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Abstract 

The exploration of highly active and durable cathodic oxygen reduction reaction (ORR) 

catalysts with economical production cost is still the bottleneck to realize the large-scale 

commercialization of some emerging technologies, such as fuel cells and metal-air batteries. At 

present, the composite that contains expensive platinum (Pt) particles dispersed on a porous 

carbon support (e.g., activated carbon (AC)) is the most efficient ORR catalyst. In a common 

sense, the AC itself normally shows very low activity for the ORR, so the Pt particles are vital. 

Imagine that if we remove all of the Pt particles, can the remaining AC still play the similar role? 

The current work aims to make the inert AC active for the electrochemical reactions by creating 

unique defects in the AC. 

First of all, different porous carbon materials with variable specific surface areas were 

synthesized by an easy and scalable chemical activation method. It is shown that all the 

activated samples demonstrate obviously improved ORR activity. Afterwards, the unique 

defects were introduced into the activated ACs via a facile nitrogen doping and removal 

approach to further enhance their catalytic performance, based on the defective mechanism that 

was proposed in our group, in which the nitrogen was incorporated into the ACs under an 

ammonia atmosphere at 500 °C and subsequently removed at 1050 °C under a nitrogen 

environment. The results showed that the doped nitrogen did not enhance the ORR performance 

of the synthesized samples directly, but the produced defects possibly served as the active sites 

for the ORR, which finally contributed to the catalytic performance improvement. Particularly, 

the resulting defective carbon (D-AC) derived from the highest surface area AC (3508 m
2
/g) 

also exhibits the best ORR performance in alkaline medium with low overpotential. For 

example, the ORR activity of the D-AC is comparable to the commercial Pt/C (20 wt% Pt) in 

terms of 4-electron pathway, half-wave potential and limiting current density, namely, 3.6, 

0.771 V and 4.4 mA·cm
-2

 vs 3.9, 0.785 V and 5.0 mA·cm
-2

, respectively. Meanwhile, the D-AC 

also exhibits excellent HER activity, which is better than most of the reported metal-free HER 

catalysts, but with much lower production cost. 

It can be seen that although the D-AC is one of the best metal-free ORR catalysts ever 

reported, its activity is still inferior to the commercial Pt/C. Given that the carbon support is 

crucial to the electrocatalysts, and Pt is the best-known ORR catalyst so far, if we can reduce the 

Pt loading by utilizing the D-AC as the support, but without compromising the activity, it 

should be a viable option to lower the production cost of fuel cells. To this end, we employed a 

simple impregnation method for synthesizing the D-AC supported low Pt content 

electrocatalysts for the ORR. The results showed that the prepared D-AC@5.0%Pt sample (only 
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contains 5% Pt) has outperformed the commercial Pt/C with 20% Pt in alkaline solution. 

Besides, it is much more stable than the commercial Pt/C. The outstanding ORR performance of 

the D-AC@5.0%Pt confirms that both the unique defects in the D-AC and the introduced Pt 

particles are beneficial to the ORR performance enhancement.  

Additionally, in order to completely avoid the use of precious metal Pt, we also introduced 

low content of non-precious metals Mn-Co spinel into the D-AC sample through a facile 

solvothermal method to further increase its catalytic performance, as the Mn-Co spinel was 

reported to be an effective ORR promoter. It is shown that at the same mass loading, the 

resulting sample D-AC@2Mn-4Co (6 wt% Mn+Co) is comparable to the commercial Pt/C (20 

wt% Pt) for the ORR in alkaline electrolyte. Impressively, the D-AC@2Mn-4Co demonstrates 

better ORR performance than the Pt/C in terms of half-wave potential and current density at 

doubled mass loading (12 wt% Mn+Co). For example, the half-wave potentials and limiting 

current densities of the D-AC@2Mn-4Co and Pt/C are 0.787 vs 0.785 V, 5.1 vs 5.0 mA·cm
-2

, 

respectively, but the cost of the catalyst is much lower than that of the Pt/C. In the meantime, 

the prepared catalyst is much more stable than the Pt/C and exhibits exceptional resistance to 

the methanol crossover effect. Apparently, the resulting low-cost, highly active and durable 

ORR catalyst has great potential to be utilized in different types of fuel cells. It is assumed that 

the synergetic coupling effects between the unique defects in the D-AC and the incorporated 

Mn-Co spinel facilitated the ORR and enhanced its durability. 

In conclusion, the contribution of the current research can be summarized in two main 

aspects. Theoretically, this study is an additional work to the newly proposed ORR mechanism 

that defects can effectively catalyze electrochemical reactions, which is the first investigation to 

show that the created defects in the AC could enable it highly active for both the ORR and HER. 

Practically, as can be seen, the ORR performance of the synthesized catalysts is superior to most 

of the reported counterparts, but with much easier preparation methods and lower production 

cost, which make them more advantageous in practical fuel cell applications. 
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 Introduction 1.1

Carbon, an indispensable element to all known living life, is being utilized by mankind 

since prehistoric times. Carbon material is an “old but new material” with a large group of 

family members, where the classic ones contain activated carbon, graphite as well as carbon 

black, and the new forms are carbon fibers, glassy carbon, mesoporous carbon, fullerene, carbon 

nanotubes and graphene
1,2

. The distinct features of carbon materials, such as good electrical 

conductivity, high surface area, excellent thermal stability, and outstanding chemical stability in 

non-oxidizing atmospheres render them suitable for a wide variety of applications
2
. 

Adsorbents
3-5

, energy storage and conversion materials
6-12

, and catalyst supports
13-16

 are the 

typical examples. 

It is known that the expensive platinum (Pt) is still the most active electrocatalyst to 

accelerate the sluggish oxygen reduction reaction (ORR) that occurs on the cathode of fuel cells 

and metal-air batteries
17-19

, which should be replaced by cost-effective alternatives but without 

compromising the catalytic performance. From this perspective, the newly developed carbon 

materials are the possible substitutions owing to their popular physical and chemical properties. 

Remarkably, the previous investigations have been shown that some of the modified carbon 

nanomaterials, such as carbon nanotubes, graphene and mesoporous carbons incorporated with 

heteroatoms nitrogen
20-27

, boron
28-30

, and phosphorus
31-33

 are efficient metal-free ORR catalysts. 

Particularly, recent research suggests that pure carbon materials with unique defects could also 

effectively catalyze the ORR, and even more active than the nitrogen-doped carbons
34,35

, which 

provides a feasible way to prepare high performance metal-free electrocatalysts. However, as 

can be seen, the reported metal-free ORR catalysts either show inferior activity to the 

commercial Pt/C or the preparation methods are tedious and time-consuming, which are not 

appropriate for large-scale production. It is therefore highly desirable to explore facile and 

scalable methods for the synthesis of ORR catalysts with excellent performance and economical 

production cost.  

 

 Thesis Outline 1.2

In the current work, we aim to develop highly active ORR catalysts from different porous 

carbon materials via a facile defect creation approach, as there still remains a considerable effort 

dedicated toward the work of exploiting a simple, cost-effective synthetic method which 

produces active and durable electrocatalysts for practical applications. The main contents of 

each chapter in this thesis are outlined as follows: 
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To gain a comprehensive understanding over recent development on metal-free ORR 

catalysts, Chapter 2 summarizes various heteroatoms doped carbon nanomaterials, such as 

carbon nanotubes, graphene and mesoporous carbons doped/co-doped with nitrogen, 

phosphorus, sulfur and boron with enhanced ORR performance. In particular, recently reported 

defective carbons derived from different precursors by different defect creation methods are 

both theoretically and experimentally discussed. In Chapter 3, we mainly introduce some facile 

methods to prepare porous carbon materials from various carbon precursors, and then create 

defects in the resulting porous carbons by a simple N-doping and removal approach. Besides, 

the methods that are adopted to synthesize low content of metal decorated porous carbons are 

briefly outlined as well. Apart from the preparation, the basic working principles of different 

characterization techniques (such as nitrogen adsorption and desorption isotherm, X-ray powder 

diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy and transmission electron 

microscopy) as well as the electrocatalytic performance evaluation apparatus are also introduced 

concisely, for better understanding and more efficiently use them in the study. 

Chapter 4 primarily focuses on the preparation of porous carbon materials with variable 

specific surface areas by an easy and scalable chemical activation method. The activation 

conditions are firstly optimized on a kind of purchased low surface area activated carbon and 

the ball milled coal, and then the optimum activation conditions are applied to other carbon 

sources to increase their surface areas, such as the Vulcan XC-72 carbon black and a carbonized 

macadamia nut shell. In addition, a kind of MOF JUC-32 is also synthesized as a precursor for 

the preparation of porous carbons. Initially, three activated carbon samples (XC-72-A, AC-A 

and H-AC) are selected for N-doping and removal treatment, aim to create the desired defects in 

the carbon structures for electrochemical reactions. Interestingly, the resulting defective carbon 

(D-AC) derived from the highest surface area sample H-AC also shows the best ORR 

performance in alkaline medium after the doped nitrogen is removed. More systematic 

characterizations and electrocatalytic performance evaluations regarding the D-AC sample as 

well as in-depth analyses on defects driven electrochemical reactions are presented in Chapter 5. 

In Chapter 6, we discuss the D-AC supported low Pt content electrocatalysts for the ORR. 

The Pt loaded D-AC samples are prepared via a simple impregnation method, and then the 

corresponding precursors are reduced by a mixture gas of H2 and Ar (5%H2 + 95%Ar) at the 

target temperatures. Here, the reduction conditions of the precursor are optimized and the Pt 

concentration is adjusted to fabricate ORR catalysts with improved activity. Besides, the ORR 

performance of the resultant Pt loaded D-AC samples are measured both in alkaline and acidic 

conditions. In Chapter 7, related experimental results on non-precious metals incorporated D-

AC samples are summarized. Specifically, given that the carbon support is crucial to the 

electrocatalysts, and Mn-Co spinel is an effective material to promote the ORR, herein, we 
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introduce low content of MnCo2O4 spinel into the D-AC sample via a facile solvothermal 

method to further increase its ORR activity. As a comparison, the pristine AC (H-AC) and 

nitrogen doped H-AC (N-AC) are also utilized for the synthesis of MnCo2O4 spinel loaded 

catalysts. All the prepared samples are evaluated in 0.1 M KOH solution to probe their ORR 

activity. In addition, the stability and methanol tolerance of the D-AC supported Mn-Co sample 

D-AC@2Mn-4Co are also tested in alkaline medium. 

In Chapter 8, the experimental progresses in the current study are systematically 

summarized. Meanwhile, future work that needs to be carried out to gain more in-depth insight 

into defects promoted electrochemical reactions and the possible pathways to intentionally 

create the desired defects in various carbon materials for extended applications are also 

presented at the end of this thesis. 
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 Introduction  2.1

Natural resources are now under strain and the environmental issues are becoming more 

serious than ever before owing to the rapid industrialization and modernization as well as the 

irrational use of energy. It is therefore of paramount importance to develop new technologies to 

utilize clean and sustainable energies, of which fuel cell is regarded as a promising candidate. 

Briefly, a fuel cell generates electricity by oxidizing a chemical fuel at the anode and reducing 

oxygen at the cathode, where the sluggish cathodic oxygen reduction reaction (ORR) is the rate-

limiting reaction that greatly lowers the overall cell efficiency. At present, the expensive 

platinum (Pt) is the most effective ORR electrocatalyst
1-4

, which should be replaced by low-cost 

but more efficient alternatives due to the scarcity and stability related issues of the Pt.  

Generally, there are two main solutions to tackle this problem. One is to reduce the Pt 

content of the electrocatalysts by controlling the Pt particle size and morphology to optimize the 

ORR activity or alloying Pt with less expensive metals
5-8

; the other way is to explore Pt-free 

substitutions, examples including transition metal based materials
9-13

 or even metal-free 

catalysts
14-17

. Comparatively, the second scheme is more feasible as it is not restricted by the 

noble metals. Following this principle, significant progress has been achieved to develop a wide 

range of different Pt-free ORR catalysts, where metal-free electrocatalysts are more intensively 

investigated, primarily because metal based catalysts are prone to dissolve and aggregate under 

fuel cell operation conditions, which not only reduce the activity but also are detrimental to the 

durability of the catalysts
18,19

. 

Hence, a summary regarding recent advances on metal-free ORR catalysts will be outlined 

in this review chapter. First of all, the basic concept of fuel cells will be introduced, followed by 

a brief discussion on the ORR mechanisms. Afterwards, various heteroatoms doped carbon 

materials, such as carbon nanotubes, graphene and mesoporous carbons doped/co-doped with 

nitrogen, phosphorus, sulfur and boron with enhanced ORR performance will be presented. 

Particularly, recently reported defective carbon based ORR catalysts derived from different 

precursors by different defect creation methods in our group will be discussed in details. 

Besides, related theoretical studies on defects promoted ORR will be given as well. 

 

 Basic Concepts of Fuel Cells 2.2

 Fuel Cell Description 2.2.1

A fuel cell is an electrochemical device that converts chemical energy from a fuel into 

electricity and thermal energy through chemical reactions. Fuel cells are different from batteries 
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in the way that the fuels are supplied as the former is provided externally, whereas the later 

consumes its internally stored fuel. Theoretically, a fuel cell will produce electricity as long as it 

has a fuel supply. Fuel cells are expected to play a remarkable role in decreasing the 

dependency on traditional fossil fuels because of their multiple advantages, including high 

energy conversion efficiency, low environmental impact, fuel flexibility, rapid load response 

and modular design, which make them to be one of the most promising sources of distributed 

energy
20

. Based on the electrolyte they are using, fuel cells can be divided into different types, 

such as alkaline fuel cells (AFCs), proton exchange membrane fuel cells (PEMFCs), phosphoric 

acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs) and solid oxide fuel cells 

(SOFCs)
21

. Of which, PEMFC has been attracting the most research attention because of its 

wide applications, for example, in fuel cell vehicles, stationary power supply as well as portable 

computers
22

, and it is considered as a potential replacement for the internal combustion engine 

in transportation applications. From Figure 2.1, we can gain a more direct view regarding the 

representative applications of the PEMFCs in real life. 

 

Figure 2.1 Potential applications of the PEMFCs (Photos are from the website)
23-27

. 

 

 How Fuel Cells Work 2.2.2

As shown in Figure 2.2, a fuel cell consists of a cathode, an anode and an ion-conducting 

electrolyte sandwiched between the two electrodes. All fuel cells have the same basic operating 

principles whilst their specific types may be different. Fundamentally, the supplied fuel will be 

catalytically split into electrons and ions when it enters the anode, and oxygen from the air flow 

will go through the cathode to form oxygen atoms. The produced electrons will pass over an 

external circuit to do useful work and then go back to the cathode, while the generated ions will 
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migrate through the electrolyte toward the cathode to react with the oxygen atoms, primarily 

yield water and/or CO2, depending on the input fuel and electrolyte. Besides, heat is also 

released in the reaction process. The direct current electricity is the major valuable product of a 

fuel cell operation, and the effective current that can be used externally relies on the chemical 

activity and the amount of fuels provided as well as on how much power is lost inside the fuel 

cell stack
28

. Particularly, catalysts play key roles in accelerating the electrode reactions 

(especially for the cathodic oxygen reduction reaction (ORR)), which accounts for over 55% of 

the cell cost as the expensive platinum is still an essential component of the catalysts
29

. In the 

past decades, tremendous work has been carried out to tackle the catalyst cost issue, and the 

following section is a summary on the development of metal-free ORR catalysts. 

 

Figure 2.2 The basic configuration of a fuel cell. 

 

 Reaction Pathways of the ORR 2.3

As the O=O bond is strong and needs high energy input to break, which also requires four 

coupled electron and proton transfer during the reaction process, thus making the ORR 

kinetically quite sluggish
30

. It is therefore necessary to use catalyst to accelerate the ORR. The 

specific reaction pathways are complicated because the ORR is a kind of three-phase reaction, 

but it can be generally divided into a one-step four-electron (4e
-
) path and a two-step two-

electron (2e
-
) route, regardless the type of the catalyst and electrolyte. Table 2.1 shows the 

reaction pathways of the oxygen reduction both in acidic and alkaline media. According to the 

electrocatalytic properties of the catalysts, oxygen can be reduced via a 4e
-
 path to generate H2O 

or by a two-step route with H2O2 as the intermediate product in acidic solution. Similarly, 

oxygen can also be reduced to OH
-
 through the one-step 4e

-
 pathway as the final product 

Water 

Fuel 

Oxygen 

Electrolyte 

Anode 

Cathode 

Heat 
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directly or a two-step 2e
-
 route with HO2

-
 as the intermediate species in alkaline electrolyte

31
. 

Apparently, a higher selectivity toward the 4e
-
 pathway is more efficient to catalyze the ORR. 

Table 2.1 The ORR pathways in acidic and alkaline solutions
31

. 

Pathway Acidic Solution Alkaline Solution 

4e– O2 + 4H
+
 + 4e– → 2H2O O2 + 2H2O + 4e– → 4OH– 

2e– O2 + 2H
+
 + 2e– → H2O2 O2 + H2O + 2e– → HO2

– + OH– 

 H2O2 + 2H
+
 + 2e– → 2H2O H2O + HO2

– + 2e– → 3OH– 

 

Despite decades of remarkable effort has been devoted to reveal the reaction mechanisms of 

the ORR, the nature of the catalytic sites in metal-free ORR catalysts is still elusive. For 

example, regarding the origin of the ORR activity in heteroatoms doped carbon materials, two 

different mechanisms have been proposed. Some researchers claim that the introduced foreign 

element is the active sites for the ORR in the doped carbon structures
14,32,33

, while others state 

that the incorporated heteroatom may not be the active center, but serves as a channel to create 

special carbon structures, such as defects, which could be the actual ORR active sites
34

. Recent 

research on defects promoted ORR carried out in our group is a support to the second 

mechanism
35,36

. It is possible that both reaction mechanisms are reasonable, as the mechanism 

may differ from catalyst to catalyst, and the specific catalytic sites are yet to be uncovered after 

more systematic and in-depth studies. Related investigations on the ORR mechanisms will be 

discussed on the particular catalysts in the following sections of this chapter. 

 

 Heteroatom-Doped Carbon Nanomaterials for the ORR 2.4

Some newly developed carbon materials, such as carbon nanotubes, graphene and 

mesoporous carbons have recently stimulated strong research interest because of their unique 

physical and chemical properties render them as potential metal-free ORR catalysts, especially 

doped with various heteroatoms, including nitrogen (N), phosphorus (P), sulfur (S), boron (B) 

and fluorine (F). Of which, nitrogen doping has been more intensively investigated than other 

foreign elements, as nitrogen is easy to be incorporated into the carbon networks and N-

modified carbon materials normally exhibit high ORR activity with a four-electron transfer 

pathway
33,37-39

. Figure 2.3 shows the different states of nitrogen in the N-doped carbon 

structures
40

, which are supposed to be relevant to the ORR performance improvement. As can 
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be seen from Figure 2.3, pyridinic N is the nitrogen atoms located at the edge of the graphene 

planes, where each N atom coordinates with two carbon atoms and donates one p-electron to the 

aromatic π-system
41,42

. Pyrrolic N refers to the nitrogen atoms incorporated into the five-

membered heterocyclic rings, which are bonded with two carbon atoms and offer two p-

electrons to the π-system
43

. Quaternary N, also known as graphitic N, in which nitrogen atoms 

are merged into the graphene plane and bonded to three carbon atoms
41

. Pyridine-N-oxide can 

be described as the N atoms that are bonded to two carbon atoms and one oxygen atom
43

. 

 

Figure 2.3 Scheme of the four types of nitrogen states in the N-doped carbon samples
40

. 

 

It is generally regarded that the electronegativity of the heteroatoms will influence the 

charge density of the carbon atoms in the sp
2
 lattice, which eventually favors the formation of 

adsorption sites for oxygen and thus it is beneficial for the ORR, no matter the heteroatoms are 

electron-rich nitrogen and oxygen, or electron-deficient boron (the electronegativities of C, N, O 

and B atoms are 2.55, 3.04, 3.44 and 2.04, respectively)
38,44,45

. Meanwhile, apart from single 

heteroatom doping, it was reported that co-doping with two or even three foreign elements (such 

as N, B, P, S, etc.) into the carbon structures could further improve the ORR performance of the 

resulting catalyst, possibly owing to the synergetic effects derived from the co-doped elements
46

. 

In this section, an overview of recent development on three kinds of carbon-based potential 

ORR catalysts, namely, carbon nanotubes, graphene and mesoporous carbons will be presented, 

mainly after the incorporation of foreign atoms (both single doping and co-doping), as the pure 

carbon materials usually show very low electrocatalytic activity. Particularly, the influence of 

the carbon microstructure and configuration, as well as the type of the incorporated foreign 

atoms on the ORR performance of the synthesized metal-free catalysts will be summarized. 
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 Carbon Nanotube-Based Materials for the ORR 2.4.1

Carbon nanotubes (CNTs) were firstly discovered by Iijima in 1991
47

. They are tubular 

cylinders of carbon atoms that have extraordinary mechanical, electrical, thermal, optical and 

chemical properties, which render them ideal for a wide range of applications, such as catalyst 

support
48

, energy conversion catalysts
49-52

, biosensors
53

, etc. According to the layer of the wall, 

CNTs can be classified into single-walled carbon nanotubes (SWCNTs) and multi-walled 

carbon nanotubes (MWCNTs), as shown in Figure 2.4. 

 

Figure 2.4 Schematic representation of the single-walled carbon nanotube (SWCNT) and multi-

walled carbon nanotube (MWCNT)
54

. 

 

Both computational and experimental investigations revealed that heteroatom doping plays 

vital roles in improving the electrocatalytic activity of the CNTs, especially doped with 

nitrogen
38,55-62

. For example, via density functional theory (DFT) simulations, Jiang et al. 

studied the reaction mechanisms of the ORR on graphite-like N groups (NG) and pyridine-like N 

groups (NP) nitrogen-doped carbon nanotubes (NCNTs)
55

. The calculations show that there is no 

big difference regarding the two-electron and four-electron pathways for the ORR at NG and NP 

defect sites in the lower potential range, while at higher potentials, NP defect sites are more 

advantageous than NG over the four-electron reduction. It is also suggested that the reason why 

the pure CNTs show very low activity toward the ORR is that OOH cannot be adsorbed on the 

pure CNTs
55

. In addition, Kauppinen and co-workers also adopted the DFT model probed the 

origin of the ORR in the NCNTs
62

. Based on their simulations, a kind of defect N4V2H2 (N: N 

atoms, V: carbon vacancies, H: H atoms) is regarded to be the ORR catalytic sites in the NCNTs. 
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Besides, they found that the formation of defects and the binding energy of oxygen to the 

defects are related to the radius of the nanotubes: only when the nanotube radius is large enough 

then it will be effective for the ORR
62

.  

 

Figure 2.5 (a) The influence of precursors on the diameter distribution of the prepared NCNTs; 

(b) Steady-state polarization curves comparison of the NCNTs synthesized by different 

precursors; (c) The dependence of onset potential on N distribution and tube diameter (N1, N2, 

and N3 stand for pyridinic, pyrrolic, and graphitic nitrogen, respectively)
63

. 

 

Recently, this presumption was experimentally examined by Ajayan et al.
63

. Through a 

liquid chemical vapour deposition (CVD) method, they successfully synthesized NCNTs with 

variable diameters by elaborately selecting different nitrogen containing precursors, as shown in 

Figure 2.5 (a). The electrochemical test results in Figure 2.5 (b) indicate that the prepared 

NCNTs with larger diameters are more favorable for the ORR. For example, NCNT-ACN with 

the largest diameter shows the most positive onset potential as well as highest current density 

compared with its smaller diameter counterparts, which can also be seen from Figure 2.5 (c). 

They conclude that the larger diameter nanotubes could lower the oxygen adsorption energy, 

enhance the conductivity, and increase the accessible catalytic nitrogen active sites in the 

NCNTs, which finally contribute to the high activity. Besides, it reveals from Figure 2.5 (c) that 

both pyridinic-N and graphitic-N are beneficial for the ORR performance improvement
63

. This 

result is in agreement with previous investigations that NCNTs with higher content of pyridinic-
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N show higher catalytic activity and selectivity toward the ORR
56,64

. Moreover, Jousselme et al. 

also found that NCNTs with a relatively higher content of graphitic-N exhibit better ORR 

activity
65

. In order to adjust the nitrogen active sites in the NCNTs and optimize the ORR 

performance, Wågberg et al. used a kind of NCNT that contains six different types of nitrogen 

functionalities as the starting material, and a heat treatment was applied to transform certain 

nitrogen species into more active ORR sites
66

. It is shown that the quaternary nitrogen 

(graphitic-N) located at the edge of the graphene planes is the most active nitrogen state for the 

ORR, which provides a feasible approach to transform less efficient metal-free carbon materials 

into highly active electrocatalysts. However, the actual function of the nitrogen species for the 

ORR remains elusive and in debate as the type of the nitrogen functionalities is highly related to 

the preparation methods
67-69

, and they are quite hard to be precisely controlled during the 

synthesis process. 

Since the CNTs show excellent ORR performance after the incorporation of nitrogen, more 

researchers are devoted to preparing NCNTs via different methods, expecting to get highly 

active metal-free ORR catalysts that could replace the expensive Pt. Of which, Dai and co-

workers did a lot of significant work in this field
38,46,58,70-73

. For example, they synthesized a 

kind of nitrogen-doped vertically aligned carbon nanotubes (VA-NCNTs) with comparable 

activity as the commercial Pt/C for the ORR. The quantum mechanics calculations show that the 

improved ORR performance of the VA-NCNTs can be ascribed to the high electronegativity of 

N and the generation of positive charge on the surrounding carbon atoms, which finally 

enhanced the oxygen adsorption and readily attracting electrons from the anode to facilitate the 

ORR
38

. Although the so-called “metal-free” catalyst shows remarkable ORR activity, it is still 

very hard to exclude the influence of iron (Fe) impurities, as the preparation process involved 

the using of Fe-containing precursor iron (II) phthalocyanine. It seems impossible to completely 

remove the residual Fe by electrochemical oxidation in acidic conditions if the Fe impurities are 

wrapped by carbon or coupled with C/N in a stable state. To prove that the high activity of the 

resulting NCNTs is from the nitrogen doping instead of owing to the Fe impurities, they 

employed a pure metal-free method fabricated another kind of NCNTs
58

. As shown in Figure 

2.6, a SiO2/Si wafer was firstly water-plasma treated to produce SiO2 nanoparticles as a catalyst 

on the substrate, which was then transferred to a tubular furnace for the metal-free growth of 

CNTs by the CVD method. The results show that compared to the CNTs that were synthesized 

by the same approach, the ORR performance of the prepared real metal-free NCNTs improved 

obviously in acidic solution. They claim that the ORR performance enhancement is exclusively 

due to the introduction of nitrogen into the tube structures as the whole synthesis process is free 

from metal contaminations
58

. 
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Figure 2.6 Metal-free growth of nitrogen-doped CNTs for the ORR
58

. 

 

Besides nitrogen atom, another heteroatom boron (B) was also utilized to enhance the ORR 

activity of carbon materials. It is shown that B can accept electrons from carbon due to its three 

valence electrons configuration, which could shift the Fermi level to the conducting band
45

. To 

dope B into the carbon structures, the frequently used methods are treating carbon precursors 

with B sources, such as boron powder
74

 and boric acid
75

 at high temperatures, or by the CVD 

approach
44

. For example, Hu et al. successfully introduced B into the CNTs through the CVD 

method, and they found that the B-doped CNTs show high ORR performance in terms of 

activity and stability. The corresponding DFT calculations indicate that the incorporated B 

atoms in the CNT lattice are positively charged and acting as the ORR active sites, which could 

increase the adsorption of oxygen to facilitate the ORR
44

.  

Inspired by the finding that B-doping could also effectively catalyze the ORR, Dai et al. 

employed a facile pyrolysis method prepared boron and nitrogen co-doped vertically aligned 

(VA-BCN) nanotubes
46

, expecting to further improve its performance. As expected, the VA-

BCN nanotubes demonstrate higher ORR activity than the single B or N doped CNTs in 

alkaline medium, possibly because the incorporation of both B and N into the CNTs produced a 

synergetic effect that is good for the ORR
46

. However, the subsequent study carried out by Hu et 

al. revealed that not all B and N co-doped CNTs show improved ORR activity, since it also 

depends on the dopants’ configuration
76

. Through well designed experiments, they successfully 

synthesized two kinds of B and N co-doped CNTs, one is dominated by bonded B and N, the 

other is feathered by separated B and N (illustrated in Figure 2.7). Both the experimental and 

theoretical results show that it is very difficult to break the inert property of the CNTs when the 

doped B and N are bonded together, as the majority of the lone-pair electrons from the N dopant 

are quite possibly be neutralized by the vacant orbital from the B dopant, so the activation of 

carbon π electrons is hardly to happen due to the lack of electrons or vacant orbitals, which 

reasonably explained why it did not show improved ORR activity comparing to the undoped 

CNTs. This investigation is in good agreement with previous DFT simulation results that B and 

N will be transparent to conduction electron if they are in bonded state within the doped CNTs
77

. 

On the contrary, the separated arrangement could interrupt the electroneutrality of the sp
2
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carbon in a large extent and create adequate active sites for oxygen absorption and reduction, 

thus it demonstrated obvious improved ORR performance
76,77

. Apparently, it can be found that 

the microstructure and configuration of the dopants play pivotal roles on the ORR performance 

of the doped carbon materials, which means that it is possible to develop highly efficient metal-

free ORR catalysts by rational design and optimize the multi-doped carbon nanostructures. 

 

Figure 2.7 ORR performance comparison of the B and N co-doped CNTs that dominated by 

bonded or separated B and N
76

. 

 

Different from the frequently used dopant N, another nitrogen family element phosphorus 

(P) did not receive too much attention as a dopant for the CNTs, possibly due to its large atomic 

size makes it hard to reach high doping content, and the electrocatalytic performance 

enhancement may be limited. The earlier theoretical calculations revealed that P-doped carbons 

showed obviously increased electron-donor properties
78

, which is quite likely beneficial for the 

catalytic reactions that accept electrons, such as the ORR on the cathode. Experimentally, under 

the catalysis of ferrocene, Peng et al. utilized toluene and triphenylphosphine (TPP) as the 

precursors synthesized P-doped CNTs via a thermolysis method
79

. By varying the concentration 

of TPP, CNTs with different P contents (from 0.10 to 1.91 at.%) were obtained. Compared with 

the undoped CNTs, the P-doped counterparts demonstrate significantly improved ORR activity 

in alkaline medium, especially the sample with a small amount of P, which could be attributed 

to the incorporation of P as well as the unique tubular structure of the CNTs
79

. However, as 

aforementioned, the application of Fe-containing catalyst ferrocene during the synthesis process 

may introduce some Fe impurities into the P-doped CNTs, so Guan et al. employed an arc-

discharge method synthesized a kind of SWCNTs, and then physically filled P into the 

nanotubes (P@SWCNTs) to probe the active sites for the ORR
80

. The investigation showed that 

the physically encapsulation of P inside the nanotubes created some positively-charged sites on 
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the carbon plane owing to the adsorption-induced intermolecular charge transfer, but did not 

dope P into the carbon networks
80,81

. Unsurprisingly, the sample P@SWCNTs exhibits 

negligible ORR performance improvement compared to the untreated SWCNTs. Although the 

produced positive charged sites may be useful for the oxygen absorption, it is still very hard for 

the electrons to be transferred from the CNTs to the absorbed oxygen as the physically filled P 

could not alter the inert properties of the CNTs, thus the P@SWCNTs did not show noticeably 

enhanced ORR activity
80

. This work indirectly signifies that chemical incorporation of 

heteroatoms into the carbon frameworks should be the main reason to disturb their inertness and 

create active sites for the ORR. Besides, it also sheds some light to understand the nature of the 

electrochemical reactions.  

Likewise, according to the theoretical calculations and experimental studies, the co-doping 

of P and N into the CNTs is viable, which could create highly localized sites and P-N defects 

that are favorable for the electrochemical redox reactions
82,83

. In this regard, Dai et al. co-doped 

P and N into the vertically aligned multi-walled CNTs (denoted as PN-ACNT, see Figure 2.8 (a)) 

by an injection-assisted CVD method and investigated its ORR properties
72

. As can be seen 

from Figure 2.8 (b), the P and N co-doped sample PN-ACNT shows significantly improved 

ORR activity with respect to the single P and N doped CNTs. Particularly, its current density 

has outperformed that of the commercial Pt/C, although the onset potential is more negative
72

. 

The authors attributed the excellent performance of the PN-ACNT to a synergetic effect that 

was produced from the co-doping of P and N into the CNTs, but the actual reaction mechanism 

and active sites for the ORR need more systematic and in-depth investigations, both 

experimentally and theoretically. 

 

Figure 2.8 (a) Schematic representation of the possible P-N co-doped CNT structure; (b) ORR 

performance comparison of the P/N or N and P co-doped CNTs as well as the commercial Pt/C 

in 0.1 M KOH solution
72

. 
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Essentially, CNTs and graphene are the same stuff, only presented in different 

configurations. In principle, it is possible to unzip the outer layer of the MWCNTs and develop 

a “new” material that couples with CNTs and graphene, which could take advantage of the 

unique physical and chemical properties of both materials and get unexpected properties, such 

as high electrocatalytic activity. It is interesting that Tour and co-workers successfully unzipped 

the CNTs by a simple solution-based oxidation method, particularly the opening extent of the 

CNTs can be controlled by tuning the amount of potassium permanganate (KMnO4), for 

example, from partly unzipped CNTs to fully opened single layer graphene nanoribbons, as 

shown in Figure 2.9
84

. Later, they optimized the reaction conditions and fabricated high quality 

graphene oxide nanoribbons from the MWCNTs with less defects and holes on the basal plane
85

. 

 

Figure 2.9 Schematic representation of the gradual unzipping of a SWCNT to form a 

nanoribbon and TEM images of the stepwise opening of MWCNTs ((a) is the least oxidized 

sample, (e) is the most oxidized sample)
84

. 

 

To extend the application of such new materials, Dai et al. used few-walled CNTs as the 

starting material, then exfoliated their outer layers via an oxidation method and doped nitrogen 

into the complex under an ammonia atmosphere at high temperature
86

. It can be seen from 
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Figure 2.10 (a) and (b) that the outer walls of the CNTs are partially unzipped, and the formed 

small graphene sheets are connected to the intact inner walls of the CNTs. It is suggested that 

the obtained complex with plenty of edge and defect spots is favorable to form catalytic sites for 

the ORR when it is treated with ammonia. As shown in Figure 2.10 (c) and (d), the resulting 

sample carbon nanotube-graphene complex (NT-G) not only exhibits excellent ORR activity in 

alkaline medium, but also demonstrates remarkable ORR performance in acidic solution. 

According to the atomic level investigations regarding the ORR catalytic sites by annular dark-

field imaging and electron energy loss (EEL) spectrum imaging in an aberration-corrected 

scanning transmission electron microscopy (STEM) combined with the X-ray photoelectron 

spectroscopy (XPS) and inductively coupled plasma mass spectroscopy (ICP-MS) analyses, it is 

found that both the nitrogen doping and the Fe impurities (from the growth of CNTs) are crucial 

to the ORR activity improvement, although the Fe content is very low. Meanwhile, the novel 

structure of the catalyst cannot be ignored, especially the unzipped and damaged outer walls of 

the CNTs could provide abundant catalytic sites for oxygen absorption and reaction, and the 

intact inner tubes are responsible for the rapid charge transfer during electrocatalysis process
86

.  

 

Figure 2.10 (a) and (b) Aberration-corrected TEM images of the NT-G material, showing 

damaged outer walls and exfoliated graphene pieces attached to the double- or triple-walled 

CNTs; (c) and (d) RDE polarization curves of the Pt/C and NT-G in O2-saturated 0.1 M KOH 

and 0.1 M HClO4 solutions, respectively
86

. 
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Recently, Sundararaj et al. helically unzipped a kind of N-doped MWCNTs with bamboo 

structures, which was then treated under ammonia and boron oxide atmospheres, respectively, 

for the co-doping of N and B
87

. It is revealed that the helically unzipped structures (as shown in 

Figure 2.11 (a)) could provide more active sites for the ORR as they have more edges along the 

length of the nanoribbon than that of the longitudinally unzipped counterparts. As can be seen 

from Figure 2.11 (b), the helically unzipped sample CNx/CBx-GNRs exhibits the highest ORR 

activity among the CNT-based samples, both from the aspect of onset potential and current 

density, which are even comparable to those of the commercial Pt/C catalyst. This investigation 

highlighted the importance of the unique configuration as well as the co-doping of N and B for 

the ORR, which facilitated the formation of the ORR active sites at the edges of the 

nanoribbons
87

. However, due to the restrictions of the preparation method, it is hard to exclude 

the influence of metal impurities (such as Fe and Co) on the catalytic performance, so 

sometimes the real active sites are the metal nitride or the complex of metal and other 

heteroatoms. Therefore, it is better to clarify the metal impurity content and specify whether it 

influences the electrocatalytic performance if metals are utilized as the catalysts for the 

synthesis of carbon materials. 

 

Figure 2.11 (a) Schematic representation showing the helically unzip of N-doped MWCNTs 

with bamboo structures; (b) LSV curves of the prepared carbon based electrocatalysts as well as 

the commercial Pt/C
87

. 

 

It is believed that the ORR activity of the CNTs based materials can be further enhanced by 

various feasible approaches, such as optimize the tube structures, dope single foreign atom or 

co-dope more than one heteroatoms, and adjust the corresponding precursors to reach their 

optimal configurations. Besides, the active sites of different kinds of CNTs based 

electrocatalysts and the corresponding reaction mechanisms deserve more systematic and 

advanced investigations, which will guide to the rational design of more efficient 

electrocatalysts for practical applications. 



Literature Review 

 

24 
 

 Graphene as Metal-Free Catalysts for the ORR 2.4.2

Briefly, graphene is a single, tightly packed layer of carbon atoms that are bonded together 

in a hexagonal honeycomb lattice (as shown in Figure 2.12), which is an allotrope of carbon in 

the structure of a plane of sp
2
 bonded atoms with a molecule bond length of 0.142 nm. It is the 

mother of all graphitic forms, including fullerene, carbon nanotubes and graphite (Figure 2.12)
88

. 

As a new rising star, graphene has been received tremendous research attention due to its unique 

structure as well as its chemical, electronic, and mechanical properties, making it a promising 

candidate for a wide variety of applications, e.g., electronics, biological engineering, 

photovoltaics, energy generation and storage
88-90

. 

 

Figure 2.12 Graphene is a 2D building block for carbon materials of all other dimensionalities
88

. 

 

The different geometries of graphene and CNTs may render them with different electric and 

thermal properties, which may influence their catalytic performance as well. As it summarized 

in the last section, heteroatoms doped CNTs are the possible substitutions for the expensive Pt-

based ORR catalysts due to their excellent performance. Similarly, tailoring the electronic 
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structure of the graphene by foreign element doping should also be a feasible option to fabricate 

highly active ORR catalysts for fuel cell applications. 

As aforementioned, nitrogen is the most commonly used heteroatom for doping, because it 

could alter the electronic and crystal structures of the carbons, enhance their chemical stability, 

surface polarity, electric conductivity, and electron-donor properties
91-93

. Henrard et al. 

employed scanning tunnelling microscopy (STM) simulations studied the electronic properties 

of N and B doped graphene and CNTs
94

. The predicted STM patterns show common 

fingerprints for graphene, metallic or semiconducting CNTs if the doping type is the same. It is 

shown that the STM images are highly relevant to the local density of states of the carbon atoms 

that are near the doping defects, underlining the importance of the charge transfer in between
94

. 

Recently, Ducastelle et al. investigated the structural and electronic properties N-doped 

graphene by the STM along with the DFT as well as the tight-binding calculations. They found 

that different arrangements of nitrogen impurities can be clearly detected, e.g., single graphitic 

N atoms can be seen as typical triangles
95

. These investigations provide strong theoretical 

assistance for future experimental researches on chemically modified carbon nanomaterials for 

various applications via the STM. Besides, Hou et al. studied the influence of inherent point 

defects in graphene on the nitrogen doping from the aspect of energy profile by the DFT 

simulations
96

. It is revealed that N doping in perfect graphene is endothermic, but it becomes 

exothermic in defective graphene, and the carbon atoms near the defect sites are more 

favourable to attract N atoms and energetically beneficial for the doping process
96

. Xia et al. 

also applied the DFT method probed the ORR mechanism on N-doped graphene in acidic 

solution, it is illustrated that the introduction of nitrogen atoms could bring no-pair electrons to 

the graphene and modify its atomic charge distribution, which finally account for the high ORR 

performance
97

. In addition, the behaviour of N-doped graphene nanoribbons was theoretically 

studied by Jung and co-workers via the DFT calculations. It is proposed that the doped nitrogen 

could increase the first electron transfer rate of the ORR and facilitate the four-electron pathway 

as well, which are believed to be the most important two aspects to improve the activity of ORR 

catalysts
98

.  

With the development of modern microscope technologies, it is possible to probe the micro 

world from atomic scales, such as capture some direct evidences regarding the changes in the 

graphene electronic structure after the incorporation of heteroatoms. For example, Bao et al. 

applied a one-step direct chemical method successfully synthesized N-doped graphene under 

solvothermal conditions, and then they observed the electronic perturbation in the graphene 

structures caused by the introduction of nitrogen atoms via the STM for the first time
99

. From 

Figure 2.13 (a), it can be seen that the separated sample for the STM test is a bilayer graphene, 

which is further confirmed by the high resolution STM images in Figure 2.13 (b) and (c) as well 
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as the previous reported results that the lattice constant of the small triangular grid motif is 2.4 ± 

0.1 Å
99-101

. According to the analysis, the bright areas in the STM images were possibly induced 

by the incorporation of N atoms, showing the presence of defects and the electronic structure 

perturbation in the graphene network. The corresponding DFT simulations further supported 

this assumption from another angle, as indicated in Figure 2.13 (c) and (d)
99

. The ORR test 

results show that the N-doped graphene exhibits obviously improved activity compared to the 

pristine graphene. However, the real active sites for the ORR are still unclear, for example, 

further work needs to be conducted to identify it is the doped N atoms themselves or the 

adjacent carbon atoms modified by the incorporated N accelerated the reduction reaction. 

 

Figure 2.13 (a) Isolated bilayer N-doped graphene, the black curve on top showing the height 

measurement across this bilayer; (b) and (c) High resolution images with defects arranged in 

different configurations; (d) Simulated STM image for (c). The inserted schematic structures 

represent N-doped graphene
99

. 

 

Normally, a wide range of methods can be adopted to prepare N-enriched graphene, such as 

the most commonly used CVD method
33,102,103

, nitrogen plasma irradiation
104

, post ammonia 
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treatment
14,105,106

, or through the pyrolysis of graphene oxide with nitrogen precursor
107-109

. For 

instance, Ruoff et al. employed two different methods (ammonia treatment and N-containing 

polymers pyrolysis, see Figure 2.14) doped nitrogen into the graphene and investigated their 

influence on the ORR performance. It is demonstrated that the bonding state of nitrogen has 

obvious influence on the ORR activity. Specifically, when treated the graphene under an 

ammonia atmosphere, it preferentially formed graphitic N and pyridinic N; however, when 

utilizing polyaniline and polypyrrole as the nitrogen sources, it is more likely to produce 

pyridinic and pyrrolic N, which can be seen more clearly from Figure 2.14. It is revealed that 

the graphitic N is beneficial to enhance the limiting current density, while the pyridinic N could 

improve the ORR onset potential
43

. 

 

Figure 2.14 Schematic diagram showing the preparation of N-doped graphene with different N 

states under different conditions
43

. 

 

From the previous investigations, it can be seen that the reactive species for the ORR in N-

doped carbon materials are still controversial and in debate. The theoretical work carried out by 

Jung et al. suggests that graphitic N is proposed to be the main ORR active sites in N-doped 

graphene as is could lower the reaction barrier
98

. Besides, their studies also show that the 

interconversion between the graphitic N and the pyridinic N during the catalytic cycle may 

explain why it is hard to identify which state is the active site
98

. For example, Knights and co-

workers claim that the graphitic N is the most active species in the N-doped graphene for the 
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ORR
14

, while Kim et al. found that the prepared N-doped graphene with high content of 

pyridinic N exhibits excellent ORR performance
40

. Alternatively, the preparation methods as 

well as the precursors that were utilized to synthesize the N-doped graphene may also influence 

the results. 

 

Figure 2.15 Schematic illustration showing the synthesis of N and S-doped graphene
110

. 

 

In addition to the heteroatom N, other foreign elements were also used to improve the ORR 

performance of the graphene. As shown in Figure 2.15, N or S-doped graphene was successfully 

fabricated by thermal reactions between graphene oxide and the guest gas NH3 or H2S on the 

basis of graphene oxide-mesoporous silica sheets at high temperatures
110

. Through this unique 

approach, the porous silica layer is able to facilitate the mass transportation during the thermal 

reaction process, which could also retain the layered graphene structure, so the high surface 

areas can be obtained. Besides, it is demonstrated that the resulting N-doped graphene and S-

doped graphene exhibit good electrocatalytic activity and long durability as metal-free ORR 

catalysts, which is comparable to the commercial Pt/C
110

. Apart from the traditional methods to 

prepare graphene from graphite, Liu et al. developed a novel one-step magnesiothermic 

reduction approach by using Na2CO3 and Na2SO4 as the starting materials synthesized a kind of 
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crumpled S-doped graphene with few layers
111

. The obtained S-doped graphene shows more 

positive onset potential and higher limiting current density than those of the pure graphene. 

They pointed out that the high ORR activity of the prepared catalyst is due to its graphitized and 

hierarchical porous structures as well as the incorporation of sulfur
111

. According to the work 

conducted by Huang and co-workers on S-doped graphene, the high ORR activity of heteroatom 

doped carbon nanomaterials may not derive from the electronegativity differences between 

carbon atoms and other foreign elements, as the electronegativities of carbon and sulfur are very 

close (2.55 vs 2.58), but the S-doped graphene still exhibits excellent ORR performance in 

alkaline solution
112

. Therefore, there should be some other reaction mechanisms account for the 

ORR performance improvement. Baek et al. applied theoretical calculations investigated the 

origin of S-functionalized graphene, it is proposed that the electronic spin density and the 

charge density as well as the doped sulfur atoms and sulfur oxides play important roles in 

promoting the ORR activity of the modified graphene
113

. Furthermore, Xia and co-workers also 

probed the ORR active sites and reaction mechanisms of S-doped graphene by the DFT 

calculations
114

. As indicated in Figure 2.16, the doped S can be presented in different 

configurations, such as surface S-adsorption, edge S/SO2-substitution, and S-ring connecting 

graphene clusters. It is revealed that the catalytic active sites for the ORR are those carbon 

atoms located at the graphene edges or near the doped SO2 sites, which exhibit high positive 

charge density or spin density and favor the high efficient four-electron ORR pathway
114

. It is 

predicted from the aspect of reaction energy barriers that the S-doped graphene could show 

comparable ORR activity as the Pt/C. 

 

Figure 2.16 Schematic representation showing the reaction pathways of S-doped graphene
114

. 

Small white, gray, yellow, and red balls represent hydrogen, carbon, sulfur, and oxygen atoms, 

respectively. 
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Among the hetero elements, phosphorus (P) and boron (B) were also utilized as dopants to 

improve the ORR activity of the graphene. For example, through a thermolysis approach, Peng 

et al. successfully incorporated P into the graphene sheets by using toluene and 

triphenylphosphine as the carbon and phosphorus sources, respectively. The resulting P-doped 

graphite shows high electrocatalytic activity and long-term stability for the ORR in alkaline 

medium
115

. Besides, Hou et al. employed the same method (via annealing graphite oxide and 

triphenylphosphine) prepared a kind of P-doped graphene that not only as an efficient metal-free 

ORR electrocatalyst, but also exhibits enhanced electrochemical performance as an anode 

material in lithium ion batteries
116

. In addition, Xia and co-workers also applied the thermal 

annealing approach fabricated B-doped graphene with improved ORR activity
117

. Moreover, it 

was reported that the less commonly used element fluorine (F) could enhance the ORR activity 

of carbon black
118,119

. However, as the F sources are normally with high toxicity, which is not 

suitable as a heteroatom for doping, so related investigations are quite rare. 

Similar to the CNTs, a wide range of heteroatoms could be used to enhance the ORR 

performance of the graphene. Although systematic experimental and theoretical studies have 

been devoted to reveal the active sites and reaction mechanisms of foreign atoms doped 

graphene, it is still difficult to rational design and synthesize graphene-based metal-free ORR 

catalysts with excellent activity. Further work needs to be conducted to disclose the actual 

reaction steps, especially to get more direct evidences regarding the heteroatoms promoted ORR 

with the assistance of modern characterization techniques. 

 

 Mesoporous Carbons for the ORR 2.4.3

The development of ordered porous carbon materials with controllable structures is another 

promising strategy to promote the ORR, especially after doping heteroatoms, such as N, P, B, O, 

S and so on. The investigation indicates that compared to other configurations, the ordered 

porous structures could provide more catalytic active sites for the oxygen absorption and 

reaction
16

, and the contribution of mesopores (2-50 nm) for the mass transportation of ORR-

relevant species may also facilitate the ORR
120

 because of their multiple advantages, including 

high specific surface area, adjustable pore size, and large pore volume with narrow pore size 

distributions
121-125

. To this end, a lot of mesoporous carbon-based materials have been 

synthesized as ORR catalysts in recent years, typical examples are N-doped mesoporous carbon 

spheres
126-128

, N-doped carbon nanosheets with size-defined mesopores
129

, N-doped mesoporous 

graphene
130

, ordered mesoporous carbon nitrides
131

, B-doped mesoporous carbon
132

, P-doped 

mesoporous carbon
133

, and N/S
134,135

, N/O
136

, N/F
137

 co-doped carbon materials. Figure 2.17 

shows the preparation of N-doped ordered mesoporous graphitic arrays to be metal-free ORR 
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catalysts
32

, by using the ordered mesoporous silica SBA-15 as a template. It is shown that the 

graphite-like N atoms in the resultant catalysts play a crucial role for the oxygen reduction
32

. 

Therefore, it is possible that carbon materials with high content of graphite-like N can be 

synthesized by rationally selecting the proper nitrogen precursors as efficient metal-free ORR 

catalysts. Besides, through tuning the nitrogen concentration and the carbonization temperature, 

Qiao et al. synthesized a series of mesoporous carbon spheres via a soft template method by 

using resorcinol-formaldehyde resin and melamine as the carbon and nitrogen precursors, 

respectively
127

. The results show that the optimized sample exhibits enhanced activity toward 

the ORR owing to its high surface area, large pore volume, good conductivity and high nitrogen 

content
127

. 

 

Figure 2.17 Preparation of nitrogen-doped ordered mesoporous graphitic arrays
32

. 

 

In the meantime, Müllen et al. fabricated a series of N-doped carbon nanosheets (NDCN) 

with uniform and adjustable mesopores by utilizing colloidal silica with different particle sizes 

as the template, as presented in Figure 2.18 (a)
129

. Figure 2.18 (b) shows a TEM image of the 

graphene-based silica nanosheets sandwiched with close-packed colloidal silica with the particle 

size of 22 nm (G-silica-22), from which we can see that the silica spheres are homogeneously 

attached to the surface of the graphene-based silica nanosheets (G-silica). The mesoporous 

NDCN with the desired pore size (22 nm) was successfully synthesized after the silica template 

was removed (Figure 2.18 (c)). By the same approach, they also prepared NDCN with other 

pore size, such as 7 nm. The electrochemical performance test results show that the resulting 

NDCN with the pore size of 22 nm exhibits comparable ORR performance to the commercial 
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Pt/C in alkaline conditions, which can be attributed to the special planar mesoporous shell 

structures that could provide sufficient catalytic active sites on the NDCN surface and boost the 

electrolyte/reactant diffusion during the ORR process
129

. Interestingly, Yu and co-workers 

applied a templateless method fabricated a kind of N-doped mesoporous graphene, by treating 

the mixture of the pre-synthesized graphene oxide and polydopamine at high temperatures 

directly
130

. Here, polydopamine not only acting as the nitrogen source, but also efficiently 

preventing the re-aggregation of the graphene nanosheets during the pyrolysis process. The 

investigation shows that the prepared sample demonstrates obviously improved ORR activity 

compared to the reference samples (without well-defined structures), which can be ascribed to 

its high specific surface area, mesoporous architecture as well as the high graphitic-N content
130

. 

However, compared to the template technique, this method could not control the pore size of the 

synthesized graphene deliberately. 

 

Figure 2.18 (a) Schematic illustration the preparation of nitrogen-doped carbon nanosheets 

(NDCN) with the desired pore size; (b) Typical TEM image of G-silica-22, revealing the 

uniform adhesion of silica-22 on the surface of G-silica; (c) Morphology and microstructure of 

the resulting NDCN-22
129

. 
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Figure 2.19 (a) Schematic representation of the synthetic conditions for additional nitrogen 

doping into the POMC-L; (b) and (c) TEM and SEM images of the prepared NPOMC-L2; (d) 

Polarization curves of MEAs at 60 °C (open and closed symbols correspond to cell voltage and 

power density, respectively)
16

. 

 

In addition, Yu et al. successfully synthesized P-doped ordered mesoporous carbons 

(POMC) with different lengths and investigated their influence on the ORR performance in 

alkaline solution
133

. Specifically, the POMCs were prepared via a metal-free nanocasting 

method by using different sizes of SBA-15 mesoporous silica as the template, 

triphenylphosphine and phenol were the phosphorus and carbon precursors, respectively. It is 

found that the obtained POMC with shorter rod length exhibits higher ORR activity, possibly 

due to its higher surface area as well as the lower resistance of the shorter channels. Besides, it 

is shown that the introduction of P into the ordered structure is also crucial to the ORR activity 

enhancement, as the incorporation of P may induce defects in the carbon network and disturb 

the electronic structures owing to its high electron-donating property, which could facilitate the 
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oxygen adsorption and finally promote the ORR
79,115,133

. Recently, Lee et al. propose that the 

POMC with larger pore size (POMC-L) is more beneficial to improve the cell performance, so 

they used the pre-prepared POMC-L as the starting material, and then further treated it under 

different conditions to adjust the positions of the nitrogen doping sites in the ordered structure to 

optimize its electrocatalytic performance, as schemed in Figure 2.19 (a)
16

. Figure 2.19 (b) and (c) 

show the TEM and SEM images of the prepared N-doped POMC-L (NPOMC-L2). It is obvious 

that the resulting sample exhibits very uniform and ordered mesoporous structures. The single-

cell test results prove that the N, P co-doped sample NPOMC-L2 with larger pore size and 

properly controlled nitrogen doping sites demonstrates significantly enhanced onset potential, 

compared to the undoped sample with smaller pore size. Remarkably, the power density of the 

NPOMC-L2 can be reached as high as 70% of the commercial Pt/C, as shown in Figure 2.19 

(d)
16

. This study implies that the pore size of the electrocatalysts is directly related to the cell 

performance. If the active sites are located in the mesoporous region, then they can be easily 

accessed by the reactants, which will increase the mass transport efficiency and realize a better 

utilization of the doping sites in the catalyst layer. 

It can be seen from the above summary that control the pore size of the electrocatalysts is a 

viable option to tune their catalytic activity. However, the synthesis process normally involves 

the use of templates, and the removal of the templates is often tedious and time-consuming, 

which definitely will lower the production efficiency and increase the manufacturing cost. 

Therefore, this method is not suitable to fabricate ORR catalysts for practical fuel cell 

applications. In addition, although the heteroatom doping could enhance the electrocatalytic 

performance of the mesoporous catalysts, the reaction mechanisms are still unclear as most of 

them are based on the hypothesis or theoretical calculations; no direct evidence has been 

obtained so far. In this regard, more sophisticated work should be carried out to explore the 

nature behind the reactions. 

 

 Defect-Driven ORR Catalysts 2.5

From the above discussions, it is obvious that heteroatom doping should not be the only 

approach to improve the ORR activity of metal-free electrocatalysts, and many issues regarding 

the heteroatom doping, especially N-doping, are yet to be solved. For example, the influence of 

nitrogen concentration on the ORR performance of the N-doped carbon materials is still an 

ongoing debate
14,39,61,108,138-142

, which can be seen more clearly via the quantitative analysis from 

the aspect of the ORR onset potential in Figure 2.20
35

. Besides, the reactive species for the ORR 

in N-doped carbon materials are still controversial, as some researchers state that graphitic N is 

the most active species, while others suggest that pyridinic N is more effective for the catalytic 
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reactions
14,40,56,64,65,98

. More importantly, it is still elusive that whether the doped foreign atoms 

are the ORR active sites or the carbon atoms adjacent to the incorporated heteroatoms play more 

significant role, since the carbon structure is altered due to the introduction of heteroatoms
34,38,71

. 

If the carbon atoms themselves are the catalytic active sites for the ORR, it means that any other 

methods that could change the electronic environment of the carbon atoms may also be capable 

of enhancing the ORR performance of the carbon materials, and possibly more efficient than the 

foreign atoms doping. 

 

Figure 2.20 The onset potential difference between the reported N-doped carbon materials and 

the Pt/C catalyst for the ORR against the N concentration
35

. 

 

The investigations show that the defective edge carbon atoms may be crucial to the 

electrocatalytic reactions
86,143-146

. For instance, by treating two kinds of CNTs with different 

proportions of edge carbon atoms (fish-bone CNTs (F-CNTs) and parallel CNTs (P-CNTs)) 

under various conditions, Peng et al. found that the F-CNTs with as high as 31.7% edge carbons 

exhibited much higher ORR activity than the P-CNTs that only have 1.8% edge carbons
147

. The 

corresponding DFT simulations indicate that the edge carbons are more easily to adsorb oxygen 

than their basal counterparts, as the edge defective sites could make the adjacent carbon atoms 

carry more positive charge due to the electron transfer between them
147

. The positive charge is 

able to promote the adsorption of oxygen, which is similar to the N-doping to drive the 

ORR
38,148

. 

Recently, both the theoretical calculations and the experimental studies carried out in our 

group proved that pure carbon materials with unique defects could effectively catalyze the ORR, 

and even more efficient than the N-doped carbons
35

. Herein, divacancy was selected to 
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investigate the influence of defects on the ORR, which is a kind of stable defect and has been 

received extensive research attention in the past decade
149-155

. A typical representative of the 

divacancy in graphene is the G585 defect (denoted as G585 because this topological defect 

contains two pentagons and one octagonal), which can be seen clearly from Figure 2.21 (a)
35

. In 

this work, a kind of graphene with G585 defect (G585), the perfect single layer graphene (G), 

N-doped graphene (N-G) and an ideal catalyst (Ideal) were chosen for the study in terms of 

energy profile. From the DFT calculation results in Figure 2.21 (b), it can be seen that N-doping 

could reduce the adsorption energy of oxygen significantly, but compared to the ideal catalyst, it 

is not favorable for the subsequent reactions, such as the reduction of the chemisorbed oxygen 

atoms. On the contrary, G585 defect could not only promote the adsorption of oxygen on the 

graphene, but also make the following reactions easy to proceed, which is approaching the ideal 

ORR catalyst. This means that pure carbons with topological defects are promising ORR 

catalysts, which should be more effective than the heteroatom doped carbon materials, 

according to our theoretical studies
35

. Experimentally, we used a N-containing porous aromatic 

framework (PAF-40) as the raw material to synthesize defective carbons for the ORR. By 

calcining the PAF-40 sample at high temperatures, the uniformly distributed nitrogen in the 

PAF-40 will be homogeneously removed, and the removal of the nitrogen atoms from the 

carbon network is very possible to form various defects, such as the stable G585 defect. 

Although the direct detection of the defects has not been realized at the current stage, the XPS 

and Raman spectra could provide some indirect evidences regarding the generation of defects in 

the carbon samples. As expected, the resulting defective carbon with only 0.21 at.% nitrogen 

shows comparable ORR activity to the commercial Pt/C, which should be ascribed to the newly 

produced defects via the removal of nitrogen. Besides, this result also supports the above 

theoretical predications
35

. 

 

Figure 2.21 (a) Pictorial representation of the G585 defect in graphene; (b) Calculated free 

energy diagram of perfect monolayer graphene (G), N-doped graphene (N-G), graphene with 

G585 defect (G585) and an ideal catalyst (Ideal) for the ORR at the equilibrium potentials
35

. 
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In the field of catalysis, it is well-known that trace impurities may activate the reactions, for 

example, it is revealed that metal impurities in some of the reported highly active “metal-free” 

ORR catalysts are the main contributor to the catalytic reactions
156-158

. It is therefore easy to 

doubt that defects may be the actual active sites for the ORR in the defective carbons, but the 

very tiny amount of nitrogen that was incorporated in the graphitic carbon network may also 

play an important role. In this regard, we used a kind of Zn-enriched metal organic framework 

(MOF), which is completely free of nitrogen, as the starting material successfully synthesized 

defective carbons by removing the incorporated Zn atoms at high temperatures
36

. Interestingly, 

the resulting pure carbon (without any N or Zn, verified by the XPS analysis) also shows 

significantly enhanced ORR performance, proving that it is not the impurities but the newly 

produced defects via the removal of the Zn atoms promoted the ORR
36

. This study not only 

shows strong support to the defective mechanism that was proposed in our group, but also 

confirms that besides the nitrogen atom, the removal of other heteroatom in the carbon network 

could create the valuable defects for the ORR as well. 

 

Figure 2.22 (a) and (b) Defective graphene cluster with pentagon ring at the zigzag edge (PZ) 

and the corresponding calculated reaction free energy diagram for the four-electron transfer 

ORR process; (c) and (d) Defective graphene cluster with odd number of octagon rings and 

fused pentagon rings line defect (GLD-558-01) and the corresponding calculated reaction free 

energy diagram for the four-electron transfer ORR process
159

. 
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Apart from the work conducted in our group, other researchers also carried out related 

investigations to probe the influence of defects on the ORR. For instance, recently, Xia et al. 

studied the electronic structure and catalytic properties of graphene clusters with different point 

and line defects systematically by the DFT simulations
159

. According to their calculations, both 

the point and line defects in graphene with particular electronic configurations and locations are 

possible to catalyze the ORR as they could tailor the local electronic structures and charge 

distributions of carbon materials with sp
2
 hybridization. For example, among the investigated 

point defects in the graphene, only the one with pentagon rings at the zigzag edge is effective 

for the ORR (PZ, as shown in Figure 2.22 (a)). Besides, defective graphene with odd number of 

octagon rings and fused pentagon rings line defect (GLD-558-01, as indicated in Figure 2.22 (c)) 

also exhibits ORR activity, and the proposed active sites are situated near the graphene edges as 

well, indicating the high ORR performance of the defective graphene is originated from the 

joint effect of the specific types of defects and the corresponding edge structures. In addition, it 

is revealed that the two-electron and four-electron transfer reactions occur at the same time on 

the graphene with PZ or GLD-558-01 defect. Figure 2.22 (b) and (d) show the free energy 

diagrams of the four-electron transfer process on the graphene with PZ and GLD-558-01 defects 

at different potentials, respectively. As can be seen, graphene with the GLD-558-01 defect could 

catalyze the ORR more efficiently than the PZ at the potential of 1.23 V, since the GLD-558-01 

shows lower overpotential for the O-O rupture. Meanwhile, the calculated free energy changes 

of the reactions are consistent with the previous theoretical investigations for other ORR 

catalysts
3,160,161

, which also illustrate that the GLD-558-01 is better than the PZ to catalyze the 

ORR. Furthermore, it is suggested that the energy barriers of the defective graphene for the 

ORR are comparable to the Pt(111) surface
162

 and other N-doped carbon materials
34

. 

From the above discussions, it can be seen that defect could catalyze the ORR is a totally 

new finding in this area, which means that heteroatom doping is not the only mechanism to 

enhance the activity of metal-free carbon materials. However, capture some direct evidences to 

prove that it is certain types of defects promoted the electrochemical reactions seems not that 

easy, but possible, especially with the assistance of high-resolution TEM or STM technologies. 

More importantly, how to create the desired effective defects in various carbon materials is a 

potential approach to synthesize low cost but highly active metal-free electrocatalysts for 

practical applications. Additionally, are the defects that could catalyze the ORR also effective 

for other electrochemical reactions (such as hydrogen evolution reaction (HER), oxygen 

evolution reaction (OER) and hydrogen oxidation reaction (HOR))? More in-depth and 

systematic work should be carried out to uncover the real reaction pathways of the catalytic 

reactions and design electrocatalysts with the expected performance for different applications.  
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 Conclusions 2.6

Metal-free carbon nanomaterials, which are the promising candidates to substitute the rare 

and expensive Pt-based ORR catalysts, have aroused intensive research interest in recent years 

owing to their high activity and low cost. Among the metal-free catalysts, heteroatoms doped 

carbon materials, especially CNTs, graphene and mesoporous carbons have been received the 

most extensive research attention. Recent investigations also found that besides the heteroatom 

doping, unique defects could catalyze the ORR with high efficiency as well, which not only as a 

new finding over the existing theory, but also provide a facile and feasible approach to fabricate 

high performance electrocatalysts with low manufacturing cost. 

Specifically, the incorporation of heteroatoms normally could improve the ORR activity of 

the resultant samples obviously, as their electronegativity may influence the charge density of 

the carbon atoms, which eventually facilitates the formation of active sites for oxygen 

absorption and reduction; however, sulfur is an exception, since the electronegativities of carbon 

and sulfur are very close (2.55 vs 2.58), but the S-doped graphene also shows clearly improved 

ORR performance, indicating other reaction mechanisms should be established to explain this 

phenomenon. Besides, co-doping foreign atoms with different electronegativities may show 

negligible ORR activity enhancement as the lone-pair electrons from the electron-rich dopant 

possibly be neutralized by the vacant orbital from the electron-deficient dopant, so the 

configurations of the heteroatoms should be considered when co-doping different elements into 

the carbon network. In addition, it is possible to increase the ORR performance by optimizing 

the carbon structures, unzip the outer wall of the MWCTNs is a typical example, which coupled 

the merits of the CNTs and graphene, because the opened edges will be beneficial for the 

oxygen absorption and the retained nanotubes could provide good channels for the electron 

transportation during the ORR process. Meanwhile, adjust the pore size of the electrocatalysts is 

another viable option to enhance their catalytic activity. Impressively, create unique defects in 

the carbon materials is also possible to synthesize highly active metal-free ORR catalysts. 

In the future, both theoretical and experimental studies should be carried out to uncover the 

catalytic active sites of various metal-free ORR electrocatalysts, which will be helpful to design 

more efficient catalysts with low overpotentials and high current densities as well as good 

durability for practical fuel cell applications. Particularly, how to detect direct evidences 

regarding the defects driven ORR in the defective carbons with advanced microscopes is highly 

desirable, which may lead to the target creation of the effective defects in different carbon 

materials, and then the synthesized extremely active both metal and heteroatom free low-cost 

ORR catalysts can be used to realize the commercialization of fuel cells and other related 

innovative technologies.  
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 Introduction 3.1

Currently, investigation on carbon-based materials is an extremely dynamic and booming 

area with nearly unlimited possibilities
1
. The unique properties of porous carbon materials, such 

as high surface area, thermal and chemical stability as well as good electrical conductivity make 

them suitable for an increasing range of applications, for example, as adsorbents
2,3

, storage 

materials
4,5

, supercapacitors materials
6,7

, and catalyst supports
8,9

. However, it is still highly 

desirable to develop facile methods to prepare carbon materials with the expected performance. 

Besides, for the practical applications of the resulting porous carbons, the cost of the raw 

materials is another crucial aspect that has to be considered. 

In this project, we aim to use activated carbon (AC) to synthesize efficient catalysts for 

electrochemical reactions, including the oxygen reduction reaction (ORR) and hydrogen 

evolution reaction (HER). Herein, different raw materials are utilized to fabricate porous 

carbons, for instance, a purchased AC, carbon black and coal. First of all, a simple chemical 

activation method is adopted to increase their specific surface areas. Then, the synthesized ACs 

with increased surface areas are treated under an ammonia atmosphere to introduce nitrogen 

into the carbon networks. The defective carbons are obtained by annealing the N-doped ACs at 

higher temperatures to remove the incorporated nitrogen. To further enhance the ORR 

performance of the defective carbons, low content of platinum (Pt) is introduced by a facile 

impregnation method. Meanwhile, a simple solvothermal approach is also employed to 

synthesize low concentration of non-precious metals Mn-Co loaded AC catalysts for the ORR. 

The physical and chemical properties of the synthesized samples are systematically 

characterized by various techniques, such as nitrogen adsorption and desorption isotherm, X-ray 

powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy and 

transmission electron microscopy (TEM). In particular, their electrocatalytic performance is 

evaluated via a standard three-electrode system on the CHI 760E workstation. At the beginning 

of this chapter, the preparation methods of the porous carbons as well as the metal decorated 

defective carbons are briefly introduced, and then the basic principles of the characterization 

techniques are summarized. Besides, a specific introduction regarding the catalytic performance 

measurement is given at last. 

 

 Material Preparation 3.2

 Chemical Reagents and Equipments  3.2.1

The chemicals and gases used for the experiment are listed below in Table 3.1. 
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Table 3.1 Chemicals and gases used for the experiment. 

Reagent Name Chemical Formula Supplier 

Ethanol CH3CH2OH Chem-Supply Pty Ltd 

Methanol CH3OH Chem-Supply Pty Ltd 

Potassium Hydroxide Pellet KOH Chem-Supply Pty Ltd 

Potassium Chloride KCl Chem-Supply Pty Ltd 

Potassium Ferricyanide K3Fe[CN]6 Chem-Supply Pty Ltd 

Perchloric Acid, 70% HClO4 Sigma-Aldrich 

Manganese(II) Acetate 

Tetrahydrate 
Mn(OAc)2·4H2O Sigma-Aldrich 

Cobalt(II) Acetate Tetrahydrate Co(OAc)2·4H2O Sigma-Aldrich 

Nafion
®
 117 Solution N/A Sigma-Aldrich 

Platinum on Vulcan XC-72, 

20 wt% Loading 
Pt/C Sigma-Aldrich 

Chloroplatinic Acid Hexahydrate H2PtCl6·6H2O Sigma-Aldrich 

Yttrium(III) Nitrate Hexahydrate Y(NO3)3·6H2O Sigma-Aldrich 

1,3,5-Benzenetricarboxylic Acid 

(H3BTC), 95% 
C6H3(CO2H)3 Sigma-Aldrich 

Activated Charcoal C Sigma-Aldrich 

Coal Granule C 
Ningxia Huahui Activated 

Carbon Co. Ltd 

Vulcan XC-72, Carbon Black C Premetek Co. 

Hydrochloric Acid, 32% HCl RCI Labscan Ltd 

Sulfuric Acid, ~98% H2SO4 MERCK Pty Ltd 

Nitric Acid, 68.0-70.0% HNO3 Alfa Aesar 

N,N-Dimethylformamide (DMF), 

99% 
HCON(CH3)2 Alfa Aesar 

Nitrogen, High Purity N2 BOC 

Oxygen, Industrial O2 BOC 

Ammonia, Anhydrous NH3 BOC 
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The main equipments utilized to synthesize and evaluate the porous carbon based 

electrocatalysts are listed below in Table 3.2. 

Table 3.2 The main equipments used for the experiment. 

Name Model Manufacturer 

Analytical Balance PWC 124 ADAM Equipment 

Analytical Balance MS105DU METTLER TOLEDO 

Planetary Ball Mill Pulverisette FRITSCH 

Benchtop Centrifuge H1650 CENCE
®
 

Tubular Furnace GSL1600X MTI Corporation 

Electrochemical Workstation 760E CH Instruments 

Rotating Ring Disk Electrode 

Apparatus 
RRDE-3A ALS Co. Ltd 

 

 Preparation of Porous Carbons 3.2.2

It is noteworthy that one of the porous carbon materials with simple preparation method 

and long history is activated carbon, but the surface areas of the most activated carbons are 

relatively low (usually below 2000 m
2
/g), which is not beneficial for practical applications, 

especially for the reactions that occur at the interface. In this regard, the activation process is 

applied to increase their surface areas.  

Generally, there are two types of activation methods, namely, physical activation and 

chemical activation. The first approach involves the carbonization and gasification of the carbon 

precursors under inert and mildly oxidizing atmospheres, respectively
10-13

. Comparatively, the 

second method is less energy-consuming as it is only a one-step calcination process with the 

mixture of the carbon source and a chemical agent at relatively low temperatures
14-16

. Therefore, 

the chemical activation method is employed to activate the low surface area carbon samples. 

The commonly used chemical agent is potassium hydroxide (KOH), and the proposed reaction 

between carbon and KOH is as follows
17

: 

6KOH + 2C ↔ 2K + 3H2 + 2K2CO3 

KOH will transform from solid into liquid state when the temperature is higher than 360 °C, 

and the produced simple substance K at higher temperatures plays an important role in creating 
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pores in the carbon materials
18

. Besides, it is revealed that the generated carbon dioxide (CO2) 

from the decomposition of the produced K2CO3 at temperatures above 700 °C will further be 

beneficial to the porosity development
16

. 

Here, four carbon precursors (a purchased AC, carbon black, coal and carbonized 

macadamia nut shell) are activated by the chemical activation method. The activated samples 

are further treated under an ammonia atmosphere to dope nitrogen into the carbon structures, 

and then the doped nitrogen is removed under a nitrogen atmosphere to produce defective ACs 

for electrochemical reactions. The detailed experiment procedures will be specified in Chapter 4. 

 Preparation of Pt-Loaded Defective Carbon Samples 3.2.3

The wetness impregnation method is a commonly used technique to synthesize 

heterogeneous catalysts. Herein, this method was applied to prepare low content of Pt loaded 

defective carbons. Typically, the defective carbon powder D-AC with a certain weight was 

dispersed into the designed H2Cl6Pt·6H2O/EtOH solution with 5 min sonication for better 

mixing. After that, the mixture was placed on a stirrer to stir overnight to remove the EtOH at 

room temperature. The obtained precursor was reduced in the presence of a mixture gas of H2 

and Ar (5%H2 + 95%Ar) at the target temperatures in a tubular furnace. The mixture gas was 

purged for 30 min to expel the air inside the tube before operating the reduction program. 

 Preparation of Mn-Co Spinel Decorated Carbon Samples 3.2.4

In this study, a kind of defective carbon supported Mn-Co nanoparticles was synthesized 

via a simple solvothermal method. In a typical preparation, Mn precursor Mn(OAc)2·4H2O and 

Co precursor Co(OAc)2·4H2O were firstly dissolved into a certain amount of anhydrous ethanol, 

followed by adding the carbon powder and then sonicate the mixture for 10 min to make them 

mix homogeneously. Afterwards, the mixture was transferred into an autoclave, which was 

allowed to react at 150 °C for 12 h. The final catalyst was obtained via washing the resulting 

precipitation with deionized water and absolute ethanol several times, followed by drying at 

80 °C for 12 h. 

 

 Material Characterization Techniques 3.3

Besides the preparation, the characterization of the resulting samples is also important, 

since it plays a key role in selecting materials with appropriate composition, structure, as well as 

physical and chemical properties for various applications. Meanwhile, it is also necessary to 

uncover the intrinsic relationship between the catalytic performance and the basic 
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physicochemical characteristics of the synthesized samples, which will guide to the rational 

design of more efficient catalysts. In the current research, a wide variety of analytical methods 

are applied to exhaustively characterize the prepared samples, such as nitrogen adsorption and 

desorption isotherm, X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

Raman spectroscopy and transmission electron microscopy (TEM). For better understanding 

and more efficiently use these techniques, a brief introduction is give below. 

 Nitrogen Adsorption-Desorption Isotherm 3.3.1

Gas adsorption is a convenient and feasible method to identify the surface area and pore 

size distribution of porous materials. Particularly, nitrogen adsorption is the widely used 

measurement, where nitrogen adsorption-desorption isotherm is defined as a plot of the 

equilibrium pressure and the amount of nitrogen adsorbs and subsequently desorbs at a constant 

temperature. According to the international union of pure and applied chemistry (IUPAC) 

definition, the pore widths of micropores, mesopores and macropores are less than 2 nm, 

between 2 nm and 50 nm, and greater than 50 nm, respectively
19

. Generally, most of the 

physisorption isotherms can be divided into six types based on the IUPAC classification
19,20

, as 

shown in Figure 3.1 (a) and specified as follows: 

 

Figure 3.1 (a) Types of physisorption isotherms
19,21

; (b) Digital photo of the TriStar 3020 

automatic gas adsorption analyzer (This photo courtesy of Micromeritics Instrument Co.). 

a b 
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Type I isotherms: This reversible isotherm is concave to the p/p
0
 axis, and reaches a 

limiting adsorbed amount when the p/p
0
 approaches 1, which is a typical feature of microporous 

materials (e.g.: activated carbon and molecular sieve zeolite), as the narrow pore width and the 

high adsorption potential render high uptakes at relatively low pressures. Besides, the limiting 

uptake is being controlled by the accessible micropore volume instead of by the internal surface 

area. 

Type II isotherms: Physical adsorption produced Type II isotherm suggests that the 

adsorbent is nonporous or macroporous powder, and the monolayer-multilayer adsorption is 

unrestricted. The inflection point B represents the stage at which the completion of monolayer 

coverage and the beginning of multilayer adsorption. 

Type III isotherms: The isotherm is convex to the p/p
0
 axis over the whole p/p

0
 range and 

there is no inflection point B. Materials exhibit such isotherms should have low adsorption 

energy, and the adsorbate-adsorbate interactions play a vital role. Not many materials show this 

kind of isotherm, an example is nitrogen adsorption on polyethylene. 

Type IV isotherms: The most representative character of this isotherm is its hysteresis 

loop, which is correlated with capillary condensation that taking place in mesopores with high 

adsorption energy. The initial part of the Type IV isotherm is similar to the corresponding part 

of the Type II isotherm, ascribing to the monolayer-multilayer adsorption. This type of isotherm 

is typical for mesoporous materials. 

Type V isotherms: This type of isotherm shows pore condensation and a hysteresis loop. 

However, it is not common, as the initial stage is associated with the Type III isotherm in that 

the adsorbent-adsorbate interaction is weak. The hysteresis is attributed to the existence of 

mesopores. 

Type VI isotherms: This type of isotherm is an exceptional case, in which the multilayer 

adsorption occurs step by step on a uniform nonporous surface. The sharpness of the steps 

depends on a variety of factors, such as the homogeneity of the adsorbent surface, the adsorptive 

and the temperature. Besides, the step height indicates the monolayer capacity of each adsorbed 

layer. The best examples of this isotherm are those obtained with argon or krypton on 

graphitized carbon blacks at liquid nitrogen temperature. 

In this study, the nitrogen adsorption and desorption isotherms were measured at the liquid 

nitrogen temperature (77 K) using a TriStar II 3020 automated surface area and pore size 

analyzer (as shown in Figure 3.1 (b)). Specific surface area was calculated from the adsorption 

data according to the Brunauer-Emmett-Teller (BET) method. The pore-size distribution was 
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obtained by using the density functional theory (DFT) model. Prior to the measurement, 

samples were degassed at 150 °C overnight.  

 X-ray Powder Diffraction (XRD) 3.3.2

X-ray powder diffraction (XRD) is the most effective analytical technique primarily 

utilized to determine the phase and crystal structures of materials and it could also provide 

information on the unit cell dimensions. X-rays are short-wavelength and high-energy beams of 

electromagnetic radiation, which are produced by high-speed electrons accelerated by a high-

voltage field colliding with a metal target. Basically, X-ray beams incident on a crystalline solid 

will be diffracted by the crystallographic planes, two in-phase incident waves will be deflected 

by two crystal planes. The deflected waves will be in phase when conditions satisfy the 

following relationship, which is called Bragg’s Law
22

. 

2dsinθ = nλ (n = 1, 2, 3, ......)                                        (3.1) 

Where d is the distance between atomic layers in a crystal, θ is the incident angle (the angle 

between incident X-ray and the scatter plane), λ is the wavelength of the incident X-ray beam, 

and n is an integer. By scanning the sample through a range of 2θ angles, all possible diffraction 

directions of the lattice should be obtained due to the random orientation of the powdered 

material
23

, so the crystal structures of the testing sample can be identified by comparing the 

spectrum with the standard reference patterns. 

 

Figure 3.2 Typical geometric layout of a X-ray diffractometer
22

. 
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Generally, an X-ray diffractometer consists of three basic elements: an X-ray tube, a sample 

holder, and an X-ray detector, as shown in Figure 3.2. The X-ray radiation generated by an X-

ray tube will pass through special slits which collimate the X-ray beam. A divergent X-ray 

beam passing through the slits strikes the specimen. The specimen is usually in the form of a 

flat plate that is supported by a specimen holder. X-rays are diffracted by the specimen and form 

a convergent beam at the receiving slits before they enter a detector. Besides, the diffracted X-

ray beam needs to pass through a monochromator before being received by a detector
22

. As the 

sample and detector are rotating, the intensity of the reflected X-rays is recorded. When the 

geometry of the incident X-rays impinging the sample satisfies the Bragg Equation, constructive 

interference happens and a peak in intensity occurs. A detector records and processes this X-ray 

signal and converts it to a count rate which is then output to a device such as a printer or 

computer monitor
23

. The crystalline structures of the prepared samples in this research were 

characterized in a Bruker Advance X-ray diffractometer using nickel-filtered Cu Kα X-ray 

source radiation (λ = 1.5405 Å). The operation conditions are at 40 kV, 40 mA with a scan rate 

of 2°/min.  

 

 X-ray Photoelectron Spectroscopy (XPS) 3.3.3

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical 

analysis (ESCA), is a widely used surface-sensitive spectroscopic technique to investigate the 

chemical-state and electronic structure from the top 10 nm of a solid material. With the advance 

of X-ray monochromator and energy analyzer design, XPS is now able to reach energy 

resolutions less than 0.3 eV
24

. 

As shown in Figure 3.3, a typical X-ray photoelectron spectrometer consists of a 

monoenergetic X-ray source, an electron energy analyzer and a detector. The XPS instrument 

measures the kinetic energy of all collected electrons. Specifically, the X-ray excited electrons 

are collected by an electron energy analyzer. The fine powder sample is placed next to the 

analyzer in a field-free region and electron focusing is done electrostatically. Here, the electrons 

are firstly filtered by the lens, and then projected onto a plane where it passes through an 

aperture. By varying the retardation fields in the extraction lenses, a range of electron energies 

can be scanned. Next, the image of the electrons is projected to the analyzer’s entrance aperture 

plane, which is finally projected through the energy filter to the detection plane
24

. 

Herein, chemical compositions of the prepared samples were acquired on a Kratos Axis 

ULTRA X-ray photoelectron spectrometer incorporating a 165 mm hemispherical electron 

energy analyzer. The incident radiation is Monochromatic Al Kα X-rays (1486.6 eV) at 150 W 
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(15 kV, 10 mA), and photoelectron data was collected at the take-off angle of 90°. Survey scans 

and high resolution scans were conducted at the analyzer pass energy of 160 eV and 20 eV, 

respectively. In addition, survey scans were carried out over 1200-0 eV binding energy range 

with a step of 1.0 eV and a dwell time of 100 ms, narrow high-resolution scans were run with a 

step of 0.05 eV and a dwell time of 250 ms. Base pressure in the analysis chamber is 1.0×10
-9

 

torr and sample analysis pressure is 1.0×10
-8

 torr. The energy scale was calibrated to the C 1s 

peak maximum at 284.5 eV. 

 

Figure 3.3 Schematic of a typical modern high resolution X-ray photoelectron spectrometer
24

. 

 

 Raman Spectroscopy 3.3.4

Raman spectroscopy is a powerful spectroscopic technique to detect vibrations in 

molecules based on the inelastic scattering of monochromatic light, which can be used to 

determine subtle structure changes in the substance, thus making it highly advantageous in 

characterization solid, liquid as well as gaseous samples, especially carbon nanomaterials. 

The schematic layout in Figure 3.4 illustrates the optical features of a Raman microscope, 

which normally consists of six essential parts: an excitation light source, an optical guiding 

system, an optical microscope, a spectrometer, a detector, and a data acquisition unit
25

. In this 

configuration, a laser beam passes through a filter to become a single wavelength beam, which 

is then focusing on a sample surface by the microscope. Subsequently, the microscope collects 

the Raman scattering light that is reflected from a microscopic area of the sample, and sends it 

to the charge coupled device (CCD) detector. The wavelength of Raman scattering light is 
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selected by a diffraction grating system before being recorded by the detector
26

. The excitation 

light source for the apparatus is always a laser as Raman spectroscopy requires extremely high 

monochromatic light. The most commonly used laser line in Raman spectroscopy is the argon 

ion line at 514.5 nm, other laser lines are widely adopted as well, such as the solid-state lasers 

with an excitation wavelength of 780 nm are suitable for biological samples measurement to 

reduce or eliminate the detrimental effect of florescence
25

. 

Here, Raman spectra of the synthesized samples were recorded on a Renishaw InVia 

spectrometer equipped with a Leica DMLM microscope and a 514 nm argon ion laser as the 

excitation source with a grating of 2400 l/mm. A ×50 objective lens was utilized to focus the 

depolarized laser beam on a spot of around 3 μm in diameter. The Raman scattering was 

collected with a Renishaw CCD detector in the spectral region of 100-3200 cm
-1

. Every 

spectrum was scanned three times with an exposure time of 10 s for each scan. The instrument 

was calibrated by a silicon reference sample before commencing the measurement. 

 

Figure 3.4 Schematic representation of a typical Raman microscope
25

. 

 

 Transmission Electron Microscopy (TEM) 3.3.5

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of 

electrons is transmitted through an ultra-thin specimen, interacting with the specimen as it 

passes through. An image is formed from the interaction of the electrons transmitted through the 

specimen, which is magnified and focused onto an imaging device
27

. TEM operates on the same 

basic principles as the conventional transmission light microscope, but with much higher 

magnification and resolution as it utilizes high energy electrons instead of light. It could provide 

morphologic, compositional, and crystallographic information for a sample, and has become the 
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most important tool to probe the microstructures of materials due to its high resolution. 

Theoretically, the resolution of the TEM is capable of reaching the order of 0.1 nm if lens 

aberrations can be minimized, which render it ideal for different applications, such as in cancer 

research, materials science, nanotechnology as well as semiconductor research
28-30

. 

 

Figure 3.5 Schematic diagram shows the structure of a transmission electron microscope
27

. 
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A typical TEM can be divided into three main parts: illumination system, objective lens & 

specimen stage, and imaging system, as shown in Figure 3.5
27,29

. 

In the illumination system, an electron gun generates high energy electrons from a solid 

cathode surface, and the condenser lenses will guide the produced electrons to illuminate the 

TEM specimen. Particularly, a high vacuum condition is needed for the TEM to avoid the 

collisions between the high energy electrons and air molecules to reduce the energy loss. 

Objective lens and specimen stage is the central section of a TEM. Modern objective lens is a 

twin lens instead of a single lens, which has an upper and a lower pole-piece with a gap in 

between (as indicated in Figure 3.5). The resolution of a microscope is directly related to the 

pole-piece gap, for example, small pole-piece gaps allow high resolution, but limit tilt angles. 

The last part is the imaging system, which has at least three lenses to magnify the image or a 

diffraction pattern. Normally, a phosphor screen will convert the produced electron image into a 

photo image, a negative film camera will record the image, and finally a CCD camera will 

capture the digital image
29

. 

Apart from the function of imaging and diffraction, the high-energy electrons in the TEM 

could also cause electronic excitations of the atoms in the specimen. Energy-dispersive X-ray 

spectrometry (EDS) and electron energy-loss spectrometry (EELS) are the two representative 

applications of electronic excitations to acquire chemical information of the samples. The 

corresponding two analytical spectrometers are located near the objective pole-piece and at the 

bottom of the microscope, respectively. In the EDS, an X-ray spectrum is obtained from small 

regions of the specimen illuminated by a focused electron beam. Characteristic X-rays from the 

chemical elements are used to determine the contents of different elements in the specimen. 

While in the EELS, energy loss of the high-energy electrons is measured after they traversed the 

specimen. Information on local chemical state and structure is received from features in the 

EELS spectra caused by the plasmon excitations and core electron excitations
29,31

. 

In the present study, the prepared samples for the TEM test were firstly sonicated with 

ethanol to achieve better dispersion. Afterwards, the homogeneously dispersed solution was 

dropped onto a carbon-coated copper grid, allow it dry naturally at room temperature. The 

morphologies and structures of the samples were examined by using the TEM (Philips Tecnai 

T12) and high-resolution TEM (HRTEM, Philips Tecnai F20) at the operation voltage of 200 

kV. 
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 Electrochemical Performance Evaluation 3.4

 Electrocatalytic Performance Evaluation Apparatus 3.4.1

It is desirable to assess the catalytic performance of the potential electrocatalysts in fuel cell 

prototypes under the real operation conditions. However, the high cost and tedious process to 

install a fuel cell setup make it impractical for the initial evaluation of the catalysts in a real fuel 

cell apparatus. Normally, it is more convenient and efficient to utilize independent half-cell 

evaluation devices to test the catalytic performance of the resulting catalysts, such as the widely 

used potentiostat, which is designed to study the reaction mechanisms of the redox reactions and 

other chemical phenomena via a three-electrode system (working, reference and counter 

electrode). Particularly, the newly developed bipotentiostat is able to control two working 

electrodes, thus broadened its applications. 

 

Figure 3.6 Digital photo of the three-electrode configuration with a rotator. 

 

Herein, the typical three-electrode system was employed to evaluate the electrochemical 

properties of the prepared catalysts, as shown in Figure 3.6. Specifically, glassy carbon (GC) is 

the working electrode, a Pt wire is the counter electrode and the Ag/AgCl (in saturated KCl 
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solution) is the reference electrode. All potentials were referred to the reversible hydrogen 

electrode by adding a value of (0.197 + 0.059*pH) V. Cyclic voltammetry (CV), linear sweep 

voltammetry (LSV), rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) 

voltammetry measurements were conducted on the CHI 760E workstation (CH Instruments, Inc.) 

with a RRDE-3A rotator (ALS Co., Ltd). 

RDE and RRDE are the convenient voltammetric methods to investigate the reaction 

mechanisms and kinetics of the ORR, which are the most popular techniques by far. The 

configurations of the RDE and RRDE can be found in Figure 3.7 (a). Generally, the RDE is 

designed to increase the diffusion of an electroanalyte if the electrochemical reaction is 

controlled by the diffusion process. Meanwhile, a ring (often platinum) surrounded the disk by 

an insulating material (usually Teflon) in RRDE could detect the intermediate product peroxide 

species
32

, which will be beneficial to analyze the detailed ORR mechanism. Figure 3.7 (b) 

shows the reactions that could occur on the RRDE during the ORR process, for example, both 

H2O and H2O2 are produced during the reaction process; the generated H2O2 will diffuse to the 

Pt ring with the rotation of the electrode, and then is further reduced on the ring. 

    

Figure 3.7 (a) Schematic representation of the RDE and RRDE; (b) The possible reactions 

occur on the RRDE during the ORR process
32

. 

 

 Sample Preparation 3.4.2

1 or 2 mg of the finely ground catalyst was dispersed into the 1 mL mixed solution of 

distilled water (680 µL), ethanol (300 µL) and Nafion
®
 117 Solution (5%, 20 µL). Then, 10 µL 

of the mixture was dropped onto a polished glassy carbon electrode (4 mm in diameter) after 

sonicating it for at least 60 min to form a homogeneous ink. The loaded electrode was placed in 
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a 60 °C oven for 10 min to dry and then was taken out to cool down before all the tests. The 

corresponding catalyst loading is 0.08 or 0.16 mg·cm
-2

. 

 ORR Measurement 3.4.3

CV: Prior to the test, the electrolyte was bubbled with oxygen for at least 30 min to make it 

saturated with oxygen, and then a constant oxygen flow was kept during the measurement. The 

data was recorded at the scan rate of 100 mV/s when the system became stable. 

LSV: The rotating speed of the working electrode is increased from 400 rpm to 2500 rpm 

at the scan rate of 10 mV/s in oxygen saturated electrolyte. 

RRDE: The rotating speed of the working electrode was fixed at 1600 rpm with the scan 

rate of 10 mV/s for the RRDE test. The electron transfer number (n) and the peroxide species 

yield are calculated via the following equations
33,34

. 

n = 4Id / (Id + Ir / N)                                                          (3.2) 

% HO2
-
 = 200(Ir / N) / (Id + Ir / N)                                              (3.3) 

Where Id stands for the disk current, Ir represents the ring current, and N is the current 

collection efficiency of the Pt ring, which is identified to be 0.43 in 2 mmol/L K3Fe[CN]6 and 

0.1 mol/L KCl solution. 

 Koutecky-Levich (K-L) Plots 3.4.4

When the electrode is rotating, the electrolyte solution is tangentially drawn to the disk and 

radially swept away under controlled hydrodynamic conditions. Levich proved that the 

diffusion limited current measured at a smooth disk electrode is related to the angular velocity 

of the electrode rotation speed, which was later evolved into the commonly used Koutecky-

Levich (K-L) equation, as shown below
32,35

: 

 

Where J is the measured current density, Jk and JL are the kinetic and limiting current 

densities, respectively, ω is the angular velocity, n is transferred electron number, F (96485 

C/mol) is the Faraday constant, D0 is the diffusion coefficient of O2 in 0.1 M KOH (1.9 × 10
-5

 

cm
2
/s), C0 is the bulk concentration of O2 (1.2 × 10

-6
 mol/cm

3
),  v is the kinetic viscosity of the 

1

𝐽
=  

1

𝐽𝐿
+  

1
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=  

1

𝐵𝜔1/2
+  

1

𝐽𝐾
 

𝐵 =  0.2𝑛𝐹𝐶0𝐷0
2/3𝑣−1/6;   𝐽𝐾 = 𝑛𝐹𝑘𝐶0 

(3.4) 
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electrolyte (0.01 cm
2
/s) and k is the electron-transfer rate constant. The constant 0.2 is adopted 

when the rotation speed is expressed in rpm. 

Experimentally, the working electrode was scanned cathodically at the rate of 10 mV/s with 

the rotation speed from 400 to 2500 rpm in oxygen saturated electrolyte, and the Koutecky-

Levich plots (J
-1

 vs ω
-1/2

) were analyzed at different potentials to probe the reaction kinetics of 

the ORR process. 

 HER Measurement 3.4.5

Sample Preparation: 1 mg of the finely ground catalyst was dispersed into the 1 mL 

mixed solution of distilled water (680 µL), ethanol (300 µL) and Nafion
®
 117 Solution (5%, 20 

µL). Then, 5 µL of the mixture was dropped onto a polished glassy carbon electrode (3 mm in 

diameter, catalyst loading: 0.07 mg·cm
-2

) after sonicating it for at least 60 min to form a 

homogeneous ink. The loaded electrode was placed in a 60 °C oven for 10 min to dry and then 

was taken out to cool down before the HER test. 

LSV: The rotating speed of the working electrode was maintained at 1600 rpm with the 

scan rate of 10 mV/s in 0.5 M H2SO4 solution. 

 

 Summary 3.5

In the current research, we aim to utilize some facile preparation methods to synthesize 

highly active catalysts for electrochemical reactions, such as for the oxygen reduction and 

hydrogen evolution reactions. First of all, the chemical activation method was applied to 

fabricate porous carbons with increased surface areas, and then a facile nitrogen doping and 

removal approach was employed to prepare defective carbons. In addition, wetness 

impregnation and solvothermal methods were used to synthesize low Pt content and Mn-Co 

spinel decorated carbon samples, respectively. The resulting samples were characterized 

systematically by different techniques, such as the nitrogen adsorption and desorption isotherm, 

X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman 

spectroscopy and transmission electron microscopy (TEM). Furthermore, the electrochemical 

performance of the resultant catalysts was evaluated via a standard three-electrode system on 

the CHI 760E workstation. For better understanding and more efficiently using these 

characterizations as well as the electrocatalytic performance evaluation techniques, a brief 

introduction on their working principles was also presented in this chapter.  
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 Introduction 4.1

Inexpensive yet efficient electrocatalysts are still attracting strong research interest. In the 

past few years, much research attention has been focused on carbon-based materials because of 

their advantageous features, such as high surface area, thermal and chemical stability as well as 

good electrical conductivity
1
. The most commonly investigated carbon materials including 

carbon nanotubes (CNTs)
2-9

, graphene
10-19

 and mesoporous carbons
20-30

. Compared with these 

carbon nanomaterials, activated carbon (AC) can be more easily and economically produced 

from different carbon sources
31

, which may become a potential oxygen reduction reaction (ORR) 

catalyst for scalable production after proper modifications. In addition, AC-based catalysts own 

much higher specific surface areas than other carbon materials, which could provide more 

accessible active sites for the ORR and accordingly accelerate the reactions
32

. Theoretically, 

heteroatoms such as nitrogen should be more easily doped into the ACs because plenty of 

defects already exist, which could offer more reaction sites for the heteroatoms, and finally 

being beneficial for the ORR. Unfortunately, there have been scarce researches were focused on 

AC-based ORR catalysts up to now, since the AC derived catalysts did not show satisfied ORR 

activity, for example, both the half-wave potential and the current density of the AC-based 

catalysts are much lower than those of the commercial Pt/C
31,33,34

. 

Previous studies revealed that chemical activation is an effective approach to synthesize 

high surface area porous carbons
35-37

. Herein, two kinds of carbon sources (a purchased low 

surface area AC and a kind of high-grade coal) were selected to investigate the influence of the 

activation conditions on their microstructures and specific surface areas. As the activation 

process has been investigated by many researchers
36,38-42

, in this work, we only studied the key 

parameters varied from carbon precursors. Specifically, the gas flow rate and the mass ratio of 

the activator to the carbon precursors were adjusted to optimize the surface areas of the resulting 

ACs. Besides, the optimum activation conditions were also applied to other carbon sources to 

increase their surface areas, such as the Vulcan XC-72 carbon black and a carbonized 

macadamia nut shell. In addition, metal-organic framework (MOF) is an ideal hard template to 

prepare porous carbons with high surface areas due to its unique structures, simply via a facile 

carbonization process to remove the metals directly or by a subsequent acid wash
43-48

. In the 

present work, a yttrium-containing MOF JUC-32 was also used as the raw material to fabricate 

high surface area porous carbons. 

At the initial stage, the prepared carbons with different surface areas were doped with 

nitrogen for electrochemical reactions, particularly for the ORR. The investigations showed that 

the N-doping did not improve the ORR activity of the synthesized carbons, which is different 

from the reported results for other carbon materials. It is therefore necessary to enhance their 
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ORR performance through some other alternative methods, for example, by creating special 

defects in the resulting carbons, based on the defective reaction mechanism that was proposed in 

our group
49,50

. Related results on defect promoted electrochemical reactions will be discussed in 

details in the following chapter, as this chapter mainly focuses on the preparation of different 

porous carbons and the selection of suitable materials for further modifications to improve their 

electrocatalytic activity. 

 

 Experimental Section 4.2

 Activation Procedures 4.2.1

In a typical preparation, the carbon precursors (e.g., a purchased low surface area AC, a 

kind of high-grade coal, Vulcan XC-72 carbon black and a carbonized macadamia nut shell) 

were mixed with KOH physically in a corundum crucible and then it was placed in the middle 

of a tubular furnace. Prior to the operation of the temperature program, nitrogen gas was purged 

for 30 min to expel the air inside the tube, and then heat the sample to 750 °C with the ramp rate 

of 5 °C/min under a nitrogen atmosphere, the holding time at 750 °C is 1 h. The activated 

sample was obtained via neutralizing the mixture with 3 M HCl followed by washing it with 

copious of deionized water. The washed sample was dried at 80 °C for 12 h.  

 Nitrogen Doping and Removal 4.2.2

To introduce nitrogen into the carbon structures, the activated sample was firstly placed in 

the center of a tubular furnace with a quartz tube, and then ammonia gas (NH3) was purged for 

30 min to remove the air inside the tube. Afterwards, the sample was treated under an NH3 

atmosphere at 500 °C for 3 h (the ramp rate is 3 °C/min). The gas was switched from ammonia 

to argon during the cooling stage to prevent water suck-back. The N-doped sample was calcined 

at different temperatures under a nitrogen atmosphere to remove the doped nitrogen. 

 Characterizations 4.2.3

The nitrogen adsorption and desorption isotherms were measured at the temperature of 

liquid nitrogen (77 K) using a TriStar II 3020 automated surface area and pore size analyzer. 

Specific surface area was calculated from the adsorption data according to the Brunauer-

Emmett-Teller (BET) method. The pore-size distribution was obtained by using the density 

functional theory (DFT) model. Prior to the measurement, samples were degassed at 150 °C 

overnight. Chemical compositions of the prepared samples were acquired using a Kratos Axis 

ULTRA X-ray photoelectron spectrometer incorporating a 165 mm hemispherical electron 
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energy analyzer. The incident radiation is Monochromatic Al Kα X-rays (1486.6 eV) at 150 W 

(15 kV, 10 mA). The morphology of the samples was examined by using a field-emission 

scanning electron microscopy (FE-SEM, JEOL JSM 7100F) and a transmission electron 

microscopy (TEM, Philips Tecnai T12). 

 Electrochemical Measurements 4.2.4

The typical three-electrode system was employed to evaluate the electrochemical properties 

of the prepared catalysts. Specifically, glassy carbon (GC) is the working electrode, a Pt wire is 

the counter electrode and the Ag/AgCl (in saturated KCl solution) is the reference electrode. All 

potentials were referred to the reversible hydrogen electrode by adding a value of (0.197 + 

0.059*pH) V. Linear sweep voltammetry (LSV) measurement was conducted on the CHI 760E 

workstation (CH Instruments, Inc.) with a RRDE-3A rotator (ALS Co., Ltd). 

Sample Preparation: 1 mg of the catalyst was dispersed into the 1 mL mixed solution of 

distilled water (680 µL), ethanol (300 µL) and Nafion
®
 117 Solution (5%, 20 µL). Then, 10 µL 

of the mixture was dropped onto a polished glassy carbon electrode (4 mm in diameter, catalyst 

loading: 0.08 mg·cm
-2

) after sonicating it for at least 60 min to form a homogeneous ink. The 

loaded electrode was placed in a 60 °C oven for 10 min to dry and then was taken out to cool 

down before all the tests. 

LSV measurement: The rotating speed of the working electrode is 1600 rpm at the scan 

rate of 10 mV/s in O2-saturated 0.1 M KOH solution. 

 

 Preparation of Porous Carbons from Different Carbon Sources 4.3

Herein, different carbon sources were used to prepare high surface area carbons via a facile 

chemical activation method, such as a low surface area activated carbon (AC), coal, carbon 

black and a carbonized macadamia nut shell. First of all, the activation conditions were 

optimized on a purchased low surface area AC, and then were applied to the other carbon 

precursors. In addition, a kind of yttrium-containing MOF JUC-32 was also utilized for 

synthesizing porous carbons with high surface areas.  

 Activation of a Low Surface Area AC 4.3.1

As some of the parameters in activating carbon materials have been optimized by previous 

investigations, in this study, we mainly probed the influence of nitrogen flow rate and the mass 

ratio of the activation agent KOH to the carbon precursor on the surface areas and 

microstructures of the resulting carbons, since these conditions are normally varied from case to 
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case. Besides, to further increase the surface area of the activated ACs, the activation process 

was repeated once. The following results are about the activation of a purchased low surface 

area AC. 

(1) The Influence of Nitrogen Flow Rate  

The influence of nitrogen flow rate on the microstructures of the synthesized carbons was 

firstly studied. Figure 4.1 shows the nitrogen adsorption isotherms of the purchased activated 

carbon (P-AC) and the ACs that were activated at 750 °C for 1 h with the KOH to AC mass 

ratio of 5 under different nitrogen flow rates. It can be seen that the nitrogen flow rate changed 

the porous texture of the samples obviously. When the P-AC was activated with the nitrogen 

flow rate of 50 mL/min, the BET surface area (SBET) of the resulting sample is increased from 

the original 828 m
2
/g to 1276 m

2
/g. However, when keep other parameters unchanged and 

increase the nitrogen flow rate to 300 mL/min, the SBET of the obtained sample is further 

increased to 1891 m
2
/g, which is much higher than the sample that was prepared at slow flow 

rate. It can be explained from the aspect of reaction kinetics. Faster nitrogen purge rate could 

remove the gases that were produced during the carbonization process quickly, which is 

beneficial to drive the reaction toward the activation direction and finally favours the creation of 

micropores
40,41

. This is in agreement with the nitrogen adsorption-desorption test results in 

Figure 4.1. Considering the size of the furnace tube and the cost of the gas, 300 mL/min 

nitrogen flow rate was used for all the following investigations. 

 

Figure 4.1 Nitrogen adsorption-desorption curves of the purchased AC and the prepared 

samples under different nitrogen flow rates. 
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(2) The Influence of Mass Ratio 

The previous investigations revealed that the mass ratio of the chemical agent to the carbon 

precursor played a crucial role on the SBET of the synthesized carbons
37,38,42

. However, the 

optimized ratio is varied from case to case. Herein, we adjusted the mass ratio of KOH to AC 

from 5 to 10 and kept other conditions constant (750 °C for 1 h, 300 mL/min nitrogen flow rate) 

studied its influence on the SBET of the resulting ACs. From Figure 4.2, it is obvious that the SBET 

of the resulting ACs firstly increases with the increase of the m(KOH)/m(AC), but decreases 

with the further increase of the mass ratio, and the maximum SBET reaches at the m(KOH)/m(AC) 

of 7.5/1, which is 2096 m
2
/g (denoted as AC-A). In principle, some potassium (K) vapours and 

gases will be generated when the temperature is elevating, which is the main factor for the pore-

forming in the activation process. Therefore, the generation of more K vapours and gases are 

favourable for the production of pores at the first stage, thus the SBET is increased when the 

m(KOH)/m(AC) is increased from 5 to 7.5. However, the production of  excessive K vapours 

and gases will further make the produced micropores into mesopores, it is therefore decreased 

the SBET when the mass ratio is too high
37

, as the micropores contribute more to the specific 

surface area than the mesopores and macropores. 

 

Figure 4.2 The influence of the mass ratio of KOH to AC on the SBET of the prepared samples. 

 

(3) The Influence of Activation Times  

To further increase the specific surface areas of the ACs via optimizing the activation 

conditions, the activated AC (activation conditions: 750 °C for 1 h, 300 mL/min nitrogen flow 

rate, m(KOH)/m(AC)=7) was utilized as the raw material, and the activation process was 

repeated once under the same conditions. Unfortunately, the SBET of the resultant sample is 

5 6 7 8 9 10

1500

1600

1700

1800

1900

2000

2100

 

 

B
E

T
 S

u
rf

a
c
e

 A
re

a
 (

m
2
/g

)

m(KOH)/m(AC)



Chapter 4 

 

79 
 

decreased from 1975 m
2
/g to 1755 m

2
/g, mainly because more micropores became mesopores 

during the second activation process, which is similar to the ACs that were activated under 

higher KOH to AC ratios. Meanwhile, it can also be seen from the corresponding pore size 

distributions (PSDs) of the two samples in Figure 4.3 that comparing to the sample only 

activated once, the micropore ratio is decreased while the mesopore ratio is increased for the 

sample activated twice. Consequently, the surface area of the prepared sample is decreased 

instead of increased. 

 

Figure 4.3 The influence of activation times on the pore size distributions of the prepared 

samples. 

 

 Preparation of High Surface Area ACs from the Coal  4.3.2
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was firstly ground into fine powders by a ball mill, and then the same activation procedures 

were utilized to increase its surface area. As can be seen from Figure 4.4 (a), the absorption 

amount of the purchased coal granule is negative, indicating its surface area is below the testing 

limit of the instrument. The calculated SBET of the ball milled sample (Coal-BM) is 155 m
2
/g, it 

means that the ball mill is an effective way to make fine powders. The desorption curve of the 

sample Coal-BM is not matched with the adsorption curve (Figure 4.4 (b)), possibly due to the 
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the pores. 
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Figure 4.4 N2 adsorption-desorption curves of the coal granule (a), and the ball milled coal (b). 

 

From the above studies on the activation of the low surface area AC, it is shown that faster 

nitrogen flow rate is beneficial to increase the surface area of the resulting ACs, so the same rate 

300 mL/min was used here. Besides, the activation time and temperature have been optimized 

by other researchers
51

. Herein, the mass ratio of KOH to the Coal-BM was tuned to optimize the 

surface area of the activated ACs. From Figure 4.5, we can see that the trend is similar to the 

activation of the low surface area AC, and the optimum m(KOH)/m(Coal-BM) is also at 7.5/1. 

Remarkably, the highest SBET of the prepared sample is as high as 3508 m
2
/g (denoted as H-AC), 

which is twenty times higher than that of the Coal-BM, and it is also much higher than the 

sample derived from the low surface area AC. Actually, the surface area of the H-AC is one of 

the highest porous carbons ever reported
51-55

. 

 

Figure 4.5 The influence of the mass ratio of KOH to coal on the SBET of the prepared samples. 
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 Activation of the Carbon Black  4.3.3

Similarly, the optimized activation conditions were also applied to increase surface area of 

the Vulcan XC-72 carbon black (Premetek Co., USA). As can be seen from Figure 4.6 (a), the 

SBET of the KOH activated sample XC-72-A is increased from the original 250 m
2
/g to 631 m

2
/g, 

and the contribution to the increment is mainly from the micropores (Low pressure range in 

Figure 4.6 (a), and the pore size distributions in Figure 4.6 (b)). Although the increase is quite 

obvious, the SBET of the resulting porous carbon is still relatively low. 

 

Figure 4.6 (a) N2 adsorption-desorption isotherms of the purchased carbon black XC-72 and the 

activated sample XC-72-A; (b) The corresponding pore size distributions of the two samples. 

(Activation conditions: 750 °C for 1 h, m(KOH)/m(XC-72) is 7.5, N2 flow rate is 300 mL/min) 

 

 Macadamia Nut Shell Carbonization and Activation 4.3.4

Preparation of high surface area porous carbons for practical applications from renewable 

biomass is of great significance
52,56,57

, such as by using the macadamia nut shell (MNS, as 

shown in Figure 4.7 (a)). Macadamia is origin from Australia, especially in north eastern New 

South Wales, central and south eastern Queensland. The washed and dried MNS was carbonized 

at different temperatures to probe their influence on the SBET of the resulting samples. From 

Figure 4.7 (b), it can be seen that the carbonization temperature does not have obvious influence 

on the SBET of the prepared samples. The sample MA-900 with the highest surface area of 273 

m
2
/g was activated under the optimized conditions (750 °C for 1 h, m(KOH)/m(MA-900) is 7.5, 

N2 flow rate is 300 mL/min). The SBET of the activated sample MA-900-A is 1691 m
2
/g. This 

result is consistent with the above investigations that KOH activation is an effective approach to 
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create micropores, which is proved by the PSDs of the two samples in Figure 4.7 (c) and (d) that 

the micropores of the MA-900 is increased sharply after activation. 

 

Figure 4.7 (a) Digital photo of the macadamia nut shell; (b) The influence of carbonization 

temperature on the surface area of the prepared samples; (c) PSD of the sample carbonized at 

900 °C; (d) PSD of the activated sample MA-900-A. 

 

 JUC-32 Synthesis and Carbonization 4.3.5

With well-defined nano-sized pores and high surface areas, metal-organic frameworks 

(MOFs) may play important roles in various applications, such as catalysis, energy storage and 

filtration
58

. In this study, a kind of MOF JUC-32 was prepared through the reported 

procedures
59,60

. As shown in Figure 4.8, a mixture of Y(NO3)3⋅6H2O (4.0 g) and H3BTC (1,3,5-

Benzenetricarboxylic acid, 2 g) was dissolved into 100 mL DMF (N,N-Dimethylformamide), 

followed by adding 20 mL deionized water. The homogeneously mixed mixture was placed into 

a 100 °C oven allow it to crystallize for 24 h. JUC-32 was obtained after washing the colourless 

crystals with DMF and ethanol, respectively. The washed sample was dried at 80 °C for 12 h. 
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Figure 4.8 Procedures to prepare JUC-32 and its porous carbon derivative. 

 

The carbonized samples were obtained through heating the JUC-32 under different 

conditions in a nitrogen atmosphere at 800 °C. The final porous carbons were obtained by 

washing the calcined samples with 2 M HNO3 solution for three times and then with copious 

amount of deionized water. From Figure 4.9, it can be seen that both the holding time and ramp 

rate have obvious influence on the SBET of the prepared samples. For example, when the ramp 

rate is 5 °C/min and the holding time at 800 °C is 1 h, the SBET of the resultant sample J-1 is 

2524 m
2
/g, whereas the SBET of the obtained sample J-2 is 2408 m

2
/g as the holding time 

increases to 2 h with the same ramp rate of 5 °C/min. Moreover, when the ramp rate decreases 

to 2 °C/min (J-3, holding time at 800 °C is 2 h), the SBET of the synthesized sample J-3 is further 

decreased to 1901 m
2
/g. The possible reason is that longer carbonization time or slower ramp 

rate may partially destroy the porous structures, thus decreased the SBET of the resulting samples. 

The morphology and structure changes of the prepared samples can be seen clearly from the 

correspondingly SEM and TEM images in Figure 4.10, which agrees well with the above results 

that either longer holding time or slower ramp rate could damage the structures of the sample. 

 

Figure 4.9 Nitrogen adsorption-desorption isotherms of the prepared samples. 

0.0 0.2 0.4 0.6 0.8 1.0

0

150

300

450

600

750

900

1050

1200

1350

1500

 J-3: 1901 m
2
/g

 

 

 

Q
u

a
n

ti
ty

 A
d

s
o

rb
e

d
 (

c
m

3
/g

 S
T

P
) 

Relative Pressure (P/Po)

 J-2: 2408 m
2
/g

 J-1: 2524 m
2
/g



Preparation of Porous Carbons for Oxygen Reduction Reaction 

 

84 
 

 

Figure 4.10 (a) and (b) SEM and TEM images of the prepared sample J-1; (c) and (d) SEM and 

TEM images of the prepared sample J-2; (e) and (f) SEM and TEM images of the prepared 

sample J-3. 
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Table 4.1 SBET summary of the carbon samples before and after activation. 

Carbon Precursor After Activation 

Sample Name SBET (m
2
/g) Sample Name SBET (m

2
/g) 

XC-72 250 XC-72-A 631 

MA-900 273 MA-900-A 1691 

P-AC 828 AC-A 2096 

Coal-BM 155 H-AC 3508 

 

The above investigations show that the influence of the carbon precursors on the SBET of the 

synthesized ACs is significant. From Table 4.1, it can be seen that the activation for the XC-72 

carbon black is not effective, most likely due to its stable graphitic structure is hard to break 

during the activation process. However, for the high-grade coal, the SBET of the activated sample 

H-AC is as high as 3508 m
2
/g, which is increased over twenty times comparing to the ball 

milled coal Coal-BM and also higher than most of the reported results. The activation for the 

purchased low surface area AC and the carbonized macadamia nut shell is also effective, but 

still inferior to the activation of the selected coal. Initially, we were expecting to fabricate 

extremely high surface area porous carbons via removing the metals in the carbonized MOF 

JUC-32; however, the results did not meet our expectation. As the synthesis process is time-

consuming and the yield of the samples is not high, it is therefore unnecessary to carry out 

further experiments on them, such as the activation and heteroatom doping. 

In the following study, we will use the prepared ACs with different surface areas to 

synthesize metal-free catalysts for electrochemical reactions, such as for the ORR. Specifically, 

three activated carbons (XC-72-A, AC-A and H-AC) will be doped with nitrogen to probe its 

influence on their electrocatalytic properties. 

 

 Modified Porous Carbons for the ORR 4.4

 Nitrogen-Doped Porous Carbons for the ORR 4.4.1

As it summarized in Chapter 2, heteroatoms doping (especially N-doping) is an effective 

approach to increase the ORR activity of various carbon materials, including CNTs, graphene 

and mesoporous carbons. Herein, the prepared three carbons with different specific surface 
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areas (XC-72-A, AC-A and H-AC) were selected to investigate the influence of N-doping on 

their electrocatalytic performance. 

 

 

Figure 4.11 LSV curves of the carbon precursors XC-72, P-AC, Coal-BM and the 

corresponding activated samples measured at the scan rate of 10 mV/s with the rotation speed of 

1600 rpm in O2-saturated 0.1 M KOH solution. 

 

To evaluate the ORR performance of the carbon samples, the prepared electrode was 

immersed into O2-saturated 0.1 M KOH solution and maintained rotating at 1600 rpm for the 

linear sweep voltammetry (LSV) measurement. Figure 4.11 (a) to (c) show the LSV curves of 

the XC-72, P-AC and Coal-BM before and after the chemical activation. Apparently, all the 

three activated samples demonstrate obviously improved ORR activity in terms of onset 

potential and current density, particularly the sample H-AC derived from the ball milled coal 

exhibits the most evident enhancement. This result clearly indicates that the specific surface 

area of the electrocatalyst is crucial to the catalytic reactions, as higher surface area samples 
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could provide more active sites for the electrochemical reactions. Besides, it reveals from Figure 

4.11 (d) that for different porous carbons, the surface area of the samples still influences their 

catalytic performance. For example, AC-A and H-AC with much higher surface areas than that 

of the XC-72-A also show higher ORR activity. However, H-AC and AC-A exhibit similar 

ORR performance although their surface area difference is huge, possibly due to the promotion 

effect of the surface area on the catalytic activity is limited. 

 

Figure 4.12 XPS survey scan spectra of the N-doped samples N-XC-72-A, N-AC-A and N-AC.  

 

Table 4.2 XPS results analysis for the N-XC-72-A, N-AC-A and N-AC. 

Sample Name C (Atom%) N (Atom%) O (Atom%) 

N-XC-72-A 91.20 2.54 6.26 

N-AC-A 96.48 2.16 1.36 

N-AC 93.91 3.73 2.36 

 

In view of the activated samples with increased surface areas also show enhanced ORR 

performance (see Figure 4.11), nitrogen was introduced into the higher surface area porous 

carbons XC-72-A, AC-A and H-AC by treating them under an ammonia atmosphere at 500 °C 

for 3 h, aim to further increase their ORR activity. X-ray photoelectron spectroscopy (XPS) was 
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applied to gain detailed information regarding the chemical composition and nitrogen content in 

the N-doped samples. From the XPS overall spectra in Figure 4.12, it can be seen that all the 

three ammonia treated samples only show distinct C 1s, N 1s and O 1s peaks without any other 

signals, indicating the successful incorporation of nitrogen into the carbon structures. The 

specific surface elemental analysis derived from the XPS spectra for the three samples can be 

found in Table 4.2. It shows that the sample with the highest surface area of 3508 m
2
/g also 

contains the highest content of nitrogen (3.73 at.%) after the ammonia treatment, it means that 

the highly developed porous structure of the H-AC could provide more reaction sites for the 

nitrogen incorporation comparing to the lower surface area carbons. 

 

Figure 4.13 (a) High resolution XPS N 1s fittings for the surface nitrogen in the N-AC; (b) 

High resolution XPS O 1s fittings for the surface oxygen in the N-AC. 

 

Meanwhile, the high resolution XPS scan was applied to probe the configurations of the 

doped nitrogen in the prepared sample N-AC. As can be seen from Figure 4.13 (a), the N 1s 

signal can be deconvoluted into three subpeaks, which are assigned to the pyridinic nitrogen at 

the binding energy of 398.7 eV, pyrrolic nitrogen at 400.1 eV and quaternary nitrogen at 401.1 

eV, respectively
1,17,32,61,62

. Apparently, the associated peak for the oxidized pyridinic nitrogen 

species (normally centered at 402 to 405 eV) was not found from the XPS N 1s spectrum in 

Figure 4.13 (a), implying that the introduced nitrogen did not bond with the oxygen in the N-AC. 

Besides, the corresponding high resolution O 1s spectrum of the N-AC in Figure 4.13 (b) shows 

that the surface oxygen is presented in the form of C-O (epoxy and hydroxyl, at 532.6 eV) and 

O-H (absorbed water on the surface, at 537.2 eV)
63-65

, which further confirms that the N-O bond 

did not form between the surface oxygen group and the incorporated nitrogen.  
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Figure 4.14 LSV curves of the activated samples XC-72-A, AC-A, H-AC and the 

corresponding N-doped counterparts measured at the scan rate of 10 mV/s with the rotation 

speed of 1600 rpm in O2-saturated 0.1 M KOH solution. 

 

As shown in Figure 4.14 (a) to (c), compared to the pristine porous carbons, all the N-

doped samples did not exhibit obvious improvement in the ORR performance, only the current 

densities were increased slightly, which is different from the previous investigations that N-

doping is an effective way to promote the ORR in various carbon materials
11,56,66-68

, possibly due 

to the N-doping is only favorable to drive the ORR on sp
2
 carbon structures, for example, 

carbon nanotubes
2,69-73

 and graphene
19,74-76

. In addition, as indicated in Figure 4.14 (d), the ORR 

activity of the N-doped porous carbon materials with big difference in the surface area is similar. 

It means that the doped nitrogen is not the active site for the ORR, and the nitrogen boosted 

ORR mechanism is not applicable here. 
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 Defective Porous Carbons for the ORR 4.4.2

Our previous studies showed that some unique defects in the carbon networks could also 

effectively catalyze the ORR
49,50

, which is more advantageous than the N-doped carbons. Based 

on this principle, the doped nitrogen was removed from the N-doped carbon samples via a high 

temperature treatment to produce defects in the carbon structures. For example, after calcining 

the three N-doped samples N-XC-72-A, N-AC-A and N-AC at 1050 °C for 2 h under a nitrogen 

atmosphere, the nitrogen contents of the resulting samples are below the XPS test limit (the 

detailed nitrogen content analyses can be found in Figure 4.16 (a) and Table 4.3), suggesting the 

doped nitrogen should be removed completely under those conditions.  

 

 

Figure 4.15 LSV curves of the N-doped samples N-XC-72-A, N-AC-A, N-AC and the 

corresponding N-removed samples, and the commercial Pt/C (20% Pt) measured at the scan rate 

of 10 mV/s with the rotation speed of 1600 rpm in O2-saturated 0.1 M KOH solution. 
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From Figure 4.15 (a), it is obvious that the N-removed sample D-XC-72-A still did not 

show improved ORR activity. However, for the sample N-AC-A, both the onset potential and 

the current density were increased apparently after the doped nitrogen was removed (Figure 

4.15 (b)). Remarkably, the enhancement is more evident for the sample N-AC (Figure 4.15 (c)), 

and the synthesized sample D-AC exhibits comparable ORR activity to the commercial Pt/C (20% 

Pt, Figure 4.15 (d)). It means that nitrogen doped samples with higher surface areas are more 

likely to generate more unique defects for the ORR after the doped nitrogen is removed (The 

porous carbons themselves contain numerous defects/voids, which are not effective for the 

electrochemical reactions. Here, the "unique" means the newly created defects by removing the 

doped N atoms from the partially graphitic carbon layers, which are different from the already 

existing defects). Naturally, it can be deduced that defects are quite possible to be produced in 

the carbon networks if the incorporated nitrogen atoms are removed. Therefore, it is reasonable 

that the ORR performance improvement is originated from the newly generated defects in the 

carbon structures, which agrees well with our previous investigations that defects are effective 

for the ORR
49,50

. 

To investigate whether the remaining nitrogen in the calcined samples affect the ORR 

performance, herein, different temperatures were used to treat the nitrogen doped sample N-AC. 

From the XPS overall spectra in Figure 4.16 (a) and the corresponding calculated element 

contents in Table 4.3, it can be found that the doped nitrogen in the N-AC was removed 

gradually with the increase of the calcination temperature. For example, the nitrogen content is 

calculated to be 1.46 at.% after treating the N-AC at 950 °C for 2 h under a nitrogen 

environment. However, the nitrogen content is below the XPS detection limit when calcining 

the N-AC sample at higher temperatures, such as at 1050 °C and above, which means that the 

incorporated nitrogen should be fully removed under these conditions. As shown in Figure 4.16 

(b), the nitrogen removal temperature does not have obvious influence on the ORR activity of 

the resulting samples. As the N-AC-950 still contains some nitrogen, it is hard to distinguish 

whether the enhanced ORR activity is originated from the residual nitrogen, the newly produced 

defects or a coupled effect between them. Nevertheless, the samples N-AC-1050 (denoted as D-

AC above) and N-AC-1150 are completely free of nitrogen, but still exhibit remarkable ORR 

activity, which is sufficient to confirm that it is defects improved the ORR performance of the 

prepared samples. Consequently, the suitable nitrogen removal conditions are at 1050 °C for 2 h 

under a nitrogen atmosphere, as much higher temperature treatment (such as 1150 °C) could not 

further enhance the ORR performance of the obtained sample, but consumes more energy. 
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Figure 4.16 (a) XPS survey scan spectra of the N-AC samples treated under different 

temperatures; (b) LSV curves of the nitrogen removed samples measured at the scan rate of 10 

mV/s with the rotation speed of 1600 rpm in O2-saturated 0.1 M KOH solution. 

 

Table 4.3 XPS results analysis for the N-AC-950, N-AC-1050 (D-AC) and N-AC-1150. 

Sample Name C (Atom%) N (Atom%) O (Atom%) 

N-AC 93.91 3.73 2.36 

N-AC-950 95.94 1.46 2.20 

N-AC-1050 98.45 ---- 1.55 

N-AC-1150 98.07 ---- 1.93 

 

 

 Conclusions 4.5

Herein, different carbon precursors were used to prepare porous carbon materials with 

variable specific surface areas by an easy and scalable chemical activation method. For example, 

a purchased low surface area AC, ball milled coal, Vulcan XC-72 carbon black and a 

carbonized macadamia nut shell were activated under the optimized conditions (750 °C for 1 h, 

m(KOH)/m(Carbon) is 7.5, nitrogen flow rate is 300 mL/min) to increase their surface areas. 

Besides, the synthesis of porous carbons via removing the metals in a carbonized MOF JUC-32 

was also discussed. The surface area of the resulting carbons is from 631 m
2
/g to 3508 m

2
/g, 

where the one derived from the ball milled coal shows the highest value. The results 
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demonstrated that the three activated samples XC-72-A, AC-A and H-AC with increased 

surface areas also showed obviously improved ORR performance, primarily because higher 

surface area samples could provide more active sites for the electrochemical reactions. 

Subsequently, nitrogen was introduced into the three activated samples by treating them under 

an ammonia atmosphere, and then the doped nitrogen was removed at higher temperatures. It is 

revealed that the incorporation of nitrogen did not enhance the ORR activity of the resulting 

samples directly, but the produced defects by removing the doped nitrogen from the carbon 

networks may serve as the active sites for the ORR, which finally contributed to the catalytic 

performance improvement. Interestingly, the prepared porous carbon H-AC with the highest 

surface area also showed the best ORR performance after the doped nitrogen was removed. 

More systematic characterizations and electrocatalytic evaluations for the synthesized samples 

(H-AC, N-AC and D-AC) as well as in-depth analyses on defects promoted electrochemical 

reactions will be presented in Chapter 5. 
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 Introduction 5.1

Efficient cathodic electrocatalysts for the oxygen reduction reaction (ORR) and hydrogen 

evolution reaction (HER) are the key step to accelerate the application of numerous promising 

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

devices
1-4

. At present, platinum (Pt) and its alloys are still the best-known electrocatalysts for 

the ORR and HER
2,5-9

; however, the high cost and limited supply of Pt as well as the stability 

issues associated with the long-term operation have significantly hampered the large-scale 

applications of such innovative technologies
10,11

. Apparently, the expensive Pt should be 

replaced by cost-effective alternatives but without compromising the catalytic performance. 

Following this principle, tremendous effort has been devoted to developing Pt-free 

electrocatalysts, where metal-free materials are more intensively investigated, primarily because 

metal based catalysts are prone to dissolve and aggregate under practical operation conditions, 

which not only reduce the activity but also are detrimental to the durability of the catalysts
12,13

. 

In general, carbon itself is not regarded as an efficient catalyst for electrochemical reactions. 

Therefore, much research attention has been focused on heteroatom-doped carbon materials. For 

instance, doping with electron-rich nitrogen
14-19

 or electron-deficient boron
20-25

 can enable 

various carbon nanostructures such as carbon nanotubes (CNTs) and graphene with ORR 

activity, particularly in alkaline media. Besides, nitrogen-doped graphene coupled with 

graphitic-carbon nitride also shows improved HER activity
26

, but still much inferior to that of 

the commercial Pt/C. Although significant progress has been achieved in various heteroatom-

doped carbon electrocatalysts, some key issues still have to be addressed. For example, the ORR 

activity vs the nitrogen content is very diverse
27

, and the reactive species in N-doped carbon 

materials are still in debate. It is suggested that different states of nitrogen, e.g., pyridinic N, 

pyrrolic N, graphitic or pyridine-N-oxide, may take different effects on the onset potential and 

limiting current density of the N-doped ORR catalysts
14,28-30

, but it is hard to determine exactly 

which type of nitrogen works. In addition, it is also difficult to controllably produce the target 

type of nitrogen. Consequently, precisely control the ORR activity through adjusting the active 

nitrogen species in the N-doped carbon materials seems impractical. More importantly, the 

activity of the heteroatom-doped carbons is far from satisfaction. Recently, we proposed a 

defect mechanism, which is to design defective carbons for the ORR
27,31

. For example, by 

removing the heteroatom N or Zn from different carbon materials to fabricate defective carbons, 

and the created defects in the carbon networks can be served as the active sites for the ORR, 

thus the carbon itself with unique defects is possible as an effective ORR catalyst. It is also 

suggested that the defect-driven mechanism is more effective than the N-doping for the ORR
27

. 

This implies that if the desired defects can be produced in activated carbon (AC), AC itself may 

become active for the ORR, which has never been observed before. Currently, AC is normally 
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regarded by the electrochemical community to be non-active for the electrocatalytic reactions 

even with heteroatom-doping
32

. As AC is among the cheapest carbons and has been achieved in 

large-scale production, if we can make the non-active AC active for the ORR and HER, by a 

facile defect creating method, it will be of great importance for real applications. 

In this work, we employed a simple N-doping and removal method making the inert 

activated carbon highly active for both the ORR and HER by creating unique defects in the AC, 

based on the defective mechanism that was proposed in our group, in which nitrogen is 

introduced into the AC under an ammonia atmosphere at 500 °C and subsequently removed at 

1050 °C under a nitrogen environment. Importantly, the produced defective AC (D-AC) 

exhibits exceptional ORR activity in alkaline medium with low overpotentials and better long-

term stability than the commercial Pt/C. It is interesting that the D-AC is also very active for the 

HER in acidic medium, indicating the non-active AC becomes very active for both the ORR and 

HER. Theoretically, this study is a supplementary to the existing ORR mechanism that defects 

can effectively catalyze the electrochemical reactions. This defect mechanism enables AC 

highly active for both the ORR and HER has never been reported previously. Practically, if the 

D-AC can be utilized in real fuel cells, it will reduce the catalyst cost dramatically. 

 

 Experimental Section 5.2

 Materials Synthesis 5.2.1

In a typical preparation, a kind of activated carbon (Ningxia Huahui Activated Carbon 

Company Limited, China) was selected for the study. To introduce nitrogen into the activated 

carbon sample, the carbon precursor was treated under a pure ammonia atmosphere at 500 °C 

for 3 h with the flow rate of 30 mL/min (N-AC), the final sample was obtained via calcining the 

N-doped carbon at 1050 °C for 2 h under nitrogen conditions (denoted as D-AC because it is a 

kind of defective activated carbon). 

 Characterizations 5.2.2

Chemical compositions of the prepared samples were acquired using a Kratos Axis ULTRA 

X-ray photoelectron spectrometer incorporating a 165 mm hemispherical electron energy 

analyzer. The incident radiation is Monochromatic Al Kα X-rays (1486.6 eV) at 150 W (15 kV, 

10 mA). The morphology and structures of the materials were examined by using transmission 

electron microscopy (TEM) (Philips Tecnai T12) and high-resolution TEM (HRTEM) (Philips 

Tecnai F20). Raman spectra were recorded on a Renishaw InVia spectrometer using the 514 nm 

laser excitation. The nitrogen adsorption and desorption isotherms were measured at the 
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temperature of liquid nitrogen (77 K) using a TriStar II 3020 automated surface area and pore 

size analyzer. Specific surface area was calculated from the adsorption data according to the 

Brunauer-Emmett-Teller (BET) method. The pore-size distribution was obtained by using the 

density functional theory (DFT) model. Prior to the measurement, samples were degassed at 

150 °C overnight. 

 Electrochemical Measurements 5.2.3

The typical three-electrode system was utilized to evaluate the electrochemical properties of 

the prepared catalysts. Specifically, glassy carbon (GC) is the working electrode, a Pt wire is the 

counter electrode and the Ag/AgCl (in saturated KCl solution) is the reference electrode. All 

potentials were referred to the reversible hydrogen electrode by adding a value of (0.197 + 

0.059*pH) V and all the tests were performed without iR and double-layer compensation. 

Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and rotating ring-disk electrode 

(RRDE) measurements were conducted on the CHI 760E workstation (CH Instruments, Inc.) 

with a RRDE-3A rotator (ALS Co., Ltd). 

(1) Sample Preparation 

1 mg of the catalyst was dispersed into the 1 mL mixed solution of distilled water (680 µL), 

ethanol (300 µL) and Nafion
®
 117 Solution (5%, 20 µL). Then, different volumes of the mixture 

were dropped onto the polished glassy carbon electrodes for the ORR and HER tests after 

sonicating the mixture for at least 60 min to form a homogeneous ink. The loaded electrode was 

placed in a 60 °C oven for 10 min to dry and then was taken out to cool down before all the tests. 

(2) ORR Measurement 

Catalyst Loading. 10 µL of the mixture was dropped onto a polished glassy carbon 

electrode (4 mm in diameter, catalyst loading: 0.08 mg·cm
-2

). 

Cyclic voltammetry (CV). Prior to the test, the electrolyte (0.1 mol/L KOH solution) was 

bubbled with oxygen gas for at least 30 min to make it saturated with oxygen, and a constant 

oxygen flow was maintained during the measurement. The data was recorded at the scan rate of 

100 mV/s when the system became stable. 

Linear sweep voltammetry (LSV) measurement. The rotating speed of the working 

electrode is increased from 400 rpm to 2500 rpm at the scan rate of 10 mV/s in O2-saturated 0.1 

M KOH solution. 

Rotating ring-disk electrode (RRDE) measurement. The rotating speed of the working 

electrode was fixed at 1600 rpm with the scan rate of 10 mV/s in O2-saturated 0.1 M KOH 
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solution for the RRDE test (ring potential: -0.5 V vs Ag/AgCl). The electron transfer number (n) 

and the percentage of HO2
-
 and were calculated via the following equations

33,34
. 

n = 4Id / (Id + Ir / N)                                                          (1) 

% HO2
-
 = 200(Ir / N) / (Id + Ir / N)                                              (2) 

Where Id stands for the disk current, Ir represents the ring current, and N is the current 

collection efficiency of the Pt ring, which is identified to be 0.43 in 2 mmol/L K3Fe[CN]6 and 

0.1 mol/L KCl solution. 

(3) Koutecky-Levich (K-L) plots 

The working electrode was scanned cathodically at the rate of 10 mV/s with the rotation 

speed from 400 to 2500 rpm. Koutecky-Levich (K-L) plots (J
-1

 vs ω
-1/2

) were analyzed at 

different potentials. 

Koutecky-Levich equation
35,36

: 

1

𝐽
=  

1

𝐽𝐿
+  

1

𝐽𝐾
=  

1

𝐵𝜔1/2
+  

1

𝐽𝐾
 

𝐵 =  0.2𝑛𝐹𝐶0𝐷0
2/3𝑣−1/6;   𝐽𝐾 = 𝑛𝐹𝑘𝐶0 

Where J is the measured current density, Jk and JL are the kinetic and limiting current 

densities, respectively, ω is the angular velocity, n is transferred electron number, F (96485 

C/mol) is the Faraday constant, D0 is the diffusion coefficient of O2 in 0.1 M KOH (1.9 × 10
-5

 

cm
2
/s), C0 is the bulk concentration of O2 (1.2 × 10

-6
 mol/cm

3
),  v is the kinetic viscosity of the 

electrolyte (0.01 cm
2
/s) and k is the electron-transfer rate constant. The constant 0.2 is adopted 

when the rotation speed is expressed in rpm. 

(4) HER Measurement 

Catalyst Loading. 5 µL of the mixture was dropped onto a polished glassy carbon 

electrode (3 mm in diameter, catalyst loading: 0.07 mg·cm
-2

). 

Linear sweep voltammetry (LSV) measurement. The rotating speed of the working 

electrode was maintained at 1600 rpm at the scan rate of 10 mV/s in 0.5 M H2SO4 solution.  

Chronoamperometric measurement (η = 400 mV) was performed to evaluate the long-term 

stability of the sample D-AC. 
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 Results and Discussion 5.3

 Material Characterizations 5.3.1

The original high surface area AC (H-AC), N-doped H-AC (N-AC) and the defective H-AC 

(D-AC) samples were characterized by various techniques. From the typical X-ray 

photoelectron spectroscopy (XPS) overall spectra in Figure 5.1, it can be seen that there is no 

nitrogen in the H-AC. The XPS spectrum of the NH3 treated sample N-AC only contains C 1s, 

N 1s and O 1s peaks without any other signals, in which the nitrogen content is calculated to be 

3.73 at.%. However, the nitrogen content is too low to be detected after calcining the N-AC at a 

high temperature of 1050 °C under a nitrogen atmosphere for 2 h (the nitrogen detection limit is 

0.1 at.%). We can see more clearly the change in nitrogen content from the enlarged XPS 

nitrogen spectra in Figure 5.1. The detailed elemental composition derived from the XPS 

analysis can be found in Table 5.1. Besides, the energy-dispersive X-ray spectroscopy (EDS) 

elemental mapping images of the D-AC in Figure 5.2 further confirm that it only contains C, O 

and negligible N, which agrees well with the XPS result. This means that the doped nitrogen on 

the surface of the N-AC has been fully removed under these conditions. The removal of 

nitrogen atoms is very likely to generate unique defects in the graphitic layers of the synthesized 

D-AC sample
27,37,38

, which will be further characterized by Raman spectroscopy and 

transmission electron microscopy (TEM). 

 

Figure 5.1 XPS survey scan spectra of the H-AC, N-AC and D-AC (the highlighted area was 

enlarged in the right of this figure). 
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Table 5.1 XPS results analysis for the H-AC, N-AC, D-AC and H-AC-1050. 

Sample Name C (Atom%) N (Atom%) O (Atom%) 

H-AC 94.10 ---- 5.90 

N-AC 93.91 3.73 2.36 

D-AC 99.23 ---- 0.77 

H-AC-1050 98.28 ---- 1.72 

 

   

Figure 5.2 EDS elemental mapping images of the D-AC showing the distribution of carbon, 

nitrogen, and oxygen. 

 

Figure 5.3 Raman spectra of the prepared samples H-AC, N-AC and D-AC. 
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Raman spectroscopy is the most commonly used technique to investigate the structure and 

graphitic degree of carbon materials, which is also an effective approach to detect defects, the 

ordered and disordered phases of carbon materials
39,40

. It can be seen from Figure 5.3 that the 

Raman spectra of all the three samples exhibit two distinct peaks at around 1343 and 1590 cm
-1

, 

corresponding to the well-defined D band and G band, respectively. It is known that the D band 

is related to the structural defects and partially disordered structures of the sp
2
 configuration, 

while the G band is related to the E2g vibration mode of sp
2
 carbon domains

39,41
. It is clear that 

the N-doped sample N-AC shows a higher ID/IG ratio (0.92) than that of the H-AC (0.89), 

suggesting the N-doping process introduced some disorder into the carbon structures. 

Particularly, the sample D-AC exhibits the highest ID/IG ratio (0.96) among them, which means 

that more defects were produced during the N-removal process. In addition, the measured full 

widths at half-maximum of the D band for the H-AC, N-AC and D-AC are 95.7 cm
-1

, 100.9 cm
-

1
 and 102.5 cm

-1
, respectively. The previous investigations revealed that wider full width at half-

maximum of the D band implying higher degree of disorder
42-44

, which further confirms that the 

introduction of disorder into the carbon samples during the N-doping and removal process.  

 

Figure 5.4 (a) TEM overall image of D-AC and the corresponding SAED pattern (c), (b) Pore 

size distribution of the D-AC, and (d) HR-TEM image showing the microstructure of the D-AC. 
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The overall TEM image of the D-AC in Figure 5.4 (a) shows its microporous features and 

that is consistent with the pore size distribution result in Figure 5.4 (b). The corresponding 

selected area electron diffraction (SAED) pattern in Figure 5.4 (c) suggests the characteristic of 

the turbostratic carbon structures of the D-AC, indicating its amorphous nature. Figure 5.4 (d) 

presents the high-resolution TEM (HR-TEM) image of the D-AC, which clearly shows the 

graphitic layers, signifying that the amorphous AC becomes partially graphitic after the high 

temperature treatment. This partial graphitization is crucial because only the heteroatoms that 

are removed from the graphitic carbon layers can form the unique defects (e.g., G585) that are 

functional for the electrochemical reactions
27

. Unfortunately, the direct observation of the newly 

produced defects is very difficult on the D-AC due to its 3D structure. The detection of the 

defects is highly desirable and crucial to understand their intrinsic nature on the ORR and HER, 

which will be a topic of further research. Moreover, the graphitic carbons may provide good 

conductivity, which will facilitate the electron transfer on the electrode and thus it is beneficial 

for the electrocatalytic reactions. Compared to the reported metal-free electrocatalysts
45-47

, the 

uniform microstructure and the high BET surface area (Table 5.2) as well as the defective 

characters of the prepared sample may offer more active sites for the oxygen reduction and 

hydrogen evolution reactions, and accelerate the reaction processes accordingly. 

Table 5.2 Textural parameters of the prepared samples. 

Sample 

Name 

SBET
a
 

(m
2
/g) 

Pore Size
b
 

(nm) 

Vtotal
c
 

(cm³/g) 

Vmicro
d
 

(cm³/g) 

Vmeso
e
 

(cm³/g) 

Vmicro/Vtotal 

(%) 

H-AC 3508 1.2 1.909 1.381 0.528 72.3 

N-AC 3280 1.2 1.766 1.302 0.464 73.7 

D-AC 2986 1.2 1.555 1.072 0.483 68.9 

a)
SBET is specific surface area calculated via the Brunauer-Emmett-Teller (BET) method; 

b)
Pore 

size distribution was identified by density functional theory (DFT) approach; 
c)
The total pore 

volume was calculated at the highest relative pressure in the adsorption process; 
d)

The 

micropore volume was determined by Dubinin-Astakhov (DA) analysis; 
e)
The mesopore volume 

was obtained by subtracting the micropore volume from the total pore volume. 

 

 Electrocatalytic ORR Performance Evaluations 5.3.2

To evaluate the catalytic performance of the resulting samples, the prepared ink was firstly 

dropped onto a polished glassy carbon electrode for CV test in O2-saturated 0.1 M KOH 
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aqueous solution at room temperature (details can be found in the Experimental Section). Figure 

5.5 (a) shows the CV curves of the synthesized samples and the commercial Pt/C as a 

comparison. As can be seen, well-defined cathodic peaks for the ORR can be observed for these 

samples, and the D-AC demonstrates a more positive ORR peak (0.751 V)  than that of the H-

AC (0.721 V) and N-AC (0.713 V), indicating its improved ORR activity.  

    

Figure 5.5 (a) CV curves of the H-AC, N-AC, D-AC and the Pt/C tested in O2-saturated 0.1 M 

KOH solution; (b) LSV curves of the H-AC, N-AC, D-AC, H-AC-1050 and the Pt/C measured 

at the scan rate of 10 mV/s with the rotation speed of 1600 rpm in O2-saturated 0.1 M KOH 

solution. 

 

Meanwhile, from the LSV curves in Figure 5.5 (b), it shows, not surprisingly, that the N-

doped sample N-AC does not show obvious improvement in the catalytic activity compared 

with the undoped H-AC. It is suggested that the N-doping is only functional for the ORR on sp
2
 

carbon networks such as graphene and carbon nanotubes, which has been previously 

reported
14,48-51

. When the sample N-AC was further calcined at 1050 °C under a nitrogen 

atmosphere for 2 h, the amorphous AC can be partially graphitized and the removal of the 

doped nitrogen atoms will form the desired defects that could act as the active sites for the 

ORR
27

. Accordingly, the resulting sample D-AC should exhibit excellent ORR activity. It can 

be seen from Figure 5.5 (b) that the ORR activity of the pure AC (D-AC, without any 

heteroatom doping, confirmed by the aforementioned characterizations) is comparable to the 

commercial Pt/C (20 wt% Pt) in terms of onset potential (Eonset), half-wave potential (E1/2) and 

limiting current density (JL) as well, for instance, Eonset 0.882 vs 0.901 V, E1/2 0.771 vs 0.785 V 

and JL 4.4 vs 5.0 mA·cm
-2

 (Table 5.3), respectively. However, when the H-AC was calcined 
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under the same conditions as the N-AC (1050 °C under a nitrogen atmosphere for 2 h), the 

obtained sample H-AC-1050 only shows little improvement in the ORR activity (Figure 5.5 (b) 

and Table 5.3), indicating the influence of the heat treatment on the ORR performance of the D-

AC is much inferior to that of the removal of the doped nitrogen. Besides, the E1/2 of the D-AC 

is more positive or comparable to the previously reported metal-free ORR electrocatalysts
29,52-55

. 

Nevertheless, our AC based electrocatalysts are much cheaper than the graphene and other 

carbon nanomaterials, and they are also easy for large-scale production, which make them more 

advantageous for practical applications.  

Table 5.3 Electrochemical properties summary of the ORR catalysts. 

Sample 
Eonset

a
 

(V) 

E1/2
b
 

(V) 

|JL|
c
 

(mA·cm
-2

) 
n

d
 

H-AC 0.816 0.714 3.8 3.3 

N-AC 0.825 0.707 3.9 3.4 

D-AC 0.882 0.771 4.4 3.6 

H-AC-1050 0.830 0.723 4.0 3.4 

Pt/C 0.901 0.785 5.0 3.9 

a)
Onset potential;

 b)
Half-wave potential; 

c)
Limiting current density obtained at 0.2 V (vs RHE) 

with the rotation speed of 1600 rpm; 
d)

Electron transfer number calculated at 0.5 V (vs RHE). 

 

 

Figure 5.6 (a) Electrochemical activity given as the kinetic current density (JK) at different 

potentials for all of the samples; (b) Tafel plots derived from the corresponding 1600 rpm LSV 

curves of the D-AC and Pt/C. 
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As shown in Figure 5.6 (a), the corresponding kinetic current density (JK) of the D-AC at 

0.60 V is 42.9 mA·cm
-2

,
 
which is much higher than that of the H-AC and N-AC, and it is the 

same as the commercial Pt/C. Particularly, the JK value of the D-AC at 0.65 V (46.9 mA·cm
-2

) 

has exceeded that of the commercial Pt/C (29.2 mA·cm
-2

), suggesting the fast mass transfer 

characters of the D-AC at lower overpotentials. Additionally, remarkable ORR activity of the 

D-AC could also be extracted from the small Tafel slope of 57 mV/decade at low overpotentials, 

which is comparable to that of the commercial Pt/C (48 mV/decade, Figure 5.6 (b)), implying 

the fast kinetics of the oxygen reduction reaction during the catalytic process. 

 

Figure 5.7 (a) LSV curves at different rotation speeds with the scan rate of 10 mV/s in O2-

saturated 0.1 M KOH solution of the D-AC; (b) Koutecky-Levich (K-L) plots of the D-AC at 

different potentials; (c) Rotating ring-disk electrode voltammogram of the H-AC, D-AC and the 

Pt/C in O2-saturated 0.1 M KOH solution at 1600 rpm; (d) Percentages of peroxide with respect 

to the total oxygen reduction products of the H-AC, D-AC and the Pt/C in O2-saturated 0.1 M 

KOH solution at 1600 rpm. 
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In view of the D-AC shows the highest ORR activity among the prepared catalysts, more 

detailed investigations were carried out on this sample. First of all, linear sweep voltammetry 

(LSV) test was conducted on a rotating disk electrode (RDE) in O2-saturated 0.1 M KOH 

solution at different rotating speeds to probe its reaction kinetics. From Figure 5.7 (a), it is 

obvious that the current density increases with the increase of the rotation speed from 400 to 

2500 rpm, indicating a defined kinetics controlled reaction process. Figure 5.7 (b) shows the 

Koutecky-Levich (K-L, details are in the Experimental Section) plots of this sample under 

different potentials, and the linearity of the K-L plots proves the first-order reaction kinetics 

toward dissolving oxygen
56

. Furthermore, the ORR pathways of the resultant samples and the 

Pt/C were determined by the rotation ring-disk electrode (RRDE). According to the 

electrocatalytic properties of the catalysts, oxygen reduction can be proceeded via a four-

electron (4e
-
) path to generate OH

-
 as the final product directly or a two-step two-electron (2e

-
) 

route with HO2
-
 as the intermediate species in alkaline medium

57
. Apparently, a higher 

selectivity toward the 4e
-
 pathway is more efficient to catalyze the ORR. Herein, the electron 

transfer number (n) is calculated using Equation 1 through the RRDE test data. It can be seen 

from Table 5.3 that the n of the D-AC is the highest among the prepared samples (3.6 at 0.5 V), 

which is close to the n of the commercial Pt/C (3.9 at 0.5 V), clearly showing a four-electron 

reaction process and high electron transfer efficiency. Figure 5.7 (c) gives the disk and ring 

current densities of the H-AC, D-AC and Pt/C, respectively. It was reported that the ring current 

density is a key factor in measuring the amount of hydrogen peroxide ions produced in the 

reaction process
14,50

. It can be seen from Figure 5.7 (d) that the yield of the peroxide species is 

less than 15% over the measured potential range for the D-AC, which is much lower than that of 

∼25% for the H-AC, suggesting the defects in the resulting carbon sample are beneficial to 

improve the ORR efficiency. The outstanding ORR activity of the pure AC (D-AC) implies that 

after the removal of the expensive and rare Pt species, the rest AC itself (via a simple treatment) 

can be as an efficient ORR catalyst, which is similar to the Pt/C in alkaline medium. 

The high ORR activity of the D-AC very firmly demonstrates that the well-accepted non-

active AC becomes very active for the ORR, which can be illustrated by the defect mechanism 

that was proposed in our group
27,31

. The removal of the heteroatoms (not-limited to N in this 

case, the defective carbon that was produced by removing Zn species also shows excellent ORR 

activity
31

) will be likely to form the desired defects. The defects can be served as the active sites 

to catalyze the ORR, which is suggested to be more effective than the heteroatom-doping, 

specifically N-doping. AC is an extreme case that the incorporation of nitrogen is not helpful for 

the ORR. As aforementioned, the high BET surface area and highly porous characters of the 

prepared sample H-AC (Table 5.2) could make nitrogen more easily doped into the carbon 

structures. It can be seen from the XPS analysis (Figure 5.1 and Table 5.1) that as high as 3.73 
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at.% N was doped into the H-AC, but the ORR activity of the N-AC and H-AC is quite similar, 

showing very little improvement. Interestingly, the doped nitrogen can be fully removed during 

the subsequent calcination process (verified by the XPS and TEM analyses, Figure 5.1 and 

Figure 5.2). Defects may play vital roles in creating active sites for the oxygen absorption and 

reaction
58,59

, and the removal of heteroatoms could produce the desired defects for the ORR, 

which has been confirmed by recent investigations
27,31

. Similar to the heteroatom doping to 

improve the ORR performance of carbon materials, the introduction of defects into the carbon 

network could also re-shape the electronic structure of the neighboring carbon atoms. The re-

structured electronic distribution of the carbon atoms could interact with oxygen molecules 

more strongly, accordingly enhanced the oxygen adsorption and dissociation, thus being 

beneficial for the ORR. The Raman spectrum in Figure 5.3 demonstrates the defective nature of 

the N-removed sample D-AC, which also supports this explanation. As a consequence, the D-

AC (after the doped nitrogen was removed entirely) shows outstanding ORR activity, which is 

comparable to the commercial Pt/C and much better than that of the N-AC. 

 

Figure 5.8 Amperometric i-t curves of the D-AC and Pt/C measured at 0.5 V (vs RHE) and 

1000 rpm in O2-saturated 0.1 M KOH solution. 

 

It is known that one fatal disadvantage of the commercial Pt/C is its poor stability, 

especially for alkaline-based fuel cells, as Pt will dissolve and aggregate over time, thus 

decreases its activity
60,61

. It is therefore highly desirable to develop electrocatalysts with good 

durability for practical applications. The long-term stability of the sample D-AC as well as the 

commercial Pt/C was tested via the amperometric i-t method in O2-saturated 0.1 M KOH 

solution with the rotating speed of 1000 rpm. As can be seen from Figure 5.8, the D-AC 

exhibits much slower attenuation than the commercial Pt/C, e.g., 90.6% of the initial current 

was retained after reaction for 20000 s, while only 80.2% was preserved for the Pt/C catalyst. 
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Apparently, the D-AC is a stable electrocatalyst for the ORR, possibly due to the porous 

structure of the randomly stacked carbon. On the other hand, methanol-based fuel cells should 

have the capability to resist methanol crossover effect. To this end, the D-AC and the 

commercial Pt/C were measured by CV in O2-saturated 0.1 M KOH solution with 5% (in 

volume) methanol. As shown in Figure 5.9 (a) and (b), no noticeable change occurs in the D-AC, 

while a significant change is observed for the Pt/C as the methanol oxidation reaction is much 

more dominant than the ORR after the introduction of methanol into the electrolyte, indicating 

the high selectivity of the D-AC toward the ORR with extremely good ability to resist the 

crossover effect, thus making it a promising candidate for direct methanol fuel cell applications. 

 

Figure 5.9 Methanol tolerance test with 5% methanol (in volume) in O2-saturated 0.1 M KOH 

solution for the (a) D-AC, and (b) Commercial Pt/C. 

 

 Electrocatalytic HER Performance Evaluations 5.3.3

Remarkably, the resulting samples also show excellent performance for hydrogen evolution 

reaction (HER) in acidic medium. Figure 5.10 (a) shows the HER polarization curves of the H-

AC, N-AC and D-AC as well as the commercial Pt/C (20% Pt) in 0.5 M H2SO4 aqueous 

solution. The measured overpotentials at the current density of 10 mA·cm
-2

 for the H-AC, N-AC 

and D-AC are 390 mV, 346 mV and 334 mV, respectively (Table 5.4). The advantage of the 

defective carbon D-AC for the HER is more prominent when we compare their overpotentials at 

the current density of 100 mA·cm
-2

 (632 mV, 600 mV and 507 mV, respectively), indicating the 

newly created defects could effectively catalyze the HER as well. Actually, the HER activity of 

the D-AC is better than most of the reported metal-free HER catalysts (Table 5.4), but with 

much lower production cost. Besides, the D-AC also exhibits a small Tafel slope of 66 
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mV/decade in the linear regions (Figure 5.10 (b)), which highlights the fast hydrogen 

production during the reaction process. Particularly, the D-AC sample is quite stable in acidic 

medium. As can be seen from Figure 5.10 (c), the HER activity of the D-AC almost remained 

unchanged after 3000 cycles of CV scan. To further probe its durability in acidic solution, we 

carried out the chronoamperometric test for the D-AC at the overpotential of 400 mV. From 

Figure 5.10 (d), it is evident that the current density of the D-AC is nearly constant during the 

continuous operation for 20000s. The excellent HER activity and durability of the D-AC may 

result from its defective and metal-free nature, signifying that the production of the unique 

defects via the removal of the doped nitrogen is an effective approach to enhance the 

electrocatalytic performance of carbon materials. 

 

Figure 5.10 HER activity evaluation of the catalysts. (a) Polarization curves of the H-AC, N-

AC, D-AC and Pt/C measured at the scan rate of 10 mV/s in 0.5 M H2SO4 solution; (b) Tafel 

plots obtained from the corresponding polarization curves of the H-AC, N-AC, D-AC and the 

commercial Pt/C; (c) Polarization curves recorded for the D-AC before and after 3000 cycles of 

CV scan under acidic conditions; (d) Chronoamperometric curve of the D-AC at the 

overpotential: η = 400 mV. 
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Table 5.4 HER activity summary of the reported metal-free HER catalysts and our catalysts. 

Catalyst 
Onset Potential 

(mV vs RHE) 

Tafel Slope 

(mV/decade) 

η (mV) at j = -

10 mA·cm
-2

 
Reference 

N-graphene 331 116 490 62 

P-graphene 374 133 553 62 

N,P-graphene 289 91 422 62 

C3N4@NG ~ 160 51.5 240 26 

N-graphene 316 506 506 63 

Activated carbon 

nanotubes 
100 71 ~ 225 64 

g-C3N4 nanoribbon-G 80 54 207 65 

NS co-doped 

graphene 
130 81 276 66 

H-AC 257 102 390 This Work 

N-AC 216 137 346 This Work 

D-AC 198 66 334 This Work 

Note: The HER test was carried out in 0.5 M H2SO4 solution. 

 

 Conclusions 5.4

Herein, a kind of defective AC electrocatalyst was successfully fabricated via a facile and 

scalable route. The experimental results demonstrate that the synthesized catalyst exhibits 

comparable electrocatalytic activity, better stability and methanol tolerance to the commercial 

Pt/C through a four-electron pathway for the ORR. It is revealed that the doped nitrogen did not 

enhance the ORR activity of the resulting sample directly, but the newly produced defects by 

removing the doped nitrogen from the carbon structures may serve as the active sites for the 

ORR. Possibly due to the introduction of defects into the AC re-shaped the electronic structure 

of the neighboring carbon atoms, thus facilitated the oxygen adsorption and dissociation, and 

eventually increased the ORR activity. Besides, the defective sample also shows high HER 

activity. Through this simple treatment, the commonly regarded non-active AC becomes highly 

active for both the ORR and HER. All in all, this method is easy to scale up with cheap and 

earth-abundant raw materials plus simple production process, indicating that it has great 

potential in fuel cells and water splitting devices applications. For example, simply from the 

cost of catalyst, we can save the spending on the platinum that is used in the fuel cell cathode, if 

the pure defective AC can be commercialized.  
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 Introduction 6.1

Proton exchange membrane fuel cell is the most possible candidate to replace the current 

internal combustion engines in vehicles because of its high energy conversion efficiency and 

pollution-free characters. However, the sluggish cathodic oxygen reduction reaction (ORR) in 

fuel cells substantially reduces the overall cell performance, and the development of catalysts 

with remarkable ORR activity remains a big challenge
1
. Currently, platinum (Pt) and its alloy 

are still the main component of the ORR catalysts owing to their high catalytic activity both in 

alkaline and acidic media
2-5

, but the high cost of Pt and the stability issues greatly hinder its 

commercialization
6,7

. Generally, there are two solutions to solve these problems, one is to lower 

the Pt content of the catalyst but without compromising the activity, and the other is to exploit 

Pt-free electrocatalysts. Regarding the first solution, considerable progress has been achieved on 

Pt alloys to reduce the utilization of Pt, such as Pt-Fe
8-10

, Pt-Ni
5,11-16

, Pt-Co
17-21

 and Pt-Cu
22-26

. 

Besides, it is found that the core-shell structures are also favorable to increase the activity as 

well as the durability of Pt-based ORR catalysts
22,27-33

. However, the preparation of these 

materials generally involves the use of hazard organic chemicals with tedious synthesis process, 

which is not suitable for practical large-scale production. It is therefore highly desirable to 

develop a facile method to fabricate efficient ORR catalysts for fuel cell applications. 

Previous investigations show that the support for the Pt is also crucial to enhance the ORR 

performance of the resulting catalysts
34-42

. It can be found that most of the supports are modified 

carbon materials because their high surface area is beneficial for the dispersion of the Pt 

particles, and their good conductivity could increase the electron transfer efficiency during the 

electrocatalytic reaction processes. In Chapter 2, we have systematically summarized recent 

advances on metal-free ORR electrocatalysts, such as CNT-based materials, graphene with 

heteroatom doping, well-defined mesoporous carbons and the defective carbons. Especially, the 

defective carbon materials should be the most promising candidate for various electrochemical 

applications, as they are pure carbons with unique defects. Although the ORR activity of the 

prepared defective AC (D-AC) is better than most of the reported metal-free ORR catalysts, it is 

still inferior to the commercial Pt/C (20% Pt), which needs further improvement. In view of Pt 

is the best-known ORR catalyst so far, as aforementioned, if we can reduce the amount of Pt by 

using the D-AC as the carbon support, but without lowering the activity, it should be an 

alternative approach to tackle the high cost problem of the cathodic catalyst and realize the mass 

production of fuel cells. 

In the present work, the D-AC was employed as a support for the Pt to prepare effective 

ORR electrocatalysts via a simple impregnation method. Specifically, the reduction conditions 

of the Pt-containing precursor were firstly adjusted to optimize the ORR performance. Besides, 
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the influence of the Pt concentration on the ORR activity of the resulting catalysts was also 

discussed briefly. The results show that the obtained D-AC@5.0%Pt sample that only contains 

5% Pt has outperformed the commercial Pt/C with 20% Pt in alkaline solution. It means that the 

defective carbon not only could serve as an efficient ORR catalyst alone, but also is an 

appropriate carbon support for the Pt to promote the ORR. 

 

 Experimental Section 6.2

 Catalyst Preparation 6.2.1

As shown in Figure 6.1, the defective carbon powder D-AC with a certain weight was 

dispersed into the designed H2Cl6Pt·6H2O/EtOH solution with 5 min sonication for better 

mixing. Afterwards, the mixture was placed on a stirrer to stir overnight to remove the EtOH at 

room temperature (RT). The obtained precursor was reduced in the presence of a mixture gas of 

H2 and Ar (5%H2 + 95%Ar) at the target temperatures in a tubular furnace. The mixture gas was 

purged for 30 min to expel the air inside the tube before operating the reduction program. 

 

Figure 6.1 Procedures to prepare Pt-loaded D-AC samples. 

 

 Characterizations 6.2.2

The crystalline structures of the prepared samples were characterized by X-ray powder 

diffraction (XRD) in a Bruker Advance X-ray diffractometer using nickel-filtered Cu Kα X-ray 

source radiation (λ = 1.5405 Å). The morphologies and structures of the materials were 

examined by using transmission electron microscopy (TEM) and high-resolution TEM 

(HRTEM) (Philips Tecnai F20). Chemical compositions of the prepared samples were acquired 

using a Kratos Axis ULTRA X-ray photoelectron spectrometer incorporating a 165 mm 

hemispherical electron energy analyzer. The incident radiation is Monochromatic Al Kα X-rays 

(1486.6 eV) at 150 W (15 kV, 10 mA). The energy scale was calibrated to the C 1s peak 
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maximum at 284.5 eV. The Pt content was determined by inductively coupled plasma mass 

spectroscopy (ICP-MS) on the Perkin Elmer Optima 8300 ICP-OES instrument. 

 Electrochemical Measurements 6.2.3

The typical three-electrode system was employed to evaluate the electrochemical properties 

of the prepared catalysts. Specifically, glassy carbon (GC) is the working electrode, a Pt wire is 

the counter electrode and the Ag/AgCl (in saturated KCl solution) is the reference electrode. All 

potentials were referred to the reversible hydrogen electrode by adding a value of (0.197 + 

0.059*pH) V. Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and rotating ring-

disk electrode (RRDE) measurements were conducted on the CHI 760E workstation (CH 

Instruments, Inc.) with a RRDE-3A rotator (ALS Co., Ltd). 

Sample Preparation: 1 mg of the catalyst was dispersed into the 1 mL mixed solution of 

distilled water (680 µL), ethanol (300 µL) and Nafion
®
 117 Solution (5%, 20 µL). Then, 10 µL 

of the mixture was dropped onto a polished glassy carbon electrode (4 mm in diameter, catalyst 

loading: 0.08 mg·cm
-2

) after sonicating it for at least 60 min to form a homogeneous ink. The 

loaded electrode was placed in a 60 °C oven for 10 min and then was taken out to cool down to 

room temperature before all the tests. 

Cyclic voltammetry (CV): Prior to the test, the electrolyte (0.1 mol/L KOH solution) was 

bubbled with O2 for at least 30 min to make it saturated with O2, and a constant oxygen flow 

was kept during the measurement. The data was recorded at the scan rate of 100 mV/s when the 

system became stable. 

Linear sweep voltammetry (LSV) measurement: The rotating speed of the working 

electrode is increased from 400 rpm to 2500 rpm at the scan rate of 10 mV/s in O2-saturated 0.1 

M KOH solution. 

Rotating ring-disk electrode (RRDE) measurement: The rotating speed of the working 

electrode was fixed at 1600 rpm with the scan rate of 10 mV/s in O2-saturated 0.1 M KOH 

solution for the RRDE test (ring potential: -0.5 V vs Ag/AgCl). The electron transfer number (n) 

and the percentage of HO2
-
 and were calculated via the following equations

43,44
. 

n = 4Id / (Id + Ir / N)                                                          (1) 

% HO2
-
 = 200(Ir / N) / (Id + Ir / N)                                              (2) 

Where Id stands for the disk current, Ir represents the ring current, and N is the current 

collection efficiency of the Pt ring, which is identified to be 0.43 in 2 mmol/L K3Fe[CN]6 and 

0.1 mol/L KCl solution. 
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 Results and Discussion 6.3

 Reduction Conditions Optimization 6.3.1

First of all, the reduction conditions were optimized for the Pt loaded D-AC precursor to 

synthesize effective ORR catalysts. Specifically, the ramp rate as well as the reduction 

temperature were adjusted on 1.0% Pt loaded D-AC precursor. This sample was reduced by a 

mixture gas of H2 and Ar (5% H2 + 95% Ar) at 400 °C for 5 h under different ramp rates. As 

can be seen from Figure 6.2, both of the resulting 1.0% Pt loaded samples that were reduced 

with the ramp rate of 1 and 5 °C/min show improved ORR performance, especially their current 

densities are increased obviously comparing to their support D-AC (Note: It can be seen from 

Figure 6.2 and Figure 5.5 (b) that the two D-AC samples exhibit a little difference in the ORR 

activity, possibly due to the experimental errors in preparing and evaluating the samples). This 

means that the introduction of only 1.0% Pt could effectively enhance the ORR performance of 

the resulting samples. Besides, it is shown that the sample D-AC@1.0%Pt-5 (was reduced with 

the ramp rate of 5 °C/min) exhibits more positive onset potential and higher current density than 

those of the sample D-AC@1.0%Pt-1 (was reduced with ramp rate of 1 °C/min), indicating the 

faster ramp rate is favorable to keep the Pt particles with higher ORR activity. Therefore, the 

reduction ramp rate was fixed at 5 °C/min for the following studies. 

 

Figure 6.2 The influence of reduction ramp rate on the ORR activity of the prepared catalysts. 

 

Apart from the ramp rate, the reduction temperature was also optimized. The previous 

investigations revealed that chloroplatinic acid (H2PtCl6) can be reduced to metallic Pt in the 

presence of hydrogen at around 100 °C
45

, and the reduction temperature has obvious influence 
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on the particle size of Pt on the support
46

. In this study, the 1.0% Pt loaded D-AC precursor was 

reduced at 200 °C, 300 °C, 400 °C, and 500 °C for 5 h with the ramp rate of 5 °C/min under a 5% 

H2/Ar atmosphere. The LSV curves of the resulting samples in Figure 6.3 show that the ORR 

activity of the 1.0% Pt loaded samples was firstly increased with the increase of the reduction 

temperature from 200 °C to 400 °C, while decreased when the reduction temperature was 

further increased to 500 °C, indicating 400 °C is the suitable reduction temperature for the 

precursors.  

 

Figure 6.3 The influence of reduction temperature on the ORR performance of the prepared 

samples. 

 

Transmission electron microscopy (TEM) was applied to characterize the prepared samples 

reduced under different temperatures. From the overall TEM image in Figure 6.4 (a), it can be 

seen that the Pt particle size of the sample D-AC@1.0%Pt-400 is around 3 nm, and the size 

distribution is very narrow. When the reduction temperature was increased from 400 °C to 

500 °C, the majority of the Pt particles are still about 3 nm, but it is easy to find that there are 

also some big Pt particles around 10 nm (Figure 6.4 (b)). It is shown that higher temperature 

reduction favors the aggregation of small Pt particles, which is in good agreement with the 

reported results
46

. Combine the ORR performance with the TEM results for these two samples, 

it is obvious that when the Pt mass loading is the same, smaller Pt particles are more beneficial 

to enhance the ORR activity of the resultant catalysts. 
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Figure 6.4 TEM images of the samples prepared under different reduction temperatures: (a) D-

AC@1.0%Pt-400; (b) D-AC@1.0%Pt-500. 

 

 Material Characterizations 6.3.2

From the above discussions, it is clear that the introduction of Pt into the defective carbon 

is an alternative approach to increase the ORR activity of metal-free catalysts. However, as it 

presents in Figure 6.2, the ORR performance of the 1.0% Pt loaded D-AC sample synthesized 

under the optimized conditions is still less active than the commercial Pt/C (20% Pt). To further 

enhance the ORR activity of the D-AC sample, the Pt loading was increased to 5.0% with the 

same preparation method for fabricating the D-AC@1.0%Pt-400. 

 

Figure 6.5 XRD patterns of the synthesized samples D-AC, D-AC@1.0%Pt and D-

AC@5.0%Pt. The bottom is the standard XRD peaks of Pt as a reference. 
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From Figure 6.5, it can be seen that the 1.0% Pt loaded sample D-AC@1.0%Pt and the D-

AC almost show the same X-ray powder diffraction (XRD) pattern, indicating the introduction 

of 1.0% Pt did not change the structures of the D-AC. Besides, there is no noticeable peak for Pt 

in the XRD pattern of the D-AC@1.0%Pt because of the low loading amount. However, when 

the Pt content was increased from 1.0% to 5.0%, distinct peaks for the Pt can be observed from 

the XRD pattern of the D-AC@5.0%Pt in Figure 6.5, and the three strong peaks prove the 

presence of the typical face-centered cubic structure of Pt, which matches well with the 

corresponding standard XRD pattern of Pt (JCPDS Card No. 87-0640). The X-ray photoelectron 

spectroscopy (XPS) survey scan spectrum of the D-AC@1.0%Pt in Figure 6.6 (a) shows that 

only C and O peaks can be observed, and there is no visible peak for the Pt as its content is too 

low. Nevertheless, we can see a weak Pt peak in the XPS spectrum of the D-AC@5.0%Pt in 

Figure 6.6 (a). The calculated Pt concentration from the XPS result in Figure 6.6 (a) for the D-

AC@5.0%Pt is 2.21 wt%, which is lower than the designed amount of 5 wt%. The possible 

reason is that the XPS is a kind of surface elemental analysis, and may not reflect the overall 

elemental information accurately. In this regard, inductively coupled plasma mass spectroscopy 

(ICP-MS) was applied to further identify the Pt content in this sample. The ICP test result shows 

that the Pt content is 4.75 wt% in the D-AC@5.0%Pt, which is very close to 5 wt%. In addition, 

XPS high resolution scan was employed to gain more details regarding the configurations of the 

Pt in the D-AC@5.0%Pt. The deconvoluted two strong peaks at 71.2 eV and 74.5 eV in the Pt 

4f region (Figure 6.6 (b)) are assigned to Pt
0
, while the broad peak at 75.2 eV showing the 

existence of Pt
2+

 species
47-50

. It can be deduced that Pt
0
 is the predominant composition in the 

sample D-AC@5.0%Pt, as illustrated by the relevant peak areas in Figure 6.6 (b). 

 

Figure 6.6 (a) XPS survey scan spectra of the prepared samples D-AC@1.0%Pt and D-

AC@5.0%Pt; (b) High-resolution XPS spectrum of Pt 4f for sample D-AC@5.0%Pt. 
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Figure 6.7 (a) TEM image of the prepared sample D-AC@5.0%Pt showing the distribution of 

Pt particles; (b) The corresponding SAED pattern. 

 

The prepared sample D-AC@5.0%Pt was further characterized by the TEM to probe the 

distribution as well as the particle size of the Pt. As shown in Figure 6.7 (a), the loaded Pt is 

homogeneously dispersed on the D-AC support. The Pt particle size is around 5 nm, which is a 

little bigger than that of the D-AC@1.0%Pt sample (about 3 nm in Figure 6.4 (a)), most likely 

due to the higher Pt concentration is easy to facilitate the growth and aggregation of small Pt 

particles. The corresponding selected area electron diffraction (SAED) pattern in Figure 6.7 (b) 

further confirms the cubic structure of the Pt in the D-AC@5.0%Pt. For example, the calculated 

lattice spaces from the diffraction rings are 2.26 Å, 1.98 Å and 1.35 Å, respectively, which are 

consistent with the corresponding values of Pt(111), Pt(200) and Pt(220) planes for the face-

centered-cube crystal in Figure 6.5. 

 

 ORR Performance Evaluations in Alkaline Solution 6.3.3

First of all, cyclic voltammetry (CV) and rotating disk electrode (RDE) measurements were 

conducted in O2-saturated 0.1 M KOH medium to assess the ORR activity of the D-

AC@5.0%Pt, and the commercial 20% Pt/C was tested as a reference. It can be seen from 

Figure 6.8 (a) that the D-AC@5.0%Pt exhibits a distinct cathodic ORR peak at 0.786 V (vs 

RHE), which is more positive than that of the commercial 20% Pt/C (0.776 V, vs RHE), 

indicating the 5.0% Pt loaded D-AC sample has outperformed the Pt/C for the ORR. In addition, 

the remarkable ORR activity of the D-AC@5.0%Pt can also be gleaned from the LSV test 

results in Figure 6.8 (b). For example, both the onset potential (Eonset) and half-wave potential 

(E1/2) of the D-AC@5.0%Pt are around 20 mV more positive than those of the commercial Pt/C 
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(Eonset: 0.922 V vs 0.901 V, E1/2: 0.805 V vs 0.785 V). These results further prove that the 

synergistic effect between the defective carbon and the introduced Pt is very effective to 

enhance the ORR performance of the prepared catalysts, which achieves our initial target that to 

reduce the Pt content but does not decrease the ORR activity of the obtained catalysts. 

    

Figure 6.8 (a) CV curves of the D-AC@5.0%Pt and the commercial 20% Pt/C tested in O2-

saturated 0.1 M KOH solution; (b) LSV curves of the D-AC@5.0%Pt and the commercial 20% 

Pt/C measured at the scan rate of 10 mV/s with the rotation speed of 1600 rpm in O2-saturated 

0.1 M KOH solution. 

 

More detailed investigations were carried out on the D-AC@5.0%Pt because of its 

excellent ORR performance. Firstly, the ORR kinetics was studied by the linear sweep 

voltammetry (LSV) on a RDE in O2-saturated 0.1 M KOH solution at different rotating speeds. 

It can be seen clearly from Figure 6.9 (a) that the current density shows a linear relationship 

with the rotation speed, signifying that the ORR is a well-defined kinetics controlled reaction. 

Moreover, the corresponding Koutecky-Levich (K-L) plots of the D-AC@5.0%Pt under 

different potentials in Figure 6.9 (b) exhibits good linearity and parallelism, which further 

confirms the first-order reaction kinetics toward the dissolve of oxygen
51-53

. Besides, the 

outstanding ORR activity of the D-AC@5.0%Pt is also reflected from the small Tafel slope of 

63 mV/decade at low overpotentials, which is in the same level as the commercial Pt/C (48 

mV/decade, Figure 6.9 (c)), indicating the protonation of the adsorbed oxygen ions on the active 

sites of the D-AC@5.0%Pt is the rate determining step
54-56

. Meanwhile, the rotation ring-disk 

electrode (RRDE) measurements were performed to reveal the reaction pathways of the D-

AC@5.0%Pt. As shown in Figure 6.9 (d), the measured peroxide species yield is less than 4% 

over the potential range of 0.20 V to 0.70 V (vs RHE) for the D-AC@5.0%Pt, which is as low 
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as that of the commercial Pt/C. The calculated electron transfer number n is around 3.85, which 

is consistent with the value derived from the K-L plots (near 4.0, Figure 6.9 (b)), implying that 

the D-AC@5.0%Pt could efficiently catalyze the ORR in the preferred one-step four-electron 

pathway in alkaline medium.  

 

Figure 6.9 (a) LSV curves at different rotation speeds with the scan rate of 10 mV/s in O2-

saturated 0.1 M KOH solution for the D-AC@5.0%Pt; (b) Koutecky-Levich (K-L) plots of the 

D-AC@5.0%Pt at different potentials; (c) Tafel plots derived from the corresponding 1600 rpm 

LSV curves of the D-AC@5.0%Pt and Pt/C; (d) Percentage of peroxide species (solid lines) and 

the electron transfer number (n) (dotted lines) of the D-AC@5.0%Pt and the commercial Pt/C at 

different potentials (calculated from the corresponding RRDE data). 

 

As it revealed from Chapter 4, the defective carbon D-AC derived from the low-cost 

activated carbon is much better than the Vulcan XC-72 carbon black for the ORR. In this work, 

instead of using the traditional carbon black (e.g., Vulcan XC-72) as the support for the Pt, the 

prepared D-AC sample was utilized to be the support for synthesizing a more efficient ORR 
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catalyst. The resulting sample D-AC@5.0%Pt only contains around 5.0% Pt (verified by the 

ICP test), but its ORR onset potential and half-wave potential have surpassed those of the 

commercial 20% Pt on the carbon black. This means that the selection of suitable support for 

the catalyst is crucial to the catalytic performance improvement. For the D-AC@5.0%Pt, it is 

apparent that both the unique defects and the dispersed Pt particles on the AC played key roles 

in promoting the ORR. However, more in-depth and systematic investigations have to be carried 

out to uncover the reaction mechanism as well as the specific roles of the defects and Pt for the 

ORR. For example, are the defects and Pt particles facilitating each step of the ORR together? 

Or are they functioning separately for certain elemental reactions with complementary effects? 

Future work needs to be conducted to gain more information about the reaction details, which 

will be helpful to design more efficient electrocatalysts for practical applications. 

 

Figure 6.10 Amperometric i-t stability test for the D-AC@5.0%Pt and the Pt/C with 1000 rpm 

in O2-saturated 0.1 M KOH solution. 

 

Besides the activity and cost issues, another deciding factor that restricts the 

commercialization of fuel cells is the poor durability of the cathodic ORR catalysts. To this end, 

the stability of the resulting catalyst D-AC@5.0%Pt was tested by the amperometric i-t method 

in O2-saturated 0.1 M KOH solution with the rotating speed of 1000 rpm, and the durability of 

the commercial Pt/C was also measured under the same conditions as a comparison. It can be 

seen from Figure 6.10 that the D-AC@5.0%Pt is more stable that the Pt/C in alkaline conditions. 

Specifically, the D-AC@5.0%Pt only shows around 10% attenuation after continuous test for 
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20000 s, but the Pt/C exhibits much severe decay after the operation, which is about 20%. The 

previous studies suggest that the main reason for the activity decline of Pt-based catalysts is that 

some Pt particles will experience dissolution and aggregation under the ORR conditions
57-61

. 

From Figure 6.10, we can see that both the D-AC@5.0%Pt and the Pt/C underwent evident 

current drop at the initial stage of the stability test, which should be ascribed to the removal of 

the unstable Pt from the carbon supports. However, the D-AC@5.0%Pt is more stable than the 

Pt/C in the following stage, possibly due to the defects on the surface of the D-AC facilitated 

stronger interactions with Pt particles, thus slowed down the Pt dissolution. The superb activity 

and durability of the D-AC@5.0%Pt render it favorable for alkaline fuel cell applications. 

 

 ORR Performance Evaluations in Acidic Solution 6.3.4

One disadvantage of alkaline fuel cells is that they require pure reaction gases (such as pure 

hydrogen and oxygen), since the carbon dioxide impurity will react with the alkaline electrolyte 

to form insoluble carbonates. The produced carbonates will obstruct the porous electrodes as 

well as the gas flow, resulting in cell performance failure
62

. It is therefore also highly desirable 

to develop active acidic ORR catalysts. Generally, most of the active metal-free or non-precious 

metal alkaline ORR catalysts could not efficiently catalyze the ORR in acidic medium because 

they either lack active sites or the metal active sites are easy to dissolve in acidic conditions
63-65

. 

At present, Pt-based materials are still the most active acidic ORR catalysts
5,7,17,27,66

. 

 

Figure 6.11 ORR performance evaluations for the samples D-AC, D-AC@1.0%Pt, D-

AC@5.0%Pt and the Pt/C measured at the scan rate of 10 mV/s with the rotation speed of 1600 

rpm in O2-saturated 0.1 M HClO4 solution. 
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To evaluate the ORR performance of the resultant samples and the commercial 20% Pt/C 

under acidic conditions, the prepared electrodes were tested in O2-saturated 0.1 M HClO4 

solution. The corresponding ORR polarization curves are shown in Figure 6.11. As can be seen, 

the pure defective carbon D-AC displays very poor ORR activity in 0.1 M HClO4 solution, and 

even without steady current during the measured potential range. It is known that the reaction 

mechanisms of the ORR in alkaline and acidic media are different, and the corresponding active 

sites may not be the same. The unique defects in the D-AC sample may not be effective for the 

ORR in acidic environment, so the activity is very low. However, the introduction of Pt could 

improve the ORR performance of the resulting samples obviously. From Figure 6.11, we can 

see that only introduce 1.0% Pt into the D-AC could enhance its ORR activity, and the 

improvement is more evident when the Pt content is further increased to 5.0%, both in onset 

potential and current density. However, the D-AC@5.0%Pt sample still shows inferior ORR 

activity than the commercial 20% Pt/C in acidic conditions, for example, Eonset 0.812 vs 0.892 V; 

E1/2 0.617 vs 0.722 V (vs RHE). As the Pt is the most active catalyst for the ORR in acidic 

media, it is natural that higher Pt concentration will be more beneficial to promote the ORR, so 

the 20% Pt/C shows higher ORR activity than the 5.0% Pt loaded sample D-AC@5.0%Pt.  

In general, alkaline fuel cells show more advantages than their acidic counterparts, such as 

plenty of non-noble metal or even metal-free electrocatalysts could replace the expensive Pt/C 

for the ORR in alkaline conditions. Besides, the manufacture and operation cost of the alkaline 

fuel cells is relatively low. These factors coupled with the advance of modern science and 

technology make the alkaline fuel cells possible for large-scale commercialization. 

 

 Conclusions 6.4

In the present study, a facile impregnation method was employed for synthesizing defective 

carbon (D-AC) based ORR electrocatalysts with low Pt content, aim to further improve the 

catalytic performance of the D-AC. First of all, the reduction conditions were optimized on the 

1.0% Pt loaded precursor. The results show that neither slow ramp rate nor higher reduction 

temperature could prepare effective D-AC@Pt ORR catalysts, and smaller Pt particles are more 

favorable to enhance the ORR activity of the D-AC when the Pt loading amount is the same. 

Remarkably, the resulting sample D-AC@5.0%Pt that only contains 5.0% Pt has 

outperformed the commercial 20% Pt/C in terms of onset potential and half-wave potential in 

alkaline conditions, and it is much more stable than the Pt/C. Besides, the D-AC@5.0%Pt 

exhibits a one-step four-electron pathway for the ORR with extremely low yield of peroxide 

species. The excellent ORR activity of the D-AC@5.0%Pt proves that both the unique defects 
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in the D-AC and the introduced Pt particles are crucial to the enhanced ORR performance, and 

the selection of suitable support for the electrocatalysts is also very important. In the future, 

more in-depth and systematic investigations need to be carried out to reveal the reaction 

mechanism as well as the specific roles of the defects and Pt for the ORR. Additionally, the Pt 

loaded D-AC samples also show improved ORR performance in acidic medium, although they 

are still less active than the commercial Pt/C.  

In summary, the current work provides an alternative approach to speed up the 

commercialization of alkaline fuel cells. On one hand, the prepared sample shows higher ORR 

activity than the commercial Pt/C. On the other hand, the production cost can be cut greatly as 

we reduced the Pt content to only 5.0% by utilizing a kind of cheap defective carbon as the 

support. 
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 Introduction 7.1

The products of the emerging technologies, such as fuel cells and metal-air batteries, could 

provide feasible and sustainable approaches to tackle the energy and environmental issues, as 

they target to use lower-carbon or even carbon-free fuels. A major barrier of these creative 

inventions is that the sluggish cathodic oxygen reduction reaction (ORR) greatly reduced their 

overall performance. Currently, platinum (Pt) is still the best catalyst for the ORR
1-3

, but it is not 

suitable for large-scale commercialization because of its scarcity, high price as well as poor 

durability. In the past half century, extensive researches have been devoted to exploiting non-

platinum group metals or metal-free alternatives as the ORR catalysts. For example, transition 

metal decorated carbon materials have gained considerable attention due to their high activity 

and outstanding long-term stability
4-8

. Particularly, manganese-cobalt spinel is a kind of 

potential catalyst for the ORR owing to its unique physicochemical and electronic properties, as 

indicated by the previous investigations
9-14

.  

Meanwhile, significant progress has also been achieved on metal-free ORR electrocatalysts, 

such as carbon nanotubes (CNTs)
15-17

, graphene with heteroatom doping
18,19

, and well-defined 

mesoporous carbons
20,21

. Especially, the recently reported defective carbon materials from our 

group show excellent ORR performance
22-24

. Based on the theoretical calculations and a series 

of experimental investigations, we synthesized different defective carbons by different defect 

creation methods. For example, in situ removing the nitrogen atoms from a N-enriched porous 

organic framework (PAF-40)
22

, in situ removing the zinc atoms from a Zn-containing metal 

organic framework (Zn-MOF)
23

. Interestingly, we also created the unique defects in activated 

carbon (AC) via a facile N-doping and removal method, and making it highly effective for the 

ORR
24

. Apparently, AC-based defective carbon (D-AC) is the most promising ORR candidate 

to replace the current expensive Pt/C because of its multiple advantages, including low-cost and 

easy to scale up for industrial production. However, the ORR performance of the D-AC needs 

further improvement as it is still inferior to the commercial Pt/C (20% Pt).  

Given that the carbon support has pronounced influence on the ORR activity of the 

synthesized catalysts
25-29

, and Mn-Co spinel is an effective material to promote the ORR
9-14

, 

herein, we introduced low content of MnCo2O4 spinel into the D-AC support via a facile 

solvothermal method, aim to take advantage of these two materials and prepare highly active 

ORR catalysts with low production cost. To study the influence of the carbon support on the 

ORR performance, the pristine AC (H-AC) and nitrogen doped H-AC (N-AC) were also used 

for the synthesis of MnCo2O4 spinel loaded catalysts. The experimental results show that the D-

AC supported Mn-Co sample (D-AC@2Mn-4Co) exhibits the highest activity among the 
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obtained ORR catalysts. At the same mass loading, the D-AC@2Mn-4Co (6 wt% Mn+Co) is 

comparable to the commercial Pt/C (20 wt% Pt) for the ORR in alkaline medium; however, it 

has outperformed the Pt/C in terms of half-wave potential and current density at doubled mass 

loading (12 wt% Mn+Co), which may attribute to the synergistic effects derived from the 

unique defects on the surface of the D-AC and the introduced MnCo2O4 spinel. In addition, the 

D-AC@2Mn-4Co is much more stable than the Pt/C and free from methanol poisoning, 

implying that the low-cost, highly active and durable ORR catalyst has great potential in various 

types of fuel cells applications. 

 

 Experimental Section  7.2

 Synthesis of Mn-Co Loaded AC Hybrids 7.2.1

 In this study, a kind of defective carbon supported Mn-Co spinel was synthesized via a 

simple solvothermal method. In a typical preparation, Mn precursor Mn(OAc)2·4H2O and Co 

precursor Co(OAc)2·4H2O were firstly dissolved into a certain amount of anhydrous ethanol, 

followed by adding the defective activated carbon and then the mixture was sonicated for 10 

min to make them mix homogeneously. Subsequently, the mixture was transferred into an 

autoclave, which was allowed to react at 150 °C for 12 h. The final catalyst was obtained via 

washing the resulting precipitation with deionized water and absolute ethanol several times, 

followed by drying at 80 °C for 12 h. The obtained sample is denoted as D-AC@2Mn-4Co. The 

pure Mn-Co spinel as well as the pristine AC (H-AC) and nitrogen doped AC (N-AC) supported 

Mn-Co nanoparticles were prepared in the same way, named as Mn-Co hybrid, H-AC@2Mn-

4Co and N-AC@2Mn-4Co, respectively. 

 Characterizations  7.2.2

The crystalline structures of the prepared samples were characterized by X-ray powder 

diffraction (XRD) in a Bruker Advance X-ray diffractometer using nickel-filtered Cu Kα X-ray 

source radiation (λ = 1.5405 Å). The morphologies and structures of the materials were 

examined by using transmission electron microscopy (TEM) and high-resolution TEM 

(HRTEM) (Philips Tecnai F20). Chemical compositions of the resulting samples were acquired 

using a Kratos Axis ULTRA X-ray photoelectron spectrometer incorporating a 165 mm 

hemispherical electron energy analyzer. The incident radiation is Monochromatic Al Kα X-rays 

(1486.6 eV) at 150 W (15 kV, 10 mA). The energy scale was calibrated to the C 1s peak 

maximum at 284.5 eV. Raman spectra were recorded on a Renishaw InVia spectrometer using 

the 514 nm laser excitation. 
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 Electrochemical Measurements 7.2.3

Sample Preparation: 1 or 2 mg of the catalyst was dispersed into the 1 mL mixed solution 

of distilled water (680 µL), ethanol (300 µL) and Nafion
®
 117 Solution (5%, 20 µL). Then, 10 

µL of the mixture was dropped onto a polished glassy carbon electrode (4 mm in diameter) after 

sonicating it for at least 60 min to form a homogeneous ink. The loaded electrode was placed in 

a 60 °C oven for 10 min to dry and then was taken out to cool down before all the tests. The 

corresponding catalyst loading is 0.08 or 0.16 mg·cm
-2

. 

The typical three-electrode system was utilized to evaluate the electrochemical properties of 

the prepared catalysts. Specifically, glassy carbon (GC) is the working electrode, a Pt wire is the 

counter electrode and the Ag/AgCl (in saturated KCl solution) is the reference electrode. All 

potentials were referred to the reversible hydrogen electrode by adding a value of (0.197 + 

0.059*pH) V. Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and rotating ring-

disk electrode (RRDE) measurements were conducted on the CHI 760E workstation (CH 

Instruments, Inc.) with a RRDE-3A rotator (ALS Co., Ltd). 

Cyclic voltammetry (CV). Prior to the test, the electrolyte (0.1 mol/L KOH solution) was 

bubbled with O2 for at least 30 min to make it saturated with O2, and a constant oxygen flow 

was kept during the measurement. The data was recorded at the scan rate of 100 mV/s when the 

system became stable. 

Linear sweep voltammetry (LSV) measurement. The rotating speed of the working 

electrode is increased from 400 rpm to 2500 rpm at the scan rate of 10 mV/s. 

Rotating ring-disk electrode (RRDE) measurement. The rotating speed of the working 

electrode was fixed at 1600 rpm with the scan rate of 10 mV/s for the RRDE test. The electron 

transfer number (n) is calculated via the following equation
4,30

. 

n = 4Id / (Id + Ir / N)                                                          (1) 

% HO2
-
 = 200(Ir / N) / (Id + Ir / N)                                              (2) 

Where Id stands for the disk current, Ir represents the ring current, and N is the current 

collection efficiency of the Pt ring, which is identified to be 0.43 in 2 mmol/L K3Fe[CN]6 and 

0.1 mol/L KCl solution. 

Koutecky-Levich (K-L) plots. The working electrode was scanned cathodically at the rate 

of 10 mV/s with the rotation speed from 400 to 2500 rpm. Koutecky-Levich (K-L) plots (J
-1

 vs 

ω
-1/2

) were analyzed at different potentials. 
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Koutecky-Levich equation
10,31

: 

1

𝐽
=  

1

𝐽𝐿
+  

1

𝐽𝐾
=  

1

𝐵𝜔1/2
+  

1

𝐽𝐾
 

𝐵 =  0.2𝑛𝐹𝐶0𝐷0
2/3𝑣−1/6;   𝐽𝐾 = 𝑛𝐹𝑘𝐶0 

Where J is the measured current density, Jk and JL are the kinetic and limiting current 

densities, respectively, ω is the angular velocity, n is transferred electron number, F (96485 

C/mol) is the Faraday constant, D0 is the diffusion coefficient of O2 in 0.1 M KOH (1.9 × 10
-5

 

cm
2
/s), C0 is the bulk concentration of O2 (1.2 × 10

-6
 mol/cm

3
),  v is the kinetic viscosity of the 

electrolyte (0.01 cm
2
/s) and k is the electron-transfer rate constant. The constant 0.2 is adopted 

when the rotation speed is expressed in rpm. 

 

 Results and Discussion 7.3

 Material Characterizations 7.3.1

The defective carbon D-AC supported Mn-Co spinel D-AC@2Mn-4Co was characterized 

by different techniques. First of all, transmission electron microscopy (TEM) was utilized to 

probe the distribution as well as the particle size of the introduced metals. As shown in Figure 

7.1 (a), the metal particles are uniformly dispersed on the carbon support, and most of the 

particles are around 7 nm in diameter. Besides, from the corresponding energy dispersive X-ray 

spectroscopy (EDS) elemental mapping images of the D-AC@2Mn-4Co in Figure 7.1 (b), it can 

also be seen that Mn and Co are homogeneously dispersed on the D-AC support, and the major 

component of the prepared sample is carbon as the Mn and Co loading amounts are relatively 

low (about 2 wt% and 4 wt%, respectively). 

 

Figure 7.1 (a) TEM image of the D-AC@2Mn-4Co showing the overall morphology; (b) EDS 

elemental mappings of the D-AC@2Mn-4Co showing the distribution of C, Mn and Co. 

a b Carbon 

Mn Co 

50 nm 

20 nm 
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Figure 7.2 (a) XRD patterns of the D-AC, D-AC@2Mn-4Co and D-AC@10Mn-20Co; (b) HR-

TEM image of the D-AC@2Mn-4Co; (c) SAED pattern of the D-AC@2Mn-4Co; (d) XPS 

survey scan spectra of the D-AC and D-AC@2Mn-4Co; (e) High resolution XPS Mn 2p fitting 

of the surface Mn in the D-AC@2Mn-4Co; (f) High resolution XPS Co 2p fitting of the surface 

Co in the D-AC@2Mn-4Co. 
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From Figure 7.2 (a), it can be seen that the D-AC@2Mn-4Co and D-AC almost show the 

same X-ray powder diffraction (XRD) pattern, indicating the introduction of low content Mn-

Co did not change the bulk structures of the D-AC sample. There is no detectable peak for the 

loaded metals in the D-AC@2Mn-4Co because of the low loading amount. However, when the 

Mn and Co contents were increased to 10 wt% and 20 wt%, respectively, distinct peaks for the 

cubic spinel MnCo2O4 can be observed in the XRD pattern of the D-AC@10Mn-20Co sample 

(Figure 7.2 (a)). In addition, the high resolution TEM (HR-TEM) image (Figure 7.2 (b)) and the 

corresponding selected area electron diffraction (SAED) pattern (Figure 7.2 (c)) confirm the 

existence of spinel phase MnCo2O4 in the sample D-AC@2Mn-4Co, as the calculated lattice 

spaces from the diffraction rings are 0.25 nm and 0.20 nm, respectively, which agree well with 

the corresponding lattice spaces of (311) and (400) planes for the cubic spinel MnCo2O4 (Figure 

7.2 (a)). Actually, it was reported that solvothermal method is a facile approach to synthesize 

MnCo2O4 spinel
32-34

, and only adjust the metal content normally would not change the phase or 

crystal structures of the resulting samples
35-38

. It means that Mn and Co should be presented in 

the form of MnCo2O4 spinel in the sample D-AC@2Mn-4Co. 

  Table 7.1 XPS results analysis of the prepared samples. 

Sample Name 
C 

(Atom%) 

N 

(Atom%) 

O 

(Atom%) 

Mn 

(Atom%) 

Co 

(Atom%) 

D-AC 99.23 ---- 0.77 ---- ---- 

H-AC@2Mn-4Co 95.39 ----- 3.60 0.43 0.57 

N-AC@2Mn-4Co 94.20 0.84 3.60 0.53 0.83 

D-AC@2Mn-4Co 95.47 ----- 3.35 0.67 0.51 

 

Meanwhile, the surface chemical and oxidation states of the metal ions in the prepared 

sample D-AC@2Mn-4Co were examined by X-ray photoelectron spectroscopy (XPS). All the 

binding energies in the XPS analysis were calibrated to the C 1s peak at 284.5 eV. As can be 

seen from the typical XPS overall spectrum in Figure 7.2 (d), the sample D-AC@2Mn-4Co 

shows very weak Mn and Co peaks, mainly due to the low metal loadings. Besides, the oxygen 

content of the D-AC@2Mn-4Co was increased from the initial 0.77 at.% to 3.35 at.% because 

of the formation of metal oxide (Figure 7.2 (d) and Table 7.1). From the high resolution Mn 2p 

spectrum and the corresponding fittings of the D-AC@2Mn-4Co in Figure 7.2 (e), it shows two 

major peaks at 641.4 eV and 653.4 eV, which correspond well to the Mn 2p3/2 and Mn 2p1/2, 
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respectively. The two peaks can be further deconvoluted into four subpeaks: two at 641.3 eV 

and 652.5 eV are assigned to binding energy of Mn
2+

, while the other two at 644.0 eV and 654.4 

eV prove the existence of Mn
3+

 cation
33,39,40

. Similarly, from the Co 2p spectrum of the D-

AC@2Mn-4Co in Figure 7.2 (f), we can see that there are two main peaks at 780.1 eV and 

796.0 eV with two additional satellite peaks at 786.3 eV and 803.3 eV, which can be attributed 

to the Co 2p3/2 and Co 2p1/2 levels, respectively
33,40

. The gap between the two major peaks is 

15.9 eV, which is in good accordance with the standard spectrum of Co
2+

 cation
41

. Besides, the 

deconvoluted two peaks at 780.0 eV and 789.6 eV are the characteristic peaks of Co
3+

 

cation
33,40,42

. Therefore, the XPS analyses regarding the valence states of the loaded Mn and Co 

suggest the co-existence of Mn
2+

/Mn
3+

 and Co
2+

/Co
3+

 in the prepared sample D-AC@2Mn-4Co, 

which is consistent with the previous investigations on MnCo2O4 spinel
32-34,39,40,42

. Consequently, 

it is reasonable to deduce from the above XRD, HR-TEM and XPS studies that the composition 

of the sample D-AC@2Mn-4Co is the defective carbon coupled with MnCo2O4 spinel. 

 

Figure 7.3 (a) XRD patterns and (b) XPS survey scan spectra of the prepared samples H-

AC@2Mn-4Co, N-AC@2Mn-4Co and D-AC@2Mn-4Co. 
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results (Figure 7.3 (b) and Table 7.1) reveal that Mn, Co and O contents are similar in the three 

samples, and only the N-AC@2Mn-4Co contains 0.84 at.% nitrogen. The detailed XPS analyses 

for Mn 2p and Co 2p in the H-AC@2Mn-4Co and N-AC@2Mn-4Co also indicate the presence 

of Mn
2+

/Mn
3+

 and Co
2+

/Co
3+

 cations in these two samples (Figure 7.4), implying that Mn and 

Co share the same chemical states in the three carbon supports, which should also be existed in 

the form of MnCo2O4 spinel. 

 

Figure 7.4 (a) and (b) High resolution XPS Mn 2p and Co 2p fittings for the H-AC@2Mn-4Co; 

(c) and (d) High resolution XPS Mn 2p and Co 2p fittings for the N-AC@2Mn-4Co. 

 

Furthermore, Raman spectroscopy was applied to inspect the ordered and disordered phases 

of the prepared samples. As shown in Figure 7.5, the Raman spectra of all the three samples 
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-1
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, which are relevant to the D band 

and G band, respectively. It is known that the D band is associated with the structural defects 

and partially disordered structures of the sp
2
 configuration, and the G band is linked to the E2g 
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2
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43,44
. From Figure 7.5 and our previous studies 
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(Figure 5.3, Chapter 5)
24

, it can be seen that the three Mn-Co decorated samples show the same 

ID/IG ratio trend as their corresponding three carbon supports, indicating that the sample D-

AC@2Mn-4Co inherited the defective nature of the D-AC. As might be expected, the uniform 

distribution of the introduced metals Mn and Co, the high BET surface area (Table 5.2, Chapter 

5) as well as the defective characters of the support may make the sample D-AC@2Mn-4Co 

highly active for the ORR. 

 

Figure 7.5 Raman spectra of the H-AC@2Mn-4Co, N-AC@2Mn-4Co and D-AC@2Mn-4Co. 

 

 ORR Performance Evaluations 7.3.2

Interestingly, the resulting sample D-AC@2Mn-4Co exhibits the anticipated exceptional 

ORR activity in 0.1 M KOH solution. It can be seen from Figure 7.6 (a) that the defective 
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the H-AC@2Mn-4Co, the N-AC@2Mn-4Co sample shows some improvement in the ORR 

activity as well, signifying the beneficial effect of the N-doping for the metal-based ORR 

catalysts, which is consistent with the previous investigations
8,10,45-47

. From Figure 7.6 (b), it is 

apparent that the excellent ORR performance of the D-AC@2Mn-4Co is mainly derived from 

the highly effective defective support D-AC, as it is more active for the ORR than its 

counterparts H-AC and N-AC, which is favorable to enhance the ORR performance of the 
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decorated sample. Meanwhile, the pure Mn-Co spinel was also synthesized as a reference 

catalyst. As indicated in Figure 7.6 (c), it shows very poor ORR activity. However, the 

introduction of Mn-Co spinel increased the E1/2 as well as the current density of the D-AC 

obviously (Figure 7.6 (c)), most likely due to the incorporation of small MnCo2O4 spinel 

particles (Figure 7.1 (a)) enhanced the electron transfer efficiency of the resultant catalyst, thus 

accelerated the oxygen absorption and reduction during the ORR process accordingly. Therefore, 

the high ORR performance of the synthesized sample D-AC@2Mn-4Co is possibly owing to 

the coupled effect between the defective carbon and the introduced MnCo2O4 spinel. 

 

Figure 7.6 (a) ORR polarization curves of the H-AC@2Mn-4Co, N-AC@2Mn-4Co, D-

AC@2Mn-4Co and the Pt/C; (b) ORR polarization curves of the three supports H-AC, N-AC 

and D-AC; (c) ORR polarization curves of the support D-AC, the pure Mn-Co spinel, the loaded 

sample D-AC@2Mn-4Co, as well as the Pt/C; (d) ORR polarization curves of the D-AC@2Mn-

4Co (measured at doubled mass loading) and the Pt/C. All the samples were measured at the 

scan rate of 10 mV/s with the rotation speed of 1600 rpm in O2-saturated 0.1 M KOH solution 

(Catalyst loading is 0.08 mg·cm
-2

 unless specified). 
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Table 7.2 Summary of the electrochemical properties for the ORR catalysts. 

Sample 

Catalyst 

Loading 

(mg·cm
-2

) 

Eonset
a
 

(V) 

E1/2
b
 

(V) 

|JL|
c
 

(mA·cm
-2

) 
n

d
 

H-AC@2Mn-4Co 0.08 0.836 0.711 4.5 3.3 

N-AC@2Mn-4Co  0.08 0.847 0.752 4.3 3.6 

D-AC@2Mn-4Co 0.08 0.874 0.781 4.8 3.7 

D-AC@2Mn-4Co 0.16 0.891 0.787 5.1 3.8 

Pt/C 0.08 0.901 0.785 5.0 3.9 

a)
Onset potential;

 b)
Half-wave potential; 

c)
Limiting current density obtained at 0.2 V (vs RHE) 

with the rotation speed of 1600 rpm; 
d)

Electron transfer number calculated at 0.5 V (vs RHE). 

 

Table 7.3 Summary of the half-wave potentials for the reported non-precious metal ORR 

electrocatalysts. 

Catalyst 
Catalyst Loading 

(mg·cm
-2

) 

Half-Wave 

Potential 

(E1/2, V vs RHE) 

Reference 

Fe3O4/N-GAs Unknown ~ 0.56 46 

NiCo2O4/rGO 0.40 ~ 0.62 48 

Mn3O4/rGO 0.08 ~ 0.65 49 

MnCo2O4/Acetylene Black 0.40 ~ 0.69 12 

Co3O4/Co2MnO4 0.10 ~ 0.71 50 

Mn3O4-CoO/CNT 0.40 ~ 0.75 51 

CoOx/Vulcan XC-72 0.20 ~ 0.76 52 

Fe3O4/N-C 0.15 ~ 0.78 53 

Fe-N/C 0.08 ~ 0.81 47 

Fe-N-CNF 0.20 ~ 0.82 7 

CoMn2O4/PDDA-CNTs 1.43 ~ 0.83 11 

MnCo2O4/Graphene 0.10 ~ 0.86 10 

Note: The ORR measurements were conducted in O2-saturated 0.1 M KOH solution with the 

rotation speed of 1600 rpm, and all E1/2 values were versus RHE. 
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Figure 7.7 (a) Electrochemical activity given as the kinetic current density (JK) at different 

potentials for the D-AC@2Mn-4Co and the Pt/C; (b) Tafel plots derived from the corresponding 

1600 rpm LSV curves of the D-AC@2Mn-4Co and the Pt/C. 

 

Impressively, the ORR performance of the D-AC@2Mn-4Co has outperformed the 

commercial Pt/C from the half-wave potential and limiting current density when we increased 

its mass loading from the initial 0.08 mg·cm
-2

 to 0.16 mg·cm
-2

 (Figure 7.6 (d) and Table 7.2), as 

E1/2: 0.787 vs 0.785 V and JL: 5.1 vs 5.0 mA·cm
-2

, respectively. This means that the D-

AC@2Mn-4Co is more advantageous than the Pt/C to catalyze the ORR in alkaline medium 

even through the metal loading is still low (12 wt% Mn+Co vs 20 wt% Pt). In fact, the half-

wave potential of the D-AC@2Mn-4Co is more positive than most of the reported MnCo2O4 

spinel-based and other non-precious metal modified ORR catalysts (Table 7.3), but with much 

lower metal content and production cost since we used a kind of activated carbon rather than the 

expensive graphene or carbon nanotubes as the support. In addition, the outstanding ORR 

activity of the D-AC@2Mn-4Co can also be gleaned from the calculated kinetic current density 

(Jk, Figure 7.7 (a)) by virtue of the rotating disk electrode (RDE) measurements. For example, 

the D-AC@2Mn-4Co and the Pt/C show similar Jk at the potential of 0.80 V (vs RHE), but the 

JK of the D-AC@2Mn-4Co at 0.70 V is higher than that of the commercial Pt/C (35.2 mA·cm
-2

 

vs 19.5 mA·cm
-2

). Besides, the small Tafel slope of 41 mV/decade at low overpotentials further 

confirms the excellent ORR kinetics of the D-AC@2Mn-4Co, which is smaller than that of the 

Pt/C (48 mV/decade, Figure 7.7 (b)). The high activity combined with the low cost of the D-

AC@2Mn-4Co render it as a promising candidate to replace the cathodic Pt/C catalyst in 

alkaline fuel cells.  
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Figure 7.8 (a) LSV curves at different rotation speeds with the scan rate of 10 mV/s in O2-

saturated 0.1 M KOH solution (Insert: Koutecky-Levich (K-L) plots at different potentials) of 

the D-AC@2Mn-4Co; (b) Percentages of peroxide species (solid lines) and the electron transfer 

number (n) (dotted lines) of the D-AC@2Mn-4Co and the commercial Pt/C at different 

potentials (calculated from the corresponding RRDE data). 

 

At the same time, more in-depth studies were conducted on the D-AC@2Mn-4Co to gain 

further insight into its reaction kinetics and pathways. From Figure 7.8 (a), it can be seen that 

the current density shows a linear relationship with the increase of the RDE rotation speed, 

indicating the ORR is a distinct kinetics controlled process. The corresponding Koutecky-

Levich (K-L, details are in the Experimental Section) plots of the D-AC@2Mn-4Co under 

different potentials display good linearity and parallelism (Figure 7.8 (a), insert), which further 

proves the first-order reaction kinetics toward the dissolve of oxygen
54-56

. In the meantime, the 

rotation ring-disk electrode (RRDE) test was performed to uncover the reaction mechanisms of 

the prepared samples. It can be seen from Figure 7.8 (b) that the peroxide species yield of the D-

AC@2Mn-4Co is below 6.5% over the potential range of 0.20 V to 0.70 V (vs RHE), which is 

much lower than that of the reported non-platinum group metal based ORR electrocatalysts
57-59

, 

and also in the same level as the commercial Pt/C (Figure 7.8 (b)). Besides, the high ORR 

efficiency of the D-AC@2Mn-4Co is also reflected from the near four-electron pathway toward 

oxygen reduction. For example, the calculated electron transfer number n from the RRDE data 

is over 3.8 in the potential range of 0.20 V to 0.70 V (vs RHE, Figure 7.8 (b)), which is higher 

than that of the H-AC@2Mn-4Co and N-AC@2Mn-4Co (Table 7.2). This result agrees well 

with the n that was derived from the K-L plots (~4, Figure 7.8 (a)). 
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Figure 7.9 Schematic representation showing the synergetic coupling effects between the 

unique defects in the D-AC and the introduced Mn-Co spinel promoted ORR. 

 

As aforementioned, both the defective carbon D-AC and the pure Mn-Co spinel show 

inferior ORR activity than the D-AC@2Mn-4Co (Figure 7.6 (c)), indicating the synergetic 

coupling effects between them further promoted the ORR. Previous investigations revealed that 

C-O-Mn
3+

 linkage is supposed to be formed in the metal-carbon interface of the Mn3O4 spinel 

and the graphene oxide nanoribbons, which could lower the reaction barrier, thus being 

beneficial for the ORR
60

. It is also suggested that the covalent bond between the spinel metal 

oxide and the carbon support could reduce the charge transfer resistance during the ORR 

process
10,61

. By the same token, we can reasonably deduce that it is more likely to form the C-O-

Mn
2+/3+

/Co
2+/3+

 linkage between the unique defective sites in the D-AC support and the 

introduced MnCo2O4 spinel, as schemed in Figure 7.9. Therefore, the newly produced linkage is 

capable of improving the electron transfer efficiency during the electrocatalytic process and may 

also be able to lower the activation barrier of the ORR, accordingly facilitated the highly 

effective one-step four-electron pathway of the resultant sample D-AC@2Mn-4Co.  
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Figure 7.10 (a) High resolution XPS O 1s fittings for the surface oxygen in the pure Mn-Co 

spinel; (b) High resolution XPS O 1s fittings for the surface oxygen in the prepared sample D-

AC@2Mn-4Co. 

 

Herein, the high resolution XPS O 1s scan was employed to gain some evidences to prove 

the existence of the proposed C-O-Metal linkage in the D-AC@2Mn-4Co, through comparing it 

with the XPS O 1s spectrum in the pure MnCo2O4 particles. As shown in Figure 7.10 (a), the 

asymmetric XPS O 1s spectrum of the MnCo2O4 can be deconvoluted into two peaks centered 

at 529.8 and 531.8 eV, which correspond to lattice oxide oxygen and surface adsorbed oxygen-

containing species (possibly hydroxide or water), respectively
9,62,63

. However, when the 

MnCo2O4 particles were introduced onto the defective D-AC support, the corresponding XPS O 

1s spectrum is totally different from that of the bulk MnCo2O4 O 1s spectrum (Figure 7.10 (b)). 

According to the literature
5,60,64

, this O 1s peak can be deconvoluted into four subpeaks, of 

which, the one centered at 530.0 eV can be assigned to the metal oxygen bonds (Mn-O/Co-O); 

the peak centered at 531.9 eV should be the C-O species, while the one at 533.5 eV could be 

attributed to the physical or chemisorbed water at or within the surface. Particularly, the most 

important and interesting peak is the one that between the Mn-O/Co-O and the C-O peaks 

(centered at 530.9 eV). It is quite possible that this peak can be referred to the newly formed C-

O-Mn/Co linkage, which facilitated the ORR. However, the valuable junction may not be 

generated or the produced linkage is not adequate to catalyze the ORR in the H-AC@2Mn-4Co 

and N-AC@2Mn-4Co samples as they did not show evident ORR performance improvement 

comparing to their supports H-AC and N-AC. These findings demonstrate that the influence of 

the carbon support on the catalytic performance of the resulting catalysts is crucial, and once 

again underlining the importance of the unique defects in the carbon materials for the ORR. 
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As can be from the above discussions, although the XPS O 1s spectra of the MnCo2O4 and 

D-AC@2Mn-4Co may provide some indirect evidences regarding the formation of the C-O-

Mn/Co junctions in the D-AC@2Mn-4Co sample, the direct characterization of the proposed C-

O-Metal linkage apparently derves more systematic and in-depth studies in the future, which 

will be beneficial to uncover the reaction mechanism of the metal decorated ORR catalysts and 

thus could guide to the rational design of more effective ORR catalysts for practical applications. 

 

 

Figure 7.11 (a) ORR polarization curves of the D-AC@2Mn-4Co (Red lines) and the 

commercial Pt/C (Black lines) before and after 5000 potential cycles between 0.6 V and 1.0 V 

(vs RHE) with the scan rate of 50 mV/s in O2-saturated 0.1 M KOH solution; (b) Amperometric 

i-t curves of the D-AC@2Mn-4Co and the Pt/C tested at 1000 rpm in O2-saturated 0.1 M KOH 

solution; (c) and (d) Methanol tolerance test with 5% methanol (in volume) in O2-saturated 0.1 

M KOH solution for the D-AC@2Mn-4Co and the commercial Pt/C. 
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Generally, three key factors should be considered in selecting ORR catalysts for practical 

fuel cell applications, namely the activity, cost and durability. As can be seen from the above 

discussions, the prepared D-AC@2Mn-4Co sample shows superb ORR activity with extremely 

low production cost, so we further evaluated its stability via the accelerated durability test 

protocol that was proposed by the U.S. Department of Energy
65

. It shows in Figure 7.11 (a) that 

the E1/2 of the D-AC@2Mn-4Co only exhibits a small negative shift of 9 mV after 5000 

potential cycles between 0.6 V and 1.0 V (vs RHE) with the scan rate of 50 mV/s in O2-

saturated 0.1 M KOH solution, while the commercial Pt/C lost 15 mV of its E1/2 under the same 

test conditions. Besides, the good long-term stability of the D-AC@2Mn-4Co was also 

confirmed by the chronoamperometric measurement in O2-saturated 0.1 M KOH solution. From 

Figure 7.11 (b), it is obvious that the D-AC@2Mn-4Co is more stable than the commercial Pt/C. 

For example, after continuous operation for 20000 s, the Pt/C shows around 20% current 

decrease, but the D-AC@2Mn-4Co could retain 92.4% of the initial current. It means that our 

catalyst is more stable than the Pt/C for the ORR in alkaline medium, presumably owing to the 

strong interactions between the defective carbon and the loaded MnCo2O4 spinel. Furthermore, 

the methanol crossover effect was examined for the D-AC@2Mn-4Co and the commercial Pt/C 

in O2-saturated 0.1 M KOH solution with 5% (in volume) methanol. As shown in Figure 7.11 

(c), the introduction of methanol did not affect ORR performance of the D-AC@2Mn-4Co. In 

contrast, the cathodic ORR peak in the CV curve of the Pt/C disappeared after adding methanol 

into the electrolyte (Figure 7.11 (d)), indicating that the prepared D-AC@2Mn-4Co sample is 

more advantageous than the Pt/C for direct methanol fuel cell applications. 

 

 Conclusions 7.4

In the present study, a facile solvothermal method was adopted to prepare defective carbon 

supported MnCo2O4 ORR electrocatalyst with low metal content. Impressively, at a Mn-Co 

loading of 12 wt%, the resultant sample D-AC@2Mn-4Co has surpassed the commercial 20% 

Pt/C in terms of half-wave potential and limiting current density in alkaline medium for the 

ORR. Besides, the D-AC@2Mn-4Co exhibits a one-step four-electron pathway for the ORR 

with very low yield of peroxide species. It is also much more stable than the Pt/C and free from 

methanol poisoning. The investigations show that the defective carbon support is crucial to the 

electrocatalysts, and the outstanding ORR performance of the synthesized sample D-AC@2Mn-

4Co is most likely due to the newly formed C-O-Metal linkage between the unique defects in 

the D-AC and the incorporated MnCo2O4 spinel that reduced the reaction barrier as well as the 

charge transfer resistance. In the future, more in-depth and systematic investigations should be 



Chapter 7 

 

161 
 

carried out to uncover the reaction mechanisms as well as the specific roles of the defects and 

the introduced MnCo2O4 spinel in the prepared sample D-AC@2Mn-4Co for the ORR, which 

could lead to the rational design of more effective ORR catalysts for practical applications. All 

in all, the current work provides a feasible approach to accelerate the mass production of 

alkaline fuel cells with improved performance, elevated durability as well as remarkably 

reduced catalyst cost. 
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 General Summary 8.1

The current project mainly focused on the preparation of defective carbon based catalysts 

from cost-effective raw materials for electrochemical reactions, especially for the oxygen 

reduction reaction (ORR) that occurs on the cathode of fuel cells and metal-air batteries. Briefly, 

different porous carbons with variable specific surface areas were firstly synthesized by a 

chemical activation method, which were then utilized to fabricate defective porous carbons via a 

facile N-doping and removal approach. The resulting defective carbon that showed the highest 

ORR activity was subsequently decorated with low content of Pt and a kind of Mn-Co spinel, 

respectively, to further increase its catalytic performance. The major conclusions of this thesis 

are summarized as follows: 

First of all, different carbon precursors were used to prepare porous carbons with variable 

specific surface areas by an easy and scalable chemical activation method. For example, a 

purchased low surface area activated carbon, ball milled coal, Vulcan XC-72 carbon black and a 

carbonized macadamia nut shell were activated under the optimized conditions (750 °C for 1 h, 

m(KOH)/m(Carbon) is 7.5, nitrogen flow rate is 300 mL/min) to increase their surface areas. 

Besides, a selected metal-organic framework (MOF) JUC-32 was also employed for 

synthesizing high surface area porous carbons. The surface area of the prepared carbons is from 

631 m
2
/g to 3508 m

2
/g, where the one derived from the ball milled coal shows the highest value 

(denoted as H-AC). It is revealed that all the activated samples exhibit obviously improved 

ORR performance, indicating the advantages of high surface area porous carbons for the 

electrochemical reactions. Afterwards, the unique defects were introduced into the activated 

ACs via a facile N-doping and removal approach to further improve their catalytic performance. 

The results showed that the incorporation of nitrogen did not enhance the ORR activity of the 

resulting samples directly, but the produced defects may serve as the active sites for the ORR, 

which finally contributed to the catalytic performance improvement. Impressively, the obtained 

defective carbon (D-AC) derived from the H-AC shows the best ORR performance in alkaline 

medium, which is comparable to the commercial Pt/C from half-wave potential and limiting 

current density, but with better stability and methanol tolerance. The high BET surface area and 

highly porous characters of the prepared sample H-AC could make nitrogen more easily doped 

into the carbon structures (the surface nitrogen content is as high as 3.73 at.%, verified by the 

XPS analysis), and the doped nitrogen can be fully removed during the subsequent calcination 

process, which is likely to produce the desired defects for the ORR. Similar to the heteroatom 

doping to improve the ORR performance of carbon materials, the introduction of defects into 

the carbon network could also re-shape the electronic structure of the neighboring carbon atoms. 

The re-structured electronic distribution of the carbon atoms could interact with oxygen 

molecules more strongly, accordingly enhanced the oxygen adsorption and dissociation, thus 

being beneficial for the ORR. The Raman spectrum also confirms the defective nature of the D-
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AC, which is a strong support to this explanation. Meanwhile, the D-AC also exhibits excellent 

HER activity, which is better than most of the reported metal-free HER catalysts, indicating that 

the non-active AC becomes very active for both the ORR and HER. 

It can be seen that although the ORR activity of the D-AC is better than most of the 

reported metal-free catalysts, it is still less active than the commercial Pt/C. Given that the 

carbon support is crucial to the electrocatalysts, and Pt is the best-known ORR catalyst so far, 

herein, we adopted a simple impregnation method synthesized the D-AC supported low Pt 

content electrocatalysts with noticeably improved ORR activity. The results show that smaller 

Pt particles are more favorable to enhance the ORR activity of the D-AC when the Pt loading 

amount is the same. Remarkably, the prepared sample D-AC@5.0%Pt that only contains 5% Pt 

has outperformed the commercial Pt/C with 20% Pt in terms of onset potential and half-wave 

potential in alkaline medium, and it is much more stable than the Pt/C. Besides, the D-

AC@5.0%Pt displays a one-step four-electron pathway for the ORR with extremely low yield 

of peroxide species. The outstanding ORR performance of the D-AC@5.0%Pt proves that both 

the unique defects in the D-AC and the incorporated Pt particles are crucial to the ORR 

performance enhancement. Additionally, the Pt decorated D-AC samples also show improved 

ORR activity in acidic solution, although they still could not compare with the commercial Pt/C. 

Meanwhile, to completely avoid the use of precious metal Pt, a kind of Mn-Co spinel was 

incorporated into the D-AC sample through a facile solvothermal method to further increase its 

ORR performance, since the Mn-Co spinel is an effective material to promote the ORR. As a 

comparison, the H-AC and nitrogen doped H-AC (N-AC) were also employed for synthesizing 

MnCo2O4 spinel loaded catalysts by the same method. It is shown that the D-AC supported Mn-

Co sample D-AC@2Mn-4Co exhibits the highest activity among the obtained ORR catalysts, 

which means that the influence of the carbon support on the catalytic performance is significant, 

and once again highlights the importance of the unique defects for the ORR. At the same mass 

loading, the D-AC@2Mn-4Co (6 wt% Mn+Co) is comparable to the commercial Pt/C (20 wt% 

Pt) for the ORR in alkaline electrolyte. Interestingly, the D-AC@2Mn-4Co demonstrates better 

ORR performance than the Pt/C in terms of half-wave potential and current density at doubled 

mass loading (12 wt% Mn+Co), and it is much more stable than the Pt/C and free from 

methanol poisoning. This may suggest that the low-cost, highly active and durable ORR catalyst 

has great potential in various types of fuel cells applications. It is assumed that the outstanding 

ORR performance of the synthesized sample D-AC@2Mn-4Co is owing to the newly formed 

C-O-Metal linkage between the unique defects in the D-AC and the incorporated MnCo2O4 

spinel that reduced the reaction barrier as well as the charge transfer resistance. In the future, 

more in-depth and systematic investigations should be conducted to probe the reaction 

mechanisms and the specific roles of the defects and MnCo2O4 spinel for the ORR, which could 

guide to the rational design of more effective ORR catalysts for practical applications. 
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Generally, we have developed a feasible and scalable method for fabricating highly active 

electrocatalysts from cost-effective and earth-abundant raw materials, based on the defective 

mechanism that was proposed in our group. The current work also provides an alternative 

approach to accelerate the commercialization of alkaline fuel cells with improved performance, 

enhanced durability as well as reduced catalyst cost. Specifically, compared with the reported 

metal-free ORR catalysts, our pure defective carbon D-AC is more advantageous in terms of 

activity and production cost, since the D-AC is only a kind of activated carbon with unique 

defects. For the 5% Pt loaded ORR catalyst D-AC@5.0%Pt, it has already outperformed the 

commercial Pt/C with 20% Pt, and also better than most of the reported Pt based ORR catalysts, 

which is sufficient to prove its excellent ORR activity. Impressively, the half-wave potential of 

the D-AC@2Mn-4Co is more positive than most of the reported MnCo2O4 spinel-based and 

other non-precious metal modified ORR catalysts, but with a simple solvothermal synthesis 

method by using low cost starting materials. We believe this is a big progress in the preparation 

of non-precious metal based ORR catalysts. Theoretically, this current work is a strong support 

to the newly proposed defect mechanism for the ORR, in which pure carbon with unique defects 

could effectively catalyze the electrochemical reactions, and it is the first investigation to show 

that the created defects in the AC could make it highly active for both the ORR and HER. 

Besides, this study is also beneficial for understanding the ORR active sites in metal decorated 

defective carbons, which could lead to the rational design and synthesis of more efficient 

electrocatalysts for extended applications. 

 

 Future Work 8.2

It is apparent that the present study has been realized the target to prepare efficient catalysts 

with economical production cost for electrochemical reactions. However, more in-depth and 

systematic work, both theoretically and experimentally, should be carried out to probe the 

reaction mechanisms of the defects promoted electrochemical reactions, thus could design and 

synthesize electrocatalysts with the expected performance for different applications. The 

specific directions are outlined as follows: 

(1) It is highly desirable to capture some direct evidences to prove that it is certain types of 

defects driven the electrochemical reactions, especially with the assistance of high-resolution 

TEM or STM technologies. As plenty of defects already exist in the activated carbon, it is 

therefore not possible to differentiate them from the newly produced defects. However, through 

well designed comparison experiments by using carbon materials with regular and uniform 

structures, such as monolayer graphene and single-walled carbon nanotubes, it may prove that 

the newly produced defects in the carbon network are the active sites for the electrochemical 
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reactions, which may guide to the target creation of the effective defects in different carbon 

materials, and then obtain extremely active both metal and heteroatom free electrocatalysts. 

(2) Are the defects that could catalyze the ORR or HER also effective for other 

electrochemical reactions (such as oxygen evolution reaction (OER) and hydrogen oxidation 

reaction (HOR))? Is it the same type of defect that promotes the different catalytic reactions? Or 

do different categories of defects contribute to the different reactions? If the relationship 

between the defects and the specific types of electrochemical reactions is clear, then we can 

intentionally design catalysts with high activity for the target reactions, for example, to 

synthesize pure carbon materials with the active defects as bifunctional catalysts for a wide 

range of applications. 

(3) Why the prepared defective carbons could not efficiently catalyze the ORR in acidic 

medium? It is therefore also important to explore some defects that could serve as the active 

sites for the ORR in acidic electrolyte. 

(4) Apart from the methods that are used to create defects via removing the heteroatoms 

from the carbon structures, it is also necessary to develop some convenient physical methods to 

produce the same effective defects in carbon materials, such as irradiate them with electrons or 

ions, or by plasma treatment. 

(5) It is known that some heteroatoms, such as nitrogen is an effective foreign element to 

improve the electrocatalytic activity of various carbon nanomaterials, so introduce some foreign 

elements into the defective carbons may further enhance their catalytic performance. 

(6) For the practical application of the electrocatalysts, it is also essential to evaluate their 

performance in real operating conditions, for instance, measure the catalytic activity and 

durability of the electrocatalysts in fuel cell system and zinc-air battery prototypes, which is 

much closer to the practical applications. The section below is a brief description regarding the 

usefulness of the prepared ORR catalysts in real PEM fuel cells applications. 

 

 Prospects of the Prepared ORR Catalysts 8.3

At present, the biggest hurdle for the commercialization of fuel cells is the correlated 

manufacturing cost, where the expense on the cathodic oxygen reduction electrocatalysts holds 

a large portion, as the precious platinum (Pt) and its alloys are still the most effective ORR 

catalysts that play an essential role in deciding the overall performance of a proton exchange 

membrane fuel cell (PEMFC). In the current study, some AC based cost-effective ORR 

catalysts have been developed, such as the pure defective AC (D-AC), low content of Pt loaded 
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D-AC (D-AC@5.0%Pt) and the non-precious metals Mn-Co decorated D-AC (D-AC@2Mn-

4Co), which are obviously much cheaper than that of the commercial Pt/C with 20% Pt. 

Therefore, our AC based ORR catalysts are more advantageous than the present Pt/C in terms of 

production cost if they can be used in the industry. 

Besides the cost issues, our catalysts also fulfill several other requirements that are 

indispensable for practical ORR catalysts, of which the high electrocatalytic activity is the most 

important feature. For example, the D-AC is comparable to the commercial Pt/C for the ORR, 

the D-AC@5.0%Pt and D-AC@2Mn-4Co have already outperformed the Pt/C as ORR catalysts. 

Good durability is another crucial characteristic that could highlight the benefits of our catalyst 

in industrial applications, since all the prepared three kinds of ORR catalysts show superior 

stability than that of the commercial Pt/C in alkaline conditions. In addition, our AC based ORR 

catalysts could be manufacturable at large scale with good reproducibility. Last but not least, the 

D-AC and D-AC@2Mn-4Co are free from methanol poisoning, implying that they can be used 

in various types of fuel cells. All these features of the prepared ORR catalysts make them 

suitable for high volume commercialization in the near future. 

As can be seen from the above discussions, the most attracting application of the 

synthesized catalysts is that they can be utilized as an efficient cathodic ORR catalyst in fuel 

cells, and the massive use of the fuel cells could tackle many energy and environmental 

associated issues. Generally, fuel cells can be employed in applications with a broad range of 

power needs owing to their intrinsic size flexibility, portable and stationary power generations 

are the two main categories. In principle, fuel cells can power almost any portable electronic 

products that use batteries, typical examples including laptop computers, mobile phones, 

cameras, recorders, MP3 players, and kids’ toys. Besides, the mobile applications also comprise 

transportation systems, such as vehicles (wagons, motorcycles, cars, trucks, buses, trains, ships 

and even aircrafts). While the stationary fuel cells are designed to provide a combined 

generation of on-site electricity and heat for both residential and commercial needs, for instance, 

they can supply clean and reliable power sources to houses, school, hospitals, banks, 

supermarkets, airports as well as military bases.  

Furthermore, the fuel cell economy could also boost the development of clean energies, for 

example, with renewable fuels (hydrogen or methanol) replacing the fossil fuels (such as 

petroleum) that are consumed in most vehicles today. We believe that with the advance of 

modern science and technology, more efficient and cost-effective electrocatalysts can be 

exploited for a wide range of applications to improve the quality of our life. 




