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Abstract 

      Due to its high theoretical specific energy and low-cost, rechargeable zinc-air batteries have 

attracted tremendous attention as a promising next-generation energy conversion system. 

However, there are some challenges that need to overcome before its practical application. One 

of the key issues is the slow reaction kinetics in the air cathode of the batteries towards the 

oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). This would cause 

insufficient charge/discharge efficiency and poor cycle stability of the batteries. Therefore, the 

development of efficient ORR-OER bi-functional electrocatalysts with high catalytic activity and 

durability is essential for the development of rechargeable zinc-air batteries. 

      In this work, a series of catalyst design strategies have been explored to improve the activity 

and durability of cobalt-based bi-functional catalysts especially under the oxidative condition of 

OER reaction. The latter would cause catalyst oxidation and aggregation, and therefore 

deteriorate the cycling performance of the bi-functional catalysts in zinc-air batteries. In the first 

study, a surface engineering approach was adopted to prepare efficient bi-functional catalyst 

consists of mildly oxidized, N-doped Co9S8 catalyst supported on N-doped reduce graphite oxide 

(O-N-Co9S8@N-RGO). The surface decorated electrocatalyst shows excellent activity for both 

ORR and OER, and maintains good stability over 900 charge-discharge cycles at 10 mA cm-2 in 

zinc-air battery. Interestedly, it was found that O-N-Co9S8 nanoparticles responsible for the OER 

reaction were completely converted into Co3O4 after OER reaction, indicating Co3O4 is the 

actual active phase for OER. On the basis of this observation, we propose and demonstrate that 

oxides in-situ generated cobalt oxides during OER reaction are more active than the directly 

calcined oxides. This work advances fundamental insight and the design of metal chalcogenides-

based bi-functional “catalysts”. 
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       On the recognition of the high catalytic activity of surface-engineered Co9S8 material, a 

three-dimensionally ordered mesoporous (3DOM) structured surface-engineered Co9S8 catalyst 

was developed to explore the benefits of the 3DOM structural design for its catalytic 

performance. Different from the N-RGO supported O-N-Co9S8, the 3DOM-Co9S8 catalyst is 

self-supported, which contains only an inner carbon layer within its mesoporous structure. Due 

to the 3D interconnected architecture and large surface area, the air electrode delivers excellent 

cell performance and cycling durability. However, the partial structure crush of N-Co9S8 after 

long-time OER testing was observed, demonstrating that the highly oxidative operating condition 

of rechargeable zinc-air batteries could cause significant structural integrity issues of porous 

chalcogenide electrocatalysts. 

      Thus, in the last study, a new strategy focusing on the oxidation-resistive catalyst support 

design using oxygen vacancy (OV)-rich, low-bandgap semiconductor was proposed. The OVs 

promote the electrical conductivity of the semiconductor support, and at the same time offer a 

strong metal-support interaction (SMSI). The SMSI enables the catalysts with small metal size, 

high catalytic activity, and high stability. This strategy is demonstrated by successfully 

synthesizing ultrafine Co metal decorated 3DOM titanium oxynitride (3DOM-Co@TiOxNy). The 

catalyst not only exhibits good ORR-OER activities, but also shows excellent cycling stability in 

alkaline conditions, e.g. less than 1% energy efficiency loss over 900 charge-discharge cycles at 

20 mA cm-2. Theoretical calculation confirmed that the high stability of this catalyst is attributed 

to the strong SMSI between Co and 3DOM-TiOxNy. This study will provide an alternative 

strategy for the design of efficient and durable non-precious electrocatalysts using OV-rich 

semiconductors as support materials.  

In summary, a series of catalyst design strategies for efficient and durable bi-functional ORR-
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OER catalyst were developed in this work. It was found that NH3 treatment is an effective 

surface-engineering approach to develop highly active ORR-OER catalysts. The in-situ 

transformation or oxidation of Co9S8 into Co3O4 observed in post-OER analysis advanced our 

understanding of the chemical, structural transformation and real catalytic phase for OER 

“catalyst”.  Moreover, the results show that the 3DOM design of self-supported Co9S8 catalyst 

could also benefits the catalytic performance by facilitating the mass and electronic 

transportation within the 3DOM framework. Finally, based on our up-to-date understanding of 

the OV in semiconductor physics and heterogeneous catalysis, a novel bi-functional catalyst 

support design strategy was proposed and demonstrated using OV-rich TiOxNy semiconductor. 

Excellent cycling stability and activity performance of such semiconductor supported cobalt 

catalyst in rechargeable zinc-air batteries is achieved. 
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CHAPTER 1  

Introduction and Motivation 

      Rechargeable zinc-air batteries have attracted extensive attention because of their low-cost 

and high energy density (1084 Wh kg-1), which is approximately five times that of lithium-ion 

batteries.[1] The practical application of rechargeable zinc-air batteries, however, requires active 

and durable air electrode electrocatalysts for both oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER). Pt-based materials are the most active ORR catalysts,[2] whereas Ru/Ir 

oxides are usually considered as the best-performing OER electrocatalysts.[3] However, these 

materials are expensive and exhibit poor bi-functional ORR-OER activity. Therefore, developing 

low-cost and efficient ORR-OER bi-functional catalysts is one of the major challenges for zinc-

air batteries.[4]  

     Nowadays, the most promising non-precious bi-functional catalysts are derived from carbon-

transition metal hybrid materials.[5-8] These materials have received considerable attention due to 

their unique physical and chemical properties: i) the carbon material, as a support, ensure the 

good conductivity of the catalysts; ii) when doped with N, S or transition metal elements, e.g. Fe, 

Co, it shows excellent ORR activity,[9,10] and its ORR activity is originated from the N/S-dopant 

neighbouring carbon atoms, the edges (or defect) sites and the C-N-M (M=Co, Fe) center within 

the carbon structure;[11-15] iii) the transition metals govern the OER activities, especially their 

oxides, hydroxides, chalcogenide, phosphate or nitride have been reported exhibits good OER 

activity.[16-19]  

      Despite these progress achieved in the development of active bi-functional catalysts, to 

further improve the power performance and energy efficiency of zinc-air batteries, the search for 
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high-performance bi-functional oxygen electrocatalysts is still under increasing demand. 

Recently, surface engineering( e.g. NH3 etching), cation or anion substituting, heteroatom doping 

of transition metal chalcogenides and nitrides have been reported can effectively improve 

catalytic activities, especially towards OER.[20-22] Moreover, since the ORR-OER reactions occur 

at the O2 gas/catalyst/electrolyte three-phase interface, catalysts with porous structure might 

facilitate the mass transfer process, e.g. O2 gas diffusion within the catalyst, which could further 

improve the electrochemical performances of the batteries.[23-25] Therefore, surface engineering 

of cobalt chalcogenides combined with a porous structural design, e.g. three-dimensional ordered 

macroporous (3DOM) morphology, might further advances the development of efficient ORR-

OER bi-functional catalysts in zinc-air batteries.  

     In fact, the practical application of the zinc-air batteries requires the aforementioned hybrid 

catalysts not only exhibit high ORR-OER activities, but also present good stability during the 

reactions. However, a critical issue in the development of durable ORR-OER bi-functional 

catalysts is that the highly oxidative operating condition of rechargeable zinc-air batteries causes 

oxidation of bi-functional oxygen electrocatalysts.[26] This would lead to structural and chemical 

changes of the transition metal materials. The in-situ transformation of the as-prepared catalyst 

during OER reaction has raised a question that what are the real active OER components in the 

“catalysts”,[27] which highlight the importance of post-OER characterization of the as-prepared 

bi-functional catalyst to identify the real catalytic OER component. In addition, carbon 

electrochemical oxidation occurs during OER, which causes the loss or aggregation of carbon-

supported transition metal catalysts, and therefore degrades the electrocatalysis durability and 

performance.[28,29]       

      To alleviate the carbon electrochemical oxidation in OER, some strategies were proposed 
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including coating the carbon materials with corrosion resistive TiO2,
[30,31] or developing stable 

perovskites oxides as active catalysts,[32] Indeed, metal oxides are more resistive to oxidation 

than carbon, but they usually have a low electrical conductivity, which hinders the 

electrocatalysis efficiency. Therefore, an ideal catalyst for rechargeable zinc-air battery should 

have corrosion resistance properties under oxidizing conditions of OER, accompanied with good 

conductivity and bi-functional catalytic activity.  

     In summary, previous studies have demonstrated that: i) surface engineering of transition 

metal chalcogenides is an effective strategy to prepare active ORR-OER bi-functional catalysts; 

ii) the study of real active phase for OER is necessary and has attracted increasing attention for 

researchers; iii) a combination of surface engineering and porous structure design would benefits 

the overall performance of the catalysts by providing a high surface area and the short diffusion 

path of the recants and products within its porous channels; and iv) the selection or synthesis of 

conductive oxidation-resistant support materials is essential for the durability performance of 

ORR-OER bi-functional catalysts in zinc-air batteries. 

      Therefore, in this study, a series of catalyst design strategies have been adopted and proposed 

for the development of active and durable ORR-OER bi-functional catalysts. First, using NH3 

etching surface engineering, a highly active bi-functional catalyst that consists of surface-

decorated (nitrogen-doped, mildly oxidized) Co9S8 crystals and nitrogen-doped reduce graphite 

oxide sheet (O-N-Co9S8@N-RGO) was developed. In order to probe the real active OER phase, 

ex-situ characterization of the as-prepared catalyst was performed. The development of efficient 

surface-decorated Co9S8 catalyst was further extended by designing it into a 3DOM structure to 

evaluate its effectiveness in improving the electrocatalysis performance in zinc-air batteries. 

Moreover, to address the carbon-corrosion issue in zinc-air batteries, a novel catalyst support 
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design was proposed and successfully demonstrated by using 3DOM structured OV-rich, low-

bandgap oxide semiconductor as oxidation resistive conductive support, and at the same time to 

obtain highly dispersed, ultra-small cobalt nanocrystals as active and stable 3DOM-Co@TiOxNy 

bi-functional catalyst for zinc-air batteries.  

1.1 Research objectives 

     Based on the above, the goal of this research is to develop efficient ORR-OER bi-functional 

electrocatalysts for rechargeable zinc-air batteries. To achieve this goal, a series of catalyst 

design strategies that may boost the activity and durability performance of transition metal 

materials toward ORR-OER were explored. The specific objectives of this study are:  

i) to develop efficient reduced graphene oxide supported Co9S8 ORR-OER bi-functional catalyst 

using surface engineering approach, e.g. NH3 etching;  

ii) to provide insights on the real catalytic phase of cobalt-based materials under the oxidative 

operating of OER by ex-situ characterization of the as-developed catalyst;  

iii) to evaluate the effectiveness of 3DOM structural design on the catalytic performance of 

surface-engineered Co9S8 catalyst; 

 iv) to develop a highly active, oxidation-resistive and durable bi-functional catalyst using OV-

rich conductive semiconductor (e.g. TiOxNy) as support. 

1.2 Research contribution 

i) An efficient surface decorated O-N-Co9S8 bi-functional oxygen electrocatalyst was 

developed. It was revealed that, for the first time, the high activity of O-N-Co9S8 is contributed 
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by the in-situ generated Co3O4 phase exposing high-index surfaces. On the basis of this 

observation, it was proposed and demonstrated that oxides in-situ generated during OER are 

more active than the directly calcined oxides. This work advances fundamental insight of metal 

chalcogenides “catalysts” and guides the design of active bi-functional catalysts in rechargeable 

zinc-air batteries. 

ii) The first 3DOM structured self-supported N-Co9S8 bi-functional catalyst was prepared. 

The investigation on its ORR-OER activity, durability performance and its structural integrity 

under oxidative OER reaction reveal that 3DOM morphology design is an effective strategy to 

improve the overall catalytic performance of transition metal catalysts. However, the partial 

structure crush of 3DOM N-Co9S8 after long-time OER testing implies that chalcogenide 

compounds might not suitable for the design of structurally robust bi-functional catalyst.  

iii) Building on a multidisciplinary understanding of OVs in semiconductor physics and 

heterogeneous solid-gas catalysis, a novel ORR-OER bi-functional catalyst design strategy was 

proposed to develop active and oxidation-resistive semiconductor-based 3DOM structured 

electrocatalyst. The OVs of semiconductor substrate (TiOxNy) not only endows the oxides with 

excellent conductivity, but also induce strong metal-support interaction (SMSI) that favours the 

formation and stabilization of highly active ultrafine cobalt nanoparticles governing OER-ORR 

activities. This work sheds light on using OV-rich semiconductors as promising support to 

design efficient and durable non-precious electrocatalysts. 

1.3 Outline of the thesis 

      This thesis consists of seven chapters as follows: 
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      Chapter 1 gives an overview of the thesis, including introduction and fundamentals of the 

ORR-OER bi-functional catalysts. The main objectives and contributions of the research are also 

presented in this chapter. 

      Chapter 2 reviews and summarizes the literature about ORR-OER bi-functional catalysts in 

zinc-air batteries.  

      Chapter 3 gives the introductions to the experimental characterization techniques used in this 

research. 

      Beginning with Chapter 4, different catalyst design strategies that aim to improve the activity 

and durability performance of the ORR-OER bi-functional catalysts are presented. For example, 

Chapter 4 presents a surface-engineering strategy to design efficient RGO supported O-N-Co9S8 

catalysts.  

      A 3DOM structured N-doped Co9S8 catalyst design is introduced in Chapter 5 to evaluate the 

effect of catalyst structure on the overall performance of the surface-engineered Co9S8 based 

catalyst.  

      In Chapter 6, an alternative strategy focusing on the catalyst support design to obtain highly 

active and durable ORR-OER catalysts is proposed. In this strategy, for the first time, the 

concept of OVs-induced strong metal-support interaction (SMSI) is introduced to design active 

and stable semiconductor-based electrocatalysts with ultrafine dispersion of the active cobalt 

phase for ORR and OER. 

      Chapter 7 concludes the results obtained from this study and provides recommendations for 

further studies. 
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CHAPTER 2  

Background and Literature Review 

This chapter provides the background to zinc-air batteries and the ORR-OER bi-functional 

catalysts. The first section presents an overview of the topic. A brief introduction of zinc-air 

batteries including its components and ORR-OER reaction is given in Section 2.2. Literature 

reviews on the ORR-OER catalysts are provided in Section 2.3. Commonly used oxygen 

electrocatalysts design strategies are reviewed in Section 2.4, and the recent progress on the 

understanding of real OER catalytic phase are discussed in Section 2.5. 

2.1 Overview 

      As an alternative energy and power source for fossil fuels, electrochemical energy storage 

and conversion technologies are gaining rapidly increasing attention. Currently, the most 

successful electrochemical-based renewable energy technologies are lithium-ion batteries and 

fuel cells.[1] However, their high costs and inherent safety issues have driven the need to develop 

cheaper, advanced next-generation electrochemical systems.[2,3] A promising solution is zinc-air 

batteries, in which the selection of readily accessible zinc and atmospheric oxygen can greatly 

reduce its cost.[4] Additionally, it has a high theoretical specific energy (1218 Wh kg-1) and 

volumetric energy density of 6136 Wh L-1 as well.[5] Moreover, the zinc-air battery uses aqueous 

alkaline electrolyte, which is immune to fire hazard and more safety.[6] 

      In fact, low-rate primary zinc-air batteries have been commercialized and used in powering 

hearing aids and navigation lights, etc. For rechargeable zinc-air batteries, however, their 

practical application is still challenging. The main issues are its low capacity retention and poor 
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cycling performance resulted from zinc dendrite formation, structural change during zinc 

regeneration and the inefficient catalysis performance of the air electrode. [7,8]  

Due to the complexity of these problems, in this study, we focus only on the inefficient 

oxygen catalysis issue in zinc-air battery. In other words, this research will focus on the 

development of efficient and durable bi-functional oxygen electrocatalysts, which are 

responsible for catalyzing both the oxygen reduction and evolution reaction (ORR-OER) at the 

air electrode. As mentioned earlier, the lack of such active, stable and low-cost bi-functional 

catalysts represents one of the major challenges in the development of rechargeable zinc-air 

batteries.[9,10]  

     In the past years, extensive efforts have been devoted to the development of efficient and 

stable ORR-OER bi-functional catalysts, aiming to promote the sluggish oxygen electrochemical 

reactions, and thus reduce the overpotentials of ORR and OER reaction.[11,12] Now, the best-

performing ORR catalysts are Pt-based noble metals such as its alloys,[13-15] and Ru/Ir oxides 

have been exhibiting excellent activity for OER.[16] However, the high cost of these precious 

metals and poor bi-functionalities have limited their practical applications in zinc-air batteries. 

Therefore, the focus of this filed is on the development of bi-functional catalysts from earth-

abundant elements, such as non-precious transition metal based metal oxide, hydroxide and 

sulfide, carbon material, and their composite materials.[17-19]  

      As efficient and durable bi-functional catalysts, the above mentioned non-precious materials 

should not only have good conductivity and high ORR-OER activities, but also exhibit excellent 

stability under the strong oxidative potentials of OER. The latter could cause corrosion problem 

of carbon-based bi-functional catalysts, and therefore affects the durability of the catalysts.[20] On 
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the other hand, the absence of carbon would result in a low conductivity of catalyst, which 

hinders electrocatalysis efficiency. Therefore, the appropriate selection and design, e.g. surface 

engineering, morphology control of electrocatalysts with balanced activity, stability and 

conductivity is essential for rechargeable zinc-air batteries.  

2.2 Zinc-air battery fundamentals and ORR-OER reactions 

      A typical zinc-air battery comprises of a zinc anode and an oxygen-permeable cathode 

assembled in alkaline electrolyte. To be more specific, it consists of the following four main 

parts or components: i) the metallic zinc anode, where the zinc redox reaction occurs; ii) the 

alkaline electrolyte that conduct hydroxide ions (OH-) between the electrodes; iii) the air cathode 

that composes of oxygen electrocatalysts toward ORR and OER reactions; ⅳ) a membrane 

separator, e.g. a microporous polypropylene membrane, which not only can act as a physical 

barrier against potential zinc dendrite penetration, but also allows the transportation of OH- 

between the two electrodes.  

      Figure 2.1 shows a schematic of a rechargeable zinc-air battery. One can see that, during 

discharge, electrons and zinc ions were released at the zinc anode, generating electrical power. 

The released electrons go through an external load to reach the air cathode, where atmospheric 

oxygen is reduced to OH- by receiving the electrons through ORR reaction (Eq. 2-1). In fact, the 

ORR reaction occurs at the gas/catalyst/electrolyte triple phase boundary in the air cathode. Thus, 

an important catalyst design strategy is to make it into a porous structure easily accessible to 

atmospheric O2 in alkaline electrolyte, which would benefit the overall performance of the zinc-

air batteries. To complete the circuit, during discharge, the OH- ions are migrated to the zinc 

electrode and then react with metallic zinc forming Zn(OH)4
2− ions (Eq. 2-2). The Zn(OH)4

2− 
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ions are not stable and can be decomposed into ZnO (Eq. 2-3) and the H2O returns to the 

electrolyte.  

 

Figure 2.1 Schematic illustrations of a rechargeable zinc-air battery. 

 

The air electrode reaction: 

O2+ 2H2O + 4e- 
 

⇔  4OH-,    E= + 0.40 V  vs. SHE                                 (2-1) 

The zinc electrode reactions: 

Zn + 4OH−  
 

⇔  Zn(OH)4
2− + 2e−                                                                 (2-2) 

Zn(OH)4
2−  

 
⇔  ZnO + 2OH− + H2O                                                             (2-3) 

Zn + 2OH−  
 

⇔  ZnO + H2O + 2e−,    E = −1.25 V vs. SHE                     (2-4) 

The overall reaction: 
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2Zn + O2  
 

⇔  2ZnO,    E = 1.65 V  vs. SHE                                                   (2-5) 

      During the charging process, the zinc-air battery stores electric energy through OER reaction 

(backward reaction in Eq.2-1). The OER reaction occurs at the electrode-electrolyte interface, 

whereas zinc is deposited at the zinc electrode surface (backward reaction in Eq.2-4). The 

overall reaction during zinc-air battery discharge and charge was shown in Eq.2-5. The 

theoretical equilibrium potential of this reaction is 1.65 V, but it is reduced to 1.35–1.4V in the 

operating cell due to the activation, ohmic and concentration loss.[21]  

      The catalytic ORR reaction in the alkaline medium proceeds in several steps: gaseous oxygen 

diffusion from the atmosphere to the catalyst surface, oxygen absorption on the catalyst surface, 

electrons transfer from the electrode to oxygen, activation or breaking of the oxygen bond, and 

the formation and sequent removal of OH- from the catalyst surface to the electrolyte. Oxygen 

can be reduced to OH- by direct 4-electron pathway or to peroxide by 2-electron pathway (see 

equations 2-6, 2-7). The most desirable one for ORR is the 4-electron pathway.[22] 

O2(g) + 2 H2O(aq) + 4e- → 4 OH-(l)                          (2-6) 

O2(g) + H2O(aq) + 2e- → HO2
-(l) + OH-                              (2-7) 

      The strong bond energy (498 kJ mol-1) of the oxygen molecule makes ORR reaction kinetics 

unfavourable to proceed.[23] On the other hand, OER reaction is also very complex and involves 

multiple sequential electron transfer steps as well as oxygen-oxygen bond formation. The 

reaction of OER is also very slow and kinetically sluggish.[24] Thus, the electrochemical 

conversion efficiency in zinc-air batteries is limited by the “high-activation barrier” of ORR-

OER reactions. In electrochemistry, such activation barrier is usually referred to as overpotential. 
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Therefore, the development of highly active catalyst towards both ORR and OER is to lower 

their overpotentials. In addition, as mentioned in Section 2.1, the strongly oxidizing potentials of 

OER might cause structural damage or degradation of the catalyst, and thus also impose a big 

challenge for the stability or durability performance of the oxygen electrocatalysts. Accordingly, 

an efficient ORR-OER bi-functional catalyst would have the following features: high activity for 

both ORR and OER; high electrical conductivity; good electrochemical stability even under the 

high oxidative electrode potentials. 

2.3 ORR-OER bi-functional electrocatalysts   

      As mentioned before, the scarcity, high cost and poor ORR-OER bi-functional activities of Pt 

and Ir/Ru based precious metals prohibited their practical application in rechargeable zinc-air 

batteries. Therefore, in the past decades, various non-precious ORR-OER bi-functional catalysts 

have been developed, which can be divided into two main categories: i) hybrids of transition 

metal-based materials (oxides, chalcogenides, nitrides, carbides) and carbon materials; ii) metal-

free carbon-based catalysts. A brief introduction of these bi-functional catalysts is presented in 

this section.  

2.3.1 Transition metal/carbon hybrid catalysts 

      Transition metal oxides including Mn, Co, Ni, and Fe, have been extensively explored as 

ORR-OER bi-functional electrocatalysts in the form of single, binary or ternary spinel oxides 

(AxB3−xO4), such as Co3O4, NiCo2O4 and CoxMn3-xO4, etc.[25] Additionally, perovskite-type 

metal oxides with a formula of ABO3, such as La0.6Ca0.4CoO3, have been reported capable of 

simultaneously catalyzing both ORR and OER reaction.[26,27] The advantages of using metal 

oxides as electrocatalysis materials lie on i) their structural diversity that allows it to be mixed or 
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doped, and therefore their electronic structure and ORR-OER activities can be tuned through 

metal cations replacement or exchange, etc.;[28] ii) they have sufficient stability in oxidative 

electrochemical environments.[29,30] However, they also have some intrinsic drawbacks. For 

example, most of these reported oxides, e.g. Co3O4, exhibit good OER activities, but poor ORR 

performance.[28] Meanwhile, metal oxides catalysts usually have low electronic conductivity, 

which limits their utilization as an air electrode catalyst.  

     To overcome this problem, conductive carbon materials such as graphene, carbon nanotubes, 

and carbon black are commonly added as the catalyst support.[31] Many studies have 

demonstrated that the hybrids, metal oxides with carbon materials, are an effective approach to 

improve the catalytic activity of ORR-OER.[32,33] A recent study reported by Zeng et al.[34] 

represents a typical effort in the development of such carbon-hybrid catalysts, in which a free-

standing cobalt oxide/nitrogen-doped CNT (Co3O4/N-CNT) composite aerogel was prepared by 

anchoring Co3O4 inside of an interconnected, conductive CNT aerogel film. The composite 

aerogel film shows high bi-functional catalytic activities for ORR and OER, and therefore was as 

an air electrode for flexible zinc-air batteries. 

      In addition to metal oxides/carbon hybrids, metal hydroxide and chalcogenides/carbon 

composites are also investigated in ORR-OER.[35,36] For example, Qian et al.[37] found that 

NiCoFe trinary layered double hydroxides (LDHs) show modest bi-functional ORR/OER 

activities. Recently, Wang and co-workers[38] developed a highly efficient bi-functional 

electrocatalyst by depositing 3-5 nm NiFe-LDH nanoparticles on Co, N-codoped carbon 

nanoframes (Co,N-CNF). The NiFe-LDH/Co,N-CNF electrocatalyst displayed an OER 

overpotential of 0.312 V at 10 mA cm−2 and an ORR half-wave potential of 0.790 V, showing 

excellent ORR-OER activities. In that study, the high performance of the LDH/carbon 
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electrocatalyst as considered originated from the high electrical conductivity and excellent ORR 

activity of Co, N-CNF, together with the highly OER active ultrafine (3–5nm) NiFe-LDH 

nanoparticles. In addition to the LDHs, chalcogenides such as Co9S8 nanoparticles anchored into 

an N, S co-implanted three-dimensional carbon matrix (Co9S8@NSCM) was found highly active 

towards ORR-OER electrocatalysis.[39] Noted that, recently, there are studies report that metal 

chalcogenides and hydroxides are thermodynamically less stable than metal oxides under 

strongly oxidizing conditions of OER. This has triggered the studies on real OER catalytic phase 

in transition metal-based catalysts.[40-45] For example, Hu et al.[45] found that NiSe was 

completely converted into Ni(OH)2 crystal after OER reaction under alkaline conditions, and the 

latter was claimed as the real OER catalyst. Recent synchrotron radiation X-ray absorption and 

in-situ Raman spectroscopy analysis indicates that, during OER, there is a dynamic conversion 

between Co3O4, Co(OH)2 and CoO(OH) species.[46,47] All of these studies highlight the 

importance of post-OER characterization of the as-prepared bi-functional catalyst to identify the 

real catalytic OER component.  

2.3.2 Metal-free catalysts 

Metal-free materials as bi-functional catalysts toward both ORR and OER were also reported, 

among them the heteroatom (N, S, P,) doped carbon-based materials represents the primary class 

of metal-free catalysts in alkaline medium.[48,49] It is believed that catalytic activities of these 

carbon-based metal-free catalysts are primarily attributed to its large specific surface area and the 

unique electronic structure, for which the integration of N, S, P heteroatoms can efficiently tune 

the electronic structure of the surrounding carbon atoms and control the local charge density.[50] 

For example, Yang et al.[51] synthesized a metal-free catalyst that consists of three-dimensional 

(3D) graphene nanoribbon networks (N-GRW) doped with nitrogen. This carbon-based 3D N-
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GRW material was found exhibits good bi-functional electrocatalytic activities for both ORR and 

OER. Moreover, that study experimentally demonstrated that the electron-donating quaternary N 

sites were responsible for ORR, whereas the electron-withdrawing pyridinic N moieties in N-

GRW served as active sites for OER. Although, these carbon-based catalysts have an intrinsic 

drawback: they are susceptible to electrochemical corrosion. Therefore, the proposed research 

will focus on the development of efficient and durable bi-functional catalyst based on non-

precious metal oxides/nitrides.  

2.4 Oxygen electrocatalysts design strategies  

      In the previous sections, a brief summary of the ORR-OER bi-functional catalysts materials 

has been given. In this section, we present a short discussion on the strategies used to design or 

engineer the material structure and properties for efficient and durable bi-functional oxygen 

catalysis performance. 

2.4.1. Coupling strategy on enhanced bifunctionality 

      One promising strategy to achieve catalyst bifunctionality is by integrating ORR- and OER-

active components into a favourable nanostructure. To this end, a core-corona structured bi-

functional oxygen catalyst consisting of LaNiO3 and nitrogen-doped carbon nanotubes (NCNTs) 

was explored.[52] In this coupled catalyst, each NCNT serves as an ORR-active component 

anchored on the OER-active LaNiO3 core. The coupling effect arising from the core-corona 

structure provides the key to exemplary bi-functional activity of the catalyst compared with 

state-of-the-art Pt/C and LaNiO3 catalysts. Likewise, nitrogen-doped graphene when chemically 

coupling with other transition metal oxides such as perovskite (e.g., La0.5Sr0.5Co0.8Fe 0.2O3) and 

spinel (e.g., Co3O4) has shown improved catalytic activity for ORR-OER.[53-55] Although the 
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reaction mechanisms associated with the actual bi-functional active sites in these hybrid catalysts 

remains unclear, the metal-N bonds derived from synergistic coupling of nanomaterials were 

found to be the crucial factor for the ORR and OER enhancement.[56] For instance, higher ORR 

and OER activities were achieved by a Co3O4/N-doped graphene hybrid catalyst in comparison 

to those of Co3O4/graphene and Co3O4 due to the formation of interfacial Co-N bonds between 

Co3O4 and N-doped graphene.[57] The coupling strategy has also been extended to chemical 

bonding of WS2 on carbon nanotubes via tungsten carbide bonding, which provides efficient 

pathways for transferring electrons by spin polarization to facilitate the ORR/OER catalytic 

process.[58] 

2.4.2. Oxygen vacancy enhanced activity in metal oxides 

      As discussed in Section 2.3.1, transition metal oxides with spinel or perovskite crystal 

structure have been demonstrated as promising bifunctional catalysts for oxygen redox in 

alkaline solutions. In addition to downsizing and nanostructuring metal oxides to improve mass 

activity, their catalytic performance can also be significantly enhanced by modifying the surface 

electronic structure to yield high intrinsic activity. Oxygen vacancy has been regarded as an 

important tool to influence the surface electronic structure and thus catalytic activity.[59,60] They 

can be created in the metal oxide crystal lattice by method such as argon plasma treatment and 

post-heat treatment under reducing environment.[61-63] Removal of an oxygen atom from the 

metal oxide lattice will result in electron delocalization on metal cations neighbouring the 

vacancy site, which would enhance the exposure of active sites and charge transfer to promote 

catalyst performance.[64] For instance, mesoporous Co3O4 nanowires were reduced by NaBH4 

treatment leaving oxygen vacancies on the nanowire surface. Relative to pristine Co3O4 

nanowires, the reduced Co3O4 nanowires contain an increased portion of OER-active Co2+ 
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oxidation state associated with oxygen vacancy formation, resulting in enhanced OER activity 

due to increased number of active sites and electronic conductivity.[65] Moreover, the capability 

to control and confine oxygen vacancies on desirable facets will be important to realize the full 

potential of transition metal oxide as bi-functional catalysts. For example, Ling et al.[66] 

developed a one-dimensional single-crystal CoO nanorod (NRs) with desired facets and vacancy 

defects. The study reported that, compared with other facets of CoO, the oxygen vacancies 

present on the oxygen-terminated {111} nanofacets ({111}-Ov) of CoO NRs are effective for 

enhancing charge transfer and assuring optimal adsorption energies for intermediates of the ORR 

and OER. As a result, the intrinsic ORR and OER activities of CoO NRs with defect-rich {111}-

Ov facets exceeded those of polycrystalline CoO NRs by factors of 7.2 and 2.6, respectively. 

Besides the formation of oxygen vacancies, filling the oxygen vacancies in defect-rich CoO with 

sulfur was also demonstrated effective for improving the electrocatalytic performance.[67]   

2.4.3. Heteroatom dopants improved activity in carbons and chalcogenides 

      The rational doping of heteroatom (e.g. N, S, P, B and Se) has also emerged as a promising 

strategy to design carbon-based metal-free bi-functional oxygen catalysts in alkaline media.[68] 

The introduction of such dopants in carbons can either donate electrons or generate holes to fine-

tune electronic properties of adjacent carbon atoms and thus generate catalytic active sites for 

ORR and OER.[69] By doping carbon with more electronegative heteroatoms such as N, a net 

positive charge is created on surrounding carbon atoms, which improves the chemisorption of 

oxygen and electron transfer, leading to enhanced catalytic activities for ORR-OER.[70] On the 

other hand, there are studies reported that doping heteroatoms, which are less electronegative 

(e.g., B) into graphene, will create positively polarized active sites for catalytic process.[71] In 

addition to single atom doping, binary (e.g., N/S, N/B, and N/P) and ternary (e.g., N/B/P and 
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N/F/B) doping of nanostructured carbon catalysts have been demonstrated to improve catalyst 

performance,[72] which can be attributed to the synergistic electronic interactions between the 

different dopants and adjacent carbon atoms.[73]   

     In addition to carbons, transition-metal chalcogenides can be doped with heteroatoms such as 

P and N, improving their catalytic activity and stability substantially.[74,75] For example, Hao et al. 

[76] introduced N dopants to CoS2 nanospheres via a hydrothermal reaction. The N doping can 

have a positive influence on the electronic density and configurations of CoS2 nanospheres, 

which minimize the reaction barriers and thus make the N-enriched CoS2 nanospheres highly 

efficient OER catalysts. Guo et al.[77] prepared (N, P)-doped CoS2 nanoclusters that were 

embedded inside TiO2 nanoporous films. The resulting catalyst exhibited improved 

electrocatalytic ORR/OER activities in an alkaline electrolyte (onset potential of 0.91 V for ORR 

and 1.41 V for OER vs. reversible hydrogen electrode, RHE) that were 50 and 160 mV higher 

than that of CoS2 nanoclusters. The improvement was largely due to a decrease in charge transfer 

resistance of the CoS2 nanoclusters after doping of N and P.  

2.4.4. Corrosion resistant supports  

      As mentioned previously, to ensure the good conductivity and large surface area of the 

oxygen electrocatalysts, the best-performing redox catalysts are usually composited with carbon 

materials, such as carbon nanotubes, and graphene. However, the highly oxidative operating 

condition of rechargeable zinc-air batteries can cause significant oxidation or corrosion of these 

carbon-based or supported bi-functional catalysts. This would cause severe issues in the stability 

of the catalysts especially for those under harsh ORR-OER operating conditions: i) the mass 

losses of the carbon would lead to agglomeration of the supported nanoparticle catalyst; ii) the 
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formation of surface C-O groups would lower the conductivity of the catalysts. All of these will 

degrade the performance of the batteries. 

      To alleviate the corrosion problem, some strategies have been proposed. One common 

approach is to use metal oxides as support. For example, 3DOM structured Co3O4 supported Pd 

catalyst (Pd@3DOM-Co3O4) was reported can exhibits good ORR-OER activity and superb 

stability (Figure 2.2a).[78] In such a catalyst, the Co3O4 support is actually active component 

towards the oxygen reactions, especially for OER, whereas the Pd is an ORR active phase. The 

zinc-air battery equipped with such Pd@3DOM-Co3O4 catalyst could stably operate for 300 

charge/discharge cycles for 50 h (10 min per a charge/discharge cycle), outperforming 3DOM-

Co3O4, Pt/C, and Ir/C (Figure 2.2b). In addition to the oxygen electrocatalysis active support, 

corrosion-resistant TiO2 support has also been developed. The TiO2 support is not active for both 

ORR and OER, but used to firmly anchor Pt catalyst through strong metal-support interaction, 

showing improved ORR activity and durability.[79] Recently, TiN has been investigated as 

conductive electrocatalyst support materials for ORR.[80] For these supporting materials, both the 

active Co3O4 and inactive TiO2 oxides support have an intrinsic low-conductivity drawback and 

therefore hinders the electrocatalysis efficient. TiN is conductive but not suitable to firmly “hold” 

the active supported catalysts due to its non-defective surface structure. Thus, practical catalyst 

support materials must be designed such that their surfaces inhibit excessive oxidation and/or are 

concealed by conductive oxide layers.  
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Figure 2.2 (a) Schematic conversion of Pd-deposited 3D ordered mesoporous spinel cobalt oxide 

(Pd@3DOM-Co3O4). (b) Charge-discharge cycling performance of the rechargeable zinc-air 

battery using Pd@3DOM-Co3O4, 3DOM-Co3O4, Pt/C and Ir/C obtained with a 10 min cycle 

period and applied current density of 10 mA cm-2. Reproduced with permission.[78]  

      In summary, due to their low cost and good catalytic activity, transition metal-based 

materials, such as oxides, chalcogenides are promising ORR-OER bi-functional catalysts. In 

particular, when they are hybrid with carbon materials or undergoes surface engineering 

treatment, the transition metal/carbon composites usually exhibit excellent ORR-ORR activity. 

However, the challenge of carbon-containing bi-functional catalysts is the oxidative potentials of 

OER, especially when carbon was used as supporting material, for which the oxidation of carbon 

support would deteriorate the catalytic performance of the hybrid catalysts. Meanwhile, during 

OER reaction, the oxidation of the transition metal surfaces could also occur. In addition to the 

stability issue, it raised a question in the electrochemical community that what is the real 

catalytic phase for OER reaction. Therefore, the design of efficient and durable ORR-OER bi-

functional catalysts for zinc-air batteries should include: i) a careful selection of conductive 

support, and active transition metal materials; ii) a rational morphology design to maximize the 

exposure of active sites; and iii) an in-depth understanding on the real catalytic phase under OER 

working conditions.   
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CHAPTER 3  

Experimental Methods and Characterization Techniques 

      This chapter provides general descriptions of the characterization techniques and 

electrochemical analysis methods used in this study. More detailed information on specific 

nanomaterials synthesis procedures and electrochemical evaluation parameters are given in the 

experimental methods section included in each chapter. 

3.1 Electrochemical testing methods 

3.1.1 Rotating disk electrode (RDE) test 

      RDE is a working electrode used in three-electrode half-cell testing system, in which the 

electrode rotates during experiments to study electrochemical activity of various redox catalysts. 

Figure 3.1a shows the typical RDE testing set-up.  The working electrode (glassy carbon disc) 

rotates in a glass cell filled with an electrolyte. The counter electrode, e.g. a graphite rod, is used 

to complete the circuit. The reference electrode allows for electrode potential measurement and 

control versus a standard electrode potential. The catalysts or active materials are coated on the 

glassy carbon electrode (Figure 3.1b). During ORR and OER testing, the three electrodes are 

immersed in the oxygen/nitrogen saturated 0.1M KOH electrolyte solution, respectively. For 

instance, in a typical measurement of ORR activity, the potential of the working electrode is 

swept from 0 to -1.0 V vs. SCE at the rate of 10 mV s-1 in oxygen saturated electrolyte condition. 

At the same time, the electrode is continuously rotated (i.e., at 900 rpm) to induce convective 

electrolyte flow that ensures a steady supply of oxygen saturated electrolyte to the catalyst layer 

(Figure 3.1b).  
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Figure 3.1 Schematic diagram of a) Standard three-electrode cell used for RDE measurements; b) 

Rotating disc electrode upon which the catalyst is deposited. 

 

3.1.2 Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)  

      Both CV and LSV are potentiodynamic electrochemical measurement techniques used to 

analyze the electrochemical signatures of catalysts under investigation. CV refers to a method 

where the electrode potential is swept repeatedly at a constant scanning rate (mV s-1) (i.e., 10 mV 

s-1) and a certain rotation speed (i.e., 900 rpm) within a desired potential window while LSV 

involves sweeping from an initial value to a final value.  In a typical measurement of the ORR 

activity, the electrode potential is swept from 0 V to -1.0 V vs. SCE in an oxygen-saturated 0.1 

M KOH electrolyte cell at a certain rotation speed while the potential range for OER is 0 V to 0.9 

V vs. SCE. Then the electrode potential was calibrated with respect to an RHE, for unified 

evaluation of catalytic activity, according to Equation 3-1. 
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ERHE=ESCE + 0.244 V +0.591 × pH at 25 °C                              (3-1) 

Or, the calibration can be performed in the high purity hydrogen saturated electrolyte with a Pt 

wire as the working electrode and measuring the voltage ΔE between the two electrodes. An 

example rotating disc voltammogram of 3D graphene aerogel-supported Ni/MnO catalyst in 0.1 

M KOH solution is shown in Figure 3.2. An efficient bifunctional oxygen electrocatalyst should 

minimize the overpotential for both the ORR and OER, allowing for an ideal reversible oxygen 

electrode. 

 

Figure 3.2 The overall LSV polarization curves of the catalysts with different Ni/Mn ratios 

within the ORR and OER potential window (Rotation rate: 1600 rmp; Sweep rate: 5 mV s-1).[1] 

 

3.1.3 Galvanodynamic charge and discharge testing 

      The charge-discharge properties of the zinc-air batteries equipped with the ORR-OER 

catalysts can be measured by the galvanodynamic technique. The galvanodynamic tests were 

performed by applying a current range of 0 A to a target value at a fixed current rate (A s-1), and 

at the same time, the cell potentials of the air cathode versus the zinc anode were measured. As a 
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result, the polarization curves associated with the catalytic oxygen reaction were obtained 

(Figure 3.3), which can be used to determine the overpotentials of oxygen electrocatalysis 

process and the resistances that arise from the battery operation. 

 

Figure 3.3 Typical charge and discharge polarization curves for zinc-air battery.[2] 

 

3.1.4 Galvanostatic cycling  

      Galvanostatic cycling is an electrochemical technique that is usually used to evaluate the 

durability performance of the oxygen electrocatalysts. During the cycling test, a repeated cycle 

of fixed current is applied in alternating polarity for a period of time, and the cell potential was 

recorded (Figure 3.4). The fixed current is the same magnitude but with opposite polarity to 

obtain the charge and discharge regimes of the batteries. Both pulses cycling and extended 

cycling test can be performed by varying the time interval for each cycle. The rechargeability of 

the battery can be evaluated by a pulse cycling in short intervals, whereas extended cycling 

determines the more practical cycling capabilities of the battery. The repetition of such process 

will allow us to track the change of cell potential during the charge and discharge of batteries, 

indicative for the stability of the air cathode or catalysts.   
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Figure 3.4 Typical galvanostatic discharge/charge battery cycling test.[3] 

 

3.2 Characterization techniques 

3.2.1 X-ray diffraction (XRD) 

      XRD is a technique primarily used to identify the crystal structure of crystalline material and 

can provide information on atomic spacing, bulk composition, etc. Based on constructive 

interference of directed X-rays and crystalline sample, diffraction patterns at the angles 

corresponding to specific crystal planes will be generated.[4] This is made possible by the fact 

that the wavelength of X-ray is typically the same order of magnitude (1–100 angstroms) as the 

spacing between atomic planes in the crystalline, and the constructive interference occurs only 

when the conditions satisfy Bragg’s law, as shown by Equation 3-2 below. 

                                                   nλ = 2dsinθ                                                             (3-2) 

where n, λ, d, and θ represent the order of the spectrum (any integer), the wavelength of the X-

rays, the lattice spacing, and the diffraction angle, respectively. Since each mineral has its 
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featured diffraction patterns or d-spacing, a comparison of measured patterns or d-spacing with 

standard reference patterns will allow us to identify the crystalline sample.  

3.2.2 Scanning electron microscopy (SEM) 

      SEM is an important imaging instrument. It uses signals that derive from electron-sample 

interactions at the surface of solid specimens to image the morphology and topological 

characteristics of micro-scale and nano-scale materials. To be more specific, the working 

principle of SEM is to scan the sample with an extremely high-energy narrow electron beam, and 

a variety of signals are generated through the interaction between the electron beam and the 

sample surface. Among these signals, the secondary electrons and backscattered electrons are 

used to show morphology and topography on sample surface.  

3.2.3 Brunauer–Emmett–Teller (BET) method 

Brunauer–Emmett–Teller (BET) theory aims to explain the physical adsorption of gas 

molecules on a solid surface and serves as the basis for an important analysis technique for the 

measurement of the specific surface area of materials.[5] BET theory builds upon the foundational 

Langmuir adsorption theory, which provides a model for monolayer molecular adsorption, and 

extends this theory to multilayer adsorption using three assumptions: 

1. Gas molecules can adsorb on a solid surface in an infinite number of layers; 

2. Individual adsorption layers do not interact with one another; and 

3. Langmuir theory can be applied to each individual adsorption layer. 

These three assumptions form the basis for the BET equation shown below (Equation 3-3):            
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where 𝑝0 and p are the saturation and equilibrium pressure of adsorbates at a given temperature, 

ν and 𝑣𝑚  are the total adsorbed gas and monolayer adsorbed gas quantity, and c is the BET 

constant. By measuring the pressure and total gas adsorption at a given temperature, a plot 

showing 1 𝑣[(𝑝0 𝑝⁄ ) − 1] vs. 𝜙 = 𝑝 𝑝0⁄    ⁄ can be created. Finding the slop and y-intercept of this 

data allows the monolayer adsorption  𝑣𝑚  and BET constant c to be calculated. Once these 

values are found, the total specific surface can be derived based on the cross-sectional area of the 

adsorbate species and the mass of the sample used for characterization. In this research, BET is 

used to identify the surface area and pore volume of the developed 3DOM metal 

oxide/nitride/sulfide composites. 

3.2.4 Transmission electron microscopy (TEM) 

      TEM is a microscopy technique that allows direct visualization of materials morphology at 

nanometer scale. High resolution TEM (HRTEM) imaging can even shows morphology of the 

sample at atomic level. In TEM, a beam of electrons is transmitted through an ultra-thin 

specimen (<100 nm) or a suspension on a grid, interacting with the specimen as it passes through 

it. Based on electron diffraction theory, the signals from the collected diffracted electrons can be 

projected to a high resolution image of the sample. TEM is a powerful tool for material science, 

and widely used in imaging the internal structure, atomic arrangements and crystal orientation of 

nanomaterials.  

      As discussed above, in TEM, the images are formed by electrons passing through a thin 

specimen. However, if the electron beam is focused to a fine spot (0.05-0.2 nm), and then 
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scanned over the sample in a faster pattern.[6] This would generate a scanning transmission 

electron microscopy (STEM) image of the sample, providing atom-by-atom information of the 

materials. More importantly, the electron energy loss spectroscopy (EELS) in STEM is a 

powerful tool to distinguish elements and identify the oxidation states of metal atoms. The 

combined STEM and EELS analysis would provide accurate information on the inter-atomic 

structure and chemical properties of the materials. 

3.2.5 Energy dispersive x-ray spectroscopy (EDS) 

      EDS is a technique used for the elemental analysis of a specimen. In EDS, the surface of a 

sample was bombarded by a high-energy electron beam, which may lead to an X-ray excitation. 

The energy of the X-rays emitted from a sample is a characteristic of the emitting element with a 

unique atomic structure. Accordingly, the elements in the specimen can be determined. 

Moreover, the intensity distribution of the scattered X-rays is used to determine the distribution 

of the corresponding element, and thus the elemental composition of the sample was measured.  

3.2.6 X-ray photoelectron spectroscopy (XPS) 

      XPS is a surface characterization technique used to determine the functional groups, 

elemental composition, and chemical state of the sample surface. Typically, X-rays of a fixed 

energy is used to de-irradiate the sample, causing the inner electrons of the atom to be excited to 

emit. The amount of electrons escaping from the surface of the material (up to 10 nm) can be 

detected and analyzed based on the electron binding energy. Then, the elements on the surface of 

the material can be identified through the featured relationship between the energy spectrum and 

the number of electrons. In other words, XPS determines the elements and the quantity of those 

elements of the sample surface as well. In addition, XPS is also a unique and valuable tool for 
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understanding surface chemistry (local bonding environment of a species) of a material by 

analyzing the shift of the bonding energy of the element, referred to as “chemical shift”.  
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CHAPTER 4  

Two-dimensional Carbon-supported Cobalt Sulfide  

Bi-functional Electrocatalyst 

In this chapter, we developed an efficient two-dimensional carbon-supported cobalt sulfide 

bi-functional catalyst, which consists of surface decorated, e.g. oxidation and nitrogen doped, 

cobalt sulfide supported on N-doped reduced graphene oxide (O-N-Co9S8@N-RGO). The 

ORR/OER activity and stability of this composite catalyst were evaluated. The results show that 

O-N-Co9S8@N-RGO possesses excellent bi-functional activity especially for oxygen evolution 

reaction (OER), and exhibits good stability over 900 charge-discharge cycles at 10 mA cm-2 in 

zinc-air battery. Moreover, the real OER catalytic phase of this material was identified: we found 

that O-N-Co9S8 was completely converted into Co3O4 after OER, showing oxide is actual active 

phase for OER reaction. Furthermore, we propose and demonstrate that oxides in-situ generated 

during OER are more active than the directly calcined oxides. This work advances fundamental 

insight of metal chalcogenides “catalysts” and guides the design of active bi-functional catalysts. 

This chapter is organized as follows: Section 4.1 presents a background and motivation of this 

study. Details about the experimental characterization and analysis are described in Section 4.2; 

Results and discussions are presented in Section 4.3. A summary of this work is provided at the 

end of this chapter. 

4.1. Introduction  

      The development of efficient bi-functional electro-catalysts for both ORR and OER is of 

critical importance for rechargeable zinc-air batteries. Precious metals such as Pt, Ir, Ru are the 

best performing catalysts for oxygen electro-catalysis in alkaline.[1, 2] However, the scarcity and 
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poor catalytic bi-functionality hinder their application in zinc-air batteries. The most promising 

non-precious bi-functional catalysts are derived from carbon-transition metals (e.g. Co, Ni, Fe, 

Mo, etc.) hybrid materials.[3] The carbon, as support, ensures the good conductivity of the 

catalysts, and when doped with N, S or transition metal elements, e.g. Fe, Co, it shows excellent 

ORR activity.[4] On the other hand, the transition metals, especially their oxides, hydroxides, 

phosphide, sulfide or nitride can exhibit good OER activities.[5-8]  

      Recently, surface engineering, e.g. NH3 etching, cation or anion substituting, heteroatom 

doping, of transition metal chalcogenides and nitrides can effectively improve their activities, 

especially towards OER.[9-12] Many studies have attributed the enhancement of catalytic activities 

to synergistic effect or vacancy sites on these engineered transition metal surfaces.[13-15] However, 

other studies have reported that, during OER, there exist progressive oxidation of the metal-

based materials,[16-20] and the oxidized metal surfaces might be responsible for the catalytic 

activity.[21,22] These reports raised a question that, in the absence of post-OER characterization of 

the as-prepared catalysts, the explanations on catalytic activity might be inadequate and 

sometime non-convincing.[21] On the other hand, these reports also imply that considering 

surface oxidation in the development of metal chalcogenides catalyst might be also beneficial for 

OER activity.   

      Based on the above, in the present study, we have engineered an efficient bi-functional 

catalyst with excellent ORR-OER activity that consists of mildly oxidized, N-doped imperfect 

Co9S8 crystals supported on N-doped reduce graphite oxide (O-N-Co9S8@N-RGO). Meanwhile, 

the origin of its OER activity (over-potential of 350mV at current density of 10 mA cm-2 under 

0.1M KOH) was investigated by detailed experimental characterization of the as-prepared 
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catalysts before and after OER reaction. In addition, although the oxidation O-N-Co9S8 crystal 

during OER is expected, some questions still remain. For example, will high OER activity be 

maintained (good stability performance) after catalysts oxidation, and why? Addressing these 

questions will provide in-depth knowledge of the intrinsic OER activity and “stability” of metal 

chalcogenides and will potentially guide the design of efficient bi-functional catalysts especially 

with OER activity. 

4.2. Experimental section 

4.2.1 Preparation of O-N-Co9S8@N-RGO composite  

      Reduce graphene oxide (RGO) is obtained by thermal-shock heat treating graphene oxide 

(GO) in Ar at 900oC for 1 min, in which the GO was synthesized from graphite powder using 

modified Hummers method [23,24]. Then, 30 mg of RGO was dispersed in 150 mL of water by 

ultrasonication for 1 hour. Cobalt nitrate hexahydrate [Co(NO3)2·6H2O, 655mg] and sodium 

dodecyl sulfate [SDS, 865mg] were added to the RGO dispersion.  Ammonia solution (28-30%, 

10mL) was drop-wisely added to the solution with a rate of 5 mL min-1 under stirring at room 

temperature. The above suspension was then put into oil bath at 90 °C with stirring for 6 hours 

under ambient atmosphere. After that, the solution was naturally cooled down to room 

temperature. The suspended black product was collected by centrifugation and washed with DDI 

water and ethanol, and then freeze-dried. The as-obtained powder product, referred to as Co-S-

O-N-RGO precursor, was thermal-shock treated under NH3 atmosphere at 700°C in tube furnace 

for 5 mins, and then cooled down to room temperature in Ar. The resulting product is O-N-

Co9S8@N-RGO composite.  

4.2.2 Preparation of hollow Co3O4, O-N-Co9S8 and N-RGO 
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      The hollow Co3O4 was derived from the following steps: first, 30 g glucose and 0.1 mol 

Co(CH3COO)2·6H2O were dissolved into 300 ml distilled water under vigorous magnetic stirring; 

then, the solution was transferred into a Teflon container, sealed in autoclave for hydrothermal 

reaction at 180°C for 400 min. The precipitation product was washed, and centrifuged with 

distilled water and ethanol for 3 times, respectively. The resulting product was dried at 70 °C for 

10 h and collected as precursor; finally, hollow Co3O4 product was obtained by annealing the 

precursor at 500°C for 1h in air, with a ramping rate of 1°C min-1. For the synthesis of O-N-

Co9S8 and N-RGO, the same procedure as in the development of O-N-Co9S8@N-RGO 

composite was used but without the addition of RGO and Co precursor, respectively.  

4.2.3 Characterization 

      X-ray diffraction (XRD) was carried out on a Rigaku D/Max 2550 X-ray diffractometer with 

Ni-filtered Cu Kα radiation (λ = 1.5418 Å). The morphology of the as-prepared composite was 

investigated using field emission scanning electron microscopy (FE-SEM) (Zeiss Ultra Plus, 

United Kingdom), and high-resolution transmission electron microscopy (HRTEM) instrument 

(FEIPhilips CM 300, United States). X-ray photoelectron spectroscopy (XPS) (Thermo Scientific 

K-Alpha XPS spectrometer) was used to investigate the chemical composition of the as-prepared 

composites. Note that, the post-OER characterizations (e.g. XRD, XPS) were performed using 

the catalysts sprayed on carbon paper. Thus, their XRD figures show some patterns of the carbon 

background.  

4.2.4 Electrochemical activity evaluation 

      The half-cell electrochemical evaluation of the ORR-OER activity of the as-prepared 

composites was conducted via rotating disk electrode (RDE) voltammetry using a three-electrode 
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system and potentiostat (CH Instruments 760D). Ink solution was prepared by mixing the 

composites and carbon black (Vulcan Carbon XC-72) in a 2:1 mass ratio in 1-propanol solution 

with a total mass concentration of 4 mg mL-1. The working electrode was prepared by coating 

the ink onto a polished glassy carbon disk electrode with an active material loading of 0.40 mg 

cm-2. A graphite rod and saturated calomel electrode (SCE) were used as the counter and 

reference electrodes, respectively. All potentials were referenced to a reversible hydrogen 

electrode (RHE) by adding a value of (0.245+0.059×pH) V. The electrolyte is 0.1 M KOH. 

Cyclic voltammetry (CV) analysis was performed at the scan rate of 50 mV s-1. The ORR and 

OER activities were measured in the O2 and N2 saturated electrolyte, respectively, through LSV 

at the scan rate of 10 mV s-1. The OER and ORR activity of as-developed catalysts and 

commercial Pt/C or Ir/C catalysts were normalized by the geometry area of RDE electrode at the 

same loading. The potentials in OER and ORR were corrected for iR losses and background 

current, respectively. The latter is the current obtained when N2 is purged into the electrolyte in 

ORR test. 

4.2.5 Rechargeable zinc-air battery test  

      The full-cell Zinc-air battery tests were performed using home-made plastic prototypes. 

Polished Zinc-plate was used as the Zinc electrode. The O-N-Co9S8@N-RGO air electrode was 

prepared by spraying catalyst ink onto the front side of a carbon paper gas diffusion layer (GDL; 

SGL Carbon 39 BC; Ion Power Inc.) with an active catalyst loading of 0.67 mg cm-2. The 

catalyst ink is prepared from 2.67mg O-N-Co9S8@N-RGO composite, 1.33mg Vulcan XC-72 

carbon black, 13.33mg 15 wt% Nafion (LIQUion solution, Ion Power Inc.) and 5.0 mL 1-

propanol. Stainless steel meshe was used as the current collector for the air cathode, in which it 

was placed in contact with the backside of the carbon paper. The current collector for the Zinc 



35 
 

anode is copper foil. The electrolyte is a solution of 6 M KOH and 0.2 M Zn(CH3COO)2. 

4.3 Results and discussion  

     The O-N-Co9S8@N-RGO composite was developed by “thermal shock” heat treatment of the 

Co, S, N and RGO-containing precursor (Co-S-O-N-RGO) under NH3 atmosphere at 700°C for 5 

min. The merits of such synthesis procedure are: i) the thermal shock heat treatment can result in 

a fast and imperfect Co9S8 crystallization process; ii) NH3 as a reduction agent not only prevents 

the formation of cobalt oxides during calcination, but also provides the N doping source for N-

RGO and Co9S8 during crystallization. The formation of N-RGO is essential for the ORR activity 

of the composite. For Co9S8 crystallization, the NH3 treatment would result in S-deficient Co9S8 

surfaces with distorted bulk crystal structure; iii) using RGO rather than GO as precursor 

component ensures mild oxidation of the Co9S8 crystal surfaces when NH3 atmosphere was 

changed to Ar right after the thermal shock treatment.  A highly oxidized catalyst surface might 

form calcined cobalt oxides. As discussed later, a mild oxidized and imperfect Co9S8 crystal 

rather than calcined cobalt oxides is more beneficial for OER. These features of the O-N-

Co9S8@N-RGO composite are confirmed by characterization analyses.  

      Figure 4.1a and 4.1b show the SEM and HRTEM images of the O-N-Co9S8@N-RGO 

composite, respectively. The two lattice fringes with d-spacing of 0.29 and 0.49 nm in HRTEM 

indicates that (311) and (111) planes of Co9S8 are the exposed catalyst surfaces. Hereafter, these 

two surfaces are referred to as O-N-Co9S8 (311) and O-N-Co9S8 (111). TEM-ELLS mapping of 

the O-N-Co9S8@N-RGO composite clearly indicates the N-insertion in the bulk Co9S8 crystal 

(Figure 4.1c), in which Co, S and N are uniformly distributed within the particle. The O element, 

however, was found on both the RGO sheet and the outer surface of O-N-Co9S8 particle, 
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suggesting surface oxidation of the Co9S8 crystal.  

 

Figure 4.1 a) SEM; b) HRTEM images, and c) TEM-Electron energy-loss spectroscopy (TEM-

EELS) mapping images of O-N-Co9S8@N-RGO before OER reaction. 

      The formation of distorted cubic Co9S8 crystal was confirmed by XRD characterization 

(Figure 4.2). As compared with the standard pattern of cubic Co9S8, the characteristic peaks of 

O-N-Co9S8@N-RGO were slightly shifted to higher angle, especially for the peak around 52°, 

suggesting a small shrinkage of the Co9S8 crystal. This shrinkage might have been caused by the 

smaller atomic radius of doped N (65 pm) than S (88 pm). A profile fitting of the O-N-Co9S8 

peaks with standard cubic Co9S8 (lattice parameter: a=9.927 Å) gives a residual error of 6.69%. 

The calculated lattice parameter of O-N-Co9S8 is found to be a=9.825Å, verifying the shrinkage 

of its cubic structure.  
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Figure 4.2 XRD patterns of the O-N-Co9S8@N-RGO catalyst before and after 9h OER half-cell 

test at a constant potential of 1.60V vs. RHE. 

      In the Co 2p XPS spectra of O-N-Co9S8@N-RGO composite (before OER), there is a sharp 

Co 2p3/2 peak around 778.3eV (Figure 1e). This peak is very close to that of metallic Co (777.9 

eV), suggesting the reduced nature of the Co9S8 surface.[25-27] In the S 2p spectrum (Figure 1f, 

before OER), the peak at 161.4 eV and 162.5 eV agrees with the 2p3/2 and 2p1/2 state in Co-S 

bond. The minor O-Co peak (530.1 eV) in the O1s spectrum (Figure 1g, before OER) indicates 

that its surface is only slightly oxidized. 
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Figure 4.3 a) XPS spectra of the Co 2p; b) S 2p; c) O 1s in O-N-Co9S8@N-RGO before and after 

OER reaction. 

      The activity of O-N-Co9S8@N-RGO was measured by LSV voltammetry with 0.1 M KOH 

solution. The results show that it delivers an ORR onset potential of 0.91 V, and a half-wave 

potential of 0.81 V (Figure 4.4a). Although the ORR performance of the as-prepared composite 

still cannot provide the same performance as that obtained with the Pt/C catalyst, it exhibits a 

much lower OER over-potential  (~350 mV) than commercial Ir/C (20%Ir supported on Vulcan 

XC-72, ~392 mV) when a current density of 10 mA cm-2 is generated (Figure 4.4b). This 

indicates that this composite is one of the best performing OER catalysts in mild alkaline media 

(see Table 4.1).  

 

Figure 4.4 a) ORR activities evaluated by RDE LSV at a rotating speed of 900 rpm; b) OER 

activity at RDE (1600 rpm) in 0.1 M KOH electrolyte. LSVs adopted at a scan rate of 10 mV s-1. 
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Table 4.1. Comparison of the OER performance (in 0.1M KOH) of O-N-Co9S8@N-RGO catalyst 

with other highly OER active metal sulfides or oxides catalysts reported in the literature. 

Bifunctional catalysts OER over-potential at 10mA cm-2 

O-N-Co9S8@N-RGO 350mV (This work) 

N-Co9S8/G 409mV[7] 

CoO0.87S0.13/GN 357mV[14] 

Co0.5Fe0.5S@N-MC 340mV[28] 

CoxOy/NC 430mV[29] 

CoOx/CNT 390mV[30] 

Co3O4 thin film 377 mV[31] 

Co3O4/N-C 450 mV[32] 

Co@Co3O4 410 mV[33] 

 

      In addition to the O-N-Co9S8@N-RGO, O-N-Co9S8 and N-RGO were synthesized to 

distinguish the active ORR and OER component in the composite (Figure 4.4). The synthesis 

procedures are presented in Section 4.2.2. The results show that: i) O-N-Co9S8 and N-RGO alone 

only have limited ORR activity, highlighting the importance of combining Co and N-RGO in 

improving ORR performance; ii) although the N-RGO can further enhance the OER activity, the 

OER activity of the O-N-Co9S8@N-RGO is mainly contributed by O-N-Co9S8 phase. Figure 

4.4b shows that the activity of the O-N-Co9S8@N-RGO was maintained after 2000 cyclic 

voltammetry cycles (from 0.9 to 1.7 V vs. RHE).  

It is also worth to mention that the O-N-Co9S8@N-RGO catalyst was obtained by thermal-shock 

treatment of Co-S-O-N-RGO precursor under NH3 atmosphere at 700°C. However, when the 
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Co-S-O-N-RGO precursor was treated at a higher temperature 900°C, it was converted into a 

highly-oxidized, S-doped Co5.47N and N-RGO composite (Figure 4.5 and Figure 4.6a), referred 

to as O-S-Co5.47N@N-RGO. On the other hand, when the thermal treatment was conducted 

under Ar instead of NH3 at T=700°C, the resulting product is S-doped CoO and N-RGO 

composite (S-CoO@N-RGO), (Figure 4.5 and Figure 4.6a). The formation of CoO can be 

expected since both the Co precursor and GO contains a large amount of O. Both of the 

composites have a similar morphology as in O-N-Co9S8@N-RGO. The HRTEM image of O-S-

Co5.47N@N-RGO composite was presented in Figure 4.5b. The lattice fringe was identified as 

(111) plane with an interspace of 0.21 nm.[34] However, it shows many dislocations and stacking 

faults, which might result from the highly oxidation of the Co5.47N surface. For the S-CoO@N-

RGO composite, its HRTEM image shows a clear lattice fringe with the d-spacing value of 0.24 

nm, corresponding to (111) crystal planes of cubic CoO [35] (Figure 4.6d).  

 

Figure 4.5 XRD patterns of the O-S-Co5.47N@N-RGO and S-CoO@ N-RGO composite. 

 

mailto:O-S-Co5.47N@N-RGO
mailto:O-S-Co5.47N@N-RGO
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Figure 4.6 a) The TEM-Electron energy-loss spectroscopy (TEM-EELS) mapping and b) 

HRTEM images for the O-S-Co5.47N@N-RGO; c) TEM-EELS mapping and d) HRTEM images 

of the S-CoO@N-RGO composite. 

      The ORR/OER activity of the O-S-Co5.47N@N-RGO and S-CoO@N-RGO composites were 

also measured and compared with that of O-N-Co9S8@N-RGO. Figure 4.7a shows that the O-S-

Co5.47N@N-RGO exhibits a similar onset and half-wave potential as O-N-Co9S8@N-RGO, and 

sightly higher than S-CoO@N-RGO. Also, the OER activity of S-CoO@N-RGO is much lower 

than that of O-S-Co5.47N@N-RGO and O-N-Co9S8@N-RGO (Figure 4.7b). Therefore, in this 

work, we focus on the study of the catalytic performance of the as-obtained O-N-Co9S8@N-

RGO composite.  

mailto:O-S-Co5.47N@N-RGO
mailto:O-S-Co5.47N@N-RGO
mailto:O-S-Co5.47N@N-RGO
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Figure 4.7 Comparison of electrocatalytic performance of O-N-Co9S8@N-RGO, O-S-

Co5.47N@N-RGO and S-CoO@ N-RGO composites evaluated in 0.1 M KOH: a) ORR and b) 

OER LSV curves obtained at a scan rate of 10 mV s−1 under rotating speed of 1600rpm. 

      Hence, the stability performance of O-N-Co9S8@N-RGO was first evaluated through the 

current-time curve with the applied potentials at 1.60V vs. RHE (Figure 4.8a). The result shows 

that the O-N-Co9S8@N-RGO electrodes deliver a stable current over 20 hours of continuous 

operation, implying its good “stability” for OER. When used as an air electrode (catalyst loading 

of 0.67 mg cm-2) in zinc-air battery, O-N-Co9S8@N-RGO demonstrates comparable and even 

better charge performance with that of Pt/C+Ir/C particularly at high current densities (Figure 

4.8b). In addition, a long-term cyclability for over 200 h (at 10 mA cm-2) was achieved in 

ambient air (Figure 4.8c), indicating that the O-N-Co9S8@N-RGO composite exhibits excellent 

cycling performance for OER.  
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Figure 4.8 a) Long-term OER electrolysis stability of O-N-Co9S8@N-RGO under constant 

potential; b) Charge and discharge polarization curves, and c) Cycling performance of Zinc-air 

battery assembled using O-N-Co9S8@N-RGO as air electrode in ambient air. 

      The morphology and composition of the O-N-Co9S8@N-RGO catalyst after OER half-cell 

test (at a constant potential of 1.60V vs.RHE) were also examined. The XRD pattern (Figure 4.2) 

and TEM images (Figure 4.9a-b) showed that, after 9 hours of OER reaction, O-N-Co9S8 crystals 

were converted to aggregated Co3O4 particles. This suggests that there is a phase transformation 

during OER, which might also be facilitated by the doped and imperfect crystallization nature of 

O-N-Co9S8. HRTEM imaging (Figure 4.9c) show that the interplanar spacings on Co3O4 are 0.16, 

0.20 and 0.24 nm, respectively, which corresponds to the d-spacing (422), (400) and (311) lattice 

planes of cubic Co3O4. This is consistent with that shown in the FFT pattern (inset Figure 4.9c). 

TEM-ELLS mapping of the sample after OER reveals that most of S was replaced by O, whereas 

N was no longer observed in the mapping analysis (Figure 4.9d). This observation suggests that 
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N (or at least most of N) was removed after OER, which is also supported by the N1s XPS 

analysis (Figure 4.10).  

 

Figure 4.9 a) TEM image of O-N-Co9S8@N-RGO before and b) after 9h OER half-cell test at a 

constant potential of 1.60V vs. RHE; c) HRTEM and b) TEM-EELS mapping images of O-N-

Co9S8@N-RGO after OER reaction. 
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Figure 4.10 XPS spectra of N 1s in O-N-Co9S8@N-RGO composite before and after 9 hour OER 

reaction.  

      The Co 2p XPS spectrum of the post-OER (after 4 and 9 hour reaction) O-N-Co9S8@N-RGO 

catalyst are identical to that obtained from com-Co3O4. By integrating the peak area of Co3+ and 

Co2+, the Co3+/Co2+ ratio was found to be 1.93:1, which is very close with the theoretical value 

of Co3+/Co2+ = 2:1 in Co3O4, which further supports the transformation of O-N-Co9S8 to Co3O4. 

The very minor Co-S peak after OER reaction, as shown in S 2p XPS spectrum (Figure 4.3b), 

also confirms the replacement of S by O in O-N-Co9S8 particle. The increased intensity of  SO4 
2− 

peaks imply that most of the residue S exists in the form of SO4 
2−. The substitution of S by O is 

also supported by the increased intensity of O-Co peak in O 1s XPS spectrum (Figure 4.3c, after 

OER).  

      The above analysis confirmed the complete oxidation of O-N-Co9S8 into Co3O4 during OER. 

As shown in previous half-cell and zinc-air durability test (Figure 4.8a, and 4.8c), even after 9 

hours, the catalyst still exhibits excellent OER performance, e.g. in half-cell RDE durability test, 
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the output current dropped by 15% after 20 hours. That is, the high OER activity was maintained 

during, and even after the transformation of O-N-Co9S8 to Co3O4. This raises another question: 

how is this achieved? Interestingly, we found that the (111) lattice plane of Co3O4, featured with 

large interplanar spacing (0.46nm), was not detected in the present HRTEM imaging analysis. It 

is one of the typical surfaces that is commonly observed in calcined Co3O4 (Figure 4.11).  

 

Figure 4.11 a) SEM and b) HRTEM image of calcined hollow Co3O4 particle. 

      Therefore, based on the above observations, it is reasonable to assume that the Co sites in the 

resulting Co3O4 (311), (422), (400) high-index surfaces might be responsible for the high OER 

activity of the post-OER (or in-situ generated) Co3O4 phase. This is consistent with the 

experimental study by Wei et al.[36], in which they reported that the exposed Co3O4 (112) high-

index facet shows much lower overpotential for OER than (111) surface. This might explain the 

higher OER activity of this in-situ generated Co3O4 than many reported calcined Co3O4 catalysts 

(Table 4.1). The latter usually contains exposed Co3O4 (111) plane (Figure 4.11). This means 

that, although Co3O4 has been confirmed as the real stable OER catalytic phase, the direct 

synthesis of Co3O4 by calcination might not be a suitable approach for preparing efficient OER 
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catalyst. The Co3O4 obtained from phase transition under OER might be more active than 

calcined Co3O4 crystals.  

      To further support this argument, we reduced the com-Co3O4 in H2 (10%)/Ar atmosphere at 

700°C for 5 mins. The XRD and XPS Co 2p spectrum show the resulting product is a composite 

of Co-CoO crystals, and the surface Co is in the state of CoO (Figure 4.12a). As expected, in the 

RDE test, it exhibits a ~50 mV lower overpotential (at 10 mA cm-2) for OER than com-Co3O4 

(Figure 4.12b). As shown in Figure 4.12c, the Co-CoO composite delivers a stable OER 

performance under continuous operation at an applied potential of 1.65V vs. RHE. Post-OER 

characterizations show that, after the 9 hour OER test at 1.65V vs. RHE, the Co-CoO crystals 

remained intact (Figure 4.12a). However, the state of surface Co was transformed from CoO into 

Co3O4 (Figure 4.12d).  
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Figure 4.12 a) XRD and b) OER activities of Co-CoO (obtained from H2 treatment of com-

Co3O4) at RDE (1600 rpm) in 0.1 M KOH electrolyte at LSV scan rate of 10 mV s-1; c) Long-

term electrolysis stability of Co-CoO composite under constant potential in RDE test; d) Co 2p 

XPS spectra of the Co-CoO composite before and after 9hour OER test at constant potential of 

1.65 V (vs. RHE). 

      Similar results were also obtained for our calcined hollow Co3O4 catalyst: when reduced by 

H2, the resulting hollow CoO-Co3O4 composite shows a ~35 mV lower OER overpotential than 

the original hollow Co3O4 particle (Figure 4.13). Here, it is worth mentioning that there are 

studies report the formation of Co(OH)2 and CoOOH species during OER on CoOx catalysts in 

XPS and in-situ surface-enhanced Raman spectroscopy analysis. [37-39] In fact, the formation of 

OH-Co-OH and OH-Co-O intermediate surfaces is very likely to occur during OER, especially 

on the out-most Co9S8/Co3O4 surfaces that are in close contact with the OH- reactant. Bulk-

Pourbaix thermodynamics have dictated that, as the potential increases, the stability of Co states 

increases as Co(OH)2 < Co3O4 < CoOOH < CoO2, and Co2+ is predicted unstable at the OER 

region (above 1.23 V vs RHE).[40, 41] Interestingly, in the present study, there is no evidence for 

the formation of Co(OH)2 and CoOOH species even in the XPS analysis. One possible 

explanation might be they were oxidized into Co3O4 states (CoO/Co2O3) in ambient air. Or, the 

formation of CoOOH (Co3+) and CoO2 (Co4+) crystal is kinetically unfavoured at 1.65V vs RHE, 

because of the less oxidative S in the composite. These S could stabilize the low oxidation state 

Co2+. Meanwhile, the replacement of S and with O would consume many OH-, lowering the local 

concentration of OH- on the catalyst surface. As a result, the oxidation kinetics for Co2+ to Co3+ 

or Co4+ might be hindered. Moreover, considering the fact that: i) the formation of Co(OH)2 and 

CoOOH bulk crystals has been rarely reported; ii) in the present study, Co3O4 crystal was indeed 

produced during OER. This indicates that Co3O4 is the real stable phase formed in OER when 
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Co9S8 is used as the “catalyst”. 

 

Figure 4.13 a) OER activities of hollow CoO-Co3O4 (obtained from H2 treatment of hollow 

Co3O4) and hollow Co3O4 at RDE (1600 rpm) in 0.1 M KOH electrolyte at LSV scan rate of 10 

mV s−1. 

4.4  Summary 

      An O-N-Co9S8@N-RGO composite was designed as an efficient and stable bifuntional 

catalyst for Zinc-air batteries. It was developed on the basis of imperfect crystallization and 

surface engineering, e.g. oxidation and nitrogen doping, of Co9S8 crystals to achieve a high 

catalytic activity in particularly for OER. When used as the air electrode catalyst, the Zinc-air 

battery exhibits significantly reduced discharge and charge overpotentials and outstanding long 

cycling stability over 200 cycles at 10 mA cm−2. Moreover, post-characterization reveals that O-

N-Co9S8 was completely converted into Co3O4 after OER, confirming Co3O4 is the real stable 

catalytic phase. As there are increasingly many reports claiming transition metal sulfides as 

highly efficient OER catalysts, this observation further clarifies what the OER catalyst really is.  
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Moreover, the study suggested that the continuous exposure of these oxidized Co sites during O-

N-Co9S8 transition into Co3O4 might play an essential role in the cycling performance of such 

catalyst. This is made possible by i) the surface reconstruction during O-N-Co9S8 transition into 

Co3O4, and ii) the unique Co sites topology on the exposed planes of in-situ generated Co3O4. 

With such knowledge, our study suggests, and experimentally shows that in-situ generated metal 

oxides, e.g. Co3O4, from phase transition of metal chalcogenides, or reduced metal oxides during 

OER, should be more active than the calcined oxides crystals. This work advances the 

fundamental insights on the activity and “stability” of metal chalcogenides-based OER 

“catalysts”, providing guidance for the design of active OER catalysts.  
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CHAPTER 5  

Three Dimensional Self-supported Cobalt Sulfide 

Bi-functional Electrocatalyst 

The ORR and OER reaction in zinc-air batteries occur at the gas/catalyst/electrolyte three-

phase interfaces. Thus, design of non-precious ORR-OER bi-functional catalysts that are active, 

stable and easily accessible to atmospheric O2 in alkaline electrolyte are essential. Therefore, in 

this study, the N-RGO supported surface engineered Co9S8 hybrid catalyst reported in Chapter 4 

was designed into a self-supported three-dimensionally ordered macroporous (3DOM) bi-

functional catalyst, which is composed of honeycomb-structured N-Co9S8 embedded with an N-

doped carbonaceous (NC) layer, referred to as 3DOM N-Co9S8@NC. Benefiting from the 

hierarchical 3DOM structure design and the ORR-OER active NC and N-Co9S8 components, the 

3DOM N-Co9S8@NC catalyst exhibits a comparable ORR and much better OER performance 

with that Pt/Ir-based noble catalyst. The zinc-air battery with 3DOM N-Co9S8@NC catalyst 

demonstrated outstanding galvanodynamically charge and discharge performance and achieved 

long cycling stability over 400 h at 10 mA cm-2. 

5.1 Introduction  

In the previous chapter, we have demonstrated a rational design of efficient two-dimensional 

N-RGO supported Co9S8 bi-functional catalyst through an effective surface engineering 

technique. Despite the activity improvement, the actual performance of the carbon-supported 

Co9S8 air electrode might be restricted by the slow mass transfer process within 2D featured N-

RGO-based catalyst. Since the reactions occur at the O2 gas/catalyst/electrolyte three-phase 

interface, catalysts with porous structure could facilitate the mass transfer process, e.g. O2 gas 
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diffusion, within the catalyst, and further improve the electrochemical performances of the 

batteries.[1-3] Moreover, N-RGO would suffer from electrochemical oxidation (or corrosion) 

under the high operating potentials of OER and thus degrade the durability performance of the 

catalyst.[4,5] 

Therefore, in this work, we proposed that, by designing surface engineered Co9S8 into a self-

supported porous framework with a three-dimensional through-continuity, it can increase the 

accessibility of the active phases to reactants while minimizing agglomeration of nanoparticles 

for better durability. The 3D nanoarchitectures with periodically and continuous porous networks 

are expected to offer improved bi-functional oxygen catalysis for rechargeable zinc-air batteries. 

To this end, a hybrid catalytic nanoarchitecture is constructed in which active phases of both 

Co9S8 and N-doped carbon and pores are connected within an electronically conductive 3D 

network. Such architecturally arranged catalyst with increased surface area and site activity with 

high absorptivity and mass transport potential, giving rise to favourable catalytic activity for both 

ORR and OER.  

5.2 Experimental section  

5.2.1 Preparation of 3DOM Co9S8 composites 

Figure 5.1a) shows the procedure for preparing the three-dimensionally ordered hierarchical 

porous Co9S8 composites (3DOM Co9S8).  First, polystyrene spheres (PS) with an average 

diameter of ~200 nm (Figure 5.1 b and c) were synthesized through emulsion polymerization 

reaction using styrene, polyvinylpyrrolidone (PVP), potassium persulfate and DDI water. Then, 

the as-obtained of monodisperse PS spheres were self-assembled into ordered, close-packed PS 

template through centrifugation.[6] After that, a cobalt-sulfur precursor was prepared by 
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dissolving 2.0 g Cobalt(II) sulfate heptahydrate (CoSO₄·7 H₂O) into a 10.5 mL solution that 

mixed from methanol (MeOH) and hydrochloric acid (HCl) [MeOH: HCl volumetric ratio=20:1] 

at room temperature. Then, 2.0 g PS template was added to the as-prepared cobalt-sulfur 

precursor solution and followed by a 10 min vacuum impregnation. The infiltrated PS template 

(Precursor@PS) was filtered and dried overnight at ambient condition. The 3DOM Co9S8 

composites were fabricated by calcinating the Precursor@PS in Ar and NH3 atmosphere at 

500°C with a ramp 1℃/min. The composition of the as-prepared 3DOM Co9S8 materials can be 

tuned by changing the duration of NH3 treatment. The resulting powder product etching in NH3 

for 20min was referred to as 3DOM N-Co9S8@NC. For optimization purpose, the Precursor@PS 

nanocomposite treated in NH3 atmosphere for 40 min and Ar (without NH3 etching) were also 

performed, the resulting composites were referred to as 3DOM Co9S8/Co2N0.67@NC and 3DOM 

Co9S8/CoO@C, respectively. 

 

Figure 5.1 a) Schematic diagram of the procedure for the preparation of 3DOM Co9S8 

composites; b) low and c) high magnification SEM images of PS template. 
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5.2.2 Material characterization 

        The morphologies and microstructures of the as-prepared 3DOM catalysts were 

characterized using scanning electron microscopy (SEM, LEO FESEM 1530), transmission 

electron microscopy (TEM, JEOL 2010F) and scanning transmission electron microscopy 

(STEM) -electron energy loss spectroscopy (EELS) mapping. Their crystal structures were 

investigated using X-Ray Diffraction (XRD, Rigaku Miniflex 600), High-resolution TEM (HR-

TEM, Titan 80-300 HB). The surface chemical composition of the samples was analyzed by X-

ray photoelectron spectroscopy (XPS, Thermo Scientific Al K-Alpha Xray source), binding 

energy scale was calibrated to fix the carbon sp3 peak at 284.8 eV. BET analysis was performed 

to evaluate the surface area of 3DOM N-Co9S8@NC composite. 

5.2.3 Electrochemical evaluation  

      The electrocatalytic activities of the as-prepared 3DOM Co9S8 composites were evaluated 

using a three-electrode glass cell in 0.1 M KOH solution. An SCE electrode and graphite rod was 

used as the reference and counter electrodes, respectively. The working electrode is the glassy 

carbon electrode loaded with 3DOM catalyst. The catalyst inks were prepared by dispersing 2 

mg of active 3DOM Co9S8 composite and 2 mg of Vulcan XC-72 in 1 mL of ethanol containing 

0.15 wt% Nafion ionomer. The ink was sonicated for 30min. Then, 25 µL of catalyst ink was 

drop-casted onto the RDE electrode. The loading of active 3DOM Co9S8 catalysts is 0.25 mg cm-

2. The ORR and OER activities of the 3DOM catalysts were measured under O2 and N2 saturated 

0.1M KOH, respectively, at a scanning rate of 10 mV s-1. The same procedure was applied to 

measure the ORR and OER activity of commercial precious catalysts Pt/C (28.8 wt. % Pt) and 
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Ir/C (20 wt. % Ir), respectively. Calibration of SCE was performed by measuring the voltage ΔE 

between the SCE and a Pt wire immersed in the high purity hydrogen saturated 0.1 M KOH 

electrolyte. The measured ∆E between SCE and RHE is 0.996V. Then RDE potentials are 

calibrated and given as referred to RHE using the equation 5-1:  

VRHE=VSCE+0.996 V                  (5 − 1) 

      The kinetics of the as-developed 3DOM N-Co9S8@NC catalyst has been investigated 

through a series of LSV tests conducted at a rate of 10mV s-1 with varying rotating speed from 

400 rpm to 2500 rpm. Specifically, the number of electrons transferred for ORR on 3DOM N-

Co9S8@NC electrodes was determined on the basis of the Koutechy-Levich (K-L) equation as 

given blow [7,8]: 
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where J is the measured current density, JL is the diffusion-limiting current density, JK is the 

kinetic current density, ω is the electrode rotation rate (rad s-1), n is transferred electron number, 

F is Faraday constant (96485 C mol-1), Co is the bulk concentration of O2, D0 is the diffusion 

coefficient of O2 and υ is the kinetic viscosity of the electrolyte. For the case of 0.1 M KOH at 

room temperature, the constants adopted are as follows: Co=1.2×10-3 mol L-1, D0=1.9×10-5 cm2 s-

1, υ=0.01 cm2 s-1. 

      The electrochemical performance of the catalyst 3DOM N-Co9S8@NC in zinc-air battery 

was tested using a multichannel potentiostation (Princeton Applied Research, VersaSTAT MC). 
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The catalyst was spray-coated onto carbon paper and was used as cathode. The catalyst loading 

is 1.0 mg cm−2. The anode and separator are zinc-plate and microporous membrane, respectively. 

The electrolyte is 6.0M KOH solution with 0.2M Zn(CH3COO)2. The galvanodynamic charge 

and discharge profiles of the battery were obtained by scaling the current density from 0 to 150 

mA cm-2. The cycling tests were conducted at a current density of 10 mA cm-2 with 10 min 

discharge and 10min charge time for each cycle. The tests were operated in ambient air condition. 

5.3 Results and discussion 

       The crystal structure of the as-prepared 3DOM Co9S8 composites was confirmed by XRD 

analysis. Figure 5.2 shows that the diffraction peaks of Co9S8 (JCPDS:65-1765) were observed 

for the 3DOM N-Co9S8@NC. The typical graphitic carbon peak was not detected, indicating the 

presence of amorphous carbon in the composite. For the 3DOM Co9S8/Co2N0.67@NC composite 

obtained in 40min NH3 treatment, in addition to Co9S8, diffraction peaks of Co2N0.67 (JCPDS:06-

0691) were found. The existence of CoO (JCPDS:43-1004) in 3DOM Co9S8/CoO@C obtained 

in Ar atmosphere was also verified. Interestingly, the Co9S8 peaks in 3DOM N-Co9S8@NC and 

3DOM Co9S8/Co2N0.67@NC were found shift to higher angles, suggesting N-doping in the Co9S8 

crystal lattice.  

mailto:Co9S8/Co2N0.67@NC
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Figure 5.2 XRD patterns of various 3DOM Co9S8 composites. 

 

       The structure and morphology of these 3DOM composites were characterized using SEM 

and TEM. Figures 5.3a-c) presents the SEM images of the three composites, clearly showing 

their 3DOM architecture. It can be seen that the macropores with the size of about 200 nm are 

interconnected by windows on the wall. TEM images show that, as compared with that of 3DOM 

Co9S8/CoO@C (Figures 5.3d) and Co9S8/Co2N0.67@NC (Figure 5.3f), the 3DOM N-Co9S8@NC 

catalyst possesses more uniform and continues wall with a thickness of ~20nm (Figure 5.3e). 

The N2 adsorption-desorption isotherms confirm the presence of mesoporous and macroporous 

structure in the 3DOM N-Co9S8@NC with a high BET surface area of 95.75 m2 g-1 (Figure 5.3g). 

This ensures high availability of the catalytic active sites, and therefore is beneficial for the ORR 

and OER.  

mailto:Co9S8/Co2N0.67@NC
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Figure 5.3 a-c) SEM images; and d-f) TEM images of 3DOM Co9S8/CoO@C, 3DOM N-

Co9S8@NC and 3DOM Co9S8/Co2N0.67@NC composites, respectively; g) N2 adsorption-

desorption isotherms and pore size distribution of 3DOM N-Co9S8@NC composite. 

      Figure 5.4a-c show the STEM-EELS elemental mapping of the selected wall region of the 

3DOM Co9S8 composites. In 3DOM N-Co9S8@NC, the intense Co and S signals and uniformly 

distributed N throughout its wall structure indicate that the successful N-doping of Co9S8 

framework (Figure 5.4b). Figure 5.4a and c show that the O and N elements distributed 

throughout the wall structure in the Co9S8/CoO@C and Co9S8/Co2N0.67@NC composite, 

respectively. However, S is only observed on part of 3DOM walls and its linkage particles. A 

reasonable explanation for this observation is that the framework of Co9S8/CoO@C is CoO 

decorated with Co9S8, whereas the wall of Co9S8/Co2N0.67@NC is Co2N0.67  combines with N-

doped Co9S8. The C signals in the external edge of Co9S8 wall manifest that the carbon is 

originated from PS during calcination in Ar.  

mailto:Co9S8/Co2N0.67@NC
mailto:Co9S8/Co2N0.67@NC
mailto:Co9S8/Co2N0.67@NC
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Figures 5.4  STEM-electron energy-loss spectroscopy (STEM-EELS) elemental mapping of a) 

3DOM Co9S8/CoO@C; b) 3DOM N-Co9S8@NC; and c) 3DOM Co9S8/Co2N0.67@NC 

composites. 

      The high-resolution TEM (HRTEM) image of the 3DOM N-Co9S8@NC framework reveals 

that its Co9S8 wall is intimately lining with an amorphous carbon layer (Figure 5.5), enabling a 

good conductivity of the catalyst. Three different lattice fringes were observed and their 

corresponding fast Fourier transform (FFT) patterns can be indexed to the (311), (220) and (200) 

crystal planes of Co9S8, respectively, which align well with the XRD result (Figure 5.2). 

 

mailto:Co9S8/Co2N0.67@NC
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Figure 5.5 a) HRTEM image and b) corresponding FFT pattern of 3DOM N-Co9S8@NC 

composite. 

      Furthermore, the chemical states of the fabricated 3DOM Co9S8 composites were probed 

with XPS. As shown in Figure 5.6a, the chemical state of Co in the 3DOM N-Co9S8@NC and 

3DOM Co9S8/CoO@C composites is similar, in which the peaks of Co 2p3/2 and Co 2p1/2 are 

deconvoluted into three components. The two peaks located at 780.5 and 782.3 eV are assigned 

to binding energies of Co3+ and Co2+, respectively. Peaks at 786.6 and 802.9 eV can be attributed 

to the shake-up satellite of Co 2p3/2 and Co 2p1/2,  respectively.[9,10]  Interestingly, a sharp Co 2p3/2 

peak located at around 778.4 eV was observed in 3DOM Co9S8/Co2N0.67@NC, which can be 

attributed to metallic Co.[11]  This observation confirms a further reduced Co chemical state after 

NH3 etching. In the XPS spectrum of S 2p (Figure 5.6b), the peaks at 161.5 and 162.5 eV 

represent Co-S bonding in Co9S8.
[12-14]  The increasing peak intensity of Co-S from 3DOM 

Co9S8/CoO@C to 3DOM Co9S8/Co2N0.67@NC further confirm that more highly crystalline 

Co9S8 instead of CoO formed after NH3 etching, in which intrinsically benefit for both OER and 

ORR catalytic activity.  

mailto:Co9S8/Co2N0.67@NC
mailto:Co9S8/Co2N0.67@NC
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Figure 5.6 High resolution XPS spectra of the a) Co 2p, and b) S 2p in 3DOM Co9S8 composites. 

 

      Figure 5.7a shows that the C 1s peaks at around 284.8 and 285.8 eV can be assigned to sp2 

graphitic carbon and C-S bonds in 3DOM Co9S8/CoO@C. An obvious peak shifting and 

increasing intensity of C-S (285.5eV) can be observed in both 3DOM N-Co9S8@NC and 3DOM 

Co9S8/Co2N0.67@NC, which might resulted from the N-doping in the carbon layer forming C=N 

bonding.[15]  The N-doping of carbon layer, as well as the N-doping of Co9S8, is further 

confirmed with high resolution XPS spectrum of the N 1s, see Figure 5.7b.  The N 1s XPS 

spectra of 3DOM N-Co9S8@NC and 3DOM Co9S8/Co2N0.67@NC suggesting the presence of 

pyridinic N (398.4 eV), pyrrolic N ( 400.5 eV), graphitic N (401.9 eV), and oxidized N ( 405.0 

eV) evidencing the efficient doping of N atoms in the coated-carbon layers.[16,17]   On the other 

hand, the Co–Nx peak at 399.4 eV[18,19] suggests that N atoms were successfully doped into the 

mailto:Co9S8/Co2N0.67@NC
mailto:Co9S8/Co2N0.67@NC
mailto:Co9S8/Co2N0.67@NC
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Co9S8 lattice in 3DOM N-Co9S8@NC composite, and forms cobalt nitride in 3DOM 

Co9S8/Co2N0.67@NC. This agree with the N signal in the ELLS mapping (Figure 5.4 b and c). 

The N-doped carbon is believed has a positive effect on the ORR performance, whereas N-doped 

Co9S8 is believed can boost the electrocatalytic activity toward both ORR and OER. [20,21]  

 

Figure 5.7   High resolution XPS spectra of the a) C 1s, and b) N 1s in the 3DOM Co9S8 

composites. 

      Figure 5.8a-b show the electrocatalytic activity of 3DOM Co9S8 catalysts for ORR and OER, 

and commercial Pt/C and Ir/C were used as reference catalysts. The results show that, among the 

3DOM composites, 3DOM Co9S8/CoO@C obtained in Ar exhibits the lowest ORR (onset 

potential 0.82 V ) and OER (onset potential 1.56 V) activity. Meanwhile, when compared to 

3DOM Co9S8/Co2N0.67@NC, 3DOM N-Co9S8@NC has a much better OER performance (onset 

potential at 1.52 V) and slightly higher ORR activity with a similar onset potential (0.89 V) but 

mailto:Co9S8/Co2N0.67@NC
mailto:Co9S8/Co2N0.67@NC
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more positive half-wave potential (0.82 V). When compared to the benchmark precious catalysts,  

3DOM N-Co9S8@NC shows a comparable ORR and much better OER performance with that of 

Pt/C and Ir/C, respectively.  Although it’s ORR onset potential still can’t catch up with the Pt/C 

catalyst (0.97 V),  the 3DOM N-Co9S8@NC composite has the same half-wave potential  (0.82 

V) as the Pt/C catalyst at a current density of ~2.7 mA cm-2. The advantage of 3DOM N-

Co9S8@NC composite is further highlighted by the Koutecký–Levich (KL) analysis based on the 

ORR LSV curves obtained at various rotation speeds (Figure 5.8c). The calculated ORR electron 

transfer number is 3.84-3.99 (Figure 5.8d), which is very close to the theoretical number 4 in the 

the pseudo-four electron reaction pathway (O2 + H2O + 4e- = 4OH-). In addition to the good 

ORR performance, 3DOM N-Co9S8@NC composite shows superior OER activity. Specifically, 

it has a much smaller OER over-potential (339 mV) as that of commercial Ir/C (425 mV) when a 

current density of 10 mA cm-2 is generated. On the other hand, the overpotential for 3DOM 

Co9S8/Co2N0.67@NC and 3DOM Co9S8/CoO@C are 368 mV and 388 mV, respectively (Figure 

5.8b). This enhanced OER and ORR activity for 3DOM N-Co9S8@NC should be attributed to 

the N-doped Co9S8 and the N-doped carbon layer.  Additionally,  the porous 3DOM hierarchical 

architecture can provide an expanded surface area, which provides increased number of catalytic 

active sites and afford more efficient mass transport path for electrolyte as well as electroactive 

species.   

 

 

 

 

mailto:Co9S8/Co2N0.67@NC


64 
 

 

Figure 5.8 a) ORR and b) OER LSV curves of Pt/C, Ir/C and various 3DOM Co9S8 composites 

and obtained at a scan rate of 10 mV s-1 in 0.1 M KOH electrolyte at 1600 rpm, respectively; c) 

LSVs of 3DOM N-Co9S8@NC  in O2-saturated 0.1 M KOH at a sweep rate of 

10 mV s-1 and different rotation rates; d) the corresponding K-L plots (J-1 versus ω-1/2) at 

different potentials. 

      In addition to the high ORR and OER electrocatalytic activity, the durability of bi-functional 

catalysts in particular for OER reaction is another key aspect to be considered. 

Chronoamperometry testing was carried out at a constant potential of 1.65 V vs. RHE in N2 

saturated 0.1M KOH solution. It shows that 3DOM N-Co9S8@NC electrodes exhibited a 92.5% 

activity retention over 18 h of continuous operation (Figure 5.9 a), in sharp contrast to precious 

catalyst Ir/C that showed significant activity loss (16%) as manifested by its gradually decreasing 

current over time (18h).  Moreover, when fabricated into air electrodes and tested in rechargeable 

zinc-air batteries, the 3DOM N-Co9S8@NC catalyst exhibits a similar open circuit voltage (OCV) 

but longer cycle life than that of Pt/C-Ir/C precious metal catalysts. Figure 5.9b displays the 
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galvanodynamically charge and discharge polarization curves of the batteries using 3DOM N-

Co9S8@NC and Pt/C-Ir/C as air electrodes, respectively. It clearly reveals that both of the 

batteries have almost same OCV (~1.47 V) while the cell with 3DOM N-Co9S8@NC (red curves 

in Figure 5.9 b) exhibits a lower overpotentials, particularly at high current densities, than that of 

the Pt/C-Ir/C battery (black curve in Figure 5.9 b).  Moreover, the cycling performance of the 

zinc-air battery using 3DOM N-Co9S8@NC and Pt/C-Ir/C catalysts were evaluated by 

performing the galvanostatic charge and discharge test at 10 mA cm−2 with each cycle being 2 

hours. One can see that the 3DOM N-Co9S8@NC fabricated air electrode exhibits a 98% voltage 

retention after 400 hours’ cycling, whereas the battery with Pt/C-Ir/C only stands for 80 hours 

before displaying severely enlarged overpotentials (Figure 5.9c). Although the 3DOM N-

Co9S8@NC composite shows superior stability than the Pt/C and Ir/C catalysts in both 

chronoamperometry and galvanostatic charge and discharge cycling test, the 3DOM structure of 

3DOM N-Co9S8@NC was found partially crush down to particles after 8 hours’ 

chronoamperometry testing at 1.65 V vs. RHE, see Figure 5.10.  
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Figure 5.9 a) long-term OER electrolysis stability of 3DOM N-Co9S8@NC under constant 

potential at 1.65 V vs. RHE in N2 saturate 0.1M KOH; b) charge and discharge polarization 

curves; cycling performance of zinc-air batteries assembled using c) 3DOM N-Co9S8@NC and 

d) Pt/C-Ir/C as air electrodes tested in ambient air. 

 

 

Figure 5.10 a) SEM and b) TEM image of 3DOM N-Co9S8@NC after applied 8 hours’ constant 

potential at 1.65 V vs. RHE in N2 saturate 0.1M KOH. 
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5.4  Summary 

     In summary, a 3DOM surface engineered N-Co9S8@NC composite was designed as an 

efficient ORR-OER bifunctional catalyst for zinc-air batteries by a facile hard-template method 

followed by temperature controlled heat treatment process. The 3D hierarchical honeycomb-like 

mesoporous structure is beneficial for the ORR-OER reactions occur at the 

gas/catalyst/electrolyte three-phase interface. The presence of N-doped carbon layer lined in the 

3D solid network of the porous architecture further enhances the electrical conductivity and ORR 

activity of the composite catalysts. Such self-supported continuous N-Co9S8 porous network 

provided a 3D through-continuity for maximum accessibility of the active phases to reactants 

while minimizing agglomeration of the N-Co9S8 nanoparticles. With all these merits combined 

together, the zinc-air battery using the 3DOM N-Co9S8@NC catalyst delivers outstanding 

galvanodynamically charge and discharge performance and achieved long cycling stability over 

400 h at 10 mA cm-2 current density. All results clearly suggesting that the oxygen catalytic 

activity and cycling durability were efficiently improved by design active transition metal hybrid 

into 3DOM self-support porous structure, although partially structure crush was observed after 

long-time OER testing. Design of a more robust bi-functional oxygen electrocatalyst with high 

activity will be presented in the next chapter. 
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CHAPTER 6  

Three-dimensional Oxygen Vacancy-rich TiOxNy  

Semiconductor-supported Cobalt Bi-functional Electrocatalyst 

      In this chapter, an ultrafine Co metal decorated three-dimensionally ordered macroporous 

titanium oxynitride (3DOM-Co@TiOxNy) bi-functional catalyst was presented. It was developed 

through a new catalyst support design strategy focusing on OV-rich, low-bandgap semiconductor; 

the OVs promote the electrical conductivity of the TiOxNy semiconductor support, and at the 

same time offer a strong metal-support interaction (SMSI), which gives small Co catalyst size, 

high catalytic activity, and high stability. The results confirmed that 3DOM-Co@TiOxNy 

exhibits comparable activities for oxygen reduction and evolution reactions, but much higher 

cycling stability than noble-metals in alkaline conditions. This work sheds light on using OV-

rich semiconductors as promising support to design efficient and durable non-precious 

electrocatalysts. This study is organized as follows: an introduction of this study is presented in 

Section 6.1. The experimental and computational methods used in this study are described in 

Section 6.2. Results and discussions are given in Section 6.3. Concluding remarks are stated in 

Section 6.4. 

6.1 Introduction 

      The practical application of rechargeable zinc-air batteries requires a low-cost, efficient and 

stable air electrode catalyst toward both the oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER). The most promising non-precious bifunctional catalysts are carbon-

supported transition metal hybrid materials.[1-9] However, carbon-supported catalysts suffer from 

carbon electrochemical oxidation, which causes the loss or aggregation of supported catalysts 
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and degrades the electrocatalysis durability and performance.[2,3] To alleviate this problem, some 

strategies have been reported including coating the carbon support with corrosion-resistive 

TiO2,
[4-6] using conductive TiN as an alternative support,[7-9] or developing perovskite oxides as 

active catalysts.[10-12] However, both TiO2 and perovskite oxides have an intrinsic low-

conductivity drawback, and nor TiN is an optimum support material to obtain highly dispersed 

and active catalysts due to the non-defective surface structure. Thus, the objective of this study is 

to develop conductive and oxidation-resistant support to relieve catalyst degradation, and at the 

same time to achieve a high bifunctional catalytic activity with enhanced durability performance.  

      Here, we propose that OV-rich, low-bandgap oxide semiconductor can be promising support 

to design active and durable ultrafine metal catalysts in electrocatalysis (Figure 6.1). This 

argument is built on our multidisciplinary understanding of OVs in semiconductor physics and 

heterogeneous solid-gas catalysis: i) the OVs lower the bandgap in oxide semiconductors: the 

higher OVs concentration, the higher conductivity of the oxides;[13,14] ii) in solid-gas catalysis, 

the OVs on oxide supports would provide an SMSI with the supported metal catalysts, and 

results in high metal dispersion, small metal size, high relative catalytic activity and high 

stability.[15-20] That is, the OVs are not only beneficial for the conductivity of the oxides, but it 

also offers an SMSI that favours the formation and stabilization of highly active ultrafine metal 

nanoparticles. Note that, in electrocatalysis, the role of OVs in metal oxides as active 

components is well reported for contributing to its enhanced catalytic activities.[21,22] However, 

the significance of OVs in supporting materials is much less discussed, in particular for 

processes involving the oxidative OER reaction. To the best of our knowledge, this is the first 

time that the concept of OVs-induced SMSI is introduced to design active and stable 

semiconductor-based electrocatalysts with ultrafine dispersion of the active phase for ORR and 
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OER. 

 

Figure 6.1 The design strategy for semiconductor-supported metal as electrocatalysts. 

 

       In this work, we developed an efficient and durable bifunctional catalyst which comprises 

OV-rich 3DOM TiOxNy supported ultrafine Co, referred to as 3DOM-Co@TiOxNy. The as-

developed 3DOM-Co@TiOxNy catalyst exhibits good ORR-OER activities and superior stability 

in alkaline conditions. The zinc-air battery using this catalyst delivers excellent stability with less 

than 1% energy efficiency loss over 900 charge-discharge cycles at 20 mA cm-2. The high 

stability is attributed to the strong SMSI between Co and 3DOM-TiOxNy which verified by 

density functional theory (DFT) calculations. This work guides the design of efficient and 

durable non-precious electrocatalysts using OV-rich semiconductors as promising support 

materials. 

6.2 Experimental and Computational Details  

6.2.1 Catalyst preparation 
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      The 3DOM-Co@TiOxNy catalyst was prepared using polystyrene (PS) sphere as template. 

The PS spheres have an average diameter of ~200 nm and were synthesized through emulsion 

polymerization using styrene, polyvinylpyrrolidone (PVP), potassium persulfate, and DDI water 

(Figure 6.2). Detailed information about the synthesis of PS spheres can be found in [23].   

 

Figure 6.2. a) Schematic of preparation procedure for PS beads; b) low and high magnification 

SEM images of PS template.  

      For the preparation of 3DOM-Co@TiOxNy, 178mg cobalt acetate [Co(CH3COO)₂·4 H₂O] 

was dissolved in a 11 mL solution that mixed from ethanol (EtOH), titanium butoxide [Ti(OBu)₄] 

and hydrochloric acid (HCl) solutions [EtOH:Ti(OBu)₄:HCl volumetric ratio=5:5:1] at room 

temperature. The as-obtained precursor solution has a Co:Ti atomic ratio of 1:20 and was added 

drop-wisely to the PS template (1mL precursor:1mg PS) under vacuum filtration. The infiltrated 

PS template was dried overnight. Then, the PS template was removed by calcination in Ar and 

NH3 using the following heating program: from room temperature to 300°C and stay at 300°C 
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for 1 h, heat up to 540°C and keep 1 h, raise the temperature to 800°C and keep for 20min. The 

ramping rate is 1 °C/min. Then, the gas atmosphere is switched from Ar to NH3 and keeps at 

800°C for 40min. After that, the gas is switched back to Ar and cool down to room temperature. 

The resulting powder product was referred to as 3DOM-Co@TiOxNy (Figure 6.3). 

 

Figure 6.3 Schematic of preparation procedure for 3DOM-Co@TiOxNy catalyst, and the Co 

interface-confinement effect induced by SMSI and carbon layer. 

      Note that the Co composition or Co:Ti ratio in 3DOM-Co@TiOxNy can be tuned by 

changing the amount of Co(OAc)₂·4H₂O in the precursor solution. For optimization purpose, 

3DOM-Co@TiOxNy composites with Co:Ti atomic ratio of 1:80 and 4:20 were also prepared, 

which are referred to as 3DOM-Co@TiOxNy (1:80) and 3DOM-Co@TiOxNy (4:20), respectively. 

With the absence of Co(OAc)₂·4H₂O in the precursor solution, the as-obtained product is named 

as 3DOM-TiOxNy (Figure 6.4). Moreover, in addition to the 3DOM-Co@TiOxNy obtained with 

40mins NH3 treatment, two other Co@TiOxNy samples were also developed by changing the 

duration of NH3 treatment (10mins and 1hour), which were referred to as 3DOM-Co@TiOxNy 

(in NH3 10min) and 3DOM-Co@TiOxNy (in NH3 1h), respectively. The oxidized form of the 

3DOM-Co@TiOxNy was also synthesized by annealing the 3DOM-Co@TiOxNy sample in air at 

450℃ for 2 hours. The resulting product was identified as Co3O4@TiO2, as seen in Figure 6.4. 
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Figure 6.4 XRD patterns of various 3DOM composites. 

 

6.2.2 Material characterization 

        The morphologies and microstructures of the as-prepared catalysts were characterized using 

scanning electron microscopy (SEM, LEO FESEM 1530) and transmission electron microscopy 

(TEM, JEOL 2010F). Their crystal structures were investigated using X-Ray Diffraction (XRD, 

Rigaku Miniflex 600). The surface chemical composition of the samples was analyzed by X-ray 

photoelectron spectroscopy (XPS), A Gaussian-Lorentzian mix is used while analyzing XPS 

peaks. The background used was the "Smart" background, which is a corrected Shirley 

background. The binding energy scale was calibrated to fix the carbon sp3 peak at 284.8 eV [24]. 
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Brunauer-Emmett-Teller (BET) analysis was performed to evaluate the surface area of 3DOM-

Co@TiOxNy composite. 

6.2.3 Electrochemical evaluation  

The ORR-OER performance of the as-prepared 3DOM composite catalysts was evaluated using 

a three-electrode glass cell in 0.1 M KOH solution. An SCE electrode and graphite rod was used 

as the reference and counter electrodes, respectively. The working electrode is the glassy carbon 

rotating disk electrode (RDE) loaded with 3DOM catalyst. The catalyst inks were prepared by 

dispersing 2 mg of catalyst and 2 mg of Vulcan XC-72 in 1 mL of ethanol containing 0.2 wt% 

Nafion ionomer. The ink was sonicated for 30min. Then, 25 µL of catalyst ink was drop-casted 

onto the RDE electrode, which results in an overall loading of 0.5 mg cm-2. This includes 0.25 

mg cm-2 active catalysts (e.g. 3DOM Co@TiOxNy) and 0.25 mg cm-2 Vulcan XC-72, 

respectively.  The ORR and OER activities of the 3DOM catalysts were measured under O2 and 

N2 saturated 0.1M KOH, respectively, at a scanning rate of 10 mV s-1. The same procedure is 

applied to measure the ORR and OER activity of commercial precious catalysts Pt/C (28.8 wt. % 

Pt) and Ir/C (20 wt. % Ir), respectively, with a loading of 0.2 mg cm-2. This loading of 

commercial Pt/C and Ir/C catalysts is commonly used as reference loading in the literature, and 

their catalytic performances measured in this work are in line with reported works.[25,26] 

        Saturated calomel electrode (SCE) is used as the reference electrode in all RDE testing. The 

calibration of SCE was performed by measuring the voltage ΔE between the SCE and a Pt wire 

immersed in the high purity hydrogen saturated 0.1 M KOH electrolyte.[27] The measured ∆E 

between SCE and RHE is 0.996V. Then RDE potentials are calibrated and given as referred to 

RHE using the equation: VRHE=VSCE+0.996 V. 
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        The electrochemical performance of 3DOM-Co@TiOxNy in zinc-air battery was tested 

using a multichannel potentiostation (Princeton Applied Research, VersaSTAT MC). The 

catalyst was spray-coated onto carbon paper and was used as cathode. The catalyst loading is 1.0 

mg cm−2. The anode and separator are zinc-plate and microporous membrane, respectively. The 

electrolyte is 6.0M KOH solution with 0.2M Zn(CH3COO)2. The galvanodynamic charge and 

discharge profiles of the battery were obtained by scaled the current density from 0 to 0-150 mA 

cm-2. The cycling tests were conducted at a current density of 20 mA cm-2 with 10min discharge 

and 10min charge time for each cycle. The tests were operated in ambient air condition. 

6.2.4 Computational Details 

        The DFT calculation was carried out using the generalized gradient approximation (GGA) 

with the Perdew-Burke-Ernzerhof (PBE) exchange and correlation functional.[30] All calculations 

were performed using the VASP package.[31,32] A Dudarev “+U” term acting on the Ti 3d states 

(referred as GGA + U) was applied. The U value was set to 3.8eV.[33] A plane-wave cutoff of 

400eV was used. The Brillouin zone was integrated using the Monkhorst-Pack sets of 2×2×1 k-

points mesh. The stoichiometric rutile TiO2 (110) and (100) surfaces were modelled by nine-

atomic layered slabs with a (3×2) and (3×2) unit cell, respectively. On the other hand, the 

stoichiometric TiO (110) and (100) surfaces were represented by nine-atomic layered slabs using 

2×1 and 2×2 unit cell, respectively. The tetrahedral Co4 cluster is adopted to model Co 

nanoparticle because it is the smallest 3D unit that can provide a three-dimensional structure to 

probe both metal-metal and metal-support interactions.[34,35] All the slabs have a vacuum height 

of 15 Å. During the calculations, the bottom two atomic layers were fixed, whereas the 

remaining layers and the adsorbates were allowed to relax. Structures are fully relaxed until the 

forces acting on the atoms are smaller than 0.03 eV/Å. The reduced TiO2 (110) and (100) 
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surfaces (contains vacancy) were constructed by placing three and four oxygen vacancies on the 

bridging oxygen rows in their stoichiometric TiO2 surfaces, respectively.[36] The reduced TiO 

(110) and (100) surfaces were built by removing three and two oxygen sites on the topmost layer 

of their stoichiometric surfaces. The metal-support adhesion interaction (Eadh) was calculated by 

the following equation: Eadh= -(Esupport+metal- Esupport-Emetal), where Esupport+metal represents the total 

energy of the supported system, Esupport and Emetal are the energy of isolated support and metal 

system, respectively. 

6.3 Results and Discussion 

     As discussed in the experimental section, the 3DOM-Co@TiOxNy bi-functional catalyst was 

prepared by thermal treating PS template soaked with cobalt acetate [Co(CH3COO)2∙4H2O] and 

titanium butoxide [Ti(OBu)4] precursor solution with an atomic ratio of Co:Ti=1:20. At different 

heating stages, Ar and NH3 atmosphere was used. This ensures an oxygen-deficient and 

reductive environment that is beneficial for OVs formation in the TiOxNy support. It should be 

mentioned that the calcination of PS beads not only forms the 3DOM morphology, but also 

generates an N-doped carbonaceous layer enwrapping the Co@TiOxNy framework (Figure 6.3). 

Such N-doped carbon layer is introduced mainly to improve the ORR activity of the composite [9] 

rather than as conductive supporting material. The carbon layer also provides further 

confinement for ultrafine Co metal catalyst on TiOxNy (Figure 6.3), which will be discussed later. 

The crystal components of Co@TiOxNy were identified as metallic Co, TiO, TiN and rutile TiO2 

through XRD analysis (Figure 6.5, before OER). For the sake of comparison, 3DOM composites 

without the addition of Co precursor or ammonolysis treatment were also developed. The 

resulting products were identified and referred to as 3DOM-TiON and 3DOM-Co@TiOx (Ar), 

respectively (Figure 6.4).  
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Figure 6.5 XRD patterns of 3DOM-Co@TiOxNy before and after OER reaction 

      Figure 6.6a shows the 3DOM morphology of the 3DOM-Co@TiOxNy composite: it has 

macroporous pores of ~150 nm and interconnected walls, providing a strong structural support 

for the composite. Scanning transmission electron microscopy (STEM) image shows that the 

3DOM interconnected walls are built by aggregated nanoparticles (Figure 6.6b).  

 

Figure 6.6 a) SEM and b) STEM image of 3DOM-Co@TiOxNy. 

      Interestingly, the 3DOM-Co@TiOxNy was found featured with an IV type N2 absorption-
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desorption isotherm, [37] seen in Figure 6.7. This indicates that, in addition to the macropores, it 

contains mesopores, leading to a high Brunauer-Emmett-Teller (BET) surface area of 266 m2 g-1. 

Together with its 3DOM porous structure, the high surface area ensures high availability of 

active sites, and low mass transfer resistance within the catalyst, which is beneficial for the 

electrochemical performance of the catalyst. 

. 

Figure 6.7 N2 adsorption-desorption isotherms and pore size distribution of 3DOM-Co@TiOxNy 

composite. 

      Figure 6.8 shows the high magnification electron energy-loss spectroscopy (EELS) mapping 

of the 3DOM-Co@TiOxNy catalyst. It reveals that the aggregated nanoparticles formed the 

3DOM walls, as observed in STEM, are TiOxNy, and their outer surfaces are homogeneously 

covered with Co with an atomic composition of 0.79%, see Table 6.1.  
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Figure 6.8 STEM-Electron energy-loss spectroscopy (STEM-EELS) elemental mapping (Ti, Co, 

O, N, and C) of 3DOM-Co@TiOxNy. 

 

Table 6.1 XPS surface atomic composition of the as-prepared 3DOM-Co@TiOxNy and 3DOM-

Co@TiOx (Ar) composites 

 Ti Co C O N 

3DOM-Co@TiOxNy 12.62 0.79 58.07 18.85 9.67 

3DOM-Co@TiOx (Ar) 17.07 1.18 44.38 37.37  

 

A high resolution STEM mapping image shows that the Co@TiOxNy nanoparticles appear to 

exhibit the ‘core-shell’ structure (Figure 6.9a). Additionally, one can see that C element is 

uniformly distributed on the outermost surface layer of the Co@TiOxNy particles, suggesting 

there is a carbon layer covering the 3DOM walls. This carbon layer not only improves the 
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conductivity of the composite, but may also act as a confining layer to restrict ultrafine Co onto 

TiOxNy, and therefore can further contribute to the stability of the 3DOM-Co@TiOxNy. To 

distinguish the contribution of the carbon layer and TiOxNy components to the composite 

conductivity, the electrical conductivity of 3DOM-Co@TiOxNy and 3DOM-Co@TiOx (Ar) were 

measured. Both of the composites have a carbon layer. However, the conductivity of 3DOM-

Co@TiOxNy (5.11 S cm-1) is one order of magnitude higher than that of 3DOM-Co@TiOx (Ar) 

(0.76S cm-1), seen in Figure 6.9b. This shows the conductivity of the 3DOM-Co@TiOxN 

composite is mainly contributed by TiOxNy rather than the carbon layer. All of these 

observations strongly support the successful synthesis of ultrafine Co on conductive TiOxNy. 

Note that, the high resolution TEM (HRTEM) image of the 3DOM-Co@TiOxNy composite and 

the corresponding FFT pattern further confirm the existence of ultrafine metallic Co phase on 

TiOxNy (Figure 6.10). 

 

Figure 6.9 a) STEM image and high magnification STEM-EELS mapping of Ti, Co, O, N, and C 

elements; b) Electrical conductivity of 3DOM-Co@TiOxNy. 
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Figure 6.10 a) HRTEM images and corresponding FFT pattern of 3DOM-Co@TiOxNy 

composite; b) Line profiles of the d-spacing of the Co@TiOxNy in (a). 

      The local chemical environment on the surface of 3DOM-Co@TiOxNy (before OER) was 

examined by XPS. Its Ti 2p spectrum was deconvoluted into three overlapping doublets (Figure 

6.11a). The minor Ti 2p3/2 peak located at 455.2 eV can be assigned to TiN or TiO. The other 

two peaks centred at 456.8 eV and 458.3 eV are referred to as TiON and reduced TiO2-x or Ti2O3, 

respectively.[38,39] The Ti 2p3/2 signal at 459.1 eV associated with TiO2 is very weak, which 

confirms the low oxidation state of Ti in TiOxNy. The Co 2p spectrum of 3DOM-Co@TiOxNy 

has a characteristic 2p3/2 peak of CoO rather than metallic Co, suggesting the ultrafine Co was 

mildly oxidized in the air (Figure 6.11b). The N 1s spectrum shows the existence of N-Ti-O 

(396.2 eV), N-Ti (397.2 eV) and N-C components in TiOxNy 
[40,41] (Figure 6.11c). The OVs in 

3DOM-Co@TiOxNy was probed by the O 1s XPS spectrum (Figure 6.11d). The peak at 530.1 

eV is associated with lattice O2- from O-Ti or O-Co bond, [42,43] and the peak at 531.6 eV 
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represents the non-lattice (defective) O2- or OH species.[44] Although the formation of OH 

species on the catalyst surface is possible, e.g. its exposure to the ambient atmosphere, the 

defective O2- is consistent with the wide distribution of Ti2+, Ti3+ and Ti4+ states in the Ti 2p 

spectrum (Figure 6.11a), indicative of enrichment of OVs on the TiOxNy surface. The locations 

of OV can be distributed across both of the TiO and TiO2 lattice of TiOxNy. This is because i) 

TiO itself is commonly featured with high OV content (11~20%); [45] ii) TiO2 with OV has been 

reported to be obtained in a low-oxygen atmosphere,[46,47] therefore the existence of OV in TiO 

and TiO2 lattice obtained under the strong reducing atmosphere of NH3 is inevitable.  

 

Figure 6.11 a) Ti 2p; b) Co 2p; c) N 1s; and d) O 1s XPS spectrum of 3DOM-Co@TiOxNy 

before and after 16 hours of OER half-cell test at a constant potential of 1.60V vs. RHE. 

      Further evidence of the OV comes from a close inspection of the shape of the O-K (O 1s→2p) 
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and Ti-L (Ti 2p→3d) core edges of EELS spectrum of 3DOM-Co@TiOxNy (Figure 6.12), which 

provides chemical and electronic information on buried atoms that are in a bulk-like 

environment.[48] The O-K edge fine structure has been reported sensitive to O-O ordering, and 

damps out as the OVs concentration increases.[49] As shown in Figure 6.12, the O-K edge fine 

structure ‘washes out’ in 3DOM-Co@TiOxNy compared with that of 3DOM-Co@TiOx (Ar), 

indicating the high OVs concentration in TiOxNy. This is also consistent with the distinct peak 

shift in Ti-L edge towards low photon energy, as OVs are electron donors. The Co-L edge signal 

is not apparent, supportive for the low loading of Co (0.79%) on TiOxNy. 

 

Figure 6.12 Comparison of EELS spectra of Ti-L, O-K and Co-L core edges acquired from the 

as-prepared 3DOM composites. 

      The beneficial effect of OVs in SMSI within Co-TiOxNy was supported by DFT calculations. 

Here, TiO2 and TiO surface were used as representative crystals for 3DOM-Co@TiOxNy because 

they are the two main crystalline oxides in TiOxNy observed in our pre- and post-OER XRD 

analysis (Figure 6.5). The Ti-N component is neglected to simplify the DFT model. This is a 

reasonable assumption because we only focus on the OV sites. The (110) and (100) surfaces are 
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used to model the TiOx oxides because they are the reported stable surfaces on rutile TiO2,
[50] 

and featured planes for TiO as well. The adhesion energy of tetrahedral Co4 cluster on the OV 

sites of non-stoichiometric cubic TiO and rutile TiO2 (110) surfaces are 12.13 eV and 12.98 eV, 

respectively, indicative of the SMSI (Figure 6.13). In addition, we found that, for (110) surface, 

the 3D Co4 cluster was stable only on the non-stoichiometric (reduced) surfaces, whereas 

distortion of the Co4 cluster occurs on the stoichiometric surface. For instance, on the 

stoichiometric TiO2 (110) surface, although it has a much higher adhesion energy (19.65 eV) 

than that on reduced rutile TiO2 (110), the severe distortion of Co4 cluster results in many Co-O 

bonds, suggesting that the stoichiometric TiO2 (110) surface is not favourable for the nucleation 

of metallic Co.  

 

Figure 6.13 The most stable geometries and the corresponding adhesion energy of Co4 cluster on 

reduced and stoichiometric TiO and TiO2 (110) surface: blue (Co), cyan (Ti), red (O). 

      On the (100) surface of TiO2 and TiO, the tetrahedral structure of Co4 cluster is preserved, 
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and the non-stoichiometric (reduced) TiO2 and TiO exhibit stronger SMSI than that on 

stoichiometric model (Figure 6.14). Moreover, we found that on both of the reduced (110) and 

(100) surfaces, the Co tends to incorporate into the TiO2 and TiO lattice, revealing that the OV 

act as sites for the Co nuclei. Thus, we can further infer that, in addition to providing an SMSI, 

OV sites on the reduced surfaces also act as nucleation sites for Co growth during calcination. 

That is, the OV sites are essential in the nucleation and stabilization of the ultrafine metals. This 

is also supported by the fact that surface defects acting as preferred nucleation sites for the 

growth of metal particles have been widely recognized.[51,52] 

 

Figure 6.14 The most stable geometries and the corresponding adhesion energy of Co4 cluster on 

reduced and stoichiometric TiO and TiO2 (100) surface: blue (Co), cyan (Ti), red (O). 

      The electrocatalytic activities of the 3DOM composites were evaluated by linear sweep 

voltammetry (LSV) with 0.1 M KOH solution. Figure 6.15 shows that 3DOM-Co@TiOxNy 

delivers an ORR onset potential of 0.90 V (vs. RHE). Although its onset potential still can’t 

catch up with that of Pt/C catalyst (0.98V), 3DOM-Co@TiOxNy exhibits a comparable ORR 
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half-wave potential (0.84 V) to that of Pt/C (0.85 V). Meanwhile, it also shows much higher 

ORR activity than the Co-free 3DOM-TiON and N-free 3DOM-Co@TiOx (Ar). The linearity of 

the K-L plot and the number of electrons (n=4.0) transferred during ORR also indicate fast 

kinetics throughout the potential range inspected (Figure 6.16 a-b).  

 

Figure 6.15 ORR LSV curves of various 3DOM composites obtained at a scan rate of 10 mV s-1 

in 0.1 M KOH electrolyte at 900 rpm. 
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Figure 6.16 a) LSVs of 3DOM-Co@TiOxNy in O2-saturated 0.1 M KOH at sweep rate of 10 mV 

s-1 and different rotation rates; b) the corresponding K-L plots (J−1 versus ω-1/2) at different 

potentials. 

      In the case of OER, 3DOM-Co@TiOxNy exhibits the highest activity among the 3DOM 

composites (Figure 6.17). For example, when a current density of 10 mA cm-2 is generated, it has 

a similar OER overpotential (~385 mV) as that of commercial Ir/C, whereas the overpotential for 

N-free 3DOM-Co@TiOx (Ar) (417 mV) is slightly higher. The Co-free 3DOM-TiON composite 

has only minor OER activity, suggesting Co is the active component for OER. The high ORR 

and OER activity of 3DOM-Co@TiOxNy was further confirmed by its Tafel plot (Figure 6.18a-

b).  

 

Figure 6.17 OER LSV curves of various 3DOM composites obtained at a scan rate of 10 mV s-1 

in 0.1 M KOH electrolyte at 1600 rpm. 
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Figure 6.18 a) ORR; and b) OER Tafel plots of 3DOM-Co@TiOxNy, respectively. 

      In the above analyses, the activity of the 3DOM catalysts and commercial Pt/C or Ir/C 

catalysts was evaluated based on the geometry area of RDE electrode. The OER activity of as-

developed catalysts were also normalized by the electrochemically active surface area (ECSA), 

which can be evaluated from the double-layer capacitance (C𝑑𝑙) using the following equations [53]: 

𝑖𝑐 = 𝑣𝐶𝑑𝑙                                     (6 − 1) 

ECSA =
𝐶𝑑𝑙

𝐶𝑠
                                (6 − 2) 

where 𝑖𝑐 is the charging current, which can be measured from CVs at multiple scan rates. 𝑣 is 

scan rate. The Cdl, can be determined as a slope by plotting 𝑖𝑐 against scan rate. Cs is specific 

capacitance, which can be set to 0.035 mF cm-2 for 1.0M KOH solution [8].  

Figure 6.19a-c) show the CVs obtained for the 3DOM catalysts, and their corresponding C𝑑𝑙 

determined by CVs in the potential range of 1.1-1.30 V without redox processes. Figure 6.19d-f) 

show that the C𝑑𝑙 of 3DOM-Co@TiOxNy slightly surpass that of 3DOM-Co@TiOx (Ar), and 

both of them are higher than that of 3DOM-TiON. The OER activities of these as-developed 
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catalysts normalized by ECSA also show a similar trend with that normalized by the geometry 

area of RDE electrode (Figure 6.19), revealing that the activity enhancement of 3DOM-

Co@TiOxNy is due mainly to an increase in intrinsic surface specific activity of 3DOM-

Co@TiOxNy. 

 

Figure 6.19 CV curves of a) 3DOM-Co@TiOxNy, b) 3DOM-Co@TiOx(Ar) and c) 3DOM-TiON 

at the double layer region at scan rates of 5, 10, 15 and 20 mV s-1 in 1.0 M KOH solution; d-f) 

current density at the potential of 1.2V, where no redox current peaks are observed, as function 

of the scan rate derived from a-c), respectively. 
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Figure 6.20  LSV curves of various catalysts normalized by electrochemical active surface area. 

      As mentioned in section 6.2.1, for a comprehensive comparison purpose, three other 3DOM 

composites, including oxidized 3DOM-Co3O4@TiO2 (air-annealed 3DOM-Co@TiOxNy), 

Co@TiOxNy (in NH3 10min) and Co@TiOxNy (in NH3 1hour) were also synthesized and 

characterized. Figure 6.21 shows that all the three Co@TiOxNy composites treated by NH3 

exhibit higher catalytic activities for both ORR and OER than the oxidized Co3O4@TiO2, 

indicating the positive effect of N present in the Co@TiOxNy catalysts. Moreover, despite all 

three catalysts having similar ORR activities, the as-prepared 3DOM-Co@TixONy composite, 

which obtained by 40min-NH3 treatment, shows the highest OER activity. 
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Figure 6.21 a) ORR and b) OER LSV curves of various 3DOM composites obtained at a scan 

rate of 10 mV s-1 in 0.1 M KOH electrolyte at 900 r.p.m and 1600 rpm, respectively. 

      Furthermore, the stability of the best-performing 3DOM-Co@TixONy catalyst was examined 

by performing a CP test at 10mA cm-2. It shows that 3DOM-Co@TiOxNy electrode exhibits a 

much more stable voltage-time curve than Ir/C under OER:  its output voltage increased by 5% 

after 20 h operation, much lower than that of Ir/C (20%), as shown in Figure 6.22a. When 

fabricated into an air electrode in a rechargeable zinc-air battery, an open circuit voltage of ~1.47 

V is achieved (Figure 6.22b). At 1.0 V, the battery delivers a discharge current density of 95 mA 

cm-2 (Figure 6.22c). Notably, at low voltages under 0.8 V, 3DOM-Co@TixONy was able to 

deliver a much higher current density than that of Pt/C+Ir/C catalyst mixture, confirming the 

enhanced mass transfer realized by its 3DOM structure. Additionally, Figure 6.22d shows that it 

reaches a peak power density of 110 mW cm-2 at a current density of 135 mA cm-2 (0.80V), 

higher than that of Pt/C+Ir/C catalyst mixture. The battery stabilities using Pt/C+Ir/C and 

3DOM-Co@TixONy electrodes were further examined at a current density of 20 mA cm−2 with 

each cycle being 20 min. As shown in Figure 6.22e, the zinc-air battery using Pt/C+Ir/C 

electrode shows a conspicuous charge and discharge voltage decay after 30 cycles (charge-

discharge voltage gap of 1.36V) despite the narrow initial voltage gap (0.9V), and the 
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degradation continues over time.  

 

Figure 6.22 a) Long-term OER electrolysis stability under constant current density at 10 mA cm-

2; b) Demonstration of the zinc-air battery configuration; c) Charge and discharge polarization 

curves; d) Power density plots; and e) Cycling performance of zinc-air batteries assembled using 

3DOM-Co@TiOxNy and Pt/C+Ir/C as air electrodes in ambient air. 

Figure 6.23 shows that the battery using 3DOM-Co@TixONy electrode delivers an initial charge-

discharge voltage gap of 0.97V, which was increases only by 10 mV (from 0.97V to 0.98V) after 

900 cycles, representing excellent cycling stability with less than 1% energy efficiency loss 

under highly oxidative operating conditions.  
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Figure 6.23 Galvanostatic discharge and charge cycling stability of a zinc-air battery using the 

3DOM-Co@TiOxNy electrode under ambient conditions. 

      As discussed in our design strategy, the excellent activity and durability of 3DOM-

Co@TiOxNy are attributed to ultrafine Co and its SMSI with the conductive TiOxNy support, 

respectively. Essentially, the OV in TiOxNy support, as well as its 3DOM structure, play the key 

role. Thus, we expect its OV and structure should be maintained during OER. To verify this 

argument, the morphology and composition of the 3DOM-Co@TiOxNy upon highly oxidative 

OER operating conditions (at a constant potential of 1.60V vs.RHE) were examined. SEM 

imaging confirms the 3DOM structure of the composite remained intact after 16 hours of OER 

testing (Figure 6.24).  

 



94 
 

Figure 6.24 a) low and b) high magnification SEM images of the 3DOM-Co@TiOxNy composite 

after 16 hour OER half-cell test at a constant potential of 1.60V (vs. RHE). 

      Interestingly, the XRD pattern shows the TiON and TiO2 crystalline in 3DOM-Co@TiOxNy 

disappears after OER reaction, exhibiting only TiO crystal patterns (Figure 6.5). Common sense 

would dictate TiOxNy will be eventually oxidized into TiO2 under OER. Here, we argue that this 

would be true only in the absence of active OER components. In such cases, the outer surface 

TiOxNy would be “forced” to catalyze OER reaction, and gradually oxidized into TiO2. In fact, 

there is only slight oxidation on TiOxNy: as shown in the Ti 2p XPS spectrum (Figure 6.11a, 

after OER), the low energy Ti 2p3/2 peak associated with TiN or TiO disappears. Meanwhile, the 

intensity of the TiON peak decreases and the TiO2-x (or Ti2O3) peak predominates. There is no 

obvious increase of the signal at 459.1eV (corresponding to TiO2), indicating its further 

oxidation is prohibited.  

      The mild oxidation of TiOxNy surface is also consistent with the decrease of the metallic N-

Ti peaks (N-Ti-O and N-Ti) intensity in N 1s spectrum (Figure 6.11c). The oxidation might 

result from its inevitable involvement in catalyzing OER, see Figure 6.17, from which one can 

see that the Co-free 3DOM-TiON composite exhibits a minor OER activity. On the other hand, 

due to its high electrical conductivity, it may receive the electrons released from the active 

ultrafine Co during OER, and therefore suppresses its further oxidation. The vanishing of TiO2 

crystal structure in XRD is likely caused by the migration of O2- from inner-core TiO2 lattice 

towards the OV-rich TiOxNy outer surface, as a consequence of the applied positive voltage in 

OER. In semiconductor physics, such voltage-driven O2- transportation in defective TiO2 is well-

known for resulting in its resistive switching property.[54] Figure 2d shows that the outer CoO 

surface of the ultrafine Co nanoparticles was oxidized into Co3O4 during OER, indicating Co3O4 
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is the actual catalytic phase for OER. As indicated in the O 1s XPS spectrum, after OER reaction, 

there is a significant increase in the relative intensity of vacancy O2- and O-C peaks (Figure 

6.11d). The latter confirms the oxidation of carbon layer during OER, whereas the increased 

intensity of O2- vacancies might have resulted from the positive voltage-induced O2- migration 

by extracting O2- from the lattice.[55] Therefore, we conclude that, despite the slight oxidation of 

the TiOxNy surface and carbon layer in the composite, its conductive and OV-rich TiO2-x (or 

Ti2O3) outer surface was preserved during OER. This is the underlying key factor that 

contributes to the high activity and stability of the composite. Additionally, we found that the 

chemical state of Co@TiOxNy remains almost the same after ORR (Figure 6.25), confirming that 

the stability of ORR/OER bi-functional catalyst is mainly affected by OER rather than ORR. 

 

Figure 6.25 a) Ti 2p; b) N 1s; c) Co 2p XPS spectrum of 3DOM-Co@TiOxNy before and after 

5000 CV cycles of ORR half-cell test. 

6.4 Summary 

        Building on our improved understanding of OVs in semiconductor physics and its resulting 

SMSI in solid-gas catalysis, we proposed and demonstrated a rational catalyst design strategy of 

synthesizing 3DOM-TiOxNy semiconductor supported ultrafine Co as efficient and durable 
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electrocatalyst. Benefiting from the OVs-granted features of TiOxNy support, including high 

conductivity, oxidation-resistance, SMSI stabilizing ultrafine Co, the 3DOM-Co@TiOxNy 

composite exhibited comparable ORR-OER performance, but much longer cycling stability than 

noble-metals in a rechargeable zinc-air battery: it achieved over 900 charge-discharge cycles 

(300 hours) at 20 mA cm-2. Moreover, we found that the composite undergoes a composition 

transition during OER. Such transition helps us elucidate the excellent stability of the composite, 

which is attributed to the sustained OVs and relative low oxidation state of TiOxNy surface 

during OER reaction. The strategy presented in this study can serve as a fundamental basis for 

selecting and designing high-performance catalyst support materials for oxygen electrocatalysis 

in rechargeable zinc-air batteries.   
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CHAPTER 7  

Conclusions and Recommendations 

 

7.1 Conclusions 

      The focus of this research was to develop efficient ORR-OER bifunctional catalysts in zinc-

air batteries, and at the same time provide insights on the real OER active phase under its 

oxidative operating potential. First, an efficient surface engineered (oxidized and nitrogen-doped) 

cobalt sulfide oxygen electrocatalyst supported on nitrogen-doped reduce graphite oxide sheet 

(O-N-Co9S8@N-RGO) was developed using a surface engineering catalyst design approach. The 

decorated O-N-Co9S8@N-RGO composite shows excellent electrocatalytic activity especially for 

oxygen evolution reaction (OER), and good stability over 900 charge-discharge cycles (200 hour) 

at 10 mA cm-2 in zinc-air battery. Interestingly, we found that O-N-Co9S8 crystal was completely 

converted into Co3O4 after OER. As there are increasingly many reports that claim metal 

chalcogenides, especially metal sulfides, as efficient OER catalysts for alkaline water electrolysis 

and rechargeable zinc-air batteries, our observations further clarify that oxide is the actual OER 

active phase rather than sulfide. Moreover, with such knowledge, our study suggests, and 

experimentally demonstrates that metal oxides, e.g. Co3O4, in-situ generated from phase 

transition of metal chalcogenides or metal oxides during OER, should be more active than the 

oxides crystals synthesized from calcination. This study advances the fundamental insight of 

metal chalcogenides-based OER “catalysts”, of which the post-OER characterizations of the as-

prepared bifunctional catalyst should be considered to identify its real active phase. It also 

provides guidance for the design of active OER catalysts.  
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      The surface engineered Co9S8 catalysts was further investigated by designing it into a self-

supported 3DOM structured catalyst. The resulting 3DOM N-Co9S8@NC catalyst provides a 3D 

through-continuity for maximum accessibility of the active phases to reactants. Such 3DOM 

structure design also minimizes the likelihood of N-Co9S8 nanoparticles agglomeration, which is 

highly possible to occur in N-RGO supported O-N-Co9S8@N-RGO catalysts. As a result, the 

zinc-air battery using the 3DOM N-Co9S8@NC catalyst delivers outstanding charge and 

discharge performance, and long cycling stability over 400 h at 10 mA cm-2 is achieved. The 

results suggest that 3DOM self-support porous structure design is an effective strategy to 

improve the oxygen catalytic activity and cycling durability of transition metal-based bi-

functional catalysts. It is also worth to know that the partial structure crush of N-Co9S8 after 

long-time OER testing implies that chalcogenide compounds might not suitable for the design of 

structurally robust bi-functional catalyst.  

      Finally, as an attempt to permanently solve the corrosion of bifunctional oxygen catalysts 

caused by the highly oxidative operating condition of rechargeable zinc-air batteries, based on 

our up-to-date multidisciplinary understanding of oxygen vacancies (OVs) in semiconductor 

physics and solid-gas catalysis, we propose a different strategy for the catalyst support design 

focusing on OVs-rich, low-bandgap semiconductor. The OVs promote the electrical conductivity 

of oxide support, and at the same time offer a strong metal-support interaction (SMSI), which 

gives small metal size, high catalytic activity, and stability. To the authors’ knowledge, this is the 

first time that such concept is introduced to design active and stable non-precious bifunctional 

electrocatalysts. This strategy is demonstrated by successfully synthesizing ultrafine Co metal 

catalyst decorated three-dimensionally ordered macroporous titanium oxynitride (3DOM-

Co@TiOxNy). The SMSI is verified by density functional theory calculations. The resulting 
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3DOM-Co@TiOxNy composite exhibits comparable oxygen electrocatalytic activity and much 

longer cycling stability than noble metal-based catalysts in alkaline conditions. The zinc-air 

battery using this catalyst delivers an excellent stability over 900 charge-discharge cycles at 20 

mA cm-2, with 99.5% energy efficiency retention. This work opens a new perspective to use 

OVs-rich semiconductors as promising support to design efficient and durable non-precious 

oxygen electrocatalysts for metal-air batteries. This study would be of substantial practical as 

well as fundamental interest to global research efforts in oxygen electrocatalysis and metal-air 

battery communities.  

7.2 Recommendations 

      This research represents a promising step towards a rational design and development of 

efficient ORR-OER bifunctional catalysts in zinc-air batteries. It also provides a clear 

understanding of the real OER catalytic component in Co-based catalysts. However, there are 

still many challenges ahead for the development of novel oxygen electrocatalysts. The following 

are recommendations for future research: 

i) The real catalytic phase of OER 

      Even though we have observed the conversion of cobalt sulfide into cobalt oxide during OER, 

but this is obtained under the operating potential of 1.60V vs. RHE. As discussed in Section 2.5 

of Chapter 2, recently, there are studies reported that there exists a dynamic transformation 

between cobalt oxides and hydr-oxides at different OER working potentials. Thus, we think that 

the real catalytic phase of cobalt-based oxygen electrocatalysts is correlated with the potentials, 

which should be investigated in the future. Such study will provide a more comprehensive 

understanding of the OER catalysis process and guides the rational design of efficient bi-
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functional catalysts in zinc-air batteries.   

ii) The synergistic effects between Co-M (M=Fe, Ni) on ORR-OER activity  

      The present study has shown that 3DOM TiOxNy semiconductor catalyst support design is an 

effective strategy to develop efficient and stable bifunctional catalysts. However, only Co is used 

as the active component. As there are increasing more reports observing improved ORR-OER 

performance of Co-Fe, Co-Ni based oxygen electrocatalysts. The introduction of other transition 

metals, e.g. Fe, Ni, into the as-developed 3DOM-Co@TiOxNy composite to further enhance its 

ORR-OER activity and its synergistic effects would be interesting. 

iii) The exploration of high-performance semiconductor supports in bi-functional catalysts  

      The current study has only focused on the TiOxNy semiconductor support design on the 

development of efficient and oxidation resistive ORR-OER catalysts. In fact, in addition to TiOx-

based material, there are many semiconductors that worthy to be searched and explored in oxgen 

eletrocatalysis.  
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