typical nitrogen sources include small organic and 
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inorganic molecules (sodium azide, melamine, ethylenediamine, adenine etc.),36,108-111 and N-

containing polymers (polyaniline, polypyrrole, polyacrylonitrile etc.).37, 112, 113 Thus, a novel 

synthetic strategy that enables the fine control over the chemical phases and porous structure would 

be highly desirable for the rational design of Fe-N-C materials. 

 

 

Figure 2.11 Schematic illustration of the etching effect of NH3 on graphene oxide during heat 

treatment.114 

One special nitrogen precursor is ammonia gas. A second pyrolysis in NH3 atmosphere of the 

Fe-N-C catalysts prepared by pyrolysis in inert gas is found to significantly increase its catalytic 

activity. Such NH3 activation method is based on the etching reactions between ammonia gas and 

carbon scaffold under high temperature (Figure 2.11). The NH3 etched carbon scaffold show 

significantly increased micro-porosity and nitrogen doping, as well as increased electronic 

conductivity. Some studies claim that NH3 etching can increase Fe-Nx active sites due to increased 

nitrogen doping level, while others report that it is the increased basicity of carbon support after 
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NH3 that boosted the activity of the original Fe-Nx sites.63, 104, 115 Moreover, the effect of NH3 may 

also vary depending on the nature of the carbon support pyrolyzed. For example, Liang et al. 

reported the thorough study of the NH3 activation effect on a N-doped mesoporous carbon material 

prepared by pyrolyzing poly-o-phenylenediamine (PoPD) in argon.116 They reported in their study 

that the ORR activity of the NH3 etched material first grew fast with increasing NH3 activation 

duration and reached a plateau after 15 min. Such a trend is almost identical to that of weight-loss 

percentage and BET surface area with activation duration. Which proves a strong correlation 

between the ORR activity and the porosity of the catalyst. On the other hand, in contrast to the 

improved ORR activity, the total nitrogen contents decreased gradually, while the percentage of 

graphitic-N increased and reached maximum at 15 min. These results suggest that graphitic 

nitrogen plays important role in determining the activity of PoPD-derived catalsyts, which is 

supported by theoretical calculations.117-119 However, despite of the intrinsically high activity, the 

application NH3-activated Fe-N-C catalysts is limited by their poorer stability because of the 

degradation of the C-Nx structures formed.93, 120, 121 

 

2.3.3 Metal-organic framework precursors 

Metal-organic frameworks (MOFs) have highly porous structure and inherently coordinated 

metals and rich heteroatoms uniformly distributed in the carbon scaffold, which are advantageous 

properties for ORR catalysts. Though pristine MOFs suffer from poor electron conductivity, they 

can be good precursors for fabricating Me-N-C catalysts.39, 65, 122-126 Heat treatment can transform 
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MOFs into carbon scaffold with hierarchical porous structure, high surface area and uniform 

distribution of metal and nitrogen species. Cage containing MOFs can also be used as host for 

guest metal and nitrogen precursors.  

 

 

Figure 2.12. a) Schematic illustration of the formation of Fe-ISAs/CN, b) TEM, c) HAADF-

STEM image, corresponding element maps showing the distribution of Fe (yellow), C (red), and 

N (orange), d),e) HAADF-STEM images and enlarged images of the Fe-ISAs/CN. Single Fe atoms 

highlighted by red circles.71 
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Li et al. recently reported the usage of N-rich MOF as precursor for fabricating catalysts with 

isolated single metal atoms without metal NPs, which is hard to achieve in high temperature 

pyrolysis.71 Specifically, the cages of pristine MOF are used to host metal salt molecule of suitable 

size to form a complex. By keeping the concentration of metal atoms low enough, no NPs appears 

in the pyrolyzed complex, because of the binding of rich N atoms and the distance between metal 

atoms in the crystalline structure of the MOF host. 

However, though MOFs have been demonstrated to be advantageous in many aspects for 

preparing Me-N-C catalysts (ordered porosity, high surface area, abundant metal atoms and 

heteroatoms), there is still very limited understanding of the transformation mechanisms. 

Additionally, using MOFs as single precursor provides quite limited adjustability of its structure 

and composition. Yet reacting the bulk MOF with other metal and nitrogen precursor increase the 

cost and likely cause inhomogeneity in the product. Therefore, further investigations and novel 

synthetic strategies are needed for understanding MOF-derived catalysts and achieving better 

performance. 

 

2.3.4 Templates methods 

Besides the intrinsic activity of active sites, the surface area and porous structure, which 

determines the accessibility of active sites and the transport of reaction-related species are also two 

key factors governing the performance of ORR catalysts.  

The template-directed method is the most straightforward and effective way in fabricating 
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ORR catalysts with desired porosity.59, 94, 127, 128  

 

 

Figure 2.13. (a,b) TEM and (c) SEM images of as-prepared C−N−Co catalysts: (a) VB12/Silica 

colloid, (b) VB12/SBA-15, and (c) VB12/MMT. Insets in (a−c) are the model illustration of the 

catalysts with various mesoporous structures. (d−f) N2 sorption isotherms of these three C−N−Co 

catalysts. Insets show the pore size distribution from the BJH method of corresponding samples.94 
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Liang et al. successfully prepared a family of Vitamin B12 (VB12) and polyaniline-Fe 

complex derived mesoporous Me-N-C catalysts.94 Different pore diameter and surface areas were 

easily obtained by choosing various templates (silica colloid, SBA-15, MMT) as shown in Figure 

2.13. The VB12/silica colloid derived sample exhibited the highest BET surface area (572 m2/g) 

as well as the highest ORR activity. The good ORR performance of the catalyst is also attributed 

to its well-defined porous structure as well as a narrow mesopores size distribution. Recently, Sa 

et al. reported an inventive way of utilizing silica templates to enable the preferential formation of 

Fe-Nx active sites in pyrolytically synthesized Fe-N-C catalysts without Fe aggregation.70 

Specifically, they adsorbed iron porphyrin onto CNT, followed by silica layer overcoating and high 

temperature pyrolysis. The silica layer were etched away by HF after pyrolysis. The resulted 

particle free Fe-N-C catalyst exhibited better ORR activity in terms of half wave potential 

compared to that synthesized without silica coating, as well as a high device performance (320 A 

cm-3 in acidic PEMFC). Yet, the control samples with Fe-based particles consistently showed 

higher limiting current density than the catalysts prepared with silica-coating. Which indicates that 

these NPs could catalyze the reduction of HO2
-, which is the product of 2e ORR, completing the 

4e reduction of oxygen. 

Nonetheless, despite the effectiveness of rigid template approach, such method inevitably 

involves the preparation and removal of template particles, which makes the process tedious and 

hinders its scalability and economy. In this regard, thermally sacrificial template appears a more 

efficient way of preparing Fe-N-C catalysts with controlled porosity, such as FeO(OH).127 Which 
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however, still requires the careful preparation of templates. Preexisting 3D porous carbon 

architectures as CNT, carbon nano-fiber and 3D graphene could provide a carbon skeleton for the 

growth of metal and nitrogen species during pyrolysis.129-132 Yet, such approach lacks in 

controllability over the porosity of the product compared to the template methods, and the active 

site formation process is still random in nature, as is that of the traditional “mix & pyrolysis” 

method. 
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Chapter 3. Literature Review of Other Non-Precious 

Metal Catalysts 

Besides the pyrolyzed Me-N-C catalysts, transition metal oxides and heteroatom-doped 

carbon materials have also been extensively investigated as alternative ORR catalysts to the 

precious metal based catalysts. Though these two types of materials lacks in intrinsic activity 

compared with Me-N-C catalysts, the study of the nature of their active sites and catalytic 

mechanism can shed light on the understanding of Me-N-C catalysts. Which helps the designing 

of Me-N-C catalysts of improved ORR performance. As the current dissertation focus of the 

development of Me-N-C catalysts, metal oxide catalyst and heteroatom-doped carbon catalysts 

will not be extensively discussed. 

 

3.1 Metal oxide based materials 

Non-precious transition metal oxides are poor electron conductors because of their large 

bandgaps. So to achieve meaningful electro catalytic activity, they are always combined with 

carbon supports to form composite materials, or get modified through doping or introducing 

defects to enhance their electronic conductivity. These non-precious transition metal oxide based 

materials have the advantage of being earth abundant, cheap and environmental friendly. 

Particularly, the 3d transition metals of the VIIB group and the VIII group (like manganese, iron, 

cobalt and nickel) possess various valence states and oxide forms. And it has been found that 

through adjusting the valence state of the metal atom (electronic structure), the crystallinity of the 
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oxides and the materials’ morphology, these non-precious transition metal oxide based materials 

could have reasonable electro catalytic activity and stability for the oxygen reduction reaction in 

alkaline media.133-135 

 

 

Figure 3.1. Summary of the progress over recent years with respect to transition metal oxide, 

carbide and nitride based materials as ORR electrocatalysts.136 

Basically, the unsaturated metal cation on the oxide’s surface serve has the active site for this 

kind of materials for its ability to bind oxygen. And thus, the ORR performance of the catalyst is 

greatly decided by the electronic structure of the metal cation. For example, it has been found that 

for perovskite catalysts, the filling condition of the eg orbital is the key factor influencing the ORR 

activity. According to geometric considerations, only the dz
2 orbital of metal cation can effectively 

overlap with the π* orbital of oxygen. And the existence of one eg electron is very important to 
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facilitate the adsorption of oxygen on the active site. For when eg filling is larger than one, oxygen 

becomes less advantageous in the competition for active site with hydroxyl anion. However, when 

the eg filling is less than one, intermediates like hydroxyl group will bind the active site too strongly, 

in which case the desorption and final reaction steps of ORR become rate limiting.135 

However, though catalysts performing well in alkaline electrolyte could be of use for alkaline 

fuel cell and metal air battery, they are ineligible for proton exchange membrane fuel cell. Which 

has the most mature technology among fuel cells today, and is the closest to large scale 

commercialization. Unfortunately few of the non-precious metal transition oxides are stable in 

acidic and oxidizing conditions. And research regarding this kind of materials has been relatively 

silent compared with other kinds of catalysts for acidic fuel cell. 

Nevertheless, the electro-catalytic performance of the handful of metal oxides that are stable 

in acidic electrolyte (zirconium oxides, tungsten oxides, titanium oxides and tantalum oxides etc.) 

have also been studied, as proton exchange membrane fuel cell (PEMFC) cathode catalyst. And 

so have their carbides, oxy-nitride and carbo-nitride derivatives. As shown in Figure 3.1, progress 

has been made in this field over years. Although in some cases, the metal oxides materials show 

improved onset potential for ORR and even similar to that of platinum, it still lacks in mass specific 

current density, owing to poor transport of electrons to the active sites.104, 136, 137 

In summary, non-precious transition metal oxide based materials showed good performance 

for ORR in alkaline media. While they are still insufficient for application and is not eligible for 

PEMFC owing to the low intrinsic activity and poor electron conductivity. 
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3.2 Heteroatom-doped carbon materials 

There has been a fast development of metal-free, heteroatom doped carbon materials as electro 

catalyst for the oxygen reduction reaction between the year of 2009 and 2015. Catalysts of this 

class possessing comparable activity to platinum, or even better activity than platinum in alkaline 

electrolyte have been reported several times. Carbon materials are potential electro catalyst for 

ORR because of the high mobility of electrons on the graphite plane, and the abundance of 

delocalized π electrons. But as the graphitic structure is relatively stable, carbon materials alone 

are not active enough in catalyzing reactions. However this problem could be solved by heteroatom 

doping of various carbon structures (graphene, CNT etc.). The electronic structure of carbon 

materials could be easily adjusted by adding dopant atoms that have different electro-negativity 

and number of valence electrons. In the doping process, a redistribution of atomic charge density 

(creation of dipole in the non-polar carbon structure) and spin density is introduced, and the 

HOMO-LUMO gap of the carbon material could also get decreased, leading to low kinetic stability 

and high chemical reactivity.87, 138 

In 2009, Dai et al. reported the fabrication of vertically aligned nitrogen-doped carbon 

nanotubes through the pyrolysis of iron(II) phthalocyanine, and complete removal of the residual 

Fe by electrochemical purification. Thus prepared material exhibited almost the same half wave 

potential as that of a 20% Pt/C catalyst, and stayed stable up to 100,000 cycles of potential cycling 

in 0.1 M sodium hydroxide. The authors attributed the enhanced activity to the relatively high 

positive charge density on carbon atoms adjacent to nitrogen atom, which could serve as the active 
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sites and promote a side on adsorption of oxygen, facilitating a fast dissociative 4e pathway of 

ORR.139 In the same year, Chen et al. reported another case of nitrogen-doped carbon nanotubes, 

with an even slightly higher half wave potential than that of similar Pt/C catalyst. In this case the 

authors concluded that the increased nitrogen content and defects led to the enhanced ORR 

performance of the material.140 

In 2012, Dai et al. reported the synthesis of two BCN (boron and nitrogen co-doped carbon) 

materials with improved activity and stability for ORR in 0.1 M potassium hydroxide.55, 141 In the 

first study, they synthesized vertically aligned BCN nanotubes by pyrolysis of melamine diborate, 

and the material demonstrated almost the same half wave potential to that of 20% Pt/C electrode. 

Which lost 10% of the current density after 50,000 seconds of continuous oxygen reduction at -

0.2 V (vs. SCE). In the second case, BCN graphene was synthesized by annealing graphene oxide 

in the presence of boric acid under ammonia atmosphere. The resultant material showed slightly 

higher half wave potential than the BCN nanotubes, but worse stability, loosing10% of the current 

density after 40,000 seconds of continuous oxygen reduction under the same condition. The 

authors attributed the superb performance of the material to a reduced HOMO-LUMO gap of the 

material and increased spin and charge density on carbon atoms endowed by a moderate co-doping 

of boron and nitrogen. However, over doping is found to increase the energy gap, and reduce the 

conductivity of the material, compromising the catalytic activity. 

Afterwards, various materials of similar half wave potential and stability for ORR in 0.1 M 

potassium hydroxide have been reported. Other dopant elements like phosphor and sulfur have 
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also been explored.142, 143 However, no major breakthrough has been seen till today. The reported 

catalysts though show similar activity to that of Pt/C catalyst, lacks in stability compared to the 

goal set by DOE of 5000-hour durability.  

Moreover, the high activity and stability of heteroatom doped carbon materials is only seen in 

alkaline electrolyte. The catalytic performance of this class of materials still needs further 

improvement to meet the requirement for acidic fuel cells. 89 While the low density of these carbon 

based materials is another issue, which tends to increase the thickness of the catalyst layer needed 

in a real device, increasing the mass transfer resistance. Thus, designing porous 3D carbon 

structure with increased active site density could be a future direction of development for this class 

of catalysts. 
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Chapter 4. Objective of this Dissertation 

As discussed in the precious two chapters, there are currently two major issues impeding the 

development of Fe-N-C catalysts: 1. Difficulty in identifying the nature of the active site and 

understanding the interaction and synergistic effect between different chemical phases in 

catalyzing ORR. This is caused by the complexity and the random nature of the traditional “mix 

& pyrolysis” synthetic strategy, which results in the inconsistency of controlled parameters 

between comparison studies. 2. Difficulty in designing a synthetic strategy that simultaneously 

construct dense active sites and advantageous hierarchical porous structure for mass transfer, while 

retaining being economic and easy scalable. 

Therefore, the objective of this dissertation is designing a series of model catalysts that helps 

the understanding of active site formation in Fe-N-C catalysts and understanding the catalytic 

functions of different chemical phases towards ORR. Afterwards, on the basis of the established 

understanding, design an economic and easy-scalable synthetic route for fabricating Fe-N-C 

catalysts of superior catalytic activity and device performance that promises the replacement of 

Pt/C catalysts.  

 



51 

 

Chapter 5. Post Iron-Decoration of Mesoporous 

Nitrogen-Doped Carbon Spheres for Efficient 

Electrochemical Oxygen Reduction 

 

5.1 Introduction 

   Developing non-precious-metal catalysts (NPMCs) for oxygen reduction reaction (ORR) is 

critical for fuel cells and metal-air batteries.7, 113, 144 Among a wide range of NPMCs explored in 

the recent decades,87, 104, 134, 135, 145, 146 the composites based on pyrolyzed iron-nitrogen-carbon (Fe-

N-C) have been regarded as the most promising candidates because of their high activity.37, 48, 56, 

60, 69, 125, 147, 148 Generally, two types of Fe-containing moieties, namely nitrogen-coordinating Fe 

sites (Fe-Nx) and Fe-containing nanocrystals, have been regarded relevant to their ORR activity.48, 

50, 56, 61, 70, 149, 150, 151 In addition, nitrogen doping within the carbon supports may also play important 

roles in the ORR activity.63, 152, 153 As-doped nitrogen participates the formation of the Fe-Nx sites 

and may enhance catalytic activity through altering the local electronic states of the carbon 

supports.63, 69, 153 Furthermore, it has been suggested that doping carbon with nitrogen may generate 

carbon-nitrogen-based active sites (C-Nx),52, 87 which also exhibit good ORR catalytic activity. 

 The synthesis of Fe-N-C catalysts is generally achieved by pyrolysis of precursors containing 

moieties of nitrogen (e.g., melamine, polypyrrole, cyanamide), carbon (e.g., glucose, carbon black, 

carbon nanotubes), and iron (e.g., iron nitrate, ferrocene)48, 56, 125, 148 During the pyrolysis process, 

reactions occur among these moieties, leading to the formation of nitrogen-doped carbon scaffolds 
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with C-Nx sites, Fe-Nx sites, Fe and Fe3C nanoparticles. For such a high-temperature pyrolysis 

process, various reactions occur simultaneously, such as carbonization of carbon precursors to 

form porous carbon frameworks, and reactions of the iron moieties to form Fe and Fe3C 

nanoparticles. These reactions are highly complex and difficult to be deconvoluted, making the 

rational synthesis of the catalysts difficult.  

   Herein, we report a synthesis of Fe-N-C catalysts through a growth of active sites on preformed 

nitrogen-doped mesoporous carbon (NMC) with controlled pore structure and doping of nitrogen. 

Iron pentacarbonyl Fe(CO)5, a liquid molecule with a boiling point of 103 °C is used as the iron 

precursor. Fe(CO)5 decomposes at 180 oC forming metallic Fe and releasing CO, and the carbonyl 

ligands are easily substituted by Lewis bases. It is expected that Fe(CO)5 could wet the NMC 

surface and complex with the nitrogen-containing sites, facilitating the formation of active Fe-Nx 

sites and Fe nanoparticles on NMC upon its decomposition at elevated temperature. Compared 

with the state-of-art synthesis of Fe-N-C catalysts, this approach provides a pathway to 

simultaneously control the pore structure, nitrogen doping level, and the chemical environment of 

the active sites. With the development of nitrogen-doped carbons possessing better controlled pore 

structure and composition, this method could enable more rational design of Fe-N-C catalysts with 

better catalytic performance. 
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5.2 Experimental 

Synthesis of Fe/NMC catalysts 

In a typical synthesis, NMC (15 mg) was dispersed in ethyl ether (0.4 ml), followed by the addition 

of iron carbonyl (18.5 µl). The suspension was placed under room temperature for 2.5 h to fully 

vaporize the solvent, and the resultant precursor was heated to 800 °C at a heating rate of 15 °C 

min-1 under flowing nitrogen. The Fe/NMC-11 catalyst was obtained after 1 h of pyrolysis. The 

Fe/NMC-1 and Fe/NMC-30 catalysts were prepared using the exactly same procedure except for 

adding 1 µl and 50 µl instead of 18.5 µl of iron carbonyl respectively. The number in the notation 

of samples refers to the molar percentage of Fe with respect to the NMC host (assuming only 

carbon), based on the feeding amount of Fe(CO)5 and NMC. 

 

Characterizations 

Scanning electron microscopy (SEM) and energy dispersive spectra (EDS) were performed on a 

Nova 230 Nano SEM. Transmission electron microscopy (TEM) images were acquired on a FEI 

T12 transmission electron microscope operated at 120 kV. HAADF-STEM image, EDS elemental 

mapping and EDS linear scan were taken on FEI Titan. HRSTEM observation was carried out on 

a JEOL ARM200F (JEOL, Tokyo, Japan) STEM operated at 200 kV with cold field-emission gun 

and double hexapole Cs correctors (CEOS GmbH, Heidelberg, Germany). The attainable spatial 

resolution defined by the probe-forming objective lens is better than 80 picometers. X-ray 

photoelectron spectroscopy (XPS) tests were performed with Kratos AXIS Ultra DLD 
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spectrometer with a monochromatic Al K α (1486.6 eV) source. XPS is calibrated using the peak 

position of C 1s spectrum (284.6 eV). Nitrogen sorption isotherms were measured at 77 K with a 

Micromeritics ASAP 2020 analyzer. X-ray diffraction measurements were taken on Rigaku X-ray 

powder diffractometer using the copper Kα radiation (λ=1.54 Å).  

 

Electrochemical tests 

All electrocatalytic measurements are carried out in a three-electrode cell using a rotating disk 

electrode (RDE, PINE Research Instrumentation) with a WaveDriver 20 (PINE Research 

Instrumentation) electrochemical workstations at ambient temperature. A graphite rod and a 

Ag/AgCl (saturated KCl) were used as the counter and reference electrodes, respectively. A glassy 

carbon (GC) electrode was used as the substrate for the working electrode. To prepare the working 

electrode, 5 mg of the catalyst was dispersed in 1 mL of ethanol and 30 ul of 5 wt % Nafion solution 

by ultrasonication. A certain volume of the suspension was pipetted on the GC surface and dried 

at ambient temperature. RDE measurements for ORR were perform in O2 saturated 0.1 M NaOH 

electrolyte with a scan rate of 10 mV s-1. The polarization curves were corrected with background 

current and iR loss. Background current was scanned in N2 saturated 0.1 M NaOH. Solution 

resistance is determined by the high frequency intercept in the Nyquist plot from electrochemical 

impedance spectrum and used for iR correction. Potentials in this study refer to reversible 

hydrogen electrode (RHE). The reference electrode was calibrated by conducting cyclic 

voltammetry (CV) scan with Pt/C on GC as working electrode in H2 saturated 0.1 M NaOH. The 
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potential where current crossed zero was the thermodynamic potential for the hydrogen electrode 

reaction. In 0.1 M NaOH, E(RHE) = E(Ag/AgCl) + 0.942 V. Stability of the catalysts were 

evaluated by conducting CV scans between 0.6-1 V vs. RHE at 100 mV s-1 in O2 saturated 

electrolyte for 5000 cycles. 

 

5.3 Results and Discussion 

 

 

Figure 5.1. (a) Synthesis of Fe/NMC catalysts. TEM images of (b) NMC; (c) Fe/NMC-1; (d) 

Fe/NMC-11; and (e) Fe/NMC-30. (f) XRD patterns of NMC, Fe/NMC-1, Fe/NMC-11 and 

Fe/NMC-30. (g) N2 sorption isotherms and pore size distribution (inset) of Fe/NMC-11.  
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Figure 5.2. (a) SEM image and particle size distribution (based on 100 particles) of NMC, (b) 

SEM image and (c) TEM image of NMC. 

   The preformed nitrogen-doped carbon particles, NMC, was first prepared by an aerosol-

assisted method154 (See Figure 5.1a and the details of materials synthesis in Experimental Section). 

Briefly, a precursor solution containing a copolymer of melamine, phenol and formaldehyde 

(nitrogen and carbon sources) and silica colloidal particles (pore templates) was atomized and 

passed a heating zone at 450 oC. The resulted aerosol particles were collected and carbonized at 

900 oC for 3 hr. Figure 5.1b and Figure 5.2 show representative transmission electron microscope 

(TEM) and scanning electron microscope (SEM) images of the NMC, indicating a porous spherical 

structure. These particles exhibit a size distribution mostly in the range of 200-600 nm in diameter, 
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which is consistent with the size polydispersity of aerosol-based particles.155 Figure 5.3 shows the 

nitrogen adsorption and desorption isotherms and pore size distribution of the NMC, confirming a 

mesoporous structure with a pore diameter centered at around 15 nm. Such porous structure gives 

a high Brunauer-Emmett-Teller (BET) surface area of 843 m2 g-1. The nitrogen content of NMC is 

determined by energy dispersive x-ray spectroscopy (EDS) to be 7.01 wt% (Figure 5.4). 

 

 

Figure 5.3. N2 sorption isotherms (a), and pore size distribution (b) of NMC. 

   To synthesize the Fe/NMC catalysts, NMC was immersed in an ethyl ether solution of Fe(CO)5; 

subsequent evaporation of the solvent at room temperature impregnates NMC with iron carbonyl.  

The impregnated NMC was then pyrolyzed at 800 °C for 1 h with a heating rate of 15 °C min-1 

under N2 to form the Fe/NMC catalysts. Three samples, namely Fe/NMC-1, Fe/NMC-11 and 

Fe/NMC-30, where 1, 11 and 30 refer to the atomic percentage of Fe in the ethyl ether solution, 

were prepared in this work; the Fe loading in the three catalysts determined by EDS is 1.11 wt%, 

3.52 wt% and 4.45 wt%, respectively (Figure 5.4). All three catalysts were found to possess high 
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nitrogen contents of ~10 wt% as determined by EDS, similar to that of NMC.   

 

 

Figure 5.4. EDS elemental contents of NMC and three Fe/NMC catalysts. 

   Figure 5.1b-e compares the TEM images of the NMC and the resulted catalysts. The catalysts 

exhibit the spherical morphology with similar porous structure as that of NMC. No Fe particles 

are observed in Fe/NMC-1. With increasing Fe content, particles with several nanometers in 

diameter are observed in Fe/NMC-11. Further increasing the Fe content leads to the formation of 

larger size particles (~40 nm) in Fe/NMC-30. Consistently, Fe/NMC-30 exhibits the characteristic 

peaks of metallic iron (JCPDS 06-0696), whereas no Fe-related peaks are observed for Fe/NMC-

1 and Fe/NMC-11 (Figure 5.1f). In addition, iron carbide is commonly observed in pyrolytically 

synthesized Fe-N-C catalysts,56, 125, 148 nevertheless, no diffraction peak of iron carbide can be 

found in these samples. This is expected since the complicated reactions between the iron and 
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carbon moieties in the traditional synthesis is avoided in this synthesis approach.77, 156  

 

 

Figure 5.5. SEM image and particle size distribution, (b, c) SEM images at different 

magnifications of Fe/NMC-11. 

   Figure 5.5 shows the SEM images and size distribution of Fe/NMC-11, which resembles that 

of NMC, indicating the unaltered morphology of the catalyst after the second heat treatment. The 

pore structure of the catalysts was further investigated by N2 sorption analysis. Figure 5.1g shows 

N2 sorption isotherms and pore size distribution of Fe/NMC-11. The hysteresis loops indicate a 

mesoporous structure with a pore size distribution centered at around 15 nm, which is similar as 

that of NMC. The BET surface area of Fe/NMC-11 was found to be ~ 823 m2 g-1, which is also 

similar to that of NMC (843 m2 g-1). These results confirm the preservation of the porous structure 
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of NMC after Fe doping. 

 

 

Figure 5.6. (a) HAADF-STEM image, elemental mapping and EDS linear scan spectrum of 

Fe/NMC-11. (b) HAADF-HRSTEM image of a typical Fe particle in Fe/NMC-11. (c) HAADF-

HRSTEM image, and (d) ABF-HRSTEM image of another Fe particle in Fe/NMC-11. 

   To better study its composition and structure, we then obtained the high-angle annular dark 

field (HAADF) scanning transmission electron microscopy (STEM) image and the STEM-EDS 

mapping spectrum of a typical porous sphere of Fe/NMC-11. As illustrated in Figure 5.6a, all the 

four comprising elements are homogeneously distributed in the spherical particle. A number of 
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bright particles in several nanometers evenly spread over the carbon structure, corresponding to 

the dark particles in the conventional TEM observation (Figure 5.1d). Notably, EDS linear scan 

spectra across the porous sphere of Fe/NMC-11 further show the evenly distributed C and N 

elements throughout the line, confirming the uniform and high-level doping of nitrogen in the 

carbon host. Although being generally uniform, the signals of Fe and O show some localized well-

defined peaks. More careful examination reveals that their peak positions match with each other, 

and all correspond with the locations of the highlighted bright particles in the HAADF-STEM 

image. Such observation clearly indicates the correlation between the nanoparticles in Fe/NMC-

11 and Fe, O elements, which was further proved by an aberration-corrected scanning transmission 

electron microscopy (AC-STEM). The HAADF-HRSTEM image of a typical nanoparticle (Figure 

5.6b) reveals its well crystallized feature with a lattice distance of 0.216 nm, corresponding to the 

(011) plane of metallic iron (cubic, Im-3m). The surface of the crystallized nanoparticle, on the 

other hand, consists of a thin amorphous layer, which can be also seen in the HAADF and annular 

bright field (ABF) STEM images of another particle (Figure 5.6c-d). A closer look at the HAADF 

images reveals a number of atomic-scale bright dots in the amorphous surface layers of the 

particles, which should be attributed to heavy atoms of Fe. Therefore, it can be speculated that the 

nanoparticles in the Fe/NMC catalysts adopt a core-shell structure of surface oxidized crystalline 

metallic iron. 
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Figure 5.7. XPS survey scans of NMC, Fe/NMC-1, Fe/NMC-11 and Fe/NMC-30. 

  X-ray photoelectron spectroscopy (XPS) was then applied to study the surface composition of 

the catalysts, which is of special interest for electrocatalysis. The survey spectra of the three 

Fe/NMC catalysts confirmed the presence of C, N, O, and Fe elements (Figure 5.7).  Of 

particular notice is the similar N contents in NMC and the three Fe/NMC catalysts, ranging from 

5.81 at.% to 5.84 at.%, further indicating the preservation of nitrogen sites after the Fe decoration 

process. The high-resolution N 1s spectra of the samples (Figure 5.8) could be deconvoluted into 

two peaks corresponding to pyridinic N (398.4 eV) and graphitic N (400.8 eV). The former peak 

might also include a contribution from iron-bound nitrogen (N-Fe) from Fe-Nx moieties because 

of the small difference between binding energies of pyridinic N and N-Fe.94, 148, 157 Furthermore, a 
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closer examination of the N 1s spectra reveals that the area ratio of the two peaks are generally 

unchanged after decoration of Fe (Figure 5.9).   

 

 
 

Figure 5.8. High resolution XPS N 1s spectra of NMC and three Fe/NMC catalysts. 

   The above results show that the nitrogen content is generally unaffected during the Fe 

decoration process. If noncrystalline Fe-Nx moieties exist in the Fe/NMC catalysts, which is very 

likely as discussed shortly, they should be constructed from pyridinic N. Meanwhile, the graphitic 

N of NMC, which is reported to be the most active type of nitrogen for ORR, remain intact after 

the incorporation of Fe.90, 91, 116, 158 These results together demonstrate the advantage of our 
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synthetic strategy, which leaves the catalysts with desired nitrogen doping. High-resolution XPS 

Fe 2p spectra of the samples were also recorded to explore the surface state of the Fe atoms (Figure 

5.10). No zero-valence Fe was detected for any Fe/NMC catalyst, which confirms the STEM result 

that the surface of the Fe particles are oxidized. The signals at around 710 eV in the Fe 2p3/2 spectra 

of the three Fe/NMC catalysts should include the contribution from both Fe-Ox from the surface 

of Fe particles, and Fe-Nx.56, 98, 159  

 

 

Figure 5.9. XPS nitrogen contents of NMC and three Fe/NMC catalysts (numbers on the grey 

cylinders denotes the ratio of graphitic-N to total N contents in each catalyst). 
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Figure 5.10. High resolution XPS Fe 2p spectra of Fe/MC-11 and three Fe/NMC catalysts. 

 The ORR activities of the Fe/NMC catalysts were assessed using rotating disk electrode (RDE) 

technique in O2-saturated 0.1 M NaOH. The linear sweep voltammetry (LSV) tests were first 

performed on Fe/NMC-11, NMC, nitrogen-free mesoporous carbon spheres (MC) and a 

commercial Pt/C catalyst (40% Pt/C, JM). The MC was prepared from a similar precursor but 

without melamine as nitrogen source. As shown in Figure 5.11a, MC exhibits the lowest ORR 

performance with a half-wave potential (E1/2) of 0.777 V (vs. reversible hydrogen electrode (RHE)), 
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owing to the limited catalytic activity of the pristine carbon. After nitrogen doping, the NMC 

shows an enhanced activity in terms of an E1/2 at 0.801 V, due to formation of C-Nx active sites.91, 

116 After incorporation of Fe, the catalytic performance of Fe/NMC-11 dramatically improves with 

a high E1/2 of 0.862 V, which is closely comparable to that of Pt/C catalyst (0.872 V) and is among 

the best activity for iron based catalysts reported recently (Table 5.1). Considering the generally 

unaltered N-doped carbon structure, the improved ORR performance of the Fe/NMC-11 catalyst 

can be safely attributed to the incorporation of Fe-containing moieties. 

 

Table 5.1. Comparison of E1/2 for Fe-based catalysts in alkaline media. 
 

Catalysts 
Loading 

(mg cm-2) 

E1/2 vs RHE 

(V) 
Reference 

Fe/NMC-11 0.51 0.862 This work 

Fe-Nx/C 0.1 0.837 
J. AM. Chem. Soc. 2013, 

135, 15443 

Fe3C@NG-800-0.2 0.2 0.83 
ACS appl. Mater. Interface 

2015, 7, 21511 

S,N-Fe/N/C-CNT 0.6 0.85 
Angew. Chem. Int. Ed. 

2016, 55, 1 

Fe/N/C HNSs-750 0.255 0.8 Nanoscale 2015, 7, 1501 

Fe3C/C-800 0.6 0.86 
Angew. Chem. Int. Ed. 

2014, 53, 3675 

Fe/N-gCB 0.2 0.82 
Chem. Commun. 2015, 

51, 7516 

FePhen@MOF-

ArNH3 
0.6 0.86 

Nat. Commun. 2015, 6, 

7343 

BCNFNHs 1.2 0.861 
J. AM. Chem. Soc. 2015, 

137, 1436 
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Figure 5.11. (a) LSV curves of all the samples at 1600 rpm; (b) LSV curves of Fe/NMC-11 at 

various rotation rates. The inset shows the corresponding K-L plots of Fe/NMC-11 at different 

potentials. (c) Tafel plots of Fe/NMC-11 and 40% Pt/C; (d) LSV curves of Fe/NMC-11 before and 

after 5000 potential cycles. All the electrochemical tests above are carried out in O2 saturated 0.1 

M NaOH.                

   RDE measurements were further carried out to reveal the ORR kinetics of Fe/NMC-11. The 

linear and parallel Koutecky-Levich (K-L) plots suggest a first-order reaction toward the 

concentration of dissolved oxygen and similar electron transfer numbers for ORR at different 

potentials (inset of Figure 5.11b).134 The electron transfer number (n) was calculated to be ~ 3.9 

from 0.60 to 0.75 V on the basis of the K-L equations, indicating a dominant 4 electron transfer 
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process.160 Moreover, the kinetic current (jK) derived from the mass transport correction of the 

ORR currents shows a Tafel slope of 67 mV dec-1, close to the 62 mV dec-1 for Pt/C (Figure 5.11c).  

Therefore, similar to ORR catalyzed by platinum, transfer of the first electron catalyzed by 

Fe/NMC-11 is probably the rate-limiting step.161  

 

 

Figure 5.12. LSV curves of Fe/NMC-11 in O2 saturated 0.1 M NaOH with and without 1.0 M 

CH3OH.  

   The durability of Fe/NMC-11 was evaluated using an accelerated durability test protocol.48 As 

shown in Figure 5.11d, the catalyst exhibits extraordinary stability as the LSV curve was almost 

unchanged after 5000 potential cycles, which is among the best reported stability of Fe-N-C 

catalysts.48, 56, 94 Methanol tolerance of the Fe/NMC-11 catalysts was further evaluated by 

comparing the LSVs for the catalyst in both oxygen saturated 0.1 M NaOH and 0.1 M NaOH + 1 

M methanol solutions. As shown in Figure 5.12, no obvious change of the LSV curve is seen after 
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an injection of methanol, demonstrating the excellent methanol tolerance of Fe/NMC-11. 

 

Figure 5.13. LSV curves of three Fe/NMC catalysts. 

   The above results demonstrate the successful synthesis of highly active Fe-N-C catalysts by 

reacting preformed NMC with Fe(CO)5. NMC not only serves as a preformed carbon scaffold with 

controlled structure and high surface area, but also provides abundant N-doping sites to anchor the 

Fe moieties. The pyridinic N within the NMC may attack the Fe(CO)5 through a Lewis acid-base 

reaction forming active Fe-Nx sites,162 while graphitic N, which is relatively weaker binding ability 

but is regarded as the most active type of nitrogen for ORR, is well preserved during the 

pyrolysis.63 With a low Fe(CO)5 loading (e.g., Fe/NMC-1), most the Fe moiety forms the Fe-Nx 

sites. With increasing Fe(CO)5 loading (e.g., Fe/NMC-11), besides the formation of Fe-Nx sites, 

noticeably increased amount of crystalline Fe nanoparticles is also formed. Further increasing the 

amount of Fe(CO)5 used (e.g., Fe/NMC-30) leads to the formation of larger crystalline Fe particles, 

which might block the active sites in the catalyst, leading to inferior activity. Consistently, the 
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highest ORR activity was achieved by Fe/NMC-11, probably due to the optimized content of Fe-

Nx site and ultrasmall Fe nanocrystallites (Figure 5.13).  

 

 

Figure 5.14. (a) XRD patterns of MC, Fe/MC-1 and Fe/MC-11. (b) TEM image of Fe/MC-11. (c) 

LSV curves of MC, Fe/MC-1 and Fe/MC-11. (d) TEM image Fe/MC-1.  

 To verify the essential role of the nitrogen-containing sites in preformed carbon scaffolds, 

Fe/MC-11 catalyst without nitrogen doping was synthesized using a nitrogen-free carbon spheres 

MC following the same procedure of preparing Fe/NMC-11. Similar to Fe/NMC-11, no zero-

valence Fe is detected in Fe/MC-11 in the XPS study (Figure 5.10). It is also notable that the Fe 

2p3/2 peak position of Fe/MC-11 is 0.7 eV lower than that of Fe/NMC-11 (711.30 to 710.59 eV). 
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This shift can be explained by the different charge density of the Fe atoms in Fe-Nx and Fe-Ox 

structures.66, 163 A sharp peak of metallic Fe appears in the XRD pattern of Fe/MC-11, in line with 

Fe nanoparticles of around 50 nm in diameter observed in the TEM image (Figure 5.14a and b), 

which are notably larger than those in Fe/NMC-11. Therefore, the N atoms with high affinity to 

Fe might also serve as nucleation sites for crystalline Fe nanoparticles and prevent their excessive 

growth into larger sizes.56 We further extended this synthetic strategy to other metal carbonyls and 

successfully prepared Me/NMC (Me=W, Mo, Mn) composites with uniform distribution of metal 

particles (Figure 5.15, Figure 5.16), providing a general approach towards a new family of 

catalysts. 

 

Figure 5.15. TEM images of (a) Mn/NMC, (b) Mo/NMC and (c) W/NMC. 
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Figure 5.16. (a) XPS Mn 2p spectrum of Mn/NMC, (b) XPS Mo 3d spectrum of Mo/NMC and 

(c) XPS W 4f spectrum of W/NMC. 

   In addition, it has been observed that Fe nanoparticles may also exhibit ORR catalytic 

activity.164 To differentiate their contribution from that of Fe-Nx moieties, Fe/NMC-11 was washed 

with 0.5 M H2SO4 to remove the Fe nanoparticles (Figure 5.17). The resultant sample (denoted 

as Fe/NMC-11w) exhibits a lower E1/2 of 0.837 V than that of Fe/NMC-11 (0.862 V), but still 

notably higher than that of NMC (0.801 V) as shown in Figure 5.18. Thus, the Fe-Nx moieties are 

considered as the major active centers catalyzing the ORR. To verify this observation, we further 

decorated NMC with Fe nanoparticles without creating Fe-Nx sites (Figure 5.19a-b).  
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Figure 5.17. TEM images at different magnifications of Fe/NMC-11w. 

 

 
Figure 5.18. LSV curves of NMC, Fe/NMC-11 and Fe/NMC-11w. 
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Figure 5.19. (a) TEM image, (b) XPS Fe 2p spectrum of Fe/NMC-11-250, (c) LSV curves of 

NMC, Fe/NMC-11-250 and Fe/NMC-11. The Fe/NMC-11-250 catalyst was prepared using the 

same procedure as for Fe/NMC-11 except for a lower pyrolysis temperature of 250 oC. Such low 

temperature would allow the decomposition of Fe(CO)5 into Fe nanoparticles with surface 

oxidation without forming Fe-Nx sites. 

 

   However, the ORR activity of the resultant material is only slightly better than that of NMC, 

verifying the role of Fe-Nx moieties as major active sites in Fe/NMC catalysts (Figure 5.19c). 

While the surface-oxidized Fe nanoparticles do contribute to the high ORR activity, these 

nanoparticles alone show insufficient catalytic activity as suggested by the inferior performance 

of Fe/MC-11 (Figure 5.14c), though crystalline iron oxide particles have been reported to be ORR 

active.165 In addition, Fe/MC-11 shows a more negative half-wave potential, yet an increased 

current density in the diffusion-limited potential region compared with MC, suggesting an 
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increased electron transfer number. Similar phenomenon is also observed in Fe/MC-1 with smaller 

size of Fe nanoparticles (Figure 5.14a, d). These observations indicate that the Fe nanoparticles, 

though inactive for ORR at higher potential, could reduce HO2
- (product of the 2-e- reduction of 

oxygen) and thus facilitate the 4-e- ORR process.70  

 

5.4 Conclusion 

 In summary, we have demonstrated a novel synthesis strategy for high-performance Fe-N-C 

electrocatalysts by reacting preformed N-doped carbons with iron pentacarbonyl. This simple 

strategy separates the synthesis of N-doped carbon from the formation of active Fe-Nx sites, 

providing an effective approach to synthesize better Fe-N-C electrocatalysts with controlled pore 

structure, surface area, doping condition, and active sites. As formed catalysts exhibit outstanding 

ORR activity (closely comparable to 40% Pt/C) and stability in alkaline media, as well as good 

methanol tolerance. The synthetic strategy is also successfully extended to prepare other metal-N-

C composites. Considering the versatility of surface chemistry, we believe that our synthetic 

protocol opens a new avenue for designing metal-N-C catalysts and other surface-functionalized 

materials for various applications. 
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Chapter 6. Iron Decorated Hierarchically Porous 

Nitrogen-Rich Carbon as Efficient Electrocatalysts for 

Oxygen Reduction Reaction in Zn-Air Battery 

 

6.1 Introduction 

Metal-air batteries are promising electrochemical device for energy conversion owing to their 

high energy density and environmental friendliness. However, their performance has been limited 

by the sluggish oxygen reduction reaction (ORR) at the air cathodes.36, 135, 166 Although Pt-based 

catalysts show high catalytic activity towards ORR, the scarcity and high cost prevent their large-

scale applications. Thus, developing non-Pt ORR catalysts appears the ultimate solution to broaden 

the use of metal-air batteries.37, 52, 167-169 

During the past decade, a wide variety of materials have been studied as non-Pt ORR 

catalysts.48, 51, 73, 87, 93, 116, 134, 148, 170-172 Among them, “iron-nitrogen-carbon (Fe-N-C)” catalysts, 

which are typically prepared by pyrolyzing Fe, N, C-containing precursors exhibit the most 

promising activity.36, 37, 63 However, though Fe-Nx moieties are generally accepted as the major 

active site, the function of Fe/Fe3C nanoparticles in Fe-N-C catalysts has been debated. While 

some works report severe reduction in the catalysts activity upon the presence of Fe/Fe3C 

nanoparticles, other studies show that these nanoparticles may increase the activity of Fe-Nx 

through electronic interaction or act as alternative active sites.50, 56, 70, 71, 173 

Besides explaining the nature of active sites, the development of a low-cost and scalable 
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method for preparing Fe-N-C catalysts with high device performance still remains a challenge.11, 

174 In order to deliver high device performance, it is essential for the catalysts to possess high active 

site density, large surface area, and desired porous structure.93, 94 However, achieving these 

properties in Fe-N-C catalysts often requires using costly organometallic compounds and solid 

template, post treatment of the material and careful manipulation of the preparation conditions, 

compromising the economy and scalability of the synthesis methods.36, 59, 175, 176  

 

 

 

Scheme 6.1. Schematic illustration of the synthesis of Fe-NC catalysts. (I) ZIF-8 nanocrystals 

(grey polyhedron; the crystal structure of ZIF-8 is superimposed) dispersed in Fe(CO)5 

(surrounding molecules). (II) ZIF-8/Fe precursor (orange polyhedron) with Fe(CO)5 confined in 

the porous framework (shown in the superimposed image). (III) Fe-NC catalyst particles (black 

polyhedron) with rich micropores (possible structures of Fe-containing moieties are superimposed; 

brown: iron; grey: carbon; blue: nitrogen). 
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Herein, we demonstrate a novel and general approach to synthesize Fe-N-C electrocatalysts 

with abundant active sites and hierarchically porous structure based on the pyrolysis of Metal-

Organic Frameworks (MOFs)-iron carbonyl (Fe(CO)5) complex. As shown in Scheme 6.1, 

nanocrystals of a N-rich MOF (ZIF-8) are used as a porous host to adsorb and immobilize iron 

carbonyl at ambient temperature. Fe-NC catalysts are then obtained by directly pyrolyzing the iron 

carbonyl decorated ZIF-8 (ZIF-8/Fe). During the pyrolysis, Fe(CO)5 reacts homogeneously with 

the ZIF-8 scaffold, leading to the uniform distribution of Fe-related active sites on the N-rich 

porous carbon derived from ZIF-8. While the in-situ generated hierarchically porous structure 

could host the active sites by micropores and promote charge/mass transport by meso-/macropores, 

providing a large amount of easily accessible ORR active sites.94 In virtue of these advantageous 

features, the optimized Fe-NC catalyst exhibits excellent ORR activity with a half-wave potential 

of 0.91 V (vs. reversible hydrogen electrode, RHE), exceeding that of the benchmark 40% Pt/C 

catalyst. Furthermore, the zinc-air battery constructed with our Fe-NC catalyst at cathode, exhibits 

high open-circuit voltage (1.5 V) and peak power density (271 mW cm-2), which outperforms that 

of most non-precious metal catalysts (NPMCs) reported so far. 

Note that MOFs have been used as precursors for various electrochemically active 

materials,177-180 including ORR catalysts. For example, N-doped carbons with Co-based moieties 

have been prepared by pyrolyzing Co based MOFs (e.g., ZIF-67 and ZIF-9).124, 172, 181, 182 However, 

using MOFs as a single precursor for M-N-C catalysts provides quite limited capability to control 

the composition. Thus, in several studies aiming to synthesize Fe-N-C catalysts using MOFs, 
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additional Fe salts and costly N-containing chelating compounds are indispensable. Such 

components were generally mixed and reacted with bulky MOF particles, which increase the cost 

and likely cause inhomogeneity in the catalysts.39, 63, 183 Alternatively, partially replacing the 

pristine metal centers in MOFs (e.g., Fe-doped ZIF-8) offers a limited capability to manipulate the 

composition of MOF precursors.184, 185 In a sharp contrast, the approach developed in this work is 

cost-effective and easily scalable. Moreover, tuning the metal centers of the catalyst could be easily 

achieved by incorporating other metal carbonyls, offering the possibility to further enhance the 

catalytic activity and durability. 

 

6.2 Experimental 

Synthesis of ZIF-8 nanocrystals 

ZIF-8 nanocrystals are synthesized by using a simple and scalable co-precipitation method at 

ambient temperature. In a typical synthesis, 1.47 g of Zn(NO3)2∙6H2O was dissolved in 100 mL of 

methanol. Another solution was prepared by dissolving 1.62 g of 2-methylimidazole in 100 mL of 

methanol. The later solution was poured into the former one under magnetic stirring, and the 

stirring was stopped after the two solutions were well mixed. After remaining static for one day at 

ambient temperature, the white precipitates were collected by centrifugation, washed with 

methanol and then dried at 80 oC in a vacuum oven over night. 

Synthesis of ZIF-8/Fe 

To load iron into ZIF-8 nanocrystals, 500 mg of as-prepared ZIF-8 powder was dispersed in 4 
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mL of iron carbonyl (Fe(CO)5) under magnetic stirring in a seal glass vial at ambient temperature. 

After stirring for 4 h, the solid product was collected by filtration and rinsed with ethanol to remove 

the excess iron carbonyl. The product was finally rinsed with acetone and dried at ambient 

temperature. Controlled experiments were also performed by extending the stirring time to 8 and 

12 h. 

Synthesis of Fe-NC catalysts  

   The as-prepared ZIF-8/Fe was annealed in a tube furnace under N2 at 800, 900, and 1000 oC 

for 4 h with a heating rate of 10 oC min-1. The resulting powder was milled using a SPEX 5100 

mix mill for 20 min to break down the aggregated particles. NC-900 sample was directly prepared 

from ZIF-8 nanocrystals at 900 oC without Fe source for comparison. 

Synthesis of other M-NC catalysts 

   To synthesize M-NC catalysts containing other transition metals, 100 mg of corresponding 

solid metal carbonyls (Mn2(CO)10, Co2(CO)8, Mo(CO)6, W(CO)6) are dissolved in an appropriate 

amount of diethyl ether. And then 200 mg of ZIF-8 nanocrystals was added into the above solution. 

After stirring at ambient temperature for 16 h, the product was collected by filtration and rinsed 

by diethyl ether. The as-obtained precursor was subjected to the same heat treatment at 900 oC for 

4 h in nitrogen. 

Characterizations 

Powder X-ray diffraction was operated on a Rigaku MiniFlex II (Rigaku, Japan) using Cu Kα 

radiation (λ=0.15406 nm). Nitrogen-sorption isotherms were measured at 77 K with a 
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Micromeritics ASAP 2020 analyzer (Micromeritics Instrument Corporation, Norcross, GA). 

Specific surface areas were calculated by the Brunauer-Emmett-Teller (BET) method and the 

micropore surface areas were obtained by the t-plot method. Morphology and structure of the 

samples were characterized by scanning electron microscope (SEM, FEI Nova NanoSEM) and 

transmission electron microscope (TEM, FEI T12, 120 kV; FEI Titan). Elemental composition 

was analyzed by energy-dispersive X-ray spectroscopy (EDS) attached on SEM. X-ray 

photoelectron spectroscopy (XPS) tests were performed with Kratos AXIS Ultra DLD 

spectrometer with a monochromatic Al K α (1486.6 eV) source. Thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC) was conducted on a TA Instruments SDT-Q600 under 

N2 flow with a heating rate of 10 oC min-1. 

Electrochemical measurements 

   All electrocatalytic measurements are carried out in a three-electrode cell using a rotating ring-

disk electrode (RRDE) or rotating disk electrode (RDE) from PINE Research Instrumentation, 

with a Bio Logic VMP3 (Bio Logic Science Instruments) and a WaveDriver 20 (PINE Research 

Instrumentation) electrochemical workstations at ambient temperature. A graphite rod and a 

Ag/AgCl (saturated KCl) were used as the counter and reference electrodes, respectively. A glassy 

carbon (GC) electrode was used as the substrate for the working electrode. To prepare the working 

electrode, 5 mg of the catalyst was dispersed in 2 mL of ethanol and 30 uL of 5 wt% Nafion 

solution by ultrasonication. A certain volume of the suspension was pipetted on the GC surface 

and dried at ambient temperature. RDE and RRDE measurements for ORR were perform in O2 
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saturated 0.1 M NaOH as electrolyte with a scan rate of 10 mV s-1. The polarization curves were 

recorded using positive scan, and corrected with background current and iR loss. Background 

current was scanned in N2 saturated 0.1 M NaOH. Solution resistance determined by the high 

frequency intercept in the Nyquist plot from electrochemical impedance spectrum and used for iR 

correction. Onset potential is defined as the potential to reach a current density of 0.1 mA cm-2.  

Potentials in this study refer to reversible hydrogen electrode (RHE). The reference electrode 

was calibrated by conducting cyclic voltammetry (CV) scan with Pt/C on GC as working electrode 

in H2 saturated 0.1 M NaOH. The potential where current crossed zero was the thermodynamic 

potential for the hydrogen electrode reaction. In 0.1 M NaOH, E(RHE) = E(Ag/AgCl) + 0.942 V. 

Stability of the catalysts were evaluated by conducting CV scans between 0.6-1 V vs. RHE at 100 

mV s-1 in O2 saturated electrolyte for 5000 cycles.  

In the RRDE measurements, the ring potential was kept constant at 1.5 V vs. RHE. The 

electron transfer number (n) per oxygen molecule were calculated by the following equation:   

                                          

                   n = 4 * Id / (Id + Ir / N)                      (1) 

 

where Id, Ir and N are disk current, ring current and current collection efficiency of the Pt ring 

respectively. N was determined to be 0.4. 

Zinc-Air battery tests were performed on home-built electrochemical cells. Specifically, Zn 

foil and 6 M KOH are employed as anode and electrolyte respectively. Certain amount of the 
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catalysts and Nafion solution (Sigma Aldrich, 5 wt%) were dispersed in ethanol and sonicated for 

60 min to form a homogeneous ink. The catalyst ink was then sprayed onto carbon paper, and the 

catalyst loaded carbon paper (catalyst loading: 1 mg cm-2) were then used as the air cathode in Zn-

air battery. 

 

6.3 Results and Discussion 

Uniform ZIF-8 nanocrystals with size of around 80 nm (Figure 6.1) were first synthesized by 

a simple and scalable co-precipitation method.186 After thoroughly removing the solvent, ZIF-8 

nanocrystals were directly dispersed in iron carbonyl, a light-orange-colored liquid. After stirring 

for 4 h, the resulting iron carbonyl decorated ZIF-8 (ZIF-8/Fe) well retains the crystal structure of 

the pristine ZIF-8 without any visible impurity from the powder X-ray diffraction (XRD) patterns 

(Figure 6.2a). However, an obvious change in color, from white of ZIF-8 to light brown of ZIF-

8/Fe was observed (insets of Figure 6.2a). The successful incorporation of Fe in ZIF-8/Fe is 

further verified by energy-dispersive X-ray spectroscopy (EDS) analysis (Figure 6.3). 

Additionally, transmission electron microsope (TEM) images of the ZIF-8/Fe reveals the well 

preserved polyhedral morphology of ZIF-8 with a rougher surface (Figure 6.4). On the basis of 

the above observation, we conclude that iron carbonyl would be mostly adsorbed by the porous 

structure of ZIF-8. Due to the strong interaction between these two components, the highly volatile 

and reactive iron carbonyl could be stabilized and participate in the formation of active sites upon 

heating.162 
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Figure 6.1. TEM images of ZIF-8 nanocrystals. 
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Figure 6.2. (a) XRD patterns of ZIF-8 and ZIF-8/Fe (insets show the digital photos of the samples). 

(b) Elemental composition of the Fe-NC catalysts determined by EDS. (c) XRD patterns of the Fe-

NC catalysts prepared at different temperatures. (d) Comparison of the specific surface area and 

pore volume contributed from micropores and meso/macropores of the Fe-NC catalysts.  
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Figure 6.3. EDS spectrum of the ZIF-8/Fe. 

 

 

 

 

Figure 6.4. TEM images of ZIF-8/Fe. 
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Thermogravimetric analysis (TGA) shows that ZIF-8 starts to decompose and carbonize at 

around 620 oC, followed by continuous weight loss at high temperature due to vaporization of Zn 

and loss of unstable species (Figure 6.5a). For ZIF-8/Fe, the gradual weight loss at low 

temperature is likely caused by the decomposition of iron carbonyl. The presence of Fe triggers 

the carbonization at a lower temperature of 570 oC (Figure 6.5b), manifesting the interaction 

between ZIF-8 and Fe during pyrolysis. Thus, Fe-NC catalysts were obtained by pyrolysis of ZIF-

8/Fe in N2 at 800, 900 and 1000 oC (generating Fe-NC-800, Fe-NC-900 and Fe-NC-1000 

respectively) to optimize its composition and porous structure. As shown in Figure 6.2b, energy-

dispersive X-ray spectroscopy (EDS) analysis shows that Zn has been completely removed during 

the heat treatment except for some minimal residual in Fe-NC-800. As the annealing temperature 

increases, the atomic contents of N and O decrease from 17.8 to 4.5 at.% and from 9.3 to 1.7 at.%, 

respectively, while the content of Fe remains in the range of 1.6-2.2 at.%. The XRD patterns 

(Figure 6.2c) indicate that the Fe-NC samples consist of amorphous carbon as characterized by 

the broad humps at around 26o. In Fe-NC-900, minor diffraction peaks due to crystalline moieties 

are observed at around 44o. The diffraction peaks become much more pronounced in Fe-NC-1000, 

which are identified as Fe and Fe3C. Formation of such crystalline phases are common in Fe-N-C 

catalysts, and they might also contribute to the catalytic activity for ORR.48, 56 Yet no Fe-related 

peaks is observed in the XRD pattern of Fe-NC-800, which may be because that Fe atoms in this 

sample mostly exists in a non-crystalline form. 
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Figure 6.5. TGA and DSC curves of (a) ZIF-8 and (b) ZIF-8/Fe in N2 flow. 

 

Specific surface area and pore structure of the Fe-NC catalysts are characterized by N2 

adsorption-desorption isotherms (Figure 6.6). All three samples exhibit hierarchical pore structure 

consisting of micro-, meso- and macro- pores. The specific surface area and pore volume 

contributed from micropores and meso-/macropores are compared for the three catalysts in Figure 

6.2d. At an annealing temperature of 800 oC, the porosity of Fe-NC-800 is not fully developed, 

resulting in a moderate surface area of 290 m2 g-1. Raising the temperature to 900 oC increases the 

surface area of Fe-NC-900 to 526 m2 g-1 with a high microporous surface area of over 300 m2 g-1, 

as well as increased pore volume. Such high surface area is quite remarkable considering the 

absence of extra templates or supports. Further increasing the temperature to 1000 oC somehow 

creates more meso-/macropores in Fe-NC-1000 yet substantially decreases the microporosity, 

resulting in a decreased surface area of 444 m2 g-1.  
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Figure 6.6. N2 adsorption-desorption isotherms of Fe-NC catalysts. 

 

Scanning electron microscope (SEM) and transmission electron microscope (TEM) were 

employed to investigate the Fe-NC catalysts. All of the samples show similar morphology under 

SEM observation with interconnected nanoparticles originated from the ZIF-8 nanocrystals 

(Figure 6.7). However, TEM images in Figure 6.8 show different nanostructure of these samples. 

In line with the XRD result, no crystalline species are found in Fe-NC-800 (Figure 6.8a and b). 

The interconnected carbon particles form a disordered meso-/macroporous structure, and each 

carbon particle exhibits a highly microporous texture. For Fe-NC-900, similar hierarchical porous 

structure is observed with increased porosity (Figure 6.8c), which is expected from the loss of 

unstable species at high temperature. Moreover, crystalline Fe/Fe3C nanoparticles with small size 

below 30 nm could be identified as black spots in the TEM images (arrow in Figure 6.8d), which 



90 

 

are embedded in the carbon matrix. At a higher temperature of 1000 oC, the Fe/Fe3C nanoparticles 

further migrate, coalesce and grow into larger particles (Figure 6.8e), leaving behind many empty 

graphitic shells (arrow in Figure 6.8f). Such catalytic formation of graphitic carbon is common in 

the presence of Fe,37, 148 and it is accounted for the increased meso-/macroporosity and elimination 

of micropores in Fe-NC-1000.  

X-ray photoelectron spectroscopy (XPS) was performed to analyze the binding states of N 

and Fe of the Fe-NC catalysts (Figure 6.9a and b). The N 1s spectra show the existence of pyrrolic 

(400.2 eV) and pyridinic (398.4 eV) nitrogen, while the second peak, whose ratio decreases upon 

increasing temperature, might also include a contribution from nitrogen of Fe-Nx moieties.94, 148, 

157 The surface Fe content is found to be 4.25, 3.36 and 1.22 at.% for Fe-NC-800, 900, 1000 

respectively. No signals of zero-valence Fe was observed in the Fe 2p spectra of the Fe-NC 

catalysts, and the peak at around 710 eV can be attributed to the Fe in Fe-Nx moieties, which agrees 

well with the TEM observation that the formed Fe particles in Fe-NC catalysts are coated with 

carbon.98 High temperature treatment aggregates Fe atoms to form nanocrystals, removes N, O 

atoms and recovers defects in the carbon structure. Which might enhance the electronic 

conductivity but reduce the amount of ORR active sites. Therefore, a compromise should be made 

to achieve the optimal performance as discussed shortly. 
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Figure 6.7. SEM images of (a) FE-NC-800, (b) Fe-NC-900 and (c) Fe-NC-1000. Scale bars are 

500 nm. 

 

The electrocatalytic performance of Fe-NC catalysts for ORR was evaluated in 0.1 M NaOH 

solution using a rotating disk electrode (RDE). The polarization curves shown in Figure 6.9c 

indicate that all of the three Fe-NC catalysts are highly active towards ORR. Among them, Fe-NC-

900 shows the best electrocatalytic performance, which is approaching that of the benchmark Pt/C 

catalyst (40 wt%, Johnson Matthey, with a high loading of 50 µg cm-2). A high half-wave potential 

(E1/2) of 0.88V (vs. reversible hydrogen electrode, RHE) is obtained, together with an increased 

limiting current. In contrast, NC-900, prepared by pyrolyzing ZIF-8 at 900 oC without iron 

carbonyl displays much inferior catalytic activity, confirming the critical role of Fe in forming 

active sites. Tafel plots (Figure 6.10) provide additional information regarding the electrocatalytic 

behaviors of the different catalysts. Fe-NC-900 and Fe-NC-1000 show small Tafel slopes of 62 

and 59 mV dec-1 respectively, which are comparable to that of Pt/C (56 mV dec-1). Fe-NC-800 

however, exhibits a higher Tafel slope of 98 mV dec-1, implying that the rate-determinant step 

might involve both charge transfer and the transport of reaction intermediates.37 
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Figure 6.8. TEM images of (a, b) Fe-NC-800, (c, d) Fe-NC-900 (arrow in d indicates the Fe/Fe3C 

crystalline nanoparticle), (e, f) Fe-NC-1000 (arrow in f indicates the cage-like structure). 



93 

 

 

 

Figure 6.9. (a, b) XPS N 1s and Fe 2p spectra of Fe-NC catalysts prepared at different temperature. 

(c) Polarization curves of Fe-NC catalysts prepared at different temperature (loading: 0.25 mg cm-

2), NC-900 (loading: 0.25 mg cm-2) and commercial 40 wt% Pt/C catalyst (Johnson Matthey, 50 

µg Pt cm-2) in 0.1 M NaOH at 1600 rpm. (d) Comparison of onset potential, half-wave potential 

and Tafel slope of different Fe-NC and Pt/C catalysts.  
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Figure 6.10. Tafel plots of Fe-NC catalyst, NC-900 and Pt/C derived from the polarization curves 

shown in Figure 6.9c. 

 

The onset potentials, half-wave potentials and Tafel slopes of the Fe-NC and Pt/C catalysts 

are summarized for better comparison in Figure 6.9d. Interestingly, a higher temperature of 

pyrolysis results in a lower onset potential and a lower Tafel slope of the corresponding Fe-NC 

catalysts, for which several reasons can be assumed. First, the Fe-NC sample prepared at lower 

temperature exhibits higher N content, especially Fe-NC-800 exhibits the highest N content of 

17.8 at.%, which may promote the formation of non-crystalline active sites like Fe-Nx. Such effect 

is supported by the absence of Fe-based particles and the highest surface Fe content in Fe-NC-800, 

which gives rise to its highest onset potential.63 On the other hand, increase of annealing 

temperature in the case of Fe-NC-900 and Fe-NC-1000 substantially reduces N-doping and 

promotes the growth of Fe-based nanocrystallites. Which reduces surface Fe-Nx and lowers the 
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onset potential. Nevertheless, higher temperature creates rich meso-/macropores (Figure 6.2d) and 

removes defects in the carbon matrix. As a result, the mass and electron transport are facilitated in 

Fe-NC-900 and Fe-NC-1000, which attribute to their lower Tafel slopes.  

 

 

Figure 6.11. CV profiles of (a) Fe-NC-800, (b) Fe-NC-900, and (c) Fe-NC-1000 at scan rates of 

5, 10, 20, 50, 100 mV s-1 in N2 saturated 0.1 M NaOH. (d) Current density differences (Δj) plotted 

against scan rates. Δj is the difference between anodic and cathodic current densities at potential 

indicated by the black dash lines, where no redox current peaks are observed. The linear slopes in 

(d) are equivalent to twice of the electrochemical double-layer capacitances (Cdl). Cdl is generally 

used to represent the electrochemical surface area (ECSA). 
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Figure 6.12. Polarization curves of Fe-NC-900 before and after 5000 CV cycles (inset shows the 

enlarged polarization curve) in 0.1 M NaOH at 1600 rpm. 

 

In principle, an ideal catalyst should have a high onset potential and a small Tafel slope in 

order to achieve high current density with low over-potential. However, we find that the pyrolysis 

temperature shows contradictory effects on the Fe-NC catalysts, and consequently, a compromise 

results in the highest E1/2 of Fe-NC-900. The high catalytic activity of Fe-NC-900 could also be 

understood by its high micropore surface area and electrochemical surface area (ECSA) (Figure 

6.11) that host rich accessible Fe-Nx sites. Moreover, the stability of Fe-NC-900 was evaluated by 

continuous cyclic voltammetry (CV) scans between 0.6-1.0 V vs. RHE in O2 saturated 

electrolyte.48 The polarization curve of Fe-NC-900 after 5000 potential cycles well overlaps with 

the original one, with only a small shift of around 5 mV in E1/2 (Figure 6.12), proving its excellent 
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stability. 

 

 

 

Figure 6.13 (a) Polarization curves and the corresponding electron transfer number of Fe-NC-900-

M, Fe-NC-900-M-AW and NC-900 (loading: 0.25 mg cm-2) in 0.1 M NaOH at 1600 rpm. (b) 

Polarization curves and the corresponding electron transfer number of Fe-NC-900-M (loading: 

0.25 mg cm-2) in 0.1 M NaOH with and without 1 mM NaSCN at 1600 rpm. (c) Discharge curves 

of the primary Zn-air batteries with Fe-NC-900-M and 40% Pt/C as cathode catalysts at 44 mA 

cm-2. (d) Polarization curve and the corresponding power density plot of the Zn-air batteries with 

Fe-NC-900-M and 40% Pt/C as cathode catslysts. 
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Having optimized the pyrolysis temperature, we further investigated the possibility to improve 

the catalyst by increasing Fe content, which may increase the density of active sites. Specifically, 

the stirring time of ZIF-8 in iron carbonyl was extended from the original 4 h for Fe-NC-900 to 8 

h for medium Fe loading (Fe-NC-900-M) and 12 h for high Fe loading (Fe-NC-900-H). As shown 

in Figure 6.13a, Fe-NC-900-M shows greatly improved catalytic performance in terms of a much 

higher half-wave potential of 0.91V, exceeding that of the benchmark Pt/C catalyst (E1/2 = 0.90 V) 

and most of the NPMCs reported so far (Table 5.1). Whereas further increasing the Fe content 

significantly decreases the activity of Fe-NC-900-H (Figure 6.14). XRD and TEM results suggest 

that Fe-NC-900-M generally retains the nanostructure of Fe-NC-900 (Figure 6.15). However, 

excess loading of Fe produces abundant large Fe particles and catalyzes the growth of carbon 

nanotubes in Fe-NC-900-H, which might eliminate the Fe-Nx active sites residing in the pristine 

microporous carbon structure. In addition, the apparent catalytic performance can also be 

improved by increasing the catalyst loading on RDE. For example, tripling the loading of Fe-NC-

900-M to 0.75 mg cm-2, a value comparable to those of many reported NPMCs,37, 51, 63 will 

dramatically increase the ORR limiting current (denoted as Fe-NC-900-M-HL in Figure 6.16).  
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Figure 6.14. ORR polarization curves of Fe-NC-900-M and Fe-NC-900-H in 0.1 M NaOH at 1600 

rpm. 
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Figure 6.15. (a) XRD patterns of Fe-NC-900 catalysts with different Fe loading. TEM images of 

(b, c) Fe-NC-900-M and (d, e) Fe-NC-900-H. 
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Figure 6.16. ORR polarization curves of Fe-NC-900-M-HL and Pt/C catalyst in 0.1 M NaOH at 

1600 rpm. 

 

Table 6.1. Comparison of various noble-metal free electrocatalysts for ORR in alkaline electrolyte. 

Catalysts 
Loading 

(mg cm-2) 
Electrolyte 

Onset 

Potential (V 

vs. RHE) 

Half-wave 

Potential (V 

vs. RHE) 

Reference 

Fe-NC-900 0.25 0.1 M NaOH 0.97 0.88 This work 

Fe-NC-900-M 0.25 0.1 M NaOH 1.02 0.91 This work 

Co3O4/N-rmGO 0.17 0.1 M KOH 0.88 0.83 
Nat. Mater. 

2011, 10, 780 

NPMC-1000 0.15 0.1 M KOH 0.94 0.85 
Nat. Nano. 

2015, 10, 444 

Co@Co3O4@C-CM 0.1 0.1 M KOH 0.93 0.81 
Energy Environ. 

Sci. 2015, 8, 568 

(Fe, Mn)-N-C-

3HT-2AL 
0.8 0.1 M KOH 0.98 0.90 

Nat. Commun. 

2015, 6, 8618 

FePhen@MOF-

ArNH3 
0.6 0.1 M KOH 1.03 0.86 

Nat. Commun. 

2015, 6, 7343 
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N/Co-doped 

PCP//NRGO 
~0.7 0.1 M KOH 0.97 0.86 

Adv. Funct. 

Mater. 2015, 25, 

872 

[FeCo]O4/NG 0.6 0.1 M KOH 0.98 0.866 

Angew. Chem. 

Int. Ed. 2016, 55, 

1340 

CNT/PC 0.8 0.1 M KOH NA 0.88 

J. Am. Chem. 

Soc. 2016, 138, 

15046 

Co SAs/N-C(900) 0.408 0.1 M KOH 0.982 0.881 

Angew.Chem. 

Int.Ed. 2016, 55, 

10800 

Fe@C-FeNC-2 0.7 0.1 M KOH NA 0.899 

J. Am. Chem. 

Soc. 2016, 138, 

3570 

{Co}[FeCo]O4/NG 0.6 0.1 M KOH 0.98 0.866 

Angew. Chem. 

Int. Ed. 2016, 55, 

1340 

N,P-HPC 0.8 0.1 M NaOH 0.924 0.853 

J. Mater. Chem. 

A., 2017, 5, 

24329 

Fe-ISAs/CN 0.408 0.1 M KOH 0.986 0.90 

Angew. Chem. 

Int. Ed. 2017, 56, 

6937 

S,N-Fe/N/C-CNT 0.6 0.1 M KOH NA 0.85 

Angew. Chem. 

Int. Ed. 2017, 56, 

610 

1000-CNS 0.14 0.1 M KOH 0.99 0.85 

Energy Environ. 

Sci. 2017, 10, 

742 

CF-NG-Co 0.28 0.1 M NaOH 0.97 0.88 
J. Mater. Chem. 

A., 2018, 6, 489 

FeNx-PNC 0.14 0.1 M KOH 0.997 0.86 
ACS Nano 2018, 

12, 1949 
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Figure 6.17. (a, b) HAADF-STEM image and HRTEM image of Fe-NC-900-M (the inset in b 

being the fast Fourier transform of the TEM image of a typical nanoparticle), (c) EDS point-shot 

spectrum of the point denoted in (a), (d) Surface plots of the sample in (b). As shown in Figure 

6.17a, the Fe-NC-900-M sample contains uniformly distributed nanoparticles of under forty 

nanometers in diameter. The EDS spectrum of one typical nanoparticle reveals its composition to 

be primarily iron and carbon (Figure 6.17c). The HRTEM image and the corresponding fast 

Fourier transform of a typical nanoparticle further reveals its crystalline structure (Figure 6.17b, 

d). The continuous lattice distance of 0.22 nm should be attributed to the (011) planes of metallic 

iron (cubic) or (220) planes of Fe3C. Which agrees well with the above EDS result and the XRD 

results in Figure 6.15. 
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Figure 6.18. (a) HAADF-STEM image of Fe-NC-900-M-AW and the EDS linear scan spectrum 

corresponding to the line in the image, (b, c) TEM image of Fe-NC-900-M-AW. As shown in 

Figure 6.18a, the HAADF-STEM image of Fe-NC-900-M-AW reveals that the Fe/Fe3C 

nanoparticles in Fe-NC-900-M has been thoroughly removed after acid washing. However the 

remaining uniformly distributed angstrom level bright dots on the carbon scaffold should 

correspond to the iron atom reserved in Fe-Nx moieties. The EDS linear scan reveals the existence 

of C, N, O and Fe in the sample, and their even distribution across the line, proving the uniform 

distribution of these elements in the catalyst. Normal TEM image of Fe-NC-900-M-AW (Figure 

6.18b) confirms the absence of nanoparticle in the sample, and the HRTEM image in Figure 6.18c 

shows an empty graphitic shell where the Fe based nanoparticle has been removed by acid washing. 
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The preservation of Fe-Nx in Fe-NC-900-M-AW is further proved by its XPS Fe 2p spectrum 

(Figure 6.19), which shows the pronounced peak at around 710 eV, similar to that of Fe-NC-900 

in Figure 6.9.  

 

 

Figure 6.19. XPS Fe 2p spectrum of Fe-NC-900-M-AW. 

 

To investigate the function of different components of Fe-NC catalysts in catalyzing ORR, Fe-

NC-900-M was washed with 0.5 M H2SO4 to remove Fe/Fe3C nanocrystallites while retaining the 

Fe-Nx moieties (Figure 6.17-6.19). As shown in Figure 6.13a, rotating ring-disk electrode (RRDE) 

measurements reveals that the electron transfer number of Fe-NC-900-M is greater than 3.9 in the 

whole potential range, indicating near-perfect selectivity of 4 e- pathway. On the other hand, the 
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nanoparticle-free Fe-NC-900-M-AW exhibited a much lower E1/2 (0.83 V) and electron transfer 

number (~3.7), which is however, still much higher than those of the Fe-free NC-900. The above 

results concludes that Fe-Nx are the major active sites of Fe-NC-900-M, while the presence of fine 

Fe/Fe3C particles could further improve the performance of the catalyst through synergistic 

effect.56, 70, 173 We also tested the RRDE performance of Fe-NC-900-M with the presence of 

NaSCN in the electrolyte, where it is known that SCN- ion can poison Fe-Nx sites in catalyzing 

ORR.61 As shown in Figure 6.20, the E1/2 of Fe-NC-900-M decreases dramatically by about 40 

mV, and the electron transfer number drops to about 3.7 after adding 1 mM NaSCN. These results 

again confirms our previous conclusion.  

 

Figure 6.20. Polarization curves and the corresponding electron transfer number of Fe-NC-900-

M (loading: 0.25 mg cm-2) in 0.1 M NaOH with and without 1 mM NaSCN at 1600 rpm. 
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To further demonstrate the application potential of Fe-NC-900-M, we tested its performance 

in a homemade zinc-air battery. Specifically, Fe-NC-900-M, Zn foil and 6 M KOH are employed 

as air cathode, anode and electrolyte respectively. 40% Pt/C catalyst were also tested under the 

same condition for comparison. As shown in Figure 6.13b-d, the zinc-air battery constructed with 

Fe-NC-900-M as cathode catalyst exhibits an open circuit voltage of 1.5 V, a voltage plateau of 

1.22 V at a current density of 44 mA cm-2, and a peak power density of 271 mW cm-2. Which 

exceeds those of 40% Pt/C catalyst (1.48 V, 1.19 V and 242 mW cm-2), and most NPMCs reported 

so far (Table 6.2).79, 129, 174, 187-190 Additionally, the present method can also be easily extended to 

synthesize M-NC catalysts with other transition metals, by using the corresponding metal 

carbonyls. Though preliminary results show inferior activity of other M-NC catalysts (Figure 

6.21), incorporating multiple metal centers in the present Fe-NC catalysts might further improve 

its activity.37 

 

Figure 6.21. Polarization curves of M-NC catalysts with different transition metals in 0.1 M NaOH 

at 1600 rpm (loading: 0.5 mg cm-2). 
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Table 6.2. Comparison of zinc-air battery utilizing Fe-NC-900-M with other noble-metal free 

electrocatalysts reported recently. 

Catalysts 
Loading 

(mg cm-2) 

Open 

circuit 

Voltage (V) 

Peak power 

(mW cm-2) 
Reference 

Fe-NC-900-M 0.73 1.5 271 This work 

Co-N-CNT 1 1.365 101 
Adv. Funct. Mater. 2018, 

28, 1705048 

CF-NG-Co 1 1.49 160 
J. Mater. Chem. A 2018, 6, 

489 

1100-CNS-4 2 1.49 151 
Energy Environ. Sci. 2017, 

10, 742 

S,N-Fe/N/C-CNT 1.25 1.35 102.7 
Angew. Chem. Int. Ed. 

2017, 56, 610 

N-GCNT/FeCo 2 1.48 89.3 
Adv. Energy Mater. 2017, 

7, 1602420 

N-HCNs 1 1.49 76 Nanoscale. 2017, 9, 13257 

Fe/N/C@BMZIF 1 1.48 235 
ACS Appl. Mater. 

Interfaces  2017, 9, 5213 

PFe-Pc 2 1.6 192 
Dalton Trans. 2017, 46, 

1803 

Fe,N-CNS 1 ~1.375 221 
Adv. Sustainable Syst. 

2017, 1, 1700085 

Co/CoxSy@SNCF-

800 
2 1.37 230 

ACS Appl. Mater. 

Interfaces  2017, 9, 

34269 

Fe2N@NC 1 1.48 82.3 
Catal. Sci. Technol. 2017, 

7, 5670 

Co4N/CNW/CC 1 1.4 174 
J. Am. Chem. Soc. 2016, 

138, 10226 

Co3O4-NCNT/SS NA NA 160.7 
Adv. Mater. 2016, 28, 

6421 

Fe/Fe2O3@Fe-N-C 2 1.47 220 Nano Res. 2016, 9, 2133 

Fe@N-C-700 2.2 1.4 220 
Nano Energy 2015, 13, 

387 

CoO/N-CNT 1 1.4 265 
Nat. Commun. 2013, 4, 

1805 
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6.4 Conclusion 

In summary, we have developed a low-cost and easy-scalable method to synthesize Fe-NC 

catalysts based on the direct pyrolysis of iron carbonyl decorated ZIF-8. Increasing pyrolysis 

temperature is revealed to lower the onset potential as well as the Tafel slope of the catalyst, as a 

result of the altered chemical composition and porous structure. The optimized Fe-NC-900-M 

catalyst shows excellent electro-catalytic activity for ORR with a half-wave potential of 0.91 V, 

which is also attributed to the synergistic effect between Fe-Nx and Fe/Fe3C nanocrystallites of the 

catalyst. Furthermore, the zinc-air battery constructed with Fe-NC-900-M as cathode catalyst 

exhibits high open-circuit voltage (1.5 V) and peak power density (271 mW cm-2), which 

outperforms that of 40% Pt/C catalyst and most noble-metal free ORR catalysts reported so far. 

The Fe-NC are promising candidates to replace Pt-based catalysts, and would play an important 

role in the development of high-performance and low-cost metal-air batteries. 
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Chapter 7. Conclusion of Dissertation 

Hydrogen fuel cells and metal-air batteries are promising EES devices as power source for 

future electric vehicle applications because of their high theoretical energy and power densities. 

The major technological issue of these technologies lies in developing non-precious metal catalysts 

to replace the expensive and scarce Pt-based catalyst for catalyzing the sluggish cathode oxygen 

reduction reaction. Pyrolyzed iron-nitrogen-carbon (Fe-N-C) catalysts is widely regarded as the 

most promising candidate for replacing platinum due to their high activity. However, the traditional 

method for preparing Fe-N-C catalysts involves the high temperature pyrolysis of the mixed iron, 

nitrogen and carbon precursors, which results in the complex and unpredictable chemical phases 

and catalysts structure of the product. The random nature of such synthetic method makes the 

identification of active site and rational design of the materials highly challenging. 

To solve the problem, we designed a novel “post iron decoration” synthetic strategy towards 

efficient Fe-N-C catalysts that de-convolutes the growth of iron and nitrogen species, enables the 

rational design of the catalyst structure, and provides a series of effective model materials for active 

site probing. The best performing Fe/NMC catalysts exhibited a high half-wave potential of 0.862 

V, which is close to that of the benchmark 40% Pt/C catalyst. The high activity is attributed to the 

Fe-Nx species, and the surface oxidized Fe crystallites though not being the major active site, is 

revealed to reduce HO2
-, the 2e ORR product, facilitating the 4e reduction of oxygen. Finally, such 

synthetic strategy is successfully extended to prepare other Me-N-C materials. 
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Based on the established understanding of active site formation, we further synthesized Fe-

NC catalyst of improved performance by the pyrolysis of Fe(CO)5/ZIF-8 complex. Thus prepared 

Fe-NC catalyst could host the uniformly distributed active sites by micro-pores and promote 

charge/mass transport by meso-/macro-pores, providing abundant easily accessible ORR active 

sites. In virtue of these advantageous features, the best performing Fe-NC catalyst exhibited a high 

half-wave potential of 0.91 V in rotating disk electrode experiment in 0.1 M NaOH. Furthermore, 

the zinc-air battery constructed with Fe-NC-900-M as cathode catalyst exhibits high open-circuit 

voltage (1.5 V) and peak power density (271 mW cm-2), which outperforms those of 40% Pt/C 

catalyst (1.48 V, 1.19 V and 242 mW cm-2), and most noble-metal free ORR catalysts reported so 

far. Finally, such synthetic method is economic and easily-scalable, and can easily incorporate 

other metals in the structure, offering possibility for further activity and durability improvement. 

We hope the work of this dissertation could shed light on the understanding of Fe-N-C 

materials, and inspire the designing of Me-N-C materials with improved performance for various 

applications. 
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