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Abstract  

With increasing demand of renewable energy sources, electrochemical catalysts have 

attracted great attention as they are critically important for energy transformation devices 

such as fuel cell and metal-air batteries. Traditional high-performance electrocatalytic 

materials such as noble metal and noble metal-based oxides suffer from high cost and poor 

stability. To address this problem, other materials such as transition-metal-based compound-

like oxides, chalcogenides, carbides, complexes and carbon-based materials have been 

considered and proven as promising candidates for alternatives to current noble metal-based 

electrocatalysts.  

This thesis attempts to develop high performance electrocatalysts based on earth abundant 

materials for oxygen reduction reaction (ORR), oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER) process. To tackle the issues that limit the performance of 

such catalysts like poor electron conductivity, insufficient active sites and low mass transfer 

rate, various optimization methods were applied, including heteroatom doping, fabrication of 

porous structure and combining with a conductive substrate. 

Graphene, known as a star material, has been widely used in electrocatalysis because of its 

outstanding conductivity and large specific surface area. Extensive studies have been 

conducted to improve the catalytic performance of graphene-based materials. Generally, 

catalytic activity can be optimised in two methods: enhancing the intrinsic activity of the 

active sites and/or increasing the number of active sites. Both can be achieved at the same 

time. By chemically crafting diamino-benzene derivatives to ortho-quinone sites on holey 

graphene oxide (GO) edges via a simple condensation reaction, pyridinic nitrogen-decorated 

active sites for ORR can be obtained. The graphene-based electrocatalyst produced 

outperform Pt/C electrocatalyst in Zn-air batteries. This will be elaborated in Chapter 2. 
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Transition metal-based compounds are also popular choices for electrocatalysts. A 

controllable synthesis method, developed to fabricate atomically thin CoSe2 nanobelt 

structures for water oxidation catalysis, will be discussed in Chapter 3. The as-synthesized 

material shows low overpotential, high current density, small Tafel slope and excellent 

catalytic stability, outperforming other assembled nano-structures. Furthermore, the electrode 

constructed from these nanobelts possesses a porous structure with highly accessible channels 

that allows facile electrolyte diffusion and efficient mass transfer.   

Spinel oxides are another class of material which also exhibits remarkable electrocatalytic 

activity. In Chapter 4, we investigated a series of Cobalt-doped spinel manganese oxide 

nanoparticles hybrid with GO nanosheets. The doping process alters the surface atomic 

arrangement and electronic property, which contribute to optimum adsorption behaviour of 

oxygen molecular and the ORR activities. When the dopant was 20 wt% (CMG-3), the doped 

material showed the best performance. The Zn-air battery assembled using CMG-3 as the air-

cathode catalyst achieved good cycling performance at various current densities. 

Theoretical calculation is an effective tool for the design of catalyst and the exploration of 

the reaction mechanism. A study for low-dimensional metal-organic frameworks (MOFs) as 

HER catalyst was conducted. Using the Gibbs free energy of the adsorption of hydrogen 

atoms as a key descriptor, S atoms within one-dimensional MOFs are identified to be the 

preferred catalytic active sites for HER. The calculation results further revealed that the 

activities of part S atoms can be improved by interacting with alkali metal cations from the 

electrolytes; specifically, the influence of cations on the performance is dependent on the 

electron affinity of cations.  

This thesis highlight several achievements in developing earth abundant material-based  

electrocatalysts: (i) designing novel electrocatalysts based on the understanding of relevant 
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mechanistic chemistry at the atomic level; (ii) developing facial synthetic routes for the 

preparation of earth-abundant carbon material, metal oxide and metal chalcogenide 

electrocatalysts; (iii) developing a surface doping approach to manipulate the surface 

electronic structure of metal catalysts; and (iv) evaluating the application potential of 

obtained material in Zn-air battery.  
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Chapter 1. Introduction 

1.1 General Background 

Conventional energy sources mainly consists of fossil fuels such as oil, coal, and natural 

gas. 1-2  Seeking alternative sources is vital as fossil fuels are facing threats of depletion. In 

addition, processes to obtain and consume them often result in devastating impart to the 

environment and human society.3 The Kyoto Protocol greenhouse gas reduction targets have 

set a restriction on coal consumption.4 During the last two decades, new renewable energy 

sources (solar energy, wind energy, modern bio-energy, geothermal energy, and small 

hydropower) are becoming increasingly attractive.4-7 

At the same time, development of efficient storage systems is critical for the utilization of 

renewable energies.8-9 Batteries and fuel cells are promising devices considering their 

excellent energy storage technology for the integration of renewable resources.1, 10-11 Take 

metal-air battery as an example, lithium-air and zinc-air batteries use oxygen from the 

ambient environment as one of the battery’s main reactants, reducing the weight of the 

battery and freeing up more space devoted to energy storage.11-12 

Unfortunately, the main disadvantage of these batteries is the kinetically sluggish oxygen 

reduction reaction (ORR) and oxygen evolution reaction (OER) processes, which involves a 

thermodynamically unfavourable four-electron transfer process. This leads to a large 

overpotential1 and substantial energy loss in the charging and discharging.13-14 To tackle this 

problem, efficient electrocatalysts possessing inherent catalytic activity, good electronic 

conductivity, and sufficient electrocatalytic stability are required. Currently, noble metal (Pt, 

Ir or Ru) based materials are the benchmark electrocatalysts for ORR and OER.2, 15 However, 

scarcity, high-cost, and poor stability of these materials prohibit large-scale applications. 
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Consequently, it is crucial to develop low-cost electrocatalysts with comparable or better 

electrocatalytic performance through rational design and facile synthesis.11-12 

The earth-abundant materials, which include materials based on the first-row transition 

metals and non-metals, have been identified as active electrocatalysts for ORR, OER and 

HER process, especially oxides, hydroxides and chalcogenides containing transition metals 

such as cobalt, iron, nickel, molybdenum and carbon material (graphene, carbon nanotubes). 

16 Besides, several emerging families of material as metal carbides, nitrides and complexes 

also show promising catalytic performance for water oxidation and water splitting reactions.15, 

17 Although many earth-abundant materials are low-cost and possess good stability in a wide 

range of pH, few of them exhibit superior activity compared to noble metal catalysts. 

Extensive studies have been performed in attempts to optimise their catalytic activity. After 

understanding the structure-property relationship of the materials and the reaction 

mechanisms and, various methods have been applied for enhancing the electrocatalytic 

activities of these materials including doping, hybridising, and engineering their structure.5 

In summary, rational design of electrocatalysts based on earth-abundant materials is of 

paramount importance for developing renewable energy conversion devices. The ideal 

catalyst should possess high electrocatalytic activity, good electrical conductivity and high 

electrocatalytic stability for ORR, OER and HER processess. 
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1.2  Electrocatalytic Oxygen Reduction Reaction and Catalysts  

Oxygen reduction reaction (ORR) is an important half reaction to consider in 

electrochemical energy conversion technologies such as fuel cells and metal–air batteries.11-12 

Nevertheless, the development of oxygen reduction electrocatalysts is limited due to sluggish 

ORR kinetics, which is a result of several factors: difficulty in O2 adsorption on the electrode 

surface, high activation energy required for O–O bond cleavage and problem with oxide 

removal. As such, high loading of precious metal-containing catalysts (e.g., Pt) is required in 

these electrochemical energy conversion devices, thus increasing the production cost. In 

addition, poor long-term stability of standard ORR electrocatalysts in corrosive operating 

conditions remains a major obstacle. At this juncture, most research efforts are focussed on 

lowering the cost of electrochemical energy conversion devices by reducing cathode Pt 

loadings without loss of performance or durability.15 

1.2.1  Mechanistic pathway of oxygen reduction reaction 

The oxygen reduction reaction (ORR) involves a series of electron transfer processes that 

depend on the type of catalyst used at the cathode.5 Generally, the reduction of oxygen occurs 

through two different pathways, namely the two-electron and four-electron pathways. The 

four-electron pathway is more favourable, because the two-electron pathway involves 

production of hydrogen peroxide, which can lead to high over potential. The pathways of 

ORR process in different pH could be summarised as follows: 

In acid pH: 

𝑂2 + 4𝐻+ + 4𝑒 → 2𝐻2𝑂             1.229 (𝑉 𝑣𝑠 𝑁𝐻𝐸)              (1.1) 

                                          𝑂2 + 2𝐻+ + 2𝑒 → 2𝐻2𝑂2                0.7 (𝑉 𝑣𝑠 𝑁𝐻𝐸)               (1.2) 
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𝐻2𝑂2 + 2𝐻+ + 2𝑒 → 2𝐻2𝑂               1.76 (𝑉 𝑣𝑠 𝑁𝐻𝐸)             (1.3) 

In Alkaline pH: 

𝑂2 + 2𝐻2𝑂 + 4𝑒 → 4𝑂𝐻−                 0.41 (𝑉 𝑣𝑠 𝑁𝐻𝐸)            (1.4) 

 𝑂2 + 𝐻2𝑂 + 2𝑒 → 𝐻2𝑂2                  − 0.065 (𝑉 𝑣𝑠 𝑁𝐻𝐸)        (1.5) 

𝐻𝑂2
− + 𝐻2𝑂 + 2𝑒 → 3𝑂𝐻−                    0.867 (𝑉 𝑣𝑠 𝑁𝐻𝐸)      (1.6) 

Based on the above possible pathways, most research efforts are dedicated to find the rate 

determining step (RDS) and understand the sequence of electron transfer and proton transfer. 

Generally, the kinetics of ORR on metal catalysts is obstructed by three steps: (1) first 

electron transfer of ORR; (2) hydration of oxygen; and (3) desorption of the intermediates.2 

1.2.2 Earth-abundant material based high performance electrocatalyst 

for oxygen reduction reaction 

1.2.2.1 Current status of oxygen reduction reaction catalyst 

In the past decades, much work has been done to explore alternatives to Pt-based ORR 

catalyst and promising development has been achieved. It is widely accepted that the ORR 

process initiated from the adsorption of oxygen species on the surface of catalyst. Hence, the 

catalyst activity could be tuned by engineering the surface property of the material including 

the electronic structure and atomic arrangement.18 By virtue of advances in characterization 

technology and materials simulation, precise design of the catalyst at the molecular level is 

becoming increasingly more efficient and popular. Moreover, ever since scientists discover 

attractive physical and chemical properties of nano-sized materials that are quite different 

with bulk state, nanoscience has been a hot issue in material synthesis and application. With 
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detailed understanding of the ORR process, superior electrocatalyst for ORR could be 

designed by manipulating the surface property of nanomaterials. 

The emerging Pt-free electrocatalyst for ORR in recent years can be classified in three 

categories: 1) transition metal oxide and coordination compound; 2) non-noble metal carbide, 

nitride, and chalcogenide; 3) metal-free carbon-based materials. 

1.2.2.2 Transition metal oxides and coordination compound 

Oxides were first considered to be alternatives to Pt electrocatalyst for ORR considering 

their stability and low-cost. Group IV and V metal oxides are even stable in acidic solutions. 

However, two main limitations of oxides are: low conductivity and insufficient active site for 

oxygen adsorption. Many studies have been devoted to overcoming these problems. The most 

common methods include surface modification, doping, alloying and fabricating highly 

dispersed nanoparticles.19 

The first report on metal complexes as ORR catalyst appeared in the 1960s.20 However, 

limitations in characterisation technology hindered the further exploration of the mechanism 

at that time. Numerous advancements had been made since then. 

Manganese oxides (MnOx) 

Systematic investigation has been made for various forms of manganese oxide including 

MnO, MnO2, Mn3O4, MnOOH, Mn2O3, and Mn5O8, and all the members show excellent 

ORR activities. However, one limitation of MnOx is low electrical conductivity; this could be 

overcome by hybridizing manganese oxides with conductive substrate like carbon materials. 

In 2012, Gorlin et al. examined the ORR catalytic activity of MnOx supported by glassy 

carbon hybrid system in alkaline media.21 The ORR activity of the material increases with 

increasing temperature, which is ascribed to the change of the crystal phase at different 
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temperatures. Cho and co-workers synthesized MnOx amorphous nanowires supported by 

Ketjenblack carbon system (KB-MnOx) and evaluated the ORR activity.22 The KB-MnOx 

material not only showed excellent ORR activity, the Zn-air battery based on this composite 

also exhibits a power density of 190 mW/cm-2. The writers believe the porous KB and the 

nanowire structure of MnOx offers abundant reaction sites make contribution to performance 

of the KB- MnOx. 

Mixed valence oxides  

Motivated by the excellent performance and the low-cost of transition metal oxide, great 

effort has been made in this field.  Mixed valence oxide of transition metals with spinel 

structure is a promising class of ORR catalysts. Dai’s group developed a MnCo2O4-N-doped 

graphene hybrid material (Figure 1.1).23 It outperformed Pt/C in ORR current density at < 

0.75 V vs reversible hydrogen electrode (RHE), which could be explained by the substitution 

of Mn in the C3O4 spine crystal structure and the strongly covalent coupling between the 

oxide nanoparticles and the N-doped graphene. Following this study, various substitution of 

Co3O4 including Ni, Cu as ORR catalysts in alkaline solution have been explored 

systematically.24-25 

 

Figure 1.1 Rotating-disk electrode voltammograms of MnCo2O4/N-rmGO hybrid, MnCo2O4 + N-

rmGO mixture, Co3O4/ N-rmGO hybrid, N-rmGO, and Pt/C in O2-saturated 1 M KOH at a sweep 

rate of 5 mV/s at 1600 rpm.23 
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Transition metal–nitrogen–carbon catalysts 

Transition metal-nitrogen-carbon material, also known as M-N-C catalysts, was firstly 

reported by Jasinski et al. in 1960s. However, the development was hindered by immature 

characterization technology then. In the last two decades, with advances in characterization 

technology, M-N-C catalysts have been reconsidered as candidates for ORR catalysts.  

Zelennay’s group achieved an important breakthrough in the synthesis of M-N-C catalysts. 

Using a high temperature method and polyaniline as a precursor to a nitrogen-carbon 

template, they developed M-N-C catalyst incorporating Fe and Co. (Figure 1.2)26 The mixed 

metal catalyst polyaniline-FeCo-C exhibited superb performance in ORR activity and 

excellent stability. The onset potential of polyaniline-FeCo-C was only 60 mV negative than 

that of the benchmark Pt/C, and in fuel cells, the material showed good stability of constant 

current density for 700 hours at voltage of 0.4 volts. 

 

Figure 1.2 Schematic diagram of the synthesis of PANI-M-C catalysts.26 
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It is widely accepted that the performance of the M-N-C catalyst depends on the transition 

metal precursors, carbon support and the reaction conditions. Extensive studies have been 

performed to investigate these factors.27-28 Besides the temperature of the heat treatment and 

the transition metal precursor, the morphology of the catalyst is also critical, especially the 

specific surface area and the porosity, which corresponds to the amount of accessible active 

sites and the mass transportation property. Feng et al. synthesised a series of Co-N-C and Fe-

N-C catalysts with different metal precursors (vitamin B12 and polyaniline-Fe).29 To obtain 

mesoporous structures, templates like silica nanoparticles, ordered mesoporous silica SBA-15 

and montmorillonite were used (Figure 1.3).The ORR activities of the mesoporous catalysts 

were evaluated in acid electrolyte, and the catalyst made from VB12 and silica nanoparticles 

showed the best ORR performance including outstanding onset potential (58 mV deviation 

from Pt/C), high selectivity and excellent stability. The promising performance of this 

catalyst was attributed to the well-defined mesoporous structure, high specific surface area 

and abundant active sites dispersed uniformly on the surface. Another important parameter 

about the activity of M-N-C catalysts is the stability of the metal species. Some studies have 

reported their method of encapsulating the metal-based structure inside the carbon matrices. 

Bao et al. fabricated a pod-like, nitrogen-doped carbon nanotube-based structure that could 

encapsulate Iron nanoparticles, and this Fe-N-C catalyst demonstrated high activity and 

excellent stability.30 The authors also discovered that when metal nanoparticles are confined 

inside carbon nanotubes (CNT), a unique host-guest electronic interaction changes the local 

work function of the CNT walls.31 Therefore the catalytic activity is not hindered by the 

encapsulation; instead, enhanced stability in the harsh acid environment facilitated better 

performance of the catalyst. 
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Figure 1.3 a), b) TEM and c) SEM images of as-prepared C-N-Co catalysts: a) VB12/Silica colloid, 

b) VB12/SBA-15, and c) VB12/MMT; Insets in a)-c) are the model illustration of the catalysts with 

various mesoporous structures. d)-f) N2 sorption isotherms of these three Co-N-C catalysts. Insets 

show the pore size distribution from the BJH method of corresponding samples.29 

Various combinations of nitrogen and transition-metal compounds have been explored as 

precursors used in synthesis of M-N-C catalysts, and promising results have been achieved. 

However, the ORR mechanism and the origin of the activity are still open to debate. Some 

researchers suggested the nitrogen in doped carbon material plays an important role in the 

advanced ORR activity; the coordination environment provided by the nitrogen functionality 

works as the active site for ORR. Iliev et al. discovered that M-N-C catalyst with Fe and Co 

precursor displayed better performance than other transition-metals like Zn, Ni, Mn, Cu and 

Cr.32 Interestingly, Fe and Co contributes to the activity of M-N-C catalyst in different ways. 
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Co species affect the electronchemical properties such as onset potential and Tafel slope 

similar with the doping effect of nitrogen in carbon materials. It could be inferred that Co 

species facilitate the nitrogen doping in carbon materials but do not perform as the active 

sites. On the contrary, Fe species are believed to be involved in the active sites, stabilising 

them by coordinating nitrogen and carbon similar to forms like Fe-Nx.
33 Later, this theory 

was examined by Dodelet and co-workers using time-of-flight secondary ion mass 

spectrometry (ToF-SIMS). The Fe-N4 species was identified to be the core structure for ORR 

in M-N-C catalysts.34 Dodelet’s group also identified two FeN4-like species as active sites for 

ORR in acidic pH. These discoveries render Fe-N-C the most attractive member of the M-N-

C catalysts. A very recent report of Su et al. claims that the active site in Fe-N-C catalyst is a 

six-coordinated Fe (III) centre.35 Their Mössbauer spectroscopic evidence confirmed that 

axial position of the Fe (III) center is coordinated to two pyridinic nitrogens.  

1.2.2.3 Non-noble metal carbide, nitride and chalcogenide electrocatalysts for the 

ORR 

Metal carbide 

Metal carbides, especially transition metal carbides are considered as catalysts for a wide 

range of reactions including ORR because of good electrical conductivities and corrosion 

resistance. Among them, the iron carbide-based catalysts have been extensively explored as 

they outperform the others. Wen et al. reported the synthesis and performance of N-Fe/Fe3C-

C nanorod as ORR catalyst in neutral electrolyte.36 The catalyst contains both Fe and Fe3C 

coated with carbon. Although the role of this component is not clear, the activity of Fe/Fe3C-

C is superior to that of the benchmark Pt/C catalyst; the ORR kinetic current density is twice 

than that obtained with Pt/C at 0 V in neutral pH. This catalyst has been fabricated as the 
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cathode of a microbial fuel cell and the performance of fuel cell is also superior to that of 

traditional catalysts.  

Though the active site of Iron carbide-based catalysts is still a matter of debate, many 

researchers have concentrated on similar catalysts working in alkaline solutions,37-43 with 

precursors like metallic iron, iron oxide, or their mixture.37, 44-45 Many evidence point to the 

significance of Fe3C. Yang et al. synthesized bamboo-like carbon nanotube/Fe3C via a soft 

template induced strategy.46 This catalyst shows excellent activity in both acidic and alkaline 

solutions as well as good methanol tolerance and stability. Jiang and co-workers 

demonstrated that the synergistic effect between Fe3C and N-doped carbon contributes to the 

high activity.47 The nitrogen-doped carbon coating on the Fe3C particle helps increase the 

ORR activity and stability, although the actual role of nitrogen in the Fe3C-based catalyst is 

not clearly known. Wu et al. also studied the ORR activity of N-doped carbon and Fe3C 

hybrid catalyst and suggested that the improved catalytic activity can be due to the synergistic 

effect generated between the Fe3C and Fe/N/C active sites.43 Furthermore, theoretical studies 

showed that the geometric confinement contributes to good ORR performance. The 

mesoporous and microporous structures enhance the mass transport to the electrode surface. 

Interestingly, recently, Hu et al. found an exception. They synthesized a nitrogen-free Fe3C-

based catalyst from ferrocene and durene which shows significantly better catalytic activity.48 

They believe that surface morphology and the composition of the catalyst play important 

roles. Recently, Barsoum’s group developed a facile and efficient method to synthesize 

ultrathin titanium nitrides (Ti3C2) with high electro-conductivity. The material exhibited 

amazing volumetric capacitances of up to 900 farads per cubic centimeter (Figure 1.4).49 

This Ti3C2 material swells in volume when hydrated, and can be shaped like clay, dried into a 

highly conductive solid or rolled into films, which makes it a potential ORR catalyst, 

applicable as electrode material in fuel cell and metal-air batteries. 
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It has also been shown that bimetallic carbides have profound catalytic activity and 

durability compared to monometallic carbides.50-51 Further studies are necessary to establish 

the actual mechanism and the active site of the catalyst.  

 

Figure 1.4 Structural characterization of MXene. a) XRD patterns of samples produced by etching 

in LiF+HCl solution. b) TEM image of several flakes, showing lateral sizes up to a few hundred 

nanometres. The inset shows the overall selected area electron diffraction pattern. c), d) TEM 

images of single- and double-layer flakes, respectively. Insets show sketches of these layers. e) SEM 

image of a fracture surface of a 4-μm thick film produced by rolling. f) Fracture surface of a 

thicker rolled film (30μm).49  

Metal nitride 

The ORR activity of nitrides was first reported in 1966 by Giner and Swette. They studied 

the reduction of oxygen in alkaline medium with several nitrides. Among them, titanium 

nitride showed the best result.52 Nearly two decades later in 1980, Azuma et al. explored the 

activity of various nitrides towards oxygen evolution and reduction systamatically.53-54 The 
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best performance was observed in cobalt nitride, whose ORR performance was comparable 

with the state-of-the-art Pt catalyst in neutral pH.53 

Recently, metal nitride compounds, both monometallic and bimetallic, have gained great 

amount of attention for ORR in acidic and alkaline solutions (Table 1.1).55-71 

Table 1. 1 Electrocatalytic activity of metal nitrides towards the ORR 

Catalyst electrolyte Onset potential, V n Reference 

TiN/N-doped graphene 0.1 M KOH 0.13 (Ag/AgCl) 3.97 55 

TiN/N-doped carbon 0.1 M KOH 1.0 (RHE) 3.9 56 

TiN/CNT/graphene 0.5 M H2SO4 0.83 (RHE) — 57 

TiN 0.1 M NaOH 0.2 (SCE) 3.73 58 

TiN 0.1 M NaOH 0.85 (RHE) 2 59 

TiN 1 M LiOH 0.097 (Ag/AgCl) 2.5–3.2 60 

TiN/Ti carbonitride 0.1 M KOH 0.93 (RHE) 4 61 

Co–Mo-nitride 0.1 M HClO4 0.71 (RHE) 4.1 62 

Co–Mo oxynitrides 1.1 M KOH 0.918 (RHE) 3.85 63  
0.1 M HClO4 0.918 RHE 3.6 

C/Co nitride 0.1 M KOH 0.85 (SHE) 4 65 

Co nitride/N/C 0.1 M KOH 0.02 (Ag/AgCl) 4 66 

Co–Mo-nitride/N/C 0.5 M H2SO4 0.808 (RHE) 3.54–3.86 66 

Cu3N 0.1 M KOH 0.3 (Ag/AgCl) — 64 

Cu3PdN 0.1 M KOH 0.1 (Ag/AgCl) 3.7 67 

Fe-nitride/N-Gr 0.1 M KOH 0.00 (Ag/AgCl) 4 72 

Ti0.5Nb0.5N (ternary nitride) 0.1 M HClO4 1.01 (RHE) 4 68  
0.1 M KOH 0.90 (RHE) 4 

V-nitride 1 M KOH 0.14 (Ag/AgCl) 4 69 

W nitride/CNT 0.1 M HClO4 1.0 (RHE) — 70 

W nitride/N/C 0.1 M KOH 0.09 (Ag/AgCl) 3.65 71 

 

It has been revealed that the formation of nitrides favourably modifies the electronic 

structure of the catalyst material so that the contraction of d-bands in Group 4–6 nitrides 

results in a greater electron density near Fermi level. This facilitates the donation of electrons 

from the catalytically active metal to adsorbates such as oxygen.73 Therefore, such surface 

structure contributes the reduction of oxygen. Besides, metal nitrides possess other 

advantages such as high electronic conductivity, excellent chemical stability and ease of 

synthesis.55-61 
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Recently, many researches have reported the ORR performance of hybrid catalyst of metal 

nitrides and nitrogen-doped carbon material. The synergistic effect of titanium nitride and 

nitrogen-doped carbon plays an important role in facilitating the electron transfer for the 

ORR process. For example, Zang et al. coated nitrogen-doped amorphous carbon and 

titanium on the SiC substrate. The material exhibited good ORR activity and high tolerance 

towards methanol in alkaline silution.56 Lee et al fabricated TiN nanoparticles supported on 

carbon nanotubes (CNTs) and the resulting hybrid also exhibited good ORR activity (Figure 

1.5). The 3D porous structure of CNT aerogel and the synergistic effect between CNT and 

TiN nanoparticles, which facilitates the electron transfer and the uniformly dispersed active 

sites, are key factors in the outstanding ORR performance of the TiN-CNT hybrid material.57 

Yin et al. fabricated a hybrid structure of iron nitride and nitrogen-doped graphene aerogel 

structure via two-step hydrothermal approach using iron phthalocyanine and graphene.72 The 

as-synthesized catalyst performs better than pure nitrogen doped-graphene and a physical 

mixture of nitrogen-doped graphene and iron phthalocyanine. Such optimization is ascribed 

to the increased number of active sites, large surface area and porous nature of the catalyst. 

Cao and his group have done a lot of work on binary metal nitrides.62 The binary 

molybdenum-cobalt nitride showed much better ORR activity than molybdenum nitride or 

cobalt nitride. This bimetallic nitride is also stable in the acidic environment and favors the 

four-electron pathway for the reduction of oxygen. The writers hypothesized that the crystal 

structure may be the key factor for this difference. They concluded hexagonal nitrides have 

far higher activity than the cubic nitrides. They also explored the activity of binary metal 

oxynitrides for the ORR process and found that oxynitrides also have excellent activity in 

alkaline medium.63 Very recently, Wu’s group reported several discoveries about Cu3N. They 

developed a new approach for the synthesis of Cu3N. The unsupported Cu3N exhibited good 

ORR activity in alkaline solution, although there is still much room for improvement. The 
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group is optimizing the performance by understanding the mechanism and tuning the 

structure of the catalyst.64  

 

Figure 1.5 SEM images of a) TiN, b) TiN/GR, c) TiN/CNT, and d) TiN/CNT–GR. Inset images 

describe the schematic diagram for each sample; e) CV results of synthesized TiN-based catalysts; f) 

LSV results. 57 

Metal chalcogenide 

After the systematic research of oxides for ORR catalysis, other chalcogenides came into 

the picture. Metal chalcogenides including Se- and S-based compounds has demonstrated 

ORR catalyst activity since four decades ago.5, 74-81 The first chalcogenide ORR catalyst 

discovered was Ru2Mo4Se8 by Alonso-Vante and Tributsch whose activity was comparable 

to that of Pt in H2SO4.
82 Ru-based chalcogenides are most extensively investigated. Since 

noble metals are expensive, earth-abundant metal (Co, Ni, Fe)-based chalcogenides are also 

considered. Among them, cobalt sulfides exhibited the highest activity in acid solutions. 

Theoretical studies revealed  that Co2S9 possesses similar property as Pt via a four-electron 

ORR pathway and S2- provides an adsorption site for O following O-O bond scission.83 

According to a previous study, the ORR activity of chalcogenides follows the trend MxSy > 
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MxSey > MxTey.
84 Both theoretical and experimental results confirmed that Co selenides were 

less active than its sulfides by ∼0.2 V. Alonso-Vante and co-workers explored the role of 

different crystal forms of chalcogenide in ORR activity.85 For CoSe2, orthorhombic structure 

was dominant at a temperature range of 250−300 °C, while a cubic structure was also present 

at high temperatures (400-430 °C). The latter had a higher ORR activity by 30 mV in 

H2SO4.
74 Despite intensive development and recent advances, the activities of earth-abundant 

metal based chalcogenides are still much lower than that of RuxSey. More details about the 

mechanism are still needed before these materials can be used as effective catalysts. 

1.2.2.4  Metal free electrocatalyst for the ORR 

Carbon material is a good alternative for Pt-based ORR catalyst considering their low-cost, 

large surface area, high electronic conductivity and mechanical strength. During the last two 

decades, advances in nanoscience and characterization technology could further improve 

their properties and realise their application in energy devices. Carbon material, which 

includes carbon nanotubes (CNTs), graphene and mesoporous carbon, has been widely 

utilised in fuel cells as anode and cathode supporters as well as ORR catalyst.86-89 Since 

doping has been discovered as an effective way of tuning the intrinsic property especially the 

electronic structure, many heteroatoms, such as B,90 N,91-95 S,96 Se,96 P,97-98 and F,99 has been 

introduced into the carbon substrates (Figure 1.6). Furthermore, numerous works about dual-

doped100-102 and trinary-doped103 carbon material, have been reported. 
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Figure 1.6 Schematic representation of heteroatom-doped rGO14 

Nitrogen-doped CNT/graphene/carbon 

In the last decades, great effort has been devoted into nitrogen-doped carbon nanotubes (N-

CNTs) and graphene (N-Gr) as a metal-free ORR catalyst104-116 (Table 1.2). With the 

introduction of heteroatoms into the carbon network, various synergistic structures have been 

developed. The first nitrogen-containing carbon material ORR catalyst was reported by 

Ozkan's group in 2002.117-118 Later Gong et al. shared their work about the electrocatalytic 

activity of nitrogen-doped aligned CNTs in alkaline solution.92 The authors found that the 

ORR process happens on the surface of nitrogen-doped CNTs; the molecular oxygen prefers 

a bridge model chemisorption followed by weakening of the oxygen-oxygen bond, hence 

facilitating electron transfer for the reduction of oxygen. 

Table 1.2  Summary of the ORR performance of heteroatom doped graphene/CNT/carbon 

Catalyst Electrolytes Onset potential, 

V (vs. reference 

electrodes) 

n Reference 

N-rGO/ordered mesoporous 

carbon 

0.1 M KOH -.05 (Ag/AgCl) 3.53 104 

N-rGO 0.1 M KOH 0.8 (Ag/AgCl) 3.9 105 

N-rGO 0.1 M KOH 0.308 (SHE) 3.8 106 

N-rGO 0.1 M KOH -0.2 (Ag/AgCl) 3.5–4.0 107 

N-rGO 0.1 M KOH -0.1 (Ag/AgCl) 3.72 108 
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Ketjenblack/N-rGO 0.1 M KOH 0.7 (RHE) 3.7–3.85 109 

N-HCS 0.1 M KOH -0.177 (SCE) 3.82 110 

N-microporous carbon 0.1 M KOH 0.94 (RHE) 3.78 111 

N-macroporous carbon 0.1 M KOH -0.2 (Ag/AgCl) 3.2 112 

N-carbon aerogel 0.1 M KOH -0.19 (Ag/AgCl) 3.3 113 

N-nanoporous carbon 0.1 M KOH -0.114 (Ag/AgCl) 4 114 

N-carbon aerogel 0.1 M KOH -0.17 (Ag/AgCl 3.7 115 

N-porous carbon 0.1 M KOH 0.861 (RHE) 3.68 116 

NPMC 0.1 M KOH 0.94 (RHE) 4 119 

N-graphene 0.1 M KOH -0.45 (Ag/AgCl) 3.6–4 93 

N-rGO 0.1 M KOH -0.06 (SCE) 3.89 120 

N-carbon nanosheet 0.1 M KOH 0.72 (RHE) 3.67–3.91 121 

N-rGO 0.1 M KOH -0.15 (SCE) 3.63 122 

N-rGO aerogel 0.1 M KOH -0.05 (Ag/AgCl) 3.66–3.92 123 

N-CNT 0.1 M KOH -0.22 and -0.65 V 

(Hg/HgO) 

2.7–3.0 124 

N-rGO 0.1 M KOH -0.15 (Ag/AgCl) 3.98 125 

N-rGO 0.5 M H2SO4 0.66 (RHE) 3.9 126 

N-rGO 0.1 M KOH -0.13 (Ag/AgCl) 3.75 127 

S-rGO 0.1 M KOH -0.05 (Ag/AgCl) 3.82 96 

S-rGO 0.1 M KOH -0.22 (Ag/AgCl) 3.3 128 

S-rGO 0.1 M KOH 1.01 (RHE) 3.8 129 

S-rGO 0.1 M KOH 0.45 (Ag/AgCl) — 130 

S-rGO/carbon black 0.1 M KOH -0.15 (Ag/AgCl) 3.84 131 

S-rGO 0.1 M KOH -0.1 (Ag/AgCl) 3.8–3.9 132 

S-rGO 0.1 M KOH -0.40 (SCE) 3.13 133 

S/Se-rGO/N-rGO/CNT 0.1 M HClO4 0.85 (RHE) 3.8–3.85 134 

B-CNT 0.1 M KOH -0.1 (SCE) 3.7 135 

BN-diamond 0.1 M KOH -0.05 (SCE) 3.96 136 

BN-graphene quantum 

dots/graphene 

0.1 M KOH 0.00 (Ag/AgCl) 3.93 137 

BN-graphene nanoribbons 0.1 M KOH -0.1 (Ag/AgCl) 3.9 138 

BN-graphene 0.1 M KOH 0.95 (RHE) 4 139 

SN-graphene 0.1 M KOH -0.06 (Ag/AgCl) 3.3–3.6 101 

SN-graphene 0.1 M KOH -0.09 (Ag/AgCl) 2.9–3.2 140 

SN-graphene 0.1 M KOH -0.1 (Ag/AgCl) 3.9 141 

SN-carbon 0.1 M KOH 0.85 (RHE) 3.82 142 

SN-CNT-mesoporous carbon 0.1 M KOH -0.07 (Ag/AgCl) 3.56–3.82  143 

SN-mesoporous carbon 0.1 M KOH -0.05 (Ag/AgCl) 3.1–4.0 144 

SN-rGO 0.1 M KOH -0.015 (Hg/HgO) 3.5 145 

SN-graphene 0.1 M KOH -0.1 (Ag/AgCl) 4 146 

SNP-rGO 0.1 M KOH -0.03 (Ag/AgCl) 4 147 

 

Until now, several methods have been developed to synthesize nitrogen-doped carbon 

ORR catalyst. These methods can be broadly classified as in situ and ex situ approaches. In 

situ process of nitrogen doping includes chemical vapour deposition (CVD) and ball 



19 

 

milling.148-150 These methods could realise high nitrogen content in carbon materials, but they 

are not practical for mass production.  

Ex situ doping often includes the chemical route of assembling suitable precursors on 

carbon substrate or thermal annealing treatment. The nitrogen precursors can be small 

molecules like hydrazine, cyanamide, or polymers such as polyaniline. The limitation of this 

method is the low fraction of nitrogen atoms in the resultant material. This is because 

graphitic carbon is relatively stable and it is difficult to incorporate atoms into its structure. 

Thermal annealing has been quite popular due to simplicity and abundant source of suitable 

precursors. However, the high temperature process could destroy the porous structure of the 

precursor molecules and cause the loss of N active species, thus leading to limited formation 

of the ORR active sites and relatively poor transport properties. To optimise the synthesis 

method, a template-assisted method was developed. Müllen and Feng et al. chose ordered 

mesoporous silica (SBA-15) as a template to fabricate nitrogen-doped ordered mesoporous 

graphitic arrays (NOMGAs).91 This MOMGAs exhibit high electrocatalytic activity, good 

stability and durability for ORR, surpassing the Pt/C bench marks. However, due to 

complicated fabricating procedures, this method is not suitable for scalable production. 

Recently, porous metal-organic frameworks (MOFs) and covalent-organic materials (COMs) 

have been applied as precursors in the annealing process due to their high surface area, and 

nitrogen-containing organic molecules could serve as ligands in the three-dimensional (3D) 

structures.151-154 Cao et al. synthesizes a porous carbon material by annealing treatment of 

ZIF-7. Zeolitic imidazolate framework (ZIF) is a sub-family of MOFs that consist of 

transition metal ions, such as Zn2+ and Co2+, and imidazolate linkers, which can form 3D 

tetrahedral frameworks similar to zeolites with large surface area and uniform porosity.116 

The resultant ZIF derived carbon material showed comparable ORR electrocatalytic activity 
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to commercial 20% Pt/C in 0.1 M KOH. Considering the versatility topology of MOF, this 

idea could broaden the family of nitrogen-doped carbon materials.  

 

Figure 1.7 Schematic representation of the common N bonding configurations Reprinted with 

permission from ref.155  

Research on the active sites of nitrogen-doped carbon system has been a topic of interest 

since the last decades. The centre stage of this discussion is the chemical nature of the 

nitrogen atoms. According to the chemical environment, the nitrogen atoms could be 

classified into graphitic, pyridinic and pyrrolidinic N (Figure 1.7). Dai et al suggested the 

pyridinic N was the key contributor to the high performance of nitrogen-doped materials.156 

The electronegativity of N is larger than that of C, resulting in the positive charge density on 

the adjacent C atoms. Such “Louis-base” carbons are preferred adsorption sites of molecular 

O2, thus initiating the ORR process (Figure 1.8). However, this theory does not apply to the 

carbon materials doped with P or N atoms that have lower electronegativity, as these doped 

carbons also exhibit excellent ORR catalyst performance. Later, computational studies 

improved this electro-density theory by pointing out that the doping process breaks the 

electroneutrality of graphitic structure, creating charged sites favourable for adsorption of O2, 

regardless of the electronegativity of the dopant.157 Ruoff et al suggested that both graphitic 

and pyridinic nitrogen contribute to the performance of ORR activity. Graphitic nitrogen 

influences the onset potential, while pyridinic nitrogen determines the limiting current.126 
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Furthermore, other parameters such as the amount of nitrogen atoms, porousity, electron 

conductivity and amount of oxygen functionalities could also affect the ORR activity of the 

nitrogen-doped carbon materials. Until now, most N-doped C catalysts were evaluated in 

alkaline medium and most of their performance is still lower than Pt. So the high 

performance ORR catalyst in acid could attract more interest in the near future. 

 

Figure 1.8 Schematic pathways for oxygen reduction reaction on nitrogen-doped carbon 

materials156 

Dual-doped carbon 

Encouraged by the excellent ORR activity of nitrogen-doped carbon material, the doping 

of two kinds of heteroatoms has also been investigated. Dai and his colleagues first published 

their work about boron and nitrogen dual-doped carbon nanotube structure (BNC).135 The 

resultant BNC material showed better performance than B- or N-doped carbon materials due 

to the synergistic effect of B and N. Other dual-doped carbon materials such as sulphur and 

nitrogen-doped graphene (SNC) were also explored extensively. Qiao’s group reported the 
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synthesis and ORR catalytic performance of a mesoporous sulphur- and nitrogen-doped 

graphene material101 Density-functional theory (DFT) results showed that the redistribution 

of spin and charge density after the doping process contributes to enhanced ORR activity of 

this SNC material (Figure 1.9) . 

 

Figure 1.9 Spin and charge density of graphene network (gray) dual doped by N (black) and S 

(white). C1 has very high spin density, C2 and C3 have high positive charge density, and C4 and C5 

have moderately high positive spin densities.101 

The significant synergistic effect of dual doping has been intensively studied. With doping, 

not only the electronic properties but also the integrity of the aromatic carbon framework 

could be altered. The difference in sizes between dopant and carbon atoms could cause strain 

and defects in the parent carbon structure, enhancing the activity of the material. It has been 

reported that Stone-Wales defects in sulphur doped graphene could offer more active sites for 

ORR.158 

Although various groups of dual doping has been explored (N, S, P and B), the practical 

application of these material in fuel cells is still limited due to their relatively poor activity. 

Nevertheless, interest in these materials remain. Recently, the ternary doping of carbon 

material was reported.147 
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Carbon and boron nitride-based catalysts 

With the development of nanoscience and nanotechnology, more attention has been paid to 

the ultrathin two-dimensional (2D) materials. Graphitic carbon nitride is a nitrogen-rich 

conjugated polymer (g-C3N4) which was recently found to exhibit ORR activity. As the 

activity of bulk g-C3N4 is very low, many efforts have been devoted to obtain forms of g-

C3N4 with high surface area.159-163 Theoretical studies also found the main obstacle of g-C3N4 

for ORR is the preference of the two-electron transfer process in ORR process. This problem 

may be solved by supporting g-C3N4 on a conductive substrate. Qiao et al, assembled g-C3N4 

with ordered mesoporous carbon and achieved g-C3N4-CMK material that exhibits high 

surface area,162 satisfactory conductivity and improved ORR activity. Both theoretical studies 

and experiments proved that the interaction between g-C3N4 and the supporting porous 

carbon structure changed the mechanism of the ORR process and optimised the catalytic 

performance the g-C3N4 by increasing electron accumulation on the surface of the catalyst. 

The K-L data illustrated that the ORR process on g-C3N4 with conductive support prefers a 4 

electron pathway (Figure 1.10).  
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Figure 1.10 a) Free energy plots of ORR and optimized configurations of adsorbed species on the 

g-C3N4 surface with zero, two, and four-electron participation demonstrated as paths I, II, and III. 

Energy levels are not drawn to scale. Gray, blue, red, and white small spheres represent C, N, O, 

and H, respectively. b)-d) Schemes of ORR’s pathway on pristine g-C3N4 without electron 

participation, pristine g-C3N4 with 2e- participation, and g-C3N4 and conductive support composite 

with 4e- participation, respectively (red areas represent the active sites facilitating ORR).162  

Boron nitride (BN) is similar to g-C3N4. Many theoretical studies predicted the ORR 

activity of BN although it is an insulator. The calculated adsorption energies of oxygen 

species such as O2, O, OH on BN is similar to those of Pt surface.164-166
 Uosaki and co-

workers reported the experiment evaluation of BN material surface for ORR recently.157 Both 

theoretical and experiment research showed that the ORR activity of BN could be 

dramatically improved by using a suitable material as support.167 Copper has been proved to 

be the best support among metals. In addition, effective optimisation of the ORR activity of 

BN have been reported through tailoring its morphology and modification of the porosity.33  

In conclusion, this section summarizes the previous works on electrocatalysts for ORR 

based on earth-abundant materials. They are typically classified into three groups: 1) 

transition metal oxides and coordination compounds; 2) non-noble metal carbides, nitrides, 

and chalcogenides; 3) metal-free carbon-based materials. Motivated by the high demand of 

the practical application and the limitation of traditional Pt-based catalysts, extensive studies 

have been devoted in the field. Some of the materials mentioned above are promising 

alternatives of benchmark Pt due to excellent electrocatalytic performance, good durability 

and low cost. Practical application in fuel cells or metal-air batteries is also explored. 

However, many details of the mechanism are not well-understood and suitable catalysts for 

ORR in acid electrolytes remain limited. Consequently, more research is required to explore 

details about the ORR process in various environments.  
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1.3 Electrocatalytic Oxygen Evolution Reaction and Catalysts  

1.3.1 Mechanistic pathway of electrocatalytic oxygen evolution reaction 

Oxygen evolution reaction (OER), also known as water oxidation, is a half reaction of 

water splitting on the anode (Figure 1.11). Besides ORR and HER, OER is one of the core 

reactions for energy devices including fuel cell and metal-air batteries. 

 

Figure 1.11 Polarization curves for HER (left) and OER (right). The ηc and ηa are the 

overpotentials for cathode and anode at the same current ( j), respectively.7 

The mechanism of OER varies according to the pH of the electrolyte together with 

different intermediate states.168 Both the OER pathways in acidic and alkaline solutions 

involve four electron transformation, and the element reactions are depicted as follows: 

In an acidic solution (* is the adsorbed intermediate on the surface of the electrode or 

catalyst): 

                                            𝐻2𝑂 → 𝑂𝐻∗ + 𝐻+ + 𝑒−                                              (1.7) 

                                      𝑂𝐻∗ + 𝑂𝐻− → 𝑂∗ + 𝐻2𝑂 + 𝑒−                                         (1.8) 

2𝑂∗ → 2𝑀 + 𝑂2                                                (1.9) 

                                          𝑀𝑂 + 𝐻2𝑂 → 𝑀𝑂𝑂𝐻 + 𝐻+ + 𝑒−                                  (1.10) 
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𝑀𝑂𝑂𝐻 + 𝐻2𝑂 → 𝑀 + 𝑂2 + 𝐻+ + 𝑒−                                  (1.11) 

In an alkaline solution: 

                        𝑂𝐻 → 𝑂𝐻∗                                                     (1.12) 

              𝑂𝐻∗ + 𝑂𝐻 → 𝑂∗ + 𝐻2𝑂                                          (1.13) 

                          2𝑂∗ → 𝑂2                                                     (1.14) 

             𝑂∗ + 𝑂𝐻_ → 𝑂𝑂𝐻∗ + 𝑒                                            (1.15) 

             𝑂𝑂𝐻∗ + 𝑂𝐻_ → 𝐻2𝑂 + 𝑂2                                       (1.16) 

Most of the element steps of OER are widely accepted. The major controversy features 

around the pathway of oxygen formation. As indicated by the equations above and Figure 

1.12, two proposed ways could lead to the combination of oxygen from the intermediate O*: 

one is the direct connection of two O* intermediates (green line in Figure 1.12); the other 

involves an extra formation of OOH* intermediates followed by the decomposition to O2 

(black lines in Figure 1.12). 

 

Figure 1.12 The OER mechanism for acid (blue line) and alkaline (red line) conditions. The black 

line indicates that the oxygen evolution involves the formation of a peroxide (M-OOH) intermediate 
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(black line) while another route for direct reaction of two adjacent oxo (M-O) intermediates (green) 

to produce oxygen is possible as well7 

The oxygen formation process involves four electron transfers, favouring single electron 

transfer at each step. The energy accumulated from the element reactions resulting in sluggish 

kinetics and high overpotential. As a result, efficient electrocatalysts are in urgent demand. 

1.3.2 Current status of OER catalysts 

Noble metal-based compounds are the most commonly utilized catalysts for OER 

considering their excellent activity and relatively high stability in all pH conditions. RuO2 

and IrO2 are treated as the bench mark of OER catalysts. However, the high price and scarcity 

hinder practical applications in large scale energy transformation devices. Great effort has 

been devoted to exploration of the alternative materials.  

Generally, the origin of the electronic activity of OER catalysts is determined by its 

inherent properties. Understanding of the mechanism helps the prediction of the reactions and 

rational design of the optimised material. Nørskov et al.27 developed a descriptor for the OER 

process via theoretical calculation with the Pt (111) surface as protocol catalyst, as OER is 

the opposite reaction of ORR, and Pt is the most well-studied and widely used ORR catalyst. 

By comparing the adsorption behaviour of the intermediates including O*, OH* and OOH*, 

the author concluded that the OER activity is related to the oxygen adsorption free energy 

(∆G*O).27, 32 According to the Sabatier principle, the interaction between the catalyst and the 

reactant plays an important role in the catalytic activity.169 It should neither be too strong nor 

too weak. The weak binding energy obstructs the formation of the product, while strong 

interaction means desorption of the production is difficult, the active sites are occupied and 

the reaction rate is limited. Therefore, the binding energy of intermediates on the surface of 

candidate materials could be the evaluation predictor for OER catalyst.  
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Furthermore, it is a common consensus that the activation energy of the slowest elementary 

step has close relationship with the overpotential and electrocatalytic rate of a reaction 

process, thus affecting the catalyst performance. According to the reaction process in 1.3.2, 

the Gibbs reaction energy of the four element step was calculated with this ordering: 

∆G3>∆G1 = ∆G2>∆G4, meaning that the formation of peroxide intermediate (∆G3) is the 

thermochemically least favourable step for the real catalyst.32 The formation of the *OOH 

intermediate in the third step can be identified as the rate determined step for the OER 

process.  

Other descriptors like the volcano plot were also carried out. Trasatti et al. proposed that 

the enthalpy of transition from lower to higher oxidation states of metal in metal oxides could 

be used as an descriptor to evaluate the activity of oxide electrocatlysts.170 Therefore, this 

work could be used as the guideline in fabricating the optimum oxide material for OER 

catalysis. 

Although the universal descriptor applicable for all the materials’ OER activity is still a 

challenge, great accomplishment have been obtained with regards to the development of low-

cost, highly efficient OER catalysts, especially earth-abundant material-based catalysts such 

as transition-metal oxides, NiFe-based compounds, and carbon-based materials.20, 24, 171-175  

1.3.3 Earth-abundant materials based high performance electrocatalyst 

for oxygen evolution reaction 

In recent years, substantial effort has been devoted to promoting the development of the 

OER catalysts to overcome the kinetic barriers. Numerous compounds based on earth-

abundant materials have been utilised including transition metal oxides,20, 24, 172-176 metal 
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nitrides,177-180 metal chalcogenides181-184 and carbon-based non-metal materials.1, 183, 185-186 A 

comprehensive review of each type of catalyst is presented below. 

1.3.3.1 Transition Metal Oxides 

Metal oxides have been explored as OER catalysts for decades because of their low cost, 

moderate conductivity and stability in alkaline solution, as well as their multivalent oxidation 

state. Various oxide families such as spinel, perovskite, and layered structure type of oxides 

containing transition metals have been revealed as efficient OER catalysts. 

1.3.3.1.1 Spinel Oxides 

Spinel oxide family can be described as AʹBʹ2O4 (Figure 1.13), where A and B are 

transition metal elements or group 2 and group 3 metals. A and B can be different metals, or 

the same metal with different valences. The spinel metal oxides have two coordination forms: 

tetrahedral and octahedral, which results in different d-band splitting according to crystal 

field theory (Td: egt2g; Oh: t2geg). Typical examples are cobalt and iron-based oxides. 

 

Figure 1.13 Crystal structure of spinel (AB2O4)
7 

Cobalt oxides (CoOx) have attracted great attention in OER applications due to its mixed 

valence states.186-187 The activities of CoOx are supposedly initiated from the phase transfer in 

the OER process and the oxygen vacancies in the crystal. The morphology and the surface 

area of the catalyst also play important roles in the activity. Wang and co-workers 
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synthesized a mesoporous cobalt oxide nanowire material. By reduction method, vast oxygen 

vacancies were fabricated on the surface of the nanowires (Figure 1.14).20 The current 

density of the resultant nanowires outperformed that of pristine nonporous structure by 7 

times. The onset potential is 50 mV ahead of the pristine Co3O4, and 100 mV higher than that 

of IrOx. The porous morphology of the material offers more active sites and access to the 

reactant. Furthermore, the oxygen vacancies facilitate the delocalization of the Co-O bonds, 

which contributes to the formation of new states and enhances the electroconductivity.  

 

Figure 1.14 Schematic of the NaBH4 reduction for in situ creation of oxygen vacancies in Co3O4 

NWs for efficient catalysis of oxygen evolution reaction; and enhanced supercapacitor 

capacitance.20 

To investigate the relationship between the OER activity and different valence states of the 

metal ions in spinel oxides, many studies choose bimetallic oxide for comparison. The 

contribution of the valence state of the ions to the catalyst activity can be studied. Wang et al. 

fabricated spinel oxides with only Co3+ by replacing Co2+ with Zn2+, obtaining ZnCo2O4, 

similarly, spinel oxide with only Co2+ could be fabricated by replacing the Co3+ with Al3+, 

forming CoAl2O3 samples.188 Comparison of the three materials showed that the divalent 

Co2+ are responsible for the OER performance as the OER activity of CoAl2O3 (Co2+ and 

Al3+) is almost the same with that of Co3O4, while the ZnCo2O4 (Zn2+ and Co3+) fared much 
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worse (Figure 1.15). This discovery offers new ideas for optimising the OER activity of 

oxides. 

 

Figure 1.15 Electrochemical performance toward OER; a) Normalized cycling voltammetry curves 

and b) corresponding Tafel slopes for Co3O4, ZnCo2O4, and CoAl2O4
188 

Inducing hetero-metal atoms is an effective strategy to engineer the surface-active sites and 

increase the electrochemical OER activity. To date, various metal ions have been chosen as 

dopants into the Co3O4 crystal structure including Fe,189 Ni,190 Cu191 and Zn192. It has been 

proved that the doping process facilitates the regulation of the electronic structure, 

conductivity and charge transfer rate, realising the enhancement of the overall OER 

performance of Co3O4. Besides doping with the above-mentioned ions, lithiation of Co3O4 is 

also an efficient way to improve the OER performance of Co3O4.
193 A recent systematic 

review of the cobalt-based heterogeneous catalysts can be found elsewhere.194 

1.3.3.1.2 Perovskite Oxide 

Perovskite is a star material family in recent years. The general formula of the perovskite 

oxides could be written by ABO3, where A stands for alkaline or rare earth metals and B 

represents transition metals. In the crystal structure, B metal ions are located in the centre of a 

octahedron structure and the octahedrons connect with each other by sharing the corners 

(Figure 1.16). A metal usually occupies the space among the octahedron structures. B metal 

ions could exhibit +3 or +4 valence state. 
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Figure 1.16 Crystal structure of a perovskite (ABO3)
7 

Many researches have reported promising OER activity of perovskites in alkaline 

solution.174 Matrumoto and co-workers reported their study on La1-xSrxFe1-yCoyO3 oxide 

system.176 They found that the OER activity could be optimised by increasing the number of 

x and y of the formula. The authors explain that the electrons in the d band of perovskite 

plays an important role in the OER performance. Furthermore, higher x or y means a wider s* 

band, which facilitates the increase of reaction rates of the first and third steps of the OER 

process. 

With increasing attention on perovskites and the evaluation of their OER performance, 

scientists found the unity of eg electron can be used to predict the OER activity of perovskite 

material (Figure 1.17). Lee et al. compare the OER performance of BaNiO3 and BaNi0.83O2.5. 

The latter showed much better performance in OER catalysis, which could be attributed to 

the difference in the unity of eg electron. The electron on eg was zero for BaNiO3 while the eg 

electron for BaNi0.83O0.25 was close to unity.195 A similar conclusion was also reported by 

Yagi et al.196 They suggested that the excellent OER performance of [Fe4+O6] origins from 

only one electron in the eg orbital. The limitation of many perovskite oxides is the structural 

change from crystalline to amorphous during OER process, due to the conversion of local 

structure from corner-sharing octahedral to edge-sharing octahedral, which is however 

connected to the enhanced activity.197-198 
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Figure 1.17 OER activity of various perovskites as a function of occupancy of eg-symmetry electron 

of transition metal counterparts.174 

1.3.3.1.3 Layered structure oxide family 

Two-dimensional (2D) oxides have been utilised in the electrochemical field for several 

decades. This family consisted of metal hydroxides M(OH)2 and metal oxyhydroxides 

MOOH, where M is usually a transition metal. The subunit of the layered structure is an 

octahedron with the metal ion in the centre and oxygen anions at the corners. Such subunits 

[MO6] form the backbone of the 2D layers by connecting along the edge of octahedron. 

Interaction species are distributed among the layers, stabilising the bulk structure. Different 

interaction species result in various distances between the layers. Take β-CoOOH and γ-

CoOOH as examples, β-CoOOH layers are inserted by protons (H+) and the distance between 

the layers is 0.46 nm; in γ-CoOOH, water and first alkaline group element such as (Na+ and 

K+) distribute among the layers with distance of about 0.7 nm between the layers (Figure 

1.18). Layered structure type hydroxides are also known as LDH (layered double hydroxides), 

and most of the members of this class are Co- or Ni- based materials.  
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Figure 1.18 Crystal structures of LDH β-CoOOH and γ-CoOOH.7 

Among the 3d transition metal-based oxyhydroxide layered materials, NiOOH displays the 

most outstanding OER activity with a trend as follows: Ni > Co > Fe > Mn.171 Subbaraman et 

al. suggested that NiOOH benefits from the optimal bonding strength between Ni and OH 

such that it is neither too strong nor too weak (Sabatier principle). Later, Corrigan and co-

workers discovered that the impurity Fe in the electrolyte could enhance the OER activity of 

NiOOH dramatically (Figure 1.19).199 It is interesting that only a small amount of Fe 

impurity (1 ppm) is sufficient. Trotochaid et al. reported a systematic study of the effect of Fe 

ions on the OER activity of NiOOH. They also point out that the addition of Fe could raise 

the OER performance of NiOOH significantly with an overpotential drop by 200 mV when 

25% Fe ions was introduced into the system.200 

 
Figure 1.19 a) SEM images Ni0.75Fe0.25(OH)2 films as-deposited and after 24 h of aging in 40 °C 1 

M KOH. b) Crystal structures of β-Ni(OH)2 (theophrasite; ICSD 28101) and NiFe-LDH (fougèrite; 

ICSD 159700; note that this is the all-Fe analogue) viewed roughly along the [110] direction. The 
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unit cell edges are indicated by dark lines. Red = OH; blue = Ni2+; green = Ni2+/Fe3+; gray = water. 

H atoms in both structures and interlayer anions in the LDH structure are omitted for clarity. c) 

CV scans of Ni1−xFex(OH)2/Ni1−xFexOOH films deposited on IDA electrodes.200 

The benefits may be more than improved conductivity. Many calculation works were 

carried out to explore the mechanism of Ni1-xFexOOH in catalysis.201-202 Selloni et al. pointed 

out that Fe contributes significantly to the OER activity. With the present of Fe, β-NiOOH 

outperforms γ-NiOOH as OER catalysts.202 

1.3.3.1.4 Other metal oxides 

Until now, huge effort has been devoted to the field of metal oxides OER catalysts (Table 

1.4). It has been proved that doping is an efficient method to enhance the OER activity of the 

oxides. A comprehensive screening protocol has been raised by Stahl et al.203 By comparing a 

series of mix-metallic oxides compounds’ OER performance, they suggested that Co and Ni 

are necessary components in OER oxide catalysts in alkaline solution. The second or third 

doping metal introduced could promote the performance of these metal oxides as indicated in 

Figure 1.20. The authors emphasized the potential of Ni-Fe oxides with a doped metal such 

as Ni-Fe-Al, Ni-Fe-Ga and Ni-Fe-Cr, which are predicted to be upcoming exciting materials.  

  

Figure 1.20 OER activities of the compositions containing each element: a) all-inclusive; b) 

composition without Co or Ni.203 

Some members of the oxide family contain first row transition metals such as TiO2, CuO2 

and Fe2O3 have been discovered to be potential photo-driven OER catalysts. The 
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photoactivity of TiO2 is well-studied, facilitating the application of TiO2 in many fields. The 

limitation of the TiO2 is its wide band gap that restricts applications involving the UV 

region;204 this may be solved by doping.205 CuO2 (~2.0 eV)206 and Fe2O3 (~2.2 eV)207 have 

also been tested in photoelectrochemical (PEC) cells. However, there is still a long way 

before their practical application as OER catalysts. 

Table 1.3 A partial literature summary of the OER performances of transition metal oxides 

Catalysts Onset 

potential 

(mV) 

η@10 

mA cm-2
 

(mV) 

Tafel slope 

(mV dec-1) 

Electrolyte Ref. 

FeOx ~400 - 51 1.0 M KOH 208 

CoOx ~370 - 42 1.0 M KOH 208 

NiOx ~280 - 29 1.0 M KOH 208 

Ni0.9Fe0.1Ox ~275 - 30 1.0 M KOH 208 

a-Fe2O3 ~300 - ~40 0.1 M KOH 209 

a-CoOx ~270 - ~40 0.1 M KOH 209 

a-NiOx ~270 - ~70 0.1 M KOH 209 

a-Fe33Co33Ni33Ox ~250 - ~30 0.1 M KOH 209 

Mn3O4 ~320 - - 1.0 M KOH 210 

MnOx ~270 - - 0.1 M KOH 211 

NiCeOx ~220 ~271 - 1.0 M NaOH 212 

CoMoO4  312 56 1.0 M KOH 213 

ZnxCo3-xO4 ~290 ~320 51 1.0 M KOH 192 

ZnxCo3-xO4  320 51 1.0 M KOH 192 

NiCo2O4  320 63.1 1.0 M NaOH 214 

NiCo2O4  320 30 1.0 M KOH 215 

Co3O4/NiCo2O4 

DSNCs 
~300 ~340 88 1.0 M KOH 216 

LT-LiCoO2 ~330 ~340 52 0.1 M KOH 193 

NiCo2O4  340 75 0.1 M KOH 217 

NixCo3-xO4  340 65-74 1.0 M KOH 218 

NiCo2O4  350 74.0 0.1 M KOH 214 

700-CoOx-C ~270 ~360 89 0.1 M KOH 219 

PNC/Co ~320 ~370 76 1.0 M KOH 220 

NixCo3-xO4  370 59-64 1.0 M NaOH 221 

NG-NiCo2O4 ~310 ~377 156 0.1 M KOH 222 

ZnCo2O4  390 76 1.0 M KOH 223 

CuxCo3-xO4 ~300 ~394 59.6 1.0 M KOH 191 

NiCo2O4  ~398 - 0.1 M KOH 224 

α-Mn2O3 ~170 ~400 - 1.0 M KOH 210 

CoFe2O4/C  400 - 0.1 M KOH 225 

NiCo2O4/C  
430@5 

mA cm-2 
- 0.1 M KOH 226 

NiCeOx ~270 ~450 - 1.0 M KOH 212 

MnOx ~230 ~450 - 1.0 M KOH 210 

CoFe2O4  ~450 - 0.1 M KOH 227 
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CoFe2O4/G  460 - 0.1 M KOH 228 

MnCo2O4  ~470 - 0.1 M KOH 229 

NiCo2O4/G  ~472 164 0.1 M KOH 230 

MnCo2O4@PPY  ~480 - 0.1 M KOH 231 

Co3O4-CuCo2O4 ~297 498 - 0.1 M KOH 232 

FeCo2O4/G  ~498 62 0.1 M KOH 233 

Mn0.2Cr0.8O1.5  ~640 ~436 0.1 M KOH 234 

NiCo2O4  
717@100 

mA cm-2 
68.49 0.1 M KOH 235 

 

1.3.3.2 Transition Metal Chalcogenides 

Transition metal chalcogenides (sulfides, selenides or tellurides) also exhibit promising 

OER activity.236-237 Suitable chalcogenides are usually Co- or Ni-based materials that possess 

intrinsic high electroconductivity and long-term stability in alkaline and acidic electrolyte.238-

241 Considering the outstanding performance of chalcogenides for HER, they are attractive 

candidates for bi-functional catalysts for overall water-splitting.181-184  

The activity of CoSe2 in OER catalysis is usually much lower than expectation, attributed 

to the lack of active sites. Since bulk CoSe2 is made up of the stacked layers, exposure of 

active sites on the surface is quite limited, resulting in poor activity. Liu et al. obtained 

ultrathin CoSe2 nanosheets though ultrasonication exfoliation (Figure 1.21).183 The resultant 

catalyst affords small overpotential (320 mV) at 10 mA cm-2, much better than that of bulk 

CoSe2, indicating the advantage of ultrathin structures. Furthermore, the authors proved the 

presence of “Co vacancies” on the ultrathin nanosheet by positron annihilation spectrometry 

and XAFS spectra. According to simulation, such vacancies could work as the active sites for 

water oxidation and decrease the overpotential. 
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Figure 1.21 a) TEM image of CoSe2 ultrathin nanosheets, b) schematic representations of trapped 

positrons of cobalt vacancies; c) LSV curves in 0.1 M KOH medium with bulk CoSe2, CoSe2/DETA, 

and ultrathin CoSe2 nanosheet as the electrocatalyst.183 

There is evidence that the Co (IV) also plays a significant role in the OER catalysts.242-243 

The Co (IV) could serve as the adsorption position for O on the catalyst surface via the good 

electrophilicity of the Lewis acid property, facilitating the formation of intermediate OOH via 

nucleophilic interaction. The formation of OOH is followed by a deprotonation process, thus 

forming molecular oxygen. 

To further enhance the performance of chalcogenides for OER, various methods have been 

explored. Doping of foreign metal ions displayed effective results. Yu et al. reported Fe-

doped NiS2 ultrathin nanosheets (FeNiS2) which show superb OER activity, with an 

overpotential of 290 mV at 10 mA cm-2 and a Tafel slope of 46 mV dec-1 (Figure 1.22).244  
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Figure 1.22 a) LSV of RuO2, bare GC, FeNiS2 NSs, Ni9S8 NRs and FeSN Ss; b) TEM image for the 

FeNiS2 NSs.244 

The transition metal sulfides are promising candidates for OER catalysis, especially in 

alkaline solution.236-237, 245 However, the OER process involving these compounds is 

complicated. It has been discovered that the sulfur atoms undergo oxidation during the OER 

catalysis process, or are even completely converted to their corresponding oxide 

counterpart.237 Nevertheless, the real OER active sites and mechanism are still a matter of 

debate. 

1.3.3.3 Non-Metallic Materials 

Motivated by the achievement of the carbon-based materials in ORR catalysis, non-metal 

materials, especially carbon-based materials are an emerging class of OER catalysts.  

Mirzakulova et al.185 designed and fabricated a molecular catalyst N (5)-ethylflavinium ion 

(Et-Fl+) for water oxidation, which was the first non-metal compound proven to be capable of 

catalysing the oxygen evolution reaction, although this system has been already reported 

before. With a 30% Faradaic efficiency in 0.1 M phosphate buffer solution, the performance 

of Et-Fl+ was not very good. Nevertheless, the authors illustrated a proposed mechanism of 

OER catalysed by this molecule (Figure 1.23), pointing out that the carbon between N and 

ketone group (C=O) is the active site. Presence of the N and ketone group render the carbon 

charge positive, and thus OH- is more likely to adsorb on this site, initiating the OER process. 

This sheds light on the future work in this field and inspires more focus on non-metal OER 

catalyst. 

Until now, various carbon materials have been discovered as promising electro-catalysts 

for OER process including single/double heteroatom doped carbons such as graphene,246 

CNT186 and nanographite247. Very recently, researchers have extended the research to hybrid 
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materials such as C3N4-CNT,248 graphene-CNT,249 and C3N4-graphene,250 although progress 

is hindered by drawbacks such as low TOF and poor stability. Theoretical works for the OER 

process on carbon materials are relatively rare compared to the ORR carbon catalysts. 

Therefore, it is imperative that we step up efforts to overcome the limitations.  

 

Figure 1.23 Proposed mechanism for catalytic water oxidation by Et-Fl+. a) Proposed generation of 

the flavin-oxide Et-FlO+. b) Calculated ΔG values (B3LYP/6-31G*, PCM model for acetonitrile) 

for the reaction between Et-FlO+ and C20H10O to form a peroxide and for the oxygen release from 

the peroxide. All the geometries were optimized at the B3LYP/6-31G* level of theory and with 

consideration of implicit solvation by the PCM for acetonitrile. Grey spheres=carbon, red 

spheres=oxygen, blue spheres=nitrogen.185 

Cheng and co-workers reported a systematic study of the OER activity of carbon 

nanotubes (CNTs) and reveal the effect of the number of walls on the OER performance.186 

They found out that the multi-wall CNT are superior to single-wall CNT in OER catalysis. 

Furthermore, while the outer wall plays an important role the OER activity, the inner walls 

facilitate the electron transformation. Intestinally, increased numbers walls adversely hinder 

the optimisation of the OER activity. The authors suggested that it could be attributed to the 

attenuated electron tunnelling between the outer wall and inner walls. Later, Lu et al.187 
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further optimised the OER activity of multi-wall CNTs by oxidizing the carbon atoms on the 

outer wall (Figure 1.24). The as-synthesized material displayed promising OER performance 

with a 360 mV overpotential at 10 mA cm-2.  

 

 

Figure 1.24 A schematic illustration of the surface-oxidized multi-walled carbon nanotubes.187 

In summary, extensive research has been conducted on earth abundant-base material as 

OER electrocatalysts. However, the application of these earth abundant material-based 

catalysts has some limitations. Firstly, the activity should be improved. For example, the 

transition metal oxides have poor electronic conductivity and low concentration of 

electrocatalytic active sites, which hinder the development of the OER activity. Besides, 

long-term stability is another issue. Therefore, creative and efficient design and fabrication 

methods are urgently needed to improve the electronic conductivity, exposure of active sites 

and electrocatalytic stability. These issues must be resolved in order to improve the OER 

performance of earth-abundant electrocatalysts. 
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1.4  Electrocatalytic Hydrogen Evolution Reaction and Catalysts  

1.4.1 Mechanistic pathway of electrocatalytic hydrogen evolution reaction 

Hydrogen evolution reaction (HER) is a half reaction of water splitting, though which 

hydrogen is produced via the process of electrolysis of water. The first discovery of hydrogen 

evolution by water splitting could be traced back to 1800, when Willian Nicolson and 

Anthony Carlise conducted water electrolysis using voltaic pile invented by Alessandro Volta 

and proved the products are hydrogen and oxygen gases.251 In view of the oil crisis and 

global warming, HER gained attention because of high energy density and eco-friendly 

products (hydrogen). However, it was unpopular before 1970s due to the large electric energy 

input required in electrolysis of water. With technological achievements involving solar and 

wind energy, HER research becomes a hot issue again, seen as a form of contemporary clean 

energy.9, 252 

HER is a multi-step process which is dependent on the pH of the electrolyte. Typically, the 

HER process occurring on the surface of solid electrode can be divided into three steps in 

acidic solutions: 1) Chemically adsorption process of a hydrated proton onto the surface of 

catalyst (*): 

𝐻3𝑂+ +  𝑒− +∗→ 𝐻∗ + 𝐻2𝑂  (𝑉𝑜𝑙𝑚𝑒𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)                           (1.17) 

2) Formation of H2 molecular form the adsorbed H* via the Heyrovsky or Tafel route: as for 

the Heyrovsky route, the adsorbed H* species receives one electron from the catalyst surface 

and combines with a hydrated proton to produce a hydrogen molecule; As for the Tafel route, 

the hydrogen molecule is formed though the directly combination of two adsorbed H*: 

𝐻3𝑂+ + 𝑒− + 𝐻∗ → 𝐻2 + 𝐻2𝑂  (𝐻𝑒𝑡𝑟𝑜𝑣𝑠𝑘𝑦 𝑟𝑜𝑢𝑡𝑒)                          (1.18) 
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𝐻∗ + 𝐻∗ → 𝐻2  (𝑇𝑎𝑓𝑒𝑙 𝑟𝑜𝑢𝑡𝑒)                                            (1.19) 

3) Desorption of hydrogen molecule 

Similarly, the HER process in alkaline solutions also has three steps (Volmer-Heyrovsky 

process or Volmer-Tafel process),253 differing from the Volmer process in acidic electrolytes. 

In alkaline solution, the attachment of the OH- and H* should be followed by the breaking of 

H-O-H bonds, which is more difficult to pursue than the reduction of H3O
+ 

1) Adsorption process: 

𝐻2𝑂 + 𝑒− → 𝐻∗ + 𝐻2𝑂  (Volmer route)                             (1.20) 

2) Formation of hydrogen molecule: 

𝐻2𝑂 + 𝑒− +∗→ 𝐻2 + 𝑂𝐻−  (𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 𝑟𝑜𝑢𝑡𝑒 )                    (1.21) 

              𝐻∗ + 𝐻∗ → 𝐻2  (𝑇𝑎𝑓𝑒𝑙 𝑟𝑜𝑢𝑡𝑒)                                          (1.22) 

3) Desorption 

The mechanisms of HER in acidic and alkaline solutions were concluded in Figure 1.25. 

  
 

Figure 1.25 a) Hydrogen evolution process follows either the Volmer-Heyrovsky or the Volmer-

Tafel mechanism; b) volcano shape of the HER catalyst: ΔG°H* is the free energy of hydrogen 

adsorption at standard conditions, ηT is the thermodynamic overpotential.254 
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The HER pathway depends on the intrinsic chemical and electronic properties of the 

catalyst surface, which can be inferred from the Tafel slope of the HER performance. 

Although the water splitting process showed promising potential, practical application is 

still quite limited because of the sluggish dynamic of cathodic HER process.255 As a result, 

most HER studies focus on the efficient, cost-effective catalysts that can reduce the 

overpotential of HER. 

1.4.2 Current status of OER catalyst 

Platinum (Pt) and Pt-based materials are the most widely-used, high-efficient HER 

electocatalysts. The excellent activity originates from the intrinsic electro-property of the 

metal. Generally, a good HER catalyst should have an appropriate adsorption free energy 

with hydrogen that neither too strong nor too weak. The weak adsorption leads to low 

efficiency of combination between the proton and electron from the catalyst, while strong 

adsorption energy results in difficulty in desorption of the product, thus occupying the active 

sites and hindering the HER process. Accordingly, an ideal HER electrocatalyst should have 

a Gibbs free energy of hydrogen bonding that close to the standard hydrogen electrode 

potential, which is defined as zero. So, the candidates for HER catalysts should have a 

hydrogen adsorption free energy close to zero as well. The Sabatier Volcano plot which 

depicted the exchange current density and Gibbs free energy of hydrogen adsorption is a 

commonly used method to compare the HER activities of various materials (Figure 1.25). A 

catalyst whose position is closer to the summit in the Sabatier Volcano will exhibit better 

HER performance.256 

Although Pt and Pt-based catalysts show nearly zero adsorption free energy, their practical 

application is greatly limited by the scarcity and high price. Therefore, it is important to 
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explore alternatives for Pt and other expensive noble metals.6 Earth-abundant materials like 

transition metal-based compounds display excellent potential in HER catalysis owning to 

their low-cost and good electrocatalyst activity. Significant developments on optimizing their 

performance have been achieved. The materials in the following section can be divided into 

four groups according to the metal atoms they involved: 1) Cobalt-based; 2) Iron-based; 3) 

Molybdenum-based; 4) Nickel-based (Figure 1.26). We also notice that many materials for 

HER are hybridized with carbon materials, as support or substrate. 

 

Figure 1.26 Chart for the distributions of summarized non-noble metal-based electrocatalysts for 

HER under different pH ranges, and the distributions of different non-noble metal-based carbon 

composites corresponding to the pH conditions (acidic, alkaline and wide pH medium).257 

1.4.3 Earth abundant material-based high performance electrocatalyst for 

hydrogen evolution reaction 

1.4.3.1 Co-based electrocatalysts for HER 

Among the first-row transition-metal atoms, cobalt-based materials attract great attention 

considering their low-cost and high conductivity. In alkaline solution cobalt-based materials 

show lower energy barrier for H adsorption. CoSe2 also displayed the optimal activity for 

HER. Cui et al. developed a facial method to synthesize 3-dimentional (3D) CoSe2 on carbon 
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fiber paper structure as HER catalyst (Figure 1.27).258 The 3D CoSe2 showed excellent HER 

performance with 180 mV overpotential at 100 mA cm-2 and ~40 mV/decade of Tafel slope. 

Such excellent catalytic activity and stability originate from the large surface area offered by 

the carbon paper. The CoSe2 nanoparticles formed an active layer owing to the metallic 

property of CoSe2 and the uniform coating. In another work, Sun’s group prepared CoSe2 

nanowires according to a two-step hydrothermal approach with NaHSe acting as the selenide 

precursor.259 Carbon cloth was seen as an ideal substrate of HER catalysts, offering 

hierarchical porous structure and large surface area, which could afford the loading of many 

active materials.260-262  

 

Figure 1.27 a) Crystal structure of CoSe2 in cubic pyrite-type phase (left) and orthorhombic 

macarsite-type phase (right). b) Photograph of CoSe2 catalyst on a piece of 1.5 cm × 10 cm carbon 

fiber paper (CP). c) SEM image of a layer of CoSe2 catalyst grown on CP. d) High-resolution SEM 

image revealing the structure of CoSe2 coating, consisting of nanoparticles in dimension of tens of 
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nanometers. e) Polarization curves of CoSe2 NP/CP and contrastive electrodes in 0.5 M H2SO4. f) 

Corresponding Tafel plots in comparison with a Pt wire. Reproduced with permission.258  

Doping is an effective way to adjust the intrinsic HER performance of the catalyst as the 

inducing of heteroatoms into the crystal lattice could alter the electronic structure of the 

original material, thus tuning the electronic activity for HER. For instance, Qiao et al. 

developed a ternary alloyed Co(SxSe1-x)2 nanowires supported by carbon fiber paper through 

in-situ growth of Co(OH)(CO3)2 with S/Se vapour (Figure 1.28).262 The resultant material 

displayed superior HER performance with low overpotential (157 mV) at 100 mA cm-2 and a 

Tafel slop of 45.3 mV/decade. The greatly reduced kinetic energy barrier was attributed to 

the doping of Se atoms into the CoS2 crystal, which promoted the activity. 

 

Figure 1.28 a) XRD patterns of the precursor and selenized product scratched down from CC. b), c) 

SEM images of Co(OH)F NW/CC. d) TEM image of Co(OH)F NW. e), f) SEM images of CoSe2 

NW/CC. g) TEM image of CoSe2 NW. h) HRTEM image and i) SAED pattern taken from CoSe2 

NW. j) STEM image and EDX elemental mapping of Co and Se for CoSe2 NW. k) SEM image of 

CoSe2 MP.262  
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1.4.3.2  Fe-based electrocatalysts for HER 

Metal nanoparticles were also explored systematically as HER catalysts. Iron is the most 

abundant transition metal with a very low price. Consequently, iron-based catalysts are very 

attractive. As the adsorption energy of hydrogen can be adjusted by the electrical property of 

the material surface, methods which alter the surface atomic arrangement like alloying and 

hybridizing have been exploited. Chen et al. fabricated FeCo nanoalloy composites coated 

with a single layer shell of nitrogen-doped carbon (NC) (Figure 1.29).263 The encapsulation 

of the carbon helps prevent aggregation and oxidation of the mental nanoparticles, and the 

ultrathin carbon facilitate direct contact between the metal and electrolyte. Furthermore, 

nitrogen doping contributes to improving the activity of the catalyst. From DFT results, the 

charge transfer process of HER catalyst by this FeCo@NC material occurs from the metal to 

the carbon shell, which indicates that the adsorption sites of H should be on the carbon 

structure. Therefore, introducing the nitrogen dopant into the carbon shell affects the charge 

density of the carbon structure; this synergistically moderates the adsorption free energy of 

the catalyst.  
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Figure 1.29 The synthetic route and model of the FeCo alloys encapsulated in nitrogen doped 

graphene layers. a) Fe3[Co(CN)6]2 sphere, the picture inside is the crystalline structure of 

Fe3[Co(CN)6]2 containing a three-dimensional network of Fe–C≡N–Co, b) An aggregate of FeCo 

alloys encapsulated in graphene layers, c) Enlarged model of an FeCo alloy particle encapsulated 

in nitrogen doped graphene layers as a catalyst for hydrogen production, the HER process follows 

a Volmer–Heyrovsky mechanism. d) In situ formation of FeCo alloys in Fe3[Co(CN)6]2 sphere and 

FeCo alloys-catalyzed formation of nitrogen doped graphene layers using C and N sources derived 

from the decomposition of Fe3[Co(CN)6]2.
263 

Schaak’s team developed FeP nanoparticles with a hollow sphere morphology (Figure 

1.30).264 The as-synthesised material, when deposited on the surface of a Ti plate, exhibits 

high activity for HER in both acidic and neutral pH solutions. The observed overpotentials of 

~50 and ~102 mV at current densities of 10 mA cm-2 were in 0.50 M H2SO4 and 1.0 M PBS, 

respectively. The supported FeP catalyst showed sustained hydrogen production with 

essentially quantitative faradic yields for extended time under galvanostatic condition. 



50 

 

 

Figure 1.30 Plots for FeP/Ti electrodes in 0.50 M H2SO4 and 1.0MPBS, respectively, of a) 

overpotential vs time and d),e) current density vs potential, initially and after 500 and 1000 CV 

sweeps between 0.1 and -0.15 V vs RHE; (b) HRTEM image, and c) STEMEDS element maps of 

the FeP/TiO2 nanocomposite.264 

1.4.3.3 Mo-based electrocatalysts for HER 

Metal-sulfides, particularly MoSx-based components are also considered as HER catalysts. 

As the metal sulfides are layered structures, with van der Waals forces between the layers, the 

layers can be utilized to prepare different forms like nanotubes, nanobelts or nanoparticles. It 

has been proved that the defects at the edge or the corners of the MoSx layered structure act 

as the active sites for HER as these defects facilitate water dissociation.5 However, the basal 

planes are inert for the HER catalysis. Consequently, researchers have fabricated a series of 

MoSx nanomaterial with few-layers to expose more defects, which could increase the HER 

activity. Dai et al. developed MoS2/rGO hybrid that showed excellent catalytic activity 

towards HER with a ~41 mV/decade Tafel slope as shown in Figure 1.31.265 The Tafel result 

indicates a Volmer-Heyrovsky mechanism of the catalyst. Such good performance arises 

from the synergistic effect between the rGO support and MoSx nanoparticles, which 

facilitates rapid charge transfer between the carbon and nanoparticles, thus accelerating the 

hydrogen production. Furthermore, in-situ growth of the MoSx on the surface of rGO could 
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realise controllability of the size and dispersion of the nanoparticles, thus exposing more 

active sites and avoiding aggregation of MoSx.
266 

It was later discovered that amorphous MoSx demonstrate better catalytic activity than the 

crystalline form as the amorphous MoSx contains more unsaturated sulfer atoms working as 

active sites.267 Besides, the thickness of the MoSx nanosheets could affect the HER activity. 

The H2 production rate increases linearly with thickness of MoSx sheets, reaching an 

optimized thickness of 5 µm.268 

 

Figure 1.31 a) Schematic solvothermal synthesis with GO sheets to afford the MoS2/RGO hybrid. b) 

SEM and (inset) TEM images of the MoS2/RGO hybrid. c) Schematic solvothermal synthesis 

without GO sheets. d) SEM and (inset) TEM images of the free particles. e) Polarization curves 

obtained with several catalysts as indicated and f) corresponding Tafel plots recorded on glassy 

carbon electrodes. Reproduced with permission.265  

Mo-carbides are also promising catalyst for HER. Asefa et al. synthesized Mo2C with 

nitrogen-doped carbon hybrid material (Mo2C@NC) as HER catalyst for a wide pH range (0-
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14) (Figure 1.32).269 The Mo2C particles were well-confined by the NC structure, exhibiting 

high surface area and uniform distribution, resulting in excellent HER performance. The high 

content of nitrogen doping in the carbon support also plays an important role. According to 

DFT computation, the adsorption free energy of H*(ΔGH*) on the surface of Mo2C@NC was 

quite small compared to that without nitrogen doping, which reveals the intrinsic superior 

activity of Mo2C@NC. The DFT result also suggested the electron transfer pathway of 

Mo2C@NC: the electron was transferred from Mo2C to the adjacent C, followed by the 

passing of the electron to nearby nitrogen atoms. The C atoms in the transformation acted as 

both electron acceptors and donors. This complex transfer process of electrons indicates the 

intimate interaction between the carbide nanoparticles and carbon substrate. 

 

Figure 1.32 a) Illustration of the synthesis and the structure of Mo2C@NC. b,c) TEM images of 

Mo2C@NC. Inset in b) displays particle size distribution of the Mo2C NPs. d,e) HRTEM images of 

the areas 1 and 2, respectively, in c). The distance between the lines is 0.23 nm in all cases. f) 
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Polarization curve of 20 wt% Pt/C, N-doped carbon, com-Mo2C, and Mo2C@NC at pH 0. g,h) 

Polarization curve of 20 wt% Pt/C and Mo2C@NC at pH14 and pH7.269 

To further promote the performance of the molybdenum carbide material, many studies 

reported efforts to fabricate or modify the hierarchical structure of the material. Most of the 

reported MoxC are irregular in shape, prone to overlapping, aggregation or stacking, thus 

decreasing the amount of active sites and hindering the mass and charge transfer. Lou and co-

workers developed β-Mo2C nanotubes270 and mesoporous Mo2C graphene hybrid structure.271 

Both materials displayed outstanding electronic activity toward HER with small 

overpotentials. The high porous structure facilitates contact of the electrolyte and catalyst, 

improving mass and charge transport. Interestingly, the porous Mo2C exhibits better activity 

in alkaline solutions than in acidic electrolytes, which may be attributed to the stability of the 

material in alkaline mediums. Details about the mechanism are still an issue of debate.  

1.4.3.4 Ni-based electrocatalysts for HER 

Nickel-phosphorous is an important member among the nickel-based HER catalysts. The 

synthesis and application of transition metal phosphorous could be dated back to the 18th 

century. Early phosphorous compounds for HER were commonly obtained by 

electrodeposition process at room temperature. The material showed amorphous property 

similar with alloys. Restricted by the lack of characterization technology then, scientists 

misunderstood that the high performance originated from the regulated electronic structure of 

the metal during the electrochemical preparation rather than the metal-phosphorus materials. 

Until 2005, Liu and Rodriguez discovered the similarity between the Ni2P and NiFe based on 

DFT calculation, predicting the possibility of electronic catalyst activity of Ni2P (Figure 

1.33).272 Later in 2013, Liu reported the phosphorous component working as HER catalyst 

experimentally.273   
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Figure 1.33 a) Schematic representation of the reaction mechanism suggested by Liu and 

Rodriguez. b) Structural excerpt of the proposed active site on Ni2P [001] and c) the structurally 

similar site on Ni5P4[001].272 

Schaak, and coworkers also developed Ni2P nanoparticles as electrocatalyst for HER 

(Figure 1.34).274 Studies on the mechanism demonstrated the reversibly adsorption and 

desorption behaviour of the hydrogen atom during the HER process. Moreover, the Ni2P 

nanoparticles possessed high density of (001) facets, confirming the hypothesis that the active 

sites are on on Ni2P [001].  

 

Figure 1.34 a-c) Crystal structure of Ni2P: a) four unit cells stacked on top of one another, with a 

single unit cell outlined, b) top-down view of the Ni2P(001) surface, and c) a two-dimensional slice 

of Ni2P, showing the (001) surface on the top. d) HRTEM image of a representative Ni2P 

nanoparticle, highlighting the exposed Ni2P(001) planes. e) Polarization data for three individual 

Ni2P electrodes in 0.5 M H2SO4, along with glassy carbon, Ti foil and Pt for comparison.274  
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Recently, continuing breakthroughs have been achieved for the construction of alternatives 

to Pt-based catalysts for HER with high-performance and low-cost earth-abundant elements 

such as Mo, Fe, Co, Ni. Considering the urgent demand for clean renewable energy, 

development of the catalyst for overall water splitting is crucial. Water electrolysis through a 

two-electrode configuration is much closer to a practical device and industrial demand. The 

limitation of the bifunctional catalyst lies in the electrolyte condition, as most of the OER 

catalysts work well in alkaline solution, whereas the HER catalysts function better in acidic 

media. Consequently, future research efforts may focus on materials with high performance 

in a wide pH range. 
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1.5 Scope of the Thesis 

This work aims to: (1) fabricate a series of electrochemical catalysts comprising of earth-

abundant materials and study their performance; (2) investigate and elucidate the mechanism 

of the electrocatalytic process with the designed catalyst (3) evaluate the application potential 

of the catalyst in Zn-air battery, and (4) understand the electrochemical water-splattering 

process in-depth. To achieve these aims, extensive studies have been conducted 

systematically including literature reading, optimization of experimental methodology, 

characterisations of materials, and mechanistic investigations.  

Chapter 1 introduces the background of this project with a comprehensive literature review, 

including the importance of electrochemical catalysts for ORR, OER and HER, development 

and limitations of the current electrochemical catalysts, feasibility and challenges of using 

catalysts made from earth-abundant materials, thus revealing the significance of the present 

research.  

Chapter 2 reports a widely applicable graphene oxide edge functionalization method. By a 

simple condensation reaction, diamino-benzene derivatives are chemically crafted to ortho-

quinone sites, creating ORR electrocatalytic activity. The Zn-air batteries assembled using 

the resultant electrocatalyst outperform those constructed by Pt/C electrocatalyst.  

Chapter 3 introduces a controllable method to synthesize atomically thin CoSe2 

nanomaterials for water oxidation catalysis. The results show that the material with large 

nanobelt structure exhibits low overpotential, high current density, small Tafel slope and 

excellent catalytic stability, significantly outperforming other assembled structures and 

previously reported catalysts. The electrode constructed from large nanobelts possesses a 

porous structure with highly accessible channels that allows facile electrolyte diffusion and 



57 

 

efficient mass transfer. The manipulation of the assembled structure provides a new approach 

to the design of highly efficient catalysts for various reactions. 

Chapter 4 proposes and experimentally validates a series of cobalt-doped spinel manganese 

oxide nanoparticles hybrid with GO nanosheets, and evaluates their electrocatalyst activities. 

The doping process alters the surface atomic arrangement and electronic properties, resulting 

in optimised adsorption behaviour of molecular oxygen, therefore promoting ORR activities. 

When the dopant was 20 wt% (CMG-3), the doping material showed the best performance. 

The Zn-air battery assembled using CMG-3 as the air-cathode catalyst can readily achieve 

good cycling performance at various current densities and high energy density 

Chapter 5 introduces a theoretical calculation work for a HER catalyst material. The recent 

applications of the cobalt-dithiolene complex as promising electrocatalysts for the hydrogen 

evolution reaction have been broadened by forming low-dimensional metal-organic 

frameworks (MOFs) through polymerization. Using the Gibbs free energy of the adsorption 

of hydrogen atoms as a key descriptor, S atoms with in one-dimensional MOFs are identified 

to be the preferred catalytic site for HER. The theoretical results further reveal that the 

activities of the S atoms can be improved through interaction with alkali metal cations from 

the electrolytes; specifically, the influence of cations on the performance is dependent on the 

electron affinity of cations. Our theoretical findings, therefore, demonstrate that the selection 

of electrolytes can be a promising approach to enhance the performance of electrocatalysts 

for HER.  

Chapter 6 reports a novel class of Ni-/Co-based metal-organic frameworks (MOFs) that is 

responsive to visible light, with the capability of decolorizing organic dyes under H2O2 

medium. Interestingly, hydroxyl free radicals (OH•) not only act as the main oxidizer to 

degrade organics under visible light illumination but also provide a chemical shield by 
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restraining themselves on the MOF surface to avoid the decomposition of organic linkers 

within the MOF structure.  The photocatalytic activity and stability were found to be heavily 

dependent on the OH• adsorption strength on our synthesized MOFs.   

Chapter 7 provides a summary of the framework of this thesis and further research 

proposal. 
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Wet-chemistry Grafted Active Pyridinic Nitrogen Sites on Holey 

Graphene Edges as High Performance ORR Electrocatalyst for 

Zn-Air Batteries 

2.1 Introduction 

The development of high-performance and low-cost oxygen reduction reaction (ORR) 

electrocatalysts to replace high cost and scarce Pt-based electrocatalysts is critically 

important for commercial viability of fuel cells and metal-air batteries.1-4 The metal free 

carbon-based ORR electrocatalysts have been identified as a class of promising low-cost 

alternatives to Pt-based ones.5-7 The reported results have demonstrated that the ORR 

catalytic activities of graphitic carbons and carbon nanotube (CNT) can be dramatically 

enhanced by heteroatoms doping.8-14 It has been recently confirmed that the doped pyridinic 

nitrogen (nitrogen bonded to two carbon atoms) in graphene is responsible for the enhanced 

ORR catalytic activity.15 The doped pyridinic nitrogen sites make the adjacent carbon atoms 

becoming Lewis-base sites, facilitating O2 adsorption and 4-electron ORR process.15-16 

However, doping nitrogen into carbon materials is usually achieved under harsh conditions 

via calcination, carbonization and chemical vapour deposition with poor controllability.17-19 

Recently, a widely applicable wet-chemistry method was reported to add ORR active 

nitrogen sites onto graphite edges via a simple condensation reaction of ortho-quinone sites 

on graphite edges with some ortho-phenylenediamine derivatives under mild conditions.15, 16, 

20-22 The method can be used to effectively tune the ORR activity by inducing different 

substituents with different chemical environments near the vicinity of nitrogen atoms. 

Nevertheless, the reported works are mostly focused on the mechanistic studies rather than 

the practicality for energy devices due to the fewer edge activity sites.16 We therefore 
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envisage that the full ORR enhancement capability of this wet-chemistry method could be 

realised by dramatically increasing the edge sites numbers.  

In this work, we innovatively utilise the edges of the in-plane holes of holey graphene 

oxide (HGO) to enable the creation of dramatically increased ORR active pyridinic nitrogen 

sites. Four ortho-diamino-benzene derivatives including 2,3-diaminophenazine (A0), 1,2-

diaminobenzene (A1), 2,3-Diaminopyridine (A2) and 3,4-diaminopyridine (A3) were 

selected to induce the ORR active nitrogen sites and investigate the effect of nitrogen site 

chemical environment on ORR catalytic activity. The ORR performances of Ai (i = 0, 1, 2, 3) 

grafted holey graphene (Ai-HGs) were investigated. Among them, the A3 grafted holey 

graphene (A3-HG) shows excellent ORR activity comparable to Pt/C, as well as good 

selectivity and stability. The practicality was demonstrated using Zn-air batteries assempled 

with A3-HG elelctrocatalyst that outperformed those assemled using commercial Pt/C 

electrocatalyst.  

2.2 Experimental Part 

2.2.1 Chemicals and Materials  

Potassium hydroxide (99.99%), 2,3-diaminophenazine, 1,2-diaminobenzene, 3,4-

diaminopyridine, and 2,3-Diaminopyridine were obtained from Sigma Aldrich, graphite 

powder, hydrogen peroxide, potassium nitrate, potassium permanganate, sulfuric acid and 

ethanol were purchased from Chem-Supply Pty Ltd, all aqueous electrolyte solutions were 

prepared with reagent grade water (Sartorius Stedim, 18.2 MΩ-cm resistivity). Glassy carbon 

disk electrodes were obtained from Pine Research Instrumentation, Inc.  

2.2.2 Characterization 
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The morphology of the nanostructure was revealed under a Hitachi S7100 scanning 

electron microscopy (SEM) and Bruker Dimension Icon system Atomic force microscopy 

(AFM). Transmission electron microscopy (TEM) was characterized on Philips F20 with an 

acceleration voltage of 200 kV. The X-ray photoelectron spectra (XPS) information was 

collected on a Kratos Axis ULTRA system. Fourier transform infrared spectra (FTIR) were 

taken by a Bruker Vector-22 FTIR spectrometer with a scan range of 400 cm-1 to 4000 cm-1. 

Raman spectra were measured on a RENISHAW mVia Raman microscope using a 532 nm 

excitation laser. Thermogravimetric analysis (TGA) data were collected on a 

NETZSCHSTA-449 TG Analyzer under the protection of argon with a heating rate of 10 °C 

min-1. 

2.2.3 Synthesis of Holey Graphene Oxide (HGO) 

GO was prepared by oxidation of natural graphite powder according to the modified 

Hummers' method.17 As for the synthesis of HGO, 5 ml 30% H2O2 aqueous solution was 

mixed with 50 ml 2 mg/ml GO aqueous dispersion and then heated at 100°C for 4 h under 

stirring.23 The as-prepared HGO was purified by filtration and washing the above mixture to 

remove the residual H2O2. Then the solid was re-dispersed in water by vibration or 

ultrasonication for a few tens of seconds to obtain a homogeneous HGO aqueous dispersion 

with a concentration of 2 mg/ml. 

2.2.4 Synthesis of modified holey graphene oxide (Ai-HG)  

5 mg HGO and 25 mmol A molecular (2,3-diaminophenazine, 1,2-diaminobenzene, 2,3-

diaminopyridine, 3,4-Diaminopyridine for A0, A1, A2, A3 respectively) were dispersed in 

mixed solution of 4 ml water and 1 ml ethanol. The mixture was heated at 100 °C for 12 h.20 

The as-synthesised Ai-HGs were purified by centrifuging and washing the above mixture by 

water and ethanol for 3 times. Subsequently the obtained material was treated with 0.1 M 

HClO4 for 3 hours to hydrolyze adventitious imine linkages formed on the surface. After acid 
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treatment, the system was washed by water and ethanol for another 3 times. To avoid 

possible photoreactions, all reactions were conducted in the dark.  

2.2.5 General Electrochemical Methods 

The electrocatalyst material ink was prepared as follows: the glassy carbon electrodes were 

firstly polished against an alumina slurry using a circular motion for 2 mins. This process 

should be repeated for several times in sequence using 1.0 μm, 0.3 μm, and 0.05 μm alumina 

slurries. 4 mg of Ai-HGs was dispersed in 1 ml solution (isopropanol mixed solvent with 50 

μl of Nafion solution), then the ink was ultrasonicated for about 30 mins to generate a 

homogeneous system. Then 15 μl of the ink was transferred onto the polished glassy carbon 

electrode with diameter of 5 mm. Finally, the ink was dried at room temperature. The 

preparation other materials inks including GO, HGO A3-HG and Pt/C was the same with the 

method above. The electrochemical tests were performed in a typical three-electrode 

electrochemical cell (CHI 660D) with a counter electrode (graphite rod) and a reference 

electrode (Ag/AgCl electrode). The cyclic voltammetry (CV) and linear sweep voltammetry 

(LSV) tests were performed in O2-saturated 0.1 M KOH with scan rate of 10 mV/s.  

  The Koutecky-Levich (K-L) plots were obtained by linear fitting the reciprocal rotating 

speed versus reciprocal current density measured at different potentials (-0.4 V, -0.5V and -

0.6 V). The overall electron transfer numbers per oxygen molecule (n) involved in ORR 

process where calculated from the slopes of Koutecky-Levich plots by the following equation: 

                                                         1/jD=1/jk+1/Bω1/2                                                                                           (1)  

where jk is the kinetic current in amperes at a constant potential, ω represents the electrode 

rotating speed (rpm), B corresponds to the reciprocal of the slope. B could be obtained by 

calculating the slope of Koutecky-Levich plots via Levich equation: 

                                                       B=0.2nFv–1/6CO2DO2
2/3                                                                                (2) 
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where n is the number of transferred electrons during a typical ORR process, F means the 

Faraday constant （96485 C mol-1）, DO2 represents the diffusion coefficient of O2 in 0.1 M 

KOH aqua solution (1.9×10-5 cm2 s-1), v stands for the kinetic viscosity (0.01013 cm2 s-1), and 

CO2 corresponds the concentration of O2 in the electrolyte (1.2×10-6 mol cm-3).24  

2.2.6 Zn-air battery assembly.  

The air electrodes for Zn-air battery was fabricated by carbon cloth as backing layer and a 

gas diffusion layer (GDL) on the air-facing side. The catalyst was cast on the water-facing 

side. The material ink prepared as mentioned above in electrochemical measurement was 

loaded onto the carbon cloth with a loading mass of 0.1 mg followed by dried in the room 

temperature. Anode was polished Zn plate and the electrolyte were 6.0 M KOH with 0.2 M 

Zn(Ac)2. The GDL allows O2 from ambient air to reach the catalyst sites and stop the 

electrolyte from leakage. 

2.3 Results and discussion 

  The synthetic procedure of Ai-HGs is schematically depicted in Scheme 2.1 (see 

experimental part for details). The HGO was synthesised by heating a aqueous mixture of 

graphene oxide (GO) and H2O2.
23 The in-plane holes distributed across the basal structure 

after oxidization could be recognized in the TEM image (Figure 2.1). The Ai-HGs were 

synthesised via condensation reactions between ortho-amino groups of the corresponding Ai 

and ortho-quinone sites on holy graphene oxide edges.20  
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Scheme 2.1. Schematic illustration of synthesis procedure of A3-HG; Carbon: grey; oxygen: red; 

nitrogen: blue. 

 

Figure 2.1 a) Photograph of GO and HGO solution with the same concentration (3mg/ml); b) TEM 

images of the HGO nanosheet, the in-plane holes were indicated by the arrows. 

Figure 2.2 shows the morphological characteristics of A3-HG. Typical 2D wrinkled 

structures were respectively observed by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) images (Figures 2.2a and 2.2b). The atomic force 

microscopy (AFM) image revealed a thickness of ~2 nm for A3-HG sheets.  
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Figure 2.2 Morphological characteristics of A3-HG. a) SEM, b) TEM and c) AFM images. 

Other Ai-HGs possess almost identical morphological characteristics (Figure 2.3). The 

obtained characteristics of Ai-HGs in this work are very similar to those reported HGOs.5 

 

Figure 2.3 SEM images of a) A0-HG, b) A1-HG and c) A2-HG.  

Systematic characterizations were performed to confirm the formation of Ai-HGs and their 

elemental compositions and bonding configurations. X-ray absorption spectroscopy (XPS) 

data shown in Figure 2.4a reveal that the high-resolution C 1s spectra of Ai-HGs contain 

three types of carbons including graphitic carbon (C=C: 284.5 eV), oxygenated carbon (C-O: 

286.4 eV, C=O: 287.3 eV, C-O=C: 288.8 eV), and nitrogenised carbon (C-N: 285.5eV).25 In 

contrast, the C 1s spectrum of HGO reveals the presence of only graphitic and oxygenated 

carbons (Figure 2.5). The presence of C-N bonds in Ai-HGs confirms the formation of Ai-

HGs. The high-resolution N 1s spectra shown in Figure 2.4b reveal the differences in 

nitrogen bonding states and chemical environments when different diamino-benzene 

precursors were used. The N 1s spectra obtained from A0-HG, A1-HG and A2-HG can be 

deconvoluted to two characteristic peaks at 398.7 and 400.4 eV, corresponding to pyrazinic N 

and aryl amino, respectively. In contrast, an extra peak at 399.5 eV corresponding to 

pyridinic N can be deconvoluted from A3-HG.26-27  
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Figure 2.4 XPS spectra of a) C 1s, b) N 1s of Ai-HGs; c) FTIR spectra of HGO and Ai-HGs; d) CV 

curves of Ai-HGs in nitrogen saturated 0.1 M KOH solution. The scale bars in d) stand for 0.5 mA 

cm-2 (Ai-HGs) and 0.05 mA cm-2 (HGO). 

 

Figure 2.5 XPS spectra of a) N 1s and b) C 1s of HGO. 

Although A2 molecular also contains pyridinic N, the XPS spectra did not reveal the 

corresponding peak. This could be due to the similar chemical environment of the pyridinic N 

with the nearby pyrazinic N in A2-HG.28 The nitrogen contents of all resultant Ai-HGs were 

found to be between 4.5 and 10 % (Table 2.1). 
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Table 2.1 Elemental content analyses of Ai-HGs according to the XPS result. 

Sample C (%) N (%) O (%) 

A0-HG 77.63 10.03 
 

12.34 

A1-HG 85.43 4.56 10.00 

A2-HG 76.90 9.30 13.80 

A3-HG 78.39 6.65 14.96 

 

Fourier transform infrared spectroscopy (FTIR) measurements were conducted to identify 

the functional groups in Ai-HGs (Figure 2.4c). The FTIR spectrum of HGO exhibits peaks 

located at 1042, 1229, 1401, 1635, 1727, and 3400 cm-1. These peaks can be ascribed to 

alkoxy C-O, epoxy C-O and C-OH, carboxyl O=C-O, aromatic C=C, C=O (carboxylic acid 

and carbonyl moieties) and O-H stretches, respectively.27-29 In contrast, after condensation 

reactions, the contents of the oxygen-containing groups in the resultant Ai-HGs are 

noticeably decreased while two new peaks are observable at ~1210 and ~1570 cm-1. The 

former can be assigned to the asymmetric C–N stretching vibrations coupled with the out-of-

plane NH2 and the latter is corresponding to the in-plane vibration of aromatic C=C bonds, 

which shifted from 1635 cm-1 in HGO to 1570 cm-1 in Ai-HGs, resulting from the enhanced 

aromaticity.30 Such observed structural differences further confirm the formation of Ai-HGs 

in accordance with the proposed condensation reactions shown in Scheme 2.1. The TGA 

thermogram of GO, HGO and Ai-HGs in air are shown in Figure 2.6.  
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Figure 2.6 TGA curves of GO, HGO and Ai-HGs. 

Ai-HGs display a gradually weight loss of 25% when temperature increased to 800oC. 

Differing from Ai-HGs, GO and HGO show a sharp decomposition weight loss at 200oC due 

to the presence of plentiful of oxygenated groups and a 40% of weight loss was observed 

when temperature increased to 800oC. The enhanced thermal stability of Ai-HGs is a result of 

efficient removal of oxygenated functional groups. Therefore, the nitrogen doping approach 

used in this study is highly beneficial for the restoration of graphitic structures.30 Figure 2.4d 

shows the typical cyclic voltametric (CV) curves of Ai-HGs. No observable redox peaks can 

be found from HGO, while for Ai-HGs, well-defined redox peaks can be observed within a 

potential range of 0-0.4 V (vs RHE). These observed redox peaks are corresponding to the 

redox peaks of Ai monomers (Figure 2.7), confirming the present of N-moieties in Ai-HGs.23, 

30-31  

 

Figure 2.7 CV curves of diamino-benzene precursors (A0-A3 molecules) in nitrogen saturated 0.1 

M KOH solution. The scale bars stand for 0.05 mAcm-2.  

The ORR electrocatalytic activities of the resultant Ai-HGs were then evaluated using CV 

technique. The CV curves of Ai-HGs were recorded from both N2- and O2-saturated 0.1 M 
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KOH solutions using a typical three-electrode cell configuration. The electrochemical cell 

was constructed by an Ai-HGs coated glassy carbon rotating disk electrode (RDE) as the 

working electrode together an Ag/AgCl reference electrode and a graphite rod counter 

electrode. As shown in Figures 2.8a and 2.9, all Ai-HGs electrodes showed distinct CV 

behaviours corresponding to the dissolved gases in the electrolyte.  

 

Figure 2.8 a) CV curves of A3-HG in oxygen and nitrogen saturated alkaline solution; b) Linear 

sweep voltammetry (LSV) results of GO, HGO, Ai-HGs, Pt/C, and at rotation rate of 1600 rpm and 

a scan rate of 10 mV s-1; c) Koutechy-Levich (K-L) plots of Ai-HGs derived from LSV curves at -0.6 

V. 

The ORR electrocatalytic activities of Ai-HGs can be confirmed by the oxygen reduction 

peaks around 0.8 - 1.0 V vs RHE and the accompanied sharp increase in cathodic currents 

when O2-saturated alkaline electrolyte was employed. The ORR performances of Ai-HGs 

were further characterised by the linear sweep voltammetry (LSV) in the O2-saturated 0.1 M 

KOH solution using electrocatalyst coated RDEs (Figures 2.8b, 2.9). The GO and HGO 

performed poorly among all cases investigated. Comparatively, greatly enhanced ORR 

activities can be observed from Ai-HGs. Impressively, A3-HG outperformed the benchmark 

Pt/C electrocatalyst at the higher current densities (Figure 2.8b). The anodically shifted onset 
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potentials were also observed with a sequence of A0-HG (0.806 V), A1-HG (0.816 V), A2-

HG (0.826 V) and A3-HG (0.92 V) (Figure 2.8c). To investigate the ORR kinetic, LSV 

curves (Figure 2.9) of GO, HGO, Ai-HGs and Pt/C were recorded at different rotation speeds 

(400 to 2500 rpm) (Figure 2.9). It could be observed that the diffusion-limited current density 

of Ai-HGs and Pt/C showed positive correlation trend with rotating speeds, while the onset 

potential was almost unchanged under different rotating speed.  

 

Figure 2.9 CV and LSV curves of Ai-HGs (a, b for A0-HG; c, d for A1-HG; e, f for A2-HG; g, h for 

A3-HG), A3-GO (i, j), Pt/C (k, l), HGO (m, n) and GO (o, p) in 0.1 M KOH 

Furthermore, Koutecky-Levich (K-L) plots of Ai-HGs and Pt/C at -0.60 V were obtained 

based on the corresponding LSV data at various rotation speeds (Figure 2.8c). All these 

curves demonstrates good linear relationship between the j-1 and ω-1/2 parameters, which is 
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identical with the typical first-order ORR kinetics.24 These result reveals that the ORR 

electron transfer numbers (n) of Ai-HGs are 2.51, 3.87, 3.82, 3.88 and 4.02 for A0-, A1-, A2-, 

A3-HG and Pt/C (The n values at 0.4, 0.5, 0.6 V vs RHE were concluded summarised in 

Table S2). The onset potentials of GO, HGO, Ai-HGs and Pt/C derived from Figure 2.8b are 

shown in Figure 2.8d. The determined onset potentials are in an order of GO (0.772 V) > 

HGO (0.798V) > A0-HG (0.806 V) > A1-HG (0.816 V) > A2-HG (0.826 V) > A3-HG (0.92 

V) > Pt/C (0.965 V). 

Table 2.2 Electron transferred numbers (n) of Ai-HGs and Pt/C from K-L plots.  

Sample 0.4 V (vs RHE) 0.5 V (vs RHE) 0.6 V (vs RHE) 

A0-HG 2.80 2.69 2.51 

A1-HG 3.73 3.54 3.87 

A2-HG   3.19 3.63   3.82 

A3-HG 3.29 3.59 3.88 

Pt/C   3.65   3.54   4.02 
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The durability of electrocatalysts plays an important role in practical applications. The 

long-term stability of A3-HG electrocatalyst was therefore evaluated by the 

chronoamperometric technique at -0.40 V in O2-saturated 0.1 M KOH solution under a 

rotation rate of 1600 rpm (Figure 2.10). The A3-HG can retain over 92% of its initial current 

after 20000s, outperforming the conventional Pt/C, which could only hold 72% of its initial 

value under the same testing conditions. Moreover, A3-HG showed superior tolerance to the 

methanol crossover reactions (Figure 2.11). 

 

Figure 2.10 Durability test for the ORR of A3-HG and Pt/C at a rotation rate of 1600 rpm in O2-

saturated 0.1 M KOH solution at -0.40 V (vs Ag/AgCl). 

 

Figure 2.11 Current-time (j-t) ORR chronoamperometric responses of A3-HG and Pt/C upon 

addition of methanol (3.0 M) around 1500s at -0.40 V. 
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The superior ORR activity of A3-HG clearly verifies the feasibility of our electrocatalyst 

design strategy, which should be ascribed to two main factors: On one hand, compared with 

other Ai molecules, the chemical grafting of 3, 4-diaminopyridine (A3) on HG can 

effectively create ORR active pyridinic nitrogen sites.32 The induced pyridinic nitrogen atoms 

into graphene structure act as an electron withdrawing groups to generate electron deficient 

carbon atoms nearby (Lewis base site) where are prone to nucleophilic attack by dioxygen, 

facilitating the initial O2 activation step and the four-electron ORR process.15 On the other 

hand, thanks to the distribution of in-plane hole in the HGO structure, HGO contains more 

“edge” than GO, where allows the location of more grafted molecules. As electron deficient 

carbon working as active site could only exist next to pyridinic nitrogen at the edge of carbon 

material, HGO structure could offer more active sites, leading to much better ORR activity 

than reported samples using graphite as modification substrate.19-21 This increase of the 

number of active sites together with the reasonable design and enhancement of the active site 

activity facilitate the high-performance ORR electrocatalyst. Interestingly, the deeply-

oxidized HGO precursor could cause the decrease of the ORR activity of the resultant 

material conversely (Figure 2.12). With the increase of the reaction time, the pores oxidized 

by the H2O2 would developed into aggressive etching of GO, breaking the sheets, and even 

destroy the structure completely into small pieces.23 For the small fractures of nitrogen-doped 

graphene “quantum dos”, the electrocatalytic activity is size-dependent that larger size 

fracture performs better in ORR catalysis.22 Consequently, the destroy of the integrity of the 

graphite structure caused by the large holes could lead to the decent of the catalytic activity of 

the A3-HG.  



88 

 

 

Figure 2.12 LSV of a) A3-HG and A3-GO b) A3-HG with different HGO precursors (reaction time 

of 4, 8, and 12h) at rotation rate of 1600 rpm and a scan rate of 10 mV s-1. 

The best performed A3-HG was then selected to assemble Zn-air battery device and used 

to demonstrate the practicality. The battery was fabricated with carbon cloth loaded with 

catalyst working as cathode and a Zn plate serving as anode (Figure 2.13).  

 

Figure 2.13 a) Scheme of the structure of the Zn-air battery; b) Photograph of Zn-air battery 

diverse and the open circuit voltage (OCV) with A3-HG as cathode; c) Polarization and the 

corresponding power density curves of the Zn-air batteries with A3-HG and Pt/C as cathodes. 
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Figure 2.14 Rechargeability cycling tests of the Zn–air batteries using A3-HG sample as the 

catalyst at 1 mA cm-2. 
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The device was measured in a static ambient atmosphere without air purging to simulate 

the real working conditions of a battery. The assembled Zn-air battery showed an open circuit 

voltage (OCV) of 1.34 V (Figure 2.13a) comparable to the battery assembled using Pt/C 

(1.39 V). Impressively, the battery assembled using A3-HG is capable of delivering much 

higher energy density (495 Wh Kg-1) than that of Pt/C one (198 Wh Kg-1). The 

rechargeability cycling test at 1mA cm-2 was shown in Figure 2.14 with long-term stable 

discharge voltage plate and discharge and charge voltage gap, which is consistent with the 

excellent stability of the A3-HG catalyst. 

2.4 Conclusion 

We have proposed and experimentally validated a new synthetic approach to fabricate high 

performance graphitic carbon-based ORR electrocatalyst by crafting N-containing functional 

groups onto HGO edges. The plentiful edge sites of HGO in-plane holes with rich ortho-

quinone groups dramatically increase the number of crafted N groups in the resultant 

electrocatalyst. The ORR performance of Ai-HGs depends on the crafted N types. The A3-

HG containing pyridinic N possesses the best ORR performance among all synthesised Ai-

HGs. The Zn-air battery assembled using A3-HG as the air-cathode catalyst can readily 

achieve a high energy density of 495 Wh Kg-1 much higher than that of the Pt/C (198 Wh Kg-

1). The reported approach in this work could be used to enhance electrocatalytic performance 

of other catalyst materials for various electrochemical reactions such as CO2 reduction. 
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Manipulating the assembled structure of atomically thin CoSe2 

nanomaterials for enhanced water oxidation catalysis 

3.1 Introduction 

Hydrogen fuel, generated from water electrolysis, has been widely regarded as an effective 

approach to easing the global energy crisis and environmental degradation due to its 

zeroemission and sustainable nature.1-6 The water splitting, however, is severely impeded by 

the sluggish oxygen evolution reaction (OER), which involves a complex four-electron and 

fourproton transfer process.7-10 To facilitate the OER kinetics, tremendous efforts have been 

devoted to the design of highly efficient electrocatalysts.11-14 Among the reported catalysts, 

atomically thin nanomaterials are a particular standout as they expose a large fraction of 

atoms on the surface and allow easy surface reconstruction via defect engineering, 

heterostructure construction, etc.15-18 For instance, Xie’s group reported the preparation of 

atomically thin Co3O4 nanosheets for OER catalysis.19 The nanosheets with 30% pore 

occupancy possess abundant low-coordinated atoms around the pores, which could serve as 

the active sites by increasing the H2O adsorption energy. As another example, atomically thin 

Ni3N nanosheets have been demonstrated to be a highly efficient catalyst for OER.20 The 

attractive catalytic performance mainly results from their metallic character and disordered 

structure, which lead to enhanced electrical conductivity and inherently high activity.  

Despite tremendous efforts, research reported in the existing literature has only placed 

emphasis on the modulation and optimization of surface electronic properties, which 

undoubtedly contributes to the improvement of inherent catalytic activity.21-25 This emphasis, 

unfortunately, is not representative when it comes to practical applications, as the 

performance relies notably on the electrode structure as well, which is highly correlated with 
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the utilization rate of active sites.26 In view of this, there is a general desire to rationally 

manipulate the assembled structure of atomically thin nanomaterials, with the purpose of 

further improving their catalytic performance. 

Herein, we take the synthesis of atomically thin CoSe2 nanomaterials as an example. By 

simply adjusting the volume ratio of diethylenetriamine (DETA) to H2O, the configuration of 

DETA could be regulated, which directs the assembly of different nanostructures.27 It was 

found that for a large nanobelt structure, a low overpotential and a high current density were 

recorded with excellent long-term durability, significantly outperforming other assembled 

structures. The outstanding catalytic performance is mainly attributable to the facile 

electrolyte diffusion, easy O2 escape, and efficient charge/mass transfer, enabled by the high 

accessibility of the large nanobelt electrode and sufficient electronic contact between the 

active material and the current collector. 

3.2 Experimental Part 

3.2.1 Synthesis of the materials 

Manipulating the assembled structure of atomically thin CoSe2 nanomaterials: Different 

CoSe2 nanomaterials were synthesized via a facile hydrothermal method. In detail, x ml 

DETA was first dissolved in y ml H2O. Then, 0.125 g Co(AC)2‧4H2O and 0.174 g Na2SeO3 

were sequentially added under vigorous stirring. After that, the wine-red solution was 

transferred into a 45 ml Teflon-lined autoclave and heated at 160 °C for 10 h. Finally, the 

thus-produced lamellar hybrid intermediate CoSe2/DETA was exfoliated under high-power 

ultrasonication and collected after washing and freeze-drying. For the synthesis of CSPA, 

CSSBA, CSMB, and CSLB, the additions of DETA/H2O were 3.0/21, 6.0/18, 12/12, and 

18/6.0 ml, respectively.  
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3.2.2 Characterizations  

The assembled structures of different CoSe2 catalysts were observed by SEM (JEOL JSM-

7100F, Tokyo, Japan). TEM, HRTEM, SAED, and elemental mapping were performed on an 

EDS equipped JEOL JEM-ARM200F to identify the nanobelt thickness, phase structure, 

crystallinity, and elemental composition, respectively. XRD (Bruker D8 Advance 

diffractometer, Cu Kα) and Raman spectroscopy (Renishaw 100, 632.8 nm He-Ne laser) were 

employed to further confirm the phase structure and the degree of crystallinity. The chemical 

compositions and surface electronic states were analyzed using high-resolution XPS (Kratos 

Axis Ultra DLD, Manchester, UK). 

3.2.3 Electrochemical measurements 

All electrochemical tests, including CV, LSV, EIS, CA, and CP, were carried out using 

RDE equipment (rotation rate, 1200 rpm) connected to a computer-controlled 

electrochemical workstation (CHI 760, Shanghai Chenhua Instruments Co. Ltd.). In a typical 

three-electrode system, a graphite rod and a Hg/HgO/1 M NaOH electrode were utilized as 

the counter and reference electrodes, respectively, and O2-saturated 1 M NaOH was used as 

the electrolyte. To prepare the working electrode, 5 mg catalyst was first dispersed in 1 ml of 

a water/ethanol/Nafion® mixed solution (3:1:0.1, v/v) under ultrasonication. After that, a 15 

μl catalyst suspension was deposited on the glassy carbon electrode (mass loading of ~0.38 

mg cm-2) and dried in an oven at 60 °C. 10 cycles of CV were first performed to activate the 

electrode at a sweep rate of 10 mV s-1 within the voltage range from 0.3 to 0.7 V versus 

Hg/HgO. LSV was then conducted at 10 mV s-1 from 0.3 to 1.0 V versus Hg/HgO, and the 

recorded curves were corrected with 95% iR-compensation. The double-layer capacitance 

was determined by the scan-rate dependence (10, 20, 30, 40, 50, and 60 mV s-1) of CV 

current in the voltage range of 0.3-0.4 V versus Hg/HgO. The reported overpotentials, current 
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densities, TOFs, and ECSAs were obtained by averaging five replicated measurements. EIS 

was performed at 0.6 V versus Hg/HgO with an amplitude of 10 mV in the frequency range 

of 200 kHz–100 mHz. To assess the durability of different catalysts, CA and CP testing was 

carried out. CA responses were first recorded for 3 h at stepwise potentials of 0.65, 0.70, 0.75, 

0.80, 0.85, and 0.90 V versus Hg/HgO, and CP responses were then recorded for 9 h at a 

constant current density of 10 mA cm-2.  

3.3 Results and discussion  

The manipulation strategy is schematically illustrated in Figure 3.1a. At the beginning of 

the reaction, DETA molecules are protonated by reacting with H2O, which leads to the slow 

release of OH-. Co2+ cations then react with OH- and are in-situ selenized to CoSe2.
28 After 

that, the protonated amine molecules are coordinated with Se atoms in CoSe2, and direct the 

growth of CoSe2 nanoclusters.27 Finally, the generated primary CoSe2 nanostructures 

assemble in a certain way to minimize their surface energy.26 The assembled structure highly 

depends on the configuration of DETA in the solvent. By increasing the DETA/H2O ratio, the 

DETA molecules aggregate to a more ordered configuration, and the assembled structure of 

CoSe2 could be rationally manipulated from nanoparticle aggregations (CSPA) to small 

nanobelt aggregations (CSSBA), to mixed small/large nanobelts (CSMB), and finally to large 

nanobelts (CSLB), as observed by scanning electron microscopy (SEM, Figure 3.1b). The 

nanoparticles and small nanobelts form aggregates due to their high surface energies. 

Detailed information on large nanobelts was obtained by transmission electron microscopy 

(TEM). As shown in Figure 3.1c, the nanobelts have a width of about 200 nm and length up 

to 1 µm. The cross-sectional high-resolution TEM (HRTEM) image (left inset in Figure 3.1c) 

clearly shows that the nanobelts possess five CoSe2-DETA stacking layers with a layer 

thickness of 0.60 nm.  
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Figure 3.1 Manipulating the assembled structures of atomically thin CoSe2 nanomaterials. a) 

Schematic illustration showing the synthesis of primary CoSe2 nanostructures and the 

manipulation of their assembled structures. b) SEM images showing the evolution of the assembled 

structure from nanoparticle aggregations (CSPA) to small nanobelt aggregations (CSSBA), to 

mixed small/large nanobelts (CSMB), and finally to large nanobelts (CSLB). c) TEM, HRTEM, 

and SAED pattern displaying the morphology, thickness, and crystal structure of large nanobelts, 

respectively. d) EDS spectrum with insets showing the elemental mappings and atomic percentages 

of Co, Se, and O. 

The selected area electron diffraction (SAED, Figure 3.1c) reveals the cubic phase and 

single crystalline nature of the CoSe2 layer, and the high resolution TEM image (right inset) 

presents the lattice fringes of (210) planes with a spacing of 2.62 nm, also indicating the 

formation of cubic CoSe2.
29-30 Atomic-resolution elemental mapping via energy dispersive X-

ray spectroscopy (EDS) was further conducted to identify the existing elements. As shown in 
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Figure 3.1d, Co and Se are clearly observed with atomic percentages of 34.88 at% and 60.74 

at%, respectively. The slightly excessive Co probably results from the incomplete 

selenization of CoOx precursors, as indicated by the small amount of O (4.38 at%). It is worth 

noting that the small nanobelts have three CoSe2-DETA stacking layers with a larger layer 

thickness of 1.08 nm (Figure 3.2). In addition, the nanoparticles and small nanobelts also 

display cubic CoSe2 phase, but exhibit low degrees of crystallinity (Figure 3.3). The 

difference in the crystallinity might have resulted from the protonation of DETA, which is an 

exothermic reaction and promotes the ordered assembly and crystallization of nanocrystals. 

 

Figure 3.2 Cross-sectional HRTEM image of CSSBA; The small nanobelts have three stacking 

layers with a layer thickness of about 1.08 nm and a total thickness of about 3.24 nm 

 

Figure 3.3 SAED Patterns of CSPA and CSSBA. Both nanoparticles and small nanobelts display 

the cubic CoSe2 phase with low crystallinity. 
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The phase structures of different CoSe2 assemblies were further determined by X-ray 

diffraction (XRD, Figure 3.4a) and Raman spectroscopy (Figure 3.4b). Two weak and broad 

XRD peaks locate at around 34.2° and 51.8°, which are assigned to the (210) and (311) facets 

of cubic CoSe2 (JCPDS 09-0234), respectively (Figure 3.4a).31 

 

Figure 3.4 Phase structures and surface chemical states of atomically thin CoSe2 nanomaterials 

with different assembled structures. a) XRD patterns of different CoSe2 assembled structures. b) 

Raman spectra of different CoSe2 assembled structures. c) High resolution XPS spectra of Co 2p. d) 

High resolution XPS spectra of Se 3d. 

The low peak intensities are mainly attributable to the low crystallinity of 

nanoparticles/small-nanobelts and the lack of long-range atomic order of large nanobelts.32 

The Raman spectra show two strong peaks at around 172 and 680 cm-1, which are assigned to 
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the Se-Se stretching mode and Ag mode of cubic CoSe2, respectively.33-34 A shoulder peak at 

189 cm-1 and a small peak located at 474 cm-1 should correspond to the F2g and Eg 

symmetries in the trace amount of CoOx, respectively.35 The enhanced peak intensities with 

increasing DETA addition indicate the increased crystallinity of the assembled structure, 

which is consistent with the SAED results.  

To further understand their compositions and surface chemical states, we performed X-ray 

photoelectron spectroscopy (XPS) analysis. The Co, Se, and O elements were clearly 

detected from the survey spectra of different CoSe2 assemblies (Figure 3.5). The fine scan 

spectra show four typical peaks located at around 778.4, 793.4, 54.2, and 55.0 eV, which are 

assigned to the chemical states of Co 2p3/2, Co 2p1/2, Se 3d5/2, and Se 3d3/2 in CoSe2, 

respectively (Figure 3.4c and 3.4d).34 The peaks around 780.5, 796.4, and 59.2 eV originate 

from the Co-O and Se-O bonds that exist due to the presence of impurity O. Two strong 

shake-up satellites at around 784.7 and 800.6 eV, and the Co 3p peak at about 61.2 eV were 

also detected.36 It is noteworthy that the Co 2p and Se 3d peaks of large nanobelts exhibit 

slight 0.15 eV negative and 0.12 eV positive shifts, respectively, compared with those of 

small nanobelts, indicating the electron gain of Co atoms from surrounding Se atoms. The 

reduction state of Co atoms results from the lattice distortion of large nanobelts due to their 

atomic layer thickness.28  
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Figure 3.5 XPS survey spectra of CSPA, CSSBA, CSMB, and CSLB. The survey spectra show the 

presence of Co, Se, and O elements in different CoSe2 assemblies 

To investigate the effects of the assembled structure on OER catalysis, we systematically 

evaluated the catalytic activity and durability by rotating disk electrode (RDE) measurements 

in 1 M NaOH. After pre-activation by 10 cycles of cyclic voltammetry (CV, Figure 3.6), 

linear sweep voltammetry (LSV) was conducted at a scan rate of 10 mV s-1 in the voltage 

range of 1.22-1.92 V vs RHE.  

 

Figure 3.6 TOFs of CSPA, CSSBA, CSMB, and CSLB at η = 400 mV. The TOF values were 

calculated based on the equation: TOF = jS/4Fn, where j (mA cm-2) is the current density at 
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overpotentials of 350 and 450 mV, S is the surface area of glassy carbon disk (0.196 cm2), F is the 

Faraday constant (96485 C mol-1), and n is the number of moles of the metal atoms. 

As shown in Figure 3.7a, the polarization curves indicate that the catalytic activity 

increases gradually with the evolution of the assembled structure. Detailed comparisons of 

the overpotential, current density, and turnover frequency (TOF) are provided in Figures 3.6 

and 3.7b, 3.7c. To reach a current density of 10 mA cm-2, the required overpotentials for 

CSPA, CSSBA, CSMB, and CSLB are 396.8, 377.2, 368.4, and 362.5 mV, respectively, and 

at an overpotential of 400 mV, the recorded current densities and calculated TOFs are 

11.1/0.012, 19.2/0.021, 25.1/0.027, and 34.3 mA cm-2/0.037 s-1, respectively. Therefore, 

CSLB exhibits the highest catalytic activity among all assembled structures. The outstanding 

catalytic activity of large nanobelts was further confirmed by the Tafel plots derived from 

LSV curves in low overpotential regimes. As shown in Figure 3.7d, the Tafel slopes of 

CSPA, CSSBA, and CSMB are 68.0, 65.1, and 62.2 mV dec-1, respectively, while it 

decreases to 57.6 mV dec-1 for CSLB, indicating the high catalytic power of large nanobelts 

to drive the oxygen evolution reaction.  
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Figure 3.7 OER catalytic performance of atomically thin CoSe2 nanomaterials with different 

assembled structures. a) LSV curves at a scan rate of 10 mV s-1. b) Required overpotentials (η) to 

achieve a current density of 10 mA cm-2. c) Current densities at η = 400 mV. d) Tafel plots derived 

from the polarization curves in low overpotential regimes. e) Current density differences (j = janode 

- jcathode) at η = 44 mV plotted against scan rates, with the slope of the line representing twice the 

double-layer capacitance (Cdl). f) Nyquist plots showing the charge transfer resistance and the ion 

diffusion rate. g) Comparison of the catalytic performance between CSLB and previsously reported 

CoSe2 nanocatalysts without any surface modifications. h) Durability assessment by a 

chronoamperometric test at stepwisely increased overpotential for 3 h and then a 

chronopotentiometric test at j = 10 mA cm-2 for 9 h. 

The electrochemical double-layer capacitance (Cdl), which is proportional to the 

electrochemical surface area (ECSA), was further determined from the linear slope of 

capacitive current vs. scan rate. As can be seen in Figure 3.7e, the Cdl of CSLB is 127.9 mF 

cm-2, significantly outperforming those of 49.0, 68.5, and 85.8 mF cm-2 for CSPA, CSSBA, 

and CSMB, respectively. As a result, the large nanobelt structure could provide more active 
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sites for OER catalysis. The superiority of this structure could also be deduced from the 

negligible charge transfer resistance and efficient ion diffusion, as indicated by the 

electrochemical impedance spectroscopy (EIS, Figure 3.7f). It is worth noting that CSLB is 

among the best CoSe2 catalysts (without surface modifications via defect creation, elemental 

doping, heterostructure construction, etc.) that have ever been reported (Figure 3.7g).37-46 

Catalytic durability is another crucial parameter determining the performance of a 

catalyst.47 Herein, the durability was evaluated by performing a combined 

chronoamperometry (CA)/chronopotentiometry (CP) measurement for 12 h (Figure 3.7h). 

The CA testing, conducted during the initial 3 h, demonstrates that CSLB delivers the highest 

current densities among all catalysts at different overpotentials. More specifically, the 

average current densities of CSLB at 343/393/443/493/543/593 mV are 

4.1/13.8/33.6/56.8/83.7/114.7 mA cm-2, much higher than those of 

1.3/6.4/17.0/29.8/46.3/65.8, 1.9/8.1/21.1/37.4/56.7/80.3, and 2.5/10.7/27.0/46.0/69.1/96.8 

mA cm-2 for CSPA, CSSBA, and CSMB, respectively. The CP response at a constant current 

density of 10 mA cm-2 was further recorded for the following 9 h. As can be seen, CSLB 

exhibits excellent catalytic stability, with only a slight overpotential increase of 11.5 mV. In 

comparison, CSPA, CSSBA, and CSMB suffer from gradually declining activity, with 

overpotentials increasing by 17.2, 24.8, and 29.8 mV, respectively. Generally, CSLB displays 

relatively high and stable catalytic performance due to its ultrathin large-nanobelt structure. 
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Figure 3.8 CVs performed to activate the electrode materials. The phase conversion process takes 

place mainly in the first CV cycle. 

Some previous works on ultrathin CoSe2 nanobelts for OER catalysis have stated that the 

excellent performance mainly results from their exotic electronic properties.37, 42-44 In our 

study, however, we found that CoSe2 is highly unstable under OER conditions. As many 

studies have revealed that selenides trend to conduct phase conversion from selenides to 

oxyhydroxides during the OER process, and the result material were the real active sites of 

OER catalyst.48-50 The phase conversion could be deduced from the cyclic voltammetry (CV) 

pre-activation process. As shown in Figure 3.8, the first CV cycle shows a broad featureless 

curve over the whole input voltage range, indicating the oxidation of Co(II) to Co(III)/(IV) 

and the instability of CoSe2 in an alkaline medium at an applied overpotential. The areas 

enclosed by the following CV cycles dramatically decrease, suggesting that the phase 

conversion process takes place mainly in the first cycle. Atomic elemental mapping using 

EDS of large nanobelt electrode further suggests that Se atoms were detached from the 
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crystal lattice while O atoms were incorporated, and only 0.65 at% Se remains after the CV 

test (Figure 3.9a). It was further found that the oxidation of CoSe2 leads to the formation of 

low crystalline α-CoOOH, despite the single-crystalline nature of primary CoSe2 nanobelts 

(Figure 3.9b). Therefore, any big influence of electronic structures of different catalysts 

caused by crystalline defects on OER catalysis has been ruled out. In addition, obvious 

surface distortion exists on large nanobelts due to their ultrathin layer thickness (0.60 nm) 

compared with small-nanobelts (1.08 nm)/nanoparticles (Figure 3.4c and 3.4d), which may 

lead to enhanced electrical conductivity. Nevertheless, the stacked layers are merged into a 

single layer after the phase conversion process. Considering the similar total thickness of the 

stacked layers (3.0 nm for large nanobelts and 3.24 nm for small nanobelts), the contribution 

of surface distortion to the catalytic activity is also negligible. 

 

Figure 3.9 Mechanism study of the excellent catalytic performance of the large nanobelt structure. 

a) EDS spectrum, elemental mappings, and atomic percentages for the large nanobelt electrode 

after CV activation. b) SAED pattern showing the phase conversion to low-crystalline CoOOH after 
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CV activation. c) Schematic illustration showing the effect of assembled structure on electrode 

accessibility and active-material/current-collector contact. d) SEM images of different electrode 

structures after long-term chronoamperometric test. 

Having excluded any major effect of electronic properties, the assembled structures of 

different catalysts are most likely to be responsible for their catalytic performance, as they 

normally determine the accessibility of the electrode and the electronic contact between the 

active material and the current collector. As shown in Figure 3.9c, with the evolution of the 

assembled structure, the degree of aggregation decreases, and the electrode film becomes 

more accessible. In particular, the electrode constructed from large nanobelts possesses a 

three-dimensional (3D) porous network structure that allows facile electrolyte diffusion and 

efficient mass transfer. As a result, more surface atoms will participate in the catalytic 

reaction, and the generated O2 bubbles can easily escape from the electrode. Moreover, 

considering the pre-existing literatures about the mechanism of OER process catalysed by 

selenides, the CoOOH originated from the phase transition works as the real active site. The 

assembled structure could offer more active sites for the OER process.51-53 In contrast, the 

nanoparticle and small nanobelt aggregations not only slow down the electrolyte infiltration, 

but also block the escape of gas bubbles and consequently diminish the transfer of refreshed 

electrolyte to the bubble-covered surface sites. Therefore, the amount of active sites 

participating in the catalysis gradually decreases. Apart from the accessibility of the electrode, 

the electronic contact between the active material and the current collector also plays an 

important role in catalytic performance. Large nanobelts with ultrathin thickness and high 

flexibility can tightly adhere to the current collector, which facilitates the electron transfer 

and mass conversion processes. In comparison, the nanoparticle and small nanobelt 

aggregations have very limited contact with the current collector, which severely impedes the 

electron transfer process. Moreover, the mechanical damage and easy detachment of the 

active material from the current collector under rotating shear force led to gradually increased. 
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overpotential and declining catalytic activity during the stability testing. The effects of high 

electrode accessibility and sufficient active-material/current-collector contact of large 

nanobelts on OER catalysis are well reflected by the ECSA and EIS results (Figure 3.7e and 

3.7f). To further confirm the proposed mechanism, the morphology of different CoSe2 

electrodes was observed after long-term chronoamperometric testing. As shown in Figure 

3.9b, even though the phase conversion causes severe damage to primary nanomaterials, the 

assembled structures and the electrode architectures have been well-retained after catalysis. 

In particular, the large nanobelt electrode still maintains its high accessibility and intimate 

contact with the current collector, which holds promise for high catalytic activity over a long 

period of time. 

3.4 Conclusion 

In summary, the assembled structure of atomically thin CoSe2 nanomaterials was rationally 

manipulated, and its effect on OER catalysis was systematically studied in this work. It was 

found that the large nanobelt structure delivered the best catalytic activity and durability due 

to its high electrode accessibility and sufficient active-material/current collector contact for 

facile electrolyte diffusion, easy O2 escape, and efficient charge/mass transfer. This study 

emphasizes the importance of the assembled structure in electrocatalysis and paves the way 

for the design of highly efficient catalysts for practical applications. 
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Co-valent Cobalt-doped Manganese Oxide as High Performance 

Electrocatalyst for Zn-air Battery 

4.1 Introduction 

Oxygen reaction reduction (ORR) has attracted huge attention considering its importance 

for energy conversion devices including fuel cell and metal-air batteries, which are treated as 

the main part of the solution of the global climate change and the urgent demand of 

renewable energy.1-2 During the past decades, the research of the ORR catalyst focused on the 

alternatives of traditional Platinum (Pt)-based material due to their high price and poor 

stability.3 Various substrate such as oxides,4-5 chalcogenide,6 transition metal coordination 

compounds7 and heteroatom-doped carbon material8 have been investigated extensity for 

their ORR performance. However, the fabrication of a satisfied catalyst that contains 

comparable performance with Pt as well as good stability and low-cost is still a challenge.  

Metal oxides have been explored systematically as ORR catalyst both in alkaline and 

acidic environments2. The limitation of the oxides catalyst mainly ascribed to the low 

electron conductivity and the lack of the adsorption of oxygen molecular on the surface of the 

bulk material.9 To solve these issues, great effort including surface modification, doping, 

hybridizing and decreasing the particle size have been applied1. With the understanding of the 

mechanism, is has been widely accepted that the ORR process initiates with oxygen 

adsorption in the surface of the catalyst,10 which is the crucial step of the reduction of oxygen 

as well as the desorption of OH-. It could be inferred that the surface property of the catalyst 

surface related to the interaction with oxygen molecular plays an important role in the ORR 

process. Therefore, the optimisation by engineering the surface electron structure and atomic 

arrangement of the catalyst could be effective way to tune the ORR performance of the 
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catalyst.11 Following this concept, covalent doping of the oxide, which could realise the 

adjustment of surface property by substitution part of the metal atom in the structure with 

another metal, is believed to be a promising optimisation method of the ORR performance of 

metal oxide material.12 

Here we developed a facile one-step method to synthesize a serious of Co-doped 

Manganese Oxide (Co-doped Mn3O4) via in-situ growing on the surface of graphene oxide 

(GO) nanosheets and evaluated their electrocatalytic activity for ORR. The hybridising of the 

oxide nanoparticles with the two-dimensional GO nanosheets benefits the electron 

conductivity and the dispersion of the oxide nanoparticles, which prevent the aggregation and 

promote the access of the oxygen molecular to the active site of the catalyst. The 

electrochemical performance data reveal that the hybrid material with 20 wt% of the Co 

substitution Co-Mn3O4 catalyst exhibited outstanding catalytic activity for ORR that 

comparable with the benchmark Pt/C catalyst in 0.1 KOH solution as well as good stability 

and preference for 4-electron transfer pathway. The XRD and XPS results proved the 

successful substitute of the Cobalt atoms into the spinel manganese oxide crystal resulting the 

change of the electron structure of the surface of the oxide and interaction of oxygen and 

catalyst, which could explain the enhanced ORR performance of the Co-Mn3O4-rGO system. 

Furthermore, the hybrid catalysts also showed good oxygen evolution reaction (OER) 

catalytic activity in alkaline solution, and the Zn-air battery fabricated with as-synthesized 

catalysts were conducted. The battery displayed low voltage gap between charge and 

discharge and high energy density that outperformed Pt/C catalyst. 

4.2 Experimental Part 

4.2.1 Chemicals and Materials  
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Potassium hydroxide (99.99%), Manganese(II) Chloride tetrahydrate, Cobalt(II) Chloride 

hexahydrate, were obtained from Sigma Aldrich, Ammonia solution (25%), graphite powder, 

hydrogen peroxide, potassium nitrate, potassium permanganate, sulfuric acid and ethanol 

were purchased from Chem-Supply Pty Ltd, all aqueous electrolyte solutions were prepared 

with reagent grade water (Sartorius Stedim, 18.2 MΩ-cm resistivity). Glassy carbon disk 

electrodes were obtained from Pine Research Instrumentation, Inc.  

4.2.2 Characterization 

The morphology of the materials was revealed under a Hitachi S7100 scanning electron 

microscopy (SEM). Transmission electron microscopy (TEM) imaging, high angle annular 

dark field scanning transmission electron microscope (HAADF-STEM) imaging and energy-

dispersive X-ray spectroscopy (EDX) elemental mapping were characterized on Philips F20 

with an acceleration voltage of 200 kV. XRD patterns were obtained from a Shimadzu XRD-

6000 diffractometer by scanning the angular range 10° ≤ 2θ ≤ 80° using CuKα radiation (λ = 

1.5418 Å). The X-ray photoelectron spectra (XPS) information was collected on a Kratos 

Axis ULTRA system. Raman spectra were measured on a RENISHAW mVia Raman 

microscope using a 532 nm excitation laser. Thermogravimetric analysis (TGA) data were 

collected on a NETZSCHSTA-449 TG Analyzer under the protection of argon with a heating 

rate of 10 °C min-1. 

4.2.3 Synthesis of Co-Mn3O4-rGO and Mn3O4-rGO 

Graphene oxide (GO) was made by a modified Hummers method.13 The concentration of 

the final solution was ~5 mg/ml. As for the synthesis of Co-Mn3O4-rGO, typically, 4.75 mg 

MnCl2•4H2O, 0.25mg CoCl2•4H2O and 10 mg GO were dispersed in 5ml deionized water, 

and it was labelled as CMG-1. Various ratio of MnCl2•4H2O and CoCl2•4H2O was added to 

get different samples: 4.5 mg MnCl2•4H2O and 0.5g CoCl2•4H2O for CMG-2; 4 mg MnCl2•

4H2O and 1 mg CoCl2•4H2O for CMG-3; 2.5 mg MnCl2•4H2O and 2.5mg CoCl2•4H2O for 
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CMG-4; 5mg MnCl2•4H2O for MG. After sonicated for 20mins, 66.7 μl NH3•H2O was 

added to the solution.12 Then the mixture was transferred into autoclaves and heated at 180oC 

for 12 h. The obtained solid was washed by deionized water for 3 times and freeze-dried for 

further characterization.    

4.2.4 General Electrochemical Methods 

The electrocatalyst material ink was prepared as follows: the glassy carbon electrodes were 

firstly polished against an alumina slurry using a circular motion for 2 mins. This process 

should be repeated for several times in sequence using 1.0 μm, 0.3 μm, and 0.05 μm alumina 

slurries. 4 mg of catalyst was dispersed in 1 ml solution (isopropanol mixed solvent with 50 

μl of Nafion solution), then the ink was ultrasonicated for about 30 mins to generate a 

homogeneous system. Then 15 μl of the ink was transferred onto the polished glassy carbon 

electrode with diameter of 5 mm. Finally, after the ink was dried at room temperature, the 

electrochemical tests were performed in a typical three-electrode electrochemical cell (CHI 

760D) with a counter electrode (graphite rod) and a reference electrode (Ag/AgCl electrode). 

The cyclic voltammetry (CV) and linear sweep voltammetry (LSV) tests were performed in 

O2-saturated 0.1 M KOH with scan rate of 10 mV/s. RRDE test was conduct in the same 

condition with LSV with an extra ring voltage of 0.5 V under a rotating speed of 1600 rpm. 

4.2.5 Zn-air battery assembly.  

The air electrodes for Zn-air battery was fabricated by carbon cloth as backing layer and a 

gas diffusion layer (GDL) on the air-facing side. The catalyst was cast on the water-facing 

side.14 The material ink prepared as mentioned above in electrochemical measurement was 

loaded onto the carbon cloth with a loading mass of 0.1 mg followed by dried in the room 

temperature. Anode was polished Zn plate and the electrolyte were 6.0 M KOH with 0.2 M 

Zn(Ac)2. The GDL allows O2 from ambient air to reach the catalyst sites and stop the 

electrolyte from leakage. 
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4.3 Results and discussion 

A facial one-pot method was developed to synthesize Cobalt-doping Manganese oxide 

nanoparticles in-situ grown on the surface of graphene oxide nanosheets (Scheme 4.1). CoCl2 

and MnCl2 at certain ratio were reacted with GO in an aqua NH4OH solution at 180°C. The 

resulting nanoparticles uniformly dispersed on the surface of GO nanosheet without self-

nucleation ones, which was benefit from the present of ammonium hydroxide that helped 

adsorption and anchoring of the nucleation of metal species onto the functional group of 

GO.12 Hydrothermal treatment is necessary to get the spinel crystal of Manganese oxide 

(Mn3O4), and the starting GO was reduced to rGO after the heating treatment. Different ratio 

of MnCl2 and CoCl2 were performed to explore the effect of dopant amount on the 

electrocatalytic activity of the hybrid materials. 

 

Scheme 4.1 Schematic illustration of Co-doped spinel Mn3O4 hybridised with graphene structure; 

Carbon: grey; oxygen: blue; Molybdenum: purple; Cobalt: green. 

Figure 4.1 illustrates the morphology information of the Co-doped Mn3O4-rGO (CMG-3). 

Both Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

clearly shown octahedron nanoparticles (average size of ∼50 nm) on graphene sheets (Figure 

4.1a, b), indicating the formation of spinel manganese oxide crystal structure (Mn3O4). All 
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the CMG hybrid materials share the similar morphology with Mn3O4-rGO (Figure 4.2-4.5). 

However, with the increase of the doping ratio of Cobalt, the sharp edge of the octahedrons 

disappeared for the nanoparticles of CMG-4. The HRTEM image (Figure 4.1c) exhibits well 

resolved diffraction fringes of the particle lattices (0.476 nm) [101] which slightly smaller 

than that of Mn3O4 (0.489 nm)15-17 owing to the substitution of smaller size Cobalt cations.12 

Such difference of the cation size also explains the trend of the decrease of the particle 

lattices with the increase of doping ratio in the order of MG (0.489 nm) > CMG-1 (0.481 

nm) > CMG-2 (0.478 nm) > CMG-3 (0.476 nm) > CMG-4 (0.471 nm). Figure 4.1d shows 

the EDX mapping images of Carbon, Manganese, Cobalt elements and the overlay results, 

which clearly demonstrate the homogeneously distribution of Cobalt element in the 

nanoparticles, indicating the successfully doping of the Co into the Manganese Oxide crystal 

structure. 

 

Figure 4.1 a) SEM, b) TEM, c) e) HRTEM image, and d) EDS mapping of C, Mn, Co, and overlay 

of CMG-3 material. 
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Figure 4.2 a) SEM, b) TEM, c) e) HRTEM image, and d) EDS mapping of C, Mn, Co, and overlay 

of CMG-1 material. 

 

Figure 4.3 a) SEM, b) TEM, c) e) HRTEM image, and d) EDS mapping of C, Mn, Co, and overlay 

of CMG-2 material. 



122 

 

 

Figure 4.4 a) SEM, b) TEM, c) e) HRTEM image, and d) EDS mapping of C, Mn, Co, and overlay 

of CMG-4 material. 

 

Figure 4.5 a) SEM, b) TEM, c) e) HRTEM image, and d) EDS mapping of C, Mn, overlay and 

dark field TEM image of MG material. 
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XRD results in Figure 4.6a demonstrated the same pattern of all of the five materials 

mentioned above as Mn3O4 (JCPDS card 24-0734),18 which reveals the consistence of the 

crystal structure of MG and CMG materials. However, the obvious broader peaks of CMG-4 

show poor crystalline nature that could be attributed to torture of the crystal structure caused 

by the high ratio of substitution of Co.19 The Raman spectra of CMGs and MG are shown in 

Figure 4.6b, conforming the present of graphene and Mn3O4 component according to their 

typical peaks of Raman.20 The peaks located at 1355 cm-1 and 1595 cm-1 represent the in-

plane bond-stretching motion of pairs of sp2 atoms and the defects and disorder carbon in the 

graphite layers of GO structure respectively.20 The peaks at ～648cm-1 is ascribed to Mn3O4 

nanoparticles in GM. As for the CMGs, the peaks demonstrate slightly red-shift compared to 

the GM, which demonstrate the smaller size of the spinel crystal particles after doping 

process.21 Furthermore, CMG-4 shows obvious broaden shape of the peak of Mn3O4 and an 

extra peak located at 469cm-1, which assigned to the vibration of the defect in the host lattice 

induced by doping.22 Figure 4.6c shows the TGA results of the materials. The weight loss 

below 250 oC is ascribed to desorption of water molecular (both physically and chemically 

bonded), which is common for the porous materials. From 250oC rGO structure starts to 

decompose into CO2 and H2O.23  

 

Figure 4.6 a) XRD, b) Raman and c) TGA pattern of CMGs and MG materials. 

The electrocatalytic performance of CMGs was characterized systematically. Firstly, cyclic 

voltammetry (CV) was conducted in both N2 and O2 saturated 0.1 KOH solutions using a 



124 

 

typical three-electrode cell configuration, and the result of CMG-3 was shown in Figure 4.7a. 

The CV result in N2 solution shows no ORR peaks, and the anodic peak at 0.65 V was 

assigned to the transformation of Manganese ions form low valent state to high valent state.17 

The CV curve performed in O2 saturated solution exhibit an extra reduction peak, revealing 

the oxygen reduction process on the catalyst loaded electrode. Similar conclusions could be 

observed from the CV results of CMG-1, 2, 4, and GM materials. The ORR performances of 

CMGs were further characterised by the linear sweep voltammetry (LSV) in the O2-saturated 

0.1 M KOH solution using electrocatalyst coated RDEs (Figure 4.7b, 4.8).  

 

Figure 4.7 a) CV curves of CMG-3 on glassy carbon electrodes in O2-saturated (black line) or N2-

saturated (red line) in 0.1 M KOH; b) LSV curves of CMG-3 in O2-saturated 0.1 M KOH at 

different rotation speed with sweep rate of 10 mV/s; c) LSV curves of CMGs MG, rGO, Mn3O4 

nanoparticles and Pt/C in O2-saturated 1 M KOH at a sweep rate of 10 mV/s at 1600 rpm; d) RRDE 

result of CMGs mixture in O2-saturated 1 M KOH at 1600 rpm. 

The rGO and Mn3O4 nanoparticle performed poorly among all cases investigated. 

Comparatively, greatly enhanced ORR activities can be observed from CMGs and MG. 

Impressively, CMG-3 displayed best ORR performance with onset potential of 0.931 V vs 

RHE, which is only 30 mV negative than that of Pt/C benchmark, and the current density at 
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0.1V (4.5 mA cm-2) outperformed than the Pt/C result (4.0 mA cm-2). The comparison among 

the onset potentials of CMGs demonstrates the effect of the Cobalt dopant on the ORR 

activity of the materials. The anodically shifted onset potentials were observed with a 

sequence of CMG-3 (0.931 V), CMG-2 (0.912 V), CMG-4 (0.878 V) CMG-1 (0.9854V) and 

MG (0.824 V) (Figure 4.7c). LSV curves of CMGs, and MG, were recorded at different 

rotation speeds (400 to 1600 rpm) to investigate the ORR kinetic (Figure 4.7b and 4.8). The 

diffusion-limited current density of CMGs and Pt/C was positively correlated with rotating 

speeds, whereas the corresponding onset potential was almost independent of rotation speed. 

Figure 4.7d shows the disk and ring currents recorded at 1600 rpm in 0.1 M KOH for CMGs. 

Based on the ratio of the Id and Ir, the ORR electron transfer numbers (n) of CMGs are 2.98, 

3.26, 3.31, 2.80 and 4.02 for CMG-1, 2, 3, 4 and Pt/C at -0.7V (vs Ag/AgCl). (The n values at 

-0.4-0.8 V vs RHE were concluded summarised in Table S1).the RRDE results proved the 

preference of the 4-electron pathway of the ORR process catalysed by CGMs.12, 24 

 

Figure 4.8  CV and LSV curves of CMG-1, CMG-2, CMG-4 and MG in 0.1 M KOH 

The introducing of Co into spinel Mn3O4 structure enhanced the ORR activity dramatically, 

which could be attributed to the optimisation of the interaction between oxygen molecular 

and Co-doped Mn3O4 materials. According to the understanding of the mechanism of ORR 
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process, the adsorption behaviour of the oxygen molecular on the surface of catalyst materials 

was supposed to be the origin of the high activity.10  

Table 4.1 Electron transferred numbers (n) of CMGs from RRDE results.  

Sample 0.4 V 0.5 V 0.6 V 0.7 V 0.8 V 

A0-HG 2.777571 2.83225 2.909237 2.976605 3.032508 

A1-HG 3.076131 3.128934 3.197356 3.259251 3.312008 

A2-HG  3.162355 3.183517   3.252711 3.306711 3.33986 

A3-HG 2.742173 2.751326 2.772962 2.796967 2.839208 

 

Consequently, the surface electronic properties and the atomic arrangement of the catalysts 

play an important role in the ORR activity, indication that the adjustment of the surface 

property could be an effective way to optimize the intrinsic catalytic property of materials. 

Many ways such as selectively exposure of crystal face; doping or alloying; hybridising with 

supporting substrates have attracted extensive attention.1 As a result, the doping of Co cation 

in the Manganese oxide realised the change of the surface atomic arrangement and 20 wt% 

was proved to be the best dopant amount. Furthermore, the hybridizing of the doped Mn3O4 

nanoparticles with GO nanosheet could promote the electron conductivity of the material and 

the resulting structure facilitated the uniformly distribution of the active sites, which also 

makes contribution to the performance of material. 

Later the electrocatalytic activity for oxygen evolution reaction (OER) of CGMs was 

investigated (Figure 4.9). With the increase of the doping ratio, the OER currents displayed 

rising trend, which ascribed to the Co cations working as OER active sites in the catalyst 

materials concluded in the previous literature. However, when the doping ratio is 50 wt% 

(CMG-4), the OER current shows little difference with that of 20 wt% (CMG-4). That could 

be explained by the saturation of the active sites on the surface of the catalysts. The 

corresponding Tafel slopes were obtained according to the LSV results and displayed in 
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Figure 4.9b. The Tafel sloped of CMG-1, 2, 3, and 4 were 133, 128, 109, 117 mV dec-1 

respectively.  

 

Figure 4.9 a) Alkaline OER performance; b) corresponding Tafel slopes 

The best performed CMG-3 was then selected to assemble Zn-air battery device and used 

to demonstrate the practicality. The catalyst was loaded onto carbon cloth as an air cathode 

and a Zn plate was used as the anode (Figure 4.9a).14 The device was tested in a static 

ambient atmosphere without air purging to simulate the real working conditions of a battery. 

The assembled battery achieved an open circuit voltage (OCV) of 1.41 V (Figure 4.9a), 

which is higher than that of the battery assembled using Pt/C (1.39 V). Such excellent 

performance was also proved by the higher galvanostatic discharging potential test, where the 

battery with CMG-3 (1.0 V) displayed a higher potential plate than Pt/C battery at 5 mA cm-2 

(Figure. 4.9b).  
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Figure 4.10 a) Photograph; b) discharging curve; c) polarization curve of Zn–air batteries using 

CMG-3 as catalyst; d) rechargeability cycling tests of the Zn–air batteries using CMG-3 sample as 

the catalyst at 1, 5, and 10 mA cm-2. 

Furthermore, after the galvanostatic discharging for 40 hours, no obvious drop of the 

potential plate was observed until the Zn plate was broken (Figure. 4.10b), which is in 

accordance with the good stability in the ORR test. Impressively, the battery assembled using 

CMG is capable of delivering much higher energy density (545 Wh Kg-1) than that of Pt/C 

one (198 Wh Kg-1) (Figure 4.10c). The rechargeable performances of the CMG-3 battery at 

various current densities were explored. Figure 4.10d shows that the CMG-3 sample 

performed the charge-discharge process with constant voltage gap for long time, indicating 

an efficient rechargeability. When cycled at a constant current density of 1 mA cm-2, the 

charge/discharge voltage gap was kept as 0.82 V for more than 900 cycles. As for the current 

density of 5 and 10 mA cm-2, the initial charge/discharge voltage gap were 1.1 and 1.2 V 

respectively. The battery can also keep working by replacing the Zn and the electrolyte 

solution continuously, and the potential is almost constant for more than 100 h at 5 mA cm-2 

(Figure 4.10d), attesting again the robustness of the CMG-3 catalyst. 
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4.4 Conclusion 

We have proposed and experimentally validated a series of Cobalt-doped spinel 

Manganese Oxide nanoparticles hybrid with GO nanosheets and evaluated their 

electrocatalyst activities. The doping process alters the surface atomic arrangement and 

electro property, resulting the optimised adsorption behaviour of oxygen molecular, which 

explains the promotion of the ORR activities of the CMG materials. When the dopant was 20 

wt% (CMG-3), the doping material shows the best performance. The Zn-air battery 

assembled using CMG-3 as the air-cathode catalyst can readily achieve good cycling 

performance at various current density and high energy density of 495 Wh Kg-1 much higher 

than that of the Pt/C (198 Wh Kg-1).  
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Electrolyte Effect on Electrocatalytic Hydrogen Evolution 

Performance of One-Dimensional Cobalt-Dithiolene Metal-

Organic Frameworks: A Theoretical Perspective 

5.1 Introduction 

In response to long-term energy-related crises driven by population growth, limited fossil 

fuel resources and climate change, scientists are looking for sustainable ways to produce 

renewable energy, including clean hydrogen fuels. Electrocatalytic water splitting is one of 

the most promising green technologies to produce H2.
1 However, the industrial 

electrocatalysts for hydrogen evolution reactions (HERs) often use expensive and scarce 

platinum group metal (PGM) based materials, e.g., Pt. As such, the electrocatalytic process 

for industrial H2 productions faces high materials cost. To this end, it is of vital importance to 

discover low-cost, high-performance materials to replace PGM based electrocatalysts.2-4 

Recently, the cobalt−dithiolene complex has been demonstrated to be an efficient 

electrocatalyst for HERs.5-7 More interestingly, lowdimensional redox active cobalt-

dithiolene metal-organic frameworks (MOFs) have been successfully synthesized with high 

electrocatalytic performance for HERs.8-9 The redox active MOFs can offer specific 

advantages for electrocatalysis owing to their tunable pore metrics for ion transport, tunable 

electronic properties, high surface areas, high density of active catalytic sites, and quantum 

size effect.10-14 Hence, the redox active cobalt−dithiolene MOFs are highly promising to 

replace the expensive PGM-based electrocatalysts. There have been some theoretical studies 

on the isolated cobalt−dithiolene monoanion.15-18 Yet the theoretical studies on the electronic 

band structures of low-dimensional cobalt−dithiolene MOFs and external impacts on their 

catalytic HER performance, such as the electrolyte effect, are still rare, while of paramount 

importance.19-21 Thus, limited guidance for the optimization of their operational conditions 
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can be provided. To address this issue, it is imperative to conduct periodic first-principles 

calculations to understand the intrinsic properties of lowdimensional cobalt-dithiolene MOFs 

and the possible external impact on their catalytic HERs performance.  

In this study, periodic density functional theory (DFT) was employed to systematically 

investigate the electronic properties of the one-dimensional (1D) cobalt−dithiolene MOFs 

based on the analyses of their electron localization function (ELF),22 partial density of states 

(PDOS), band structures, effective masses of charge carriers, and partial charge densities. The 

theoretical findings demonstrate that the 1D cobalt−dithiolene MOF possesses high 

conductivity due to the small effective masses of charge carriers. Additionally, their S atoms 

are identified as the catalytic site using the scheme proposed by Norskov et al.23-24 Our 

computational results further reveal that the electrolyte can play an essential role to improve 

the electrocatalytic performance of 1D cobalt-dithiolene MOFs. And the impact of the 

electrolyte highly replies on the electron affinity capabilities of cations. 

5.2 Computational details 

All the spin-polarized theoretical computations were performed by using the Vienna ab 

initio simulation package (VASP) based on DFT with the all-electron projected augmented 

wave (PAW) method in this study.25-26 Electron-ion interactions are described using standard 

PAW potentials, with valence configurations of 3s23p64s23d7 for Co (Co_sv_GW), 3s23p4 for 

S (S_GW), 2s22p2 for C (C_GW_new), 1s22s1 for Li (Li_sv_GW), 2s22p63s1 for Na 

(Na_sv_GW), 3s23p64s1 for K (K_sv_GW), and 1s1 for H (H_GW). A plane-wave basis set 

was employed to expand the smooth part of wave functions with a cutoff kinetic energy of 

520 eV. For the electron-electron exchange and correlation interactions, the functional 

parametrized by Perdew-Burke-Ernzerhhof (PBE),27 a form of the general gradient 

approximation (GGA), was used throughout. The 1D cobalt-dithiolene MOF was modeled 
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with the primary unit cell including one Co atom, four S atoms, six C atoms, and two H 

atoms and one unit of negative charge. The one unit of negative charge was set based on the 

experimental observations by Downes et al.9 Before the analysis of the electronic properties, 

the geometry was optimized. All the atoms were allowed to relax until the Hellmann-

Feynman forces were smaller than 0.01 eV/Å. The convergence criterion for the electronic 

self-consistent loop was set to 1 × 10-5 eV. We performed Brillouinzone integrations using 

the gamma-centered (6 × 1 × 1) and (40 × 1 × 1) k-point grids for the structural optimization 

and electronic analyses of the primary unit cell, respectively. Due to insufficient 

consideration of the on-site Columbic repulsion between the Co d electrons in the oxide, DFT 

might fail to describe the electronic structure of the cobalt−dithiolene MOF. To overcome 

this shortcoming, the GGA+U approach was used with U−J = 4.0 eV for the Co atoms.28 

Under the standard conditions, the overall HER pathway includes two steps: first, adsorption 

of hydrogen on the catalytic site (*) from the initial state (H+ + e− + *), second, release of the 

product hydrogen (1/2H2). The total energies of H+ + e− and 1/2H2 are equal. Therefore, the 

Gibbs free energy of the adsorption of the intermediate hydrogen on a catalyst (ΔGH*) is the 

key descriptor of the HER activity of the catalyst and was calculated by the formula  

                                            ΔGH* = ΔEH* + ΔZPE − TΔS                                                     (1) 

where ΔEH*, ΔZPE, and ΔS are the binding energy, zero point energy change, and entropy 

change of H* adsorption, respectively. Herein, the TΔS and ΔZPE were obtained by 

following the scheme proposed by Norskov et al.23 The TΔS value is -0.20 eV at 300 K. And 

the equation ΔZPE = ZPEH* − 1/2ZPEH2 was employed to estimate ΔZPE for H*. Here, we 

use the ZPEH2 value of 0.28 eV.23 And the ZPEH* was calculated based on the vibrational 

energy of the adsorbed H atom on the 1D-MOF. ΔEH* is calculated using the equation: 

ΔEH* = EMOF+H*−EMOF – 1/2 EH2                                                                             (2) 

The EMOF+H* is the total energy of the system with one adsorbed H atom in each unit cell. 
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And EMOF and EH2 represent the energy of the bare MOF and H2 gas molecule, respectively. 

5.3 Result and discussion 

5.3.1 Properties of Bare 1D MOFs.  

Figure 5.1a shows the optimized atomic geometry of the 1D cobalt-dithiolene MOF, 

which carries one negative charge in each unit. The structural optimization results reveal that 

the 1D MOF keeps the planar geometry with the D2h point group. The calculated lattice 

constant along the x direction is 8.62 Å. The corresponding Co-S, S-C, and C-C bond lengths 

listed in Figure 5.1a are almost identical to the previous theoretical results,19 which are also 

similar to the experimental and theoretical values derived from the isolated cobalt-dithiolene 

monoanion (Figure 5.2).17-18 The similar bond lengths suggest that the formation of 

cobalt−dithiolene MOFs has negligible effects on their structural properties in terms of that of 

the isolated monoanion. The ELF shown in Figure 5.1b indicates that the nature of Co−S 

bonds is ionic since there is no shared electron density found between them. And the other 

bonds in the organic linkers are covalent.22  

 

Figure 5.1 (a) The atomic configuration of the 1D cobalt−dithiolene MOF with the specific bond 

length (in Å). Blue, cobalt; gold, sulfur; gray, carbon; and white, hydrogen. (b) The ELF of 1D 

cobalt−dithiolene MOF with the iso-value of 0.5. (c) The PDOS of the frontier states of Co and S 

atoms in the 1D cobalt−dithiolene MOFs. 
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Figure 5.2 The atomic configuration of the isolated cobalt-dithiolene monoanion. Key‒Blue: cobalt, 

gold: sulfur, grey: carbon, and white: hydrogen. 

To further understand the electronic properties of 1D cobalt-dithiolene MOFs, the PDOS 

images of S 3pz and Co 3dxz, 3dxy, and 3dyz states with the consideration of spin polarizations 

are calculated (see Figure 5.1c). Here, the z axis is along the normal of the 1D planar MOF, 

and the x axis is along the 1D direction (Figure 5.1a). These states are chosen as they have 

been demonstrated to be the frontier states of isolated cobalt-dithiolene monoanions, which 

mostly determine the electrocatalytic performance for HERs.17 As evidenced by Figure 5.1c, 

the PDOS of the selected states vary significantly with the spin orientations, which indicates 

that the 1D MOFs are stable with the high-spin state. Indeed, the calculated magnetic moment 

of the unit cell is 2.0 μB, which matches previous experimental and theoretical conclusions 

on the cobalt-dithiolene monoanion that the triplet is more thermodynamically favored.16 The 

energy difference between the high-spin (2.0 μB/unit) and the low-spin (0.0 μB/unit, from the 

non-spin-polarization calculation) states of the 1D cobalt-dithiolene MOF is 0.83 eV, which 

is identical to that of isolated monoanions in our calculations (Figure 5.2). It further supports 

that the formation of 1D, MOFs has negligible effects on the magnetic structures of the metal 

nodes.  

The magnetic structures of 1D MOFs with different spin orientations of metal cations 

along the 1D direction are also investigated here (Figure 5.3). It is found that the system with 

the antiferromagnetic structure (AFM) is merely 0.01 eV/unit more stable than that with the 

ferromagnetic (FM) structure, which agrees with the recent theoretical studies on the 1D 

cobalt−dithiolene MOFs due to the negative charge on the system.19 This small energy 
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difference suggests that the smaller unit cell with the FM state can be used to save the 

computational time. Moreover, the long-range AFM ordering may not be favored due to a 

temperature effect since the difference of 10 meV/unit is less than 1 kBT = 25 meV at room 

temperature. As such, it is possible the magnetic state observed in experiments could very 

well be paramagnetic. To further confirm the stability of 1D cobalt-dithiolene MOFs, the 

phonon dispersion was calculated (Figure 5.4). No imaginary frequency can be observed at 

any wave vector, demonstrating that the 1D cobalt-dithiolene MOF is dynamically stable.  

 

Figure 5.3 The atomic configuration of the 1D cobalt-dithiolene MOFs with the FM (up) and AFM 

(down) magnetic structure. The red arrows present the direction of major spin components. Key‒

Blue: cobalt, gold: sulfur, grey: carbon, and white: hydrogen. 

The electronic band structures of 1D cobalt−dithiolene MOFs are shown in Figure 5.5 to 

investigate the detailed features of frontier states. Consistent with the PDOS analysis, the 

band structures of the 1D MOFs are much different with the spin orientations. Due to the 

high-spin state, there are two singly occupied frontier bands as highlighted in Figure 5.5a 

and b with the bold red and blue lines, respectively. The blue lines are the highest occupied 

and the second lowest unoccupied spin-up bands. On the basis of the partial charge densities 

of this band, the S 3pz and Co 3dyz states are the main components of this band (Figure 5.5c). 

On the other hand, the red lines are the second highest occupied and the lowest unoccupied 

spin-down bands. And the S 3pz and Co 3dxz are the main components based on the partial 

charge densities of this band as shown in Figure 5.5d.  
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Figure 5.4 Phonon dispersion of the 1D cobalt-dithiolene MOF 

It is worth noting that the locations of the frontier bands (see Figure 5.5a) in our study are 

lower than that found by Zheng et al.19 In contrast to their systems, which are either neutral or 

with a less negative charge per unit, our system carries one negative charge per unit. Despite 

that, the shifting trend of band locations over the amount of the negative charge per unit is the 

same. The hybridization of S 3pz with the Co 3dyz and 3dxz in this band is also supported by 

the PDOS images and previous theoretical studies.17-18 As evidenced by Figure 5.1c, there is 

a great overlap of the S 3pz with the Co 3dyz and 3dxz states both in the bonding (the energy 

area below the Fermi energy level) and antibond area (the energy area above the Fermi 

energy level). The overlap of the metal and ligand frontier orbitals may facilitate charge 

delocalization and improve its electrical conductivity. Yet, the ELF results indicate an ionic 

bond between metal Co and S ligand atoms (see Figure 5.1b). This may be that S 3pz and Co 

3d orbitals are not well spatially overlapped.  
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Figure 5.5 Band structures of 1D cobalt−dithiolene MOFs with the (a) spin-up and (b) spin-down 

orientations. The green line represents the Fermi energy level. And the red and blue lines represent 

the second highest and the highest occupied bands for the spin-up states and the lowest and the 

second lowest unoccupied bands for the spin-down states, respectively. (c) The partial charge 

densities of the blue band in a and b. (d) The partial charge densities of the red band in a and b. 

Key: blue, cobalt; gold, sulfur; gray, carbon; and white, hydrogen. 

To evaluate the electrical conductivity of the 1D cobalt-dithiolene MOF, which is strongly 

correlated to the electron mobility, the effective masses of charge carriers is calculated based 

on the band structures shown in Figure 5.5. This is because the electronic conductivity is one 

of the most important parameters used to evaluate the performance of electrocatalysts. The 

effective masses (m*) of charge carriers are defined as 

                                                              𝑚∗ = ℎ2 [
𝜕2𝜀(𝑘)

𝜕𝑘2 ]
−1

                                                           (3) 

where ε(k) are the band edge eigenvalues and k is the wavevector. The m* of the electron and 

hole can be calculated using the quadratic polynomial fitting method.  

The effective mass of the hole at the top of the highest occupied band (blue line in the spin-

up band structure) is 0.35 m0 along the Γ → X direction. And the corresponding value of the 

electron at the bottom of the lowest unoccupied band (red line in the spin-down band 

structure) is 0.27 m0 along the X → Γ direction. Such small effective masses support that the 

1D cobalt-dithiolene MOF is close to those of the CH3NH3PbI3, used in solar cells,29 which 

indicate a high electron/hole mobility. As such, the 1D cobalt-dithiolene MOF possesses 
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considerably high electrical conductivity, which is beneficial to electrocatalytic or 

photoelectrocatalytic HERs as observed in the experiments.8-9 

5.3.2  Catalytic Sites.  

Yet, the mixed metal−ligand character frontier states in the 1D cobalt−dithiolene MOF 

make it complicated to identify the exact oxidation states of Co cations in this MOF. The 

electronic band structures of the 1D cobalt-dithiolene MOF shown in Figure 5.5 support the 

resonance forms of [CoIII(L2−)(L2−)]− ↔ [CoII(L̇−)(L2−)]− observed in monoanions.17 

Moreover, the recent experiments also indicated the existence of multiple oxidation states in 

the lowdimensional cobalt-dithiolene MOF.8 Therefore, both S and Co atoms can serve as 

catalytic sites due to the existence of the unpaired electron in the resonance forms, which 

leads to the complexity in identifying the active sites of HERs and their mechanisms. 

Norskov et al. have developed a scheme to identify the catalytic sites of materials based on 

the Gibbs free energy of the adsorption of hydrogen atoms (ΔGH*)
3, 23-24, 30 The relationship 

between the ΔGH* and the catalytic performance can be ascribed to the volcanic curve for the 

electrocatalysts.31 Generally, a large negative ΔGH* value means that the binding energy 

between hydrogen atoms on the catalytic sites is too strong to effectively release hydrogen 

gas. On the other hand, a large positive ΔGH* value suggests that the activities of the catalytic 

sites are too weak to form adsorbed H on the surface of catalysts. The best electrocatalysts, 

e.g., Pt, should have a ΔGH* around 0.0 eV, which can provide a fast proton/electrontransfer 

step and fast hydrogen desorption process. Using this scheme, we systematically compute the 

ΔGH* on six different adsorption sites of the 1D MOF (see Table 1). The adsorption energies 

of H atoms with different coverage have been estimated using the first and second smallest 

units. It is found that the energy difference is small (∼3%), which demonstrates that the 

coverage effect can be neglected due to the long distance between adsorbates (>8 Å using the 

smallest unit cell).  
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Table 5.1 The >EH*, ZPEH*, >ZPE and >GH* values of the H* adsorbed on the different sites of 1D 

cobalt-dithiolene MOFs as shown in Fig. 5.5. 

Configuration ΔEH*/eV ZPEH*/eV ΔZPE/eV ΔGH*/eV 

a 0.77 0.19 0.05 1.02 

b 0.61 0.23 0.09 0.90 

c 1.46 0.16 0.02 1.69 

d 0.75 0.19 0.05 1.01 

e 1.14 0.24 0.10 1.43 

f 1.94 0.24 0.10 2.24 

 

The optimized structures and the corresponding ΔGH* are shown in Figure 5.6. The ΔGH* 

values of all adsorption sites considered in this work are positive, which suggests that the 

activity of this 1D MOF is Figure 5. Band structures of 1D cobalt−dithiolene MOFs with the 

(a) spin-up and (b) spin-down orientations. The green line represents the Fermi energy level. 

And the red and blue lines represent the second highest and the highest occupied bands for 

the spin-up states and the lowest and the second lowest unoccupied bands for the spin-down 

states, respectively. (c) The partial charge densities of the blue band in a and b. (d) The partial 

charge densities of the red band in a and b. Key: blue, cobalt; gold, sulfur; gray, carbon; and 

white, hydrogen. considerably weak. Recently, Dong et al. used the same scheme to 

understand the HER performance of 2D MOFs with similar components.20 They found that 

the ΔGH* values for cobalt-dithiolene systems are negative, which contradicts our findings. 

This is due to the different reference methods used in two studies. Dong et al. used the energy 

of a single H atom as a reference to calculate ΔEH*. However, the method developed by 

Norskov et al. employed the half energies of a single H2 molecule as a reference, which is the 

same in this study.23 Our results demonstrate that both the top sites of the S and Co atoms 

have similar ΔGH* values, which matches the existence of resonance forms of 

[CoIII(L2−)(L2−)]− ↔ [CoII(L̇−)(L2−)]− in the 1D cobalt-dithiolene MOFs based on the analysis 

of PDOS, band structures, and partial charge densities. Among all the considered cases, the 

activity of S is the highest with the lowest ΔGH* value of 0.90 eV. It indicates that the 
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reactivity of S atoms is rather weak for electrocatalytic HERs since the optimal ΔGH* value 

needs to be about 0.0 eV.23 As such, it indicates that the superior performance of the 1D 

cobalt-dithiolene MOF observed in experiments may be ascribed to other factors.8 

 

Figure 5.6 Six optimized atomic structures of 1D cobalt−dithiolene MOFs with the adsorbed H 

atom at different sites (a−f, left) and the corresponding calculated standard free energy diagram of 

the HER process (right). Key: blue, cobalt; gold, sulfur; gray, carbon; and white, hydrogen. 

5.3.3  Electrolyte Effect.  

In experiments, Na+ from the electrolyte acts as a counterion to balance the charge of the 

negatively charged 1D cobalt-dithiolene MOF.9 To the best of our knowledge, the effects of 

Na+ counterions on the properties of cobalt-dithiolene complexes have not been investigated. 

Herein, the structures of 1D cobalt−dithiolene MOFs with Na+ counterions are optimized as 

shown in Figure 5.7, Supporting Information. Na+ prefers to adsorb at the bridge sites of two 

S atoms above the plane along either the x axis or y axis, and these two configurations have a 

negligible difference in terms of their energies. The existence of Na+ leads to a change to the 

lattice constant along the x axis by less than 0.5% with almost identical Co-S, C-S, and C-C 

bond lengths (Figure 5.4), while the planar structure of the 1D cobalt-dithiolene MOF is kept 

almost intact along the z direction. This slight structural alteration demonstrates that the 

adsorption of Na+ cations has small effects on the structural properties of 1D cobalt-
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dithiolene MOFs but a large adsorption energy of Na+ cations of -1.44 eV. In water solution, 

the hydration energy of cations can be estimated based on Latimer’s equation:  

  𝐸ℎ𝑦𝑑 = −
60900z2

r+50
                                                     (4) 

where Ehyd is the hydration energy in units of kJ/mol and z and r represent the charge and the 

ionic radius (in pm), respectively.  

 

Figure 5.7 Two atomic configurations of the 1D cobalt-dithiolene MOFs with the adsorbed Na 

counter cations at the bridge site of two S atoms: (a) the bridge site along the y-direction;and (b) 

the bridge site along the x-direction. Key‒Blue: cobalt, gold: sulfur, grey: carbon, green: sodium 

and white: hydrogen. 

Given the radius of a six-coordinated Na+ cation is 107 pm,32 the average binding energy 

between Na+ and each water molecule is estimated to be −0.67 eV, which is less than half of 

the adsorption of Na+ on the 1D cobalt-dithiolene MOF. This indicates that the Na+ prefers to 

adsorb on the MOF in aqueous solution. To understand the effect of cations from the 

electrolyte on the catalytic performance of 1D MOFs, their ΔGH* values are also calculated 
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(see Figure 5.5 and Table 5.2).  

 

Figure 5.8 Five optimized atomic structures of 1D cobalt− dithiolene MOFs with the Na+ 

countercation and adsorbed H atom at different sites (a−e, left) and the corresponding calculated 

standard free energy diagram of the HER process (right). Key: blue, cobalt; gold, sulfur; gray, 

carbon; green, sodium; and white, hydrogen. 

Since the introduction of Na+ reduces the symmetry of the 1D MOFs, the hydrogen atom 

can adsorb on the surface of either side of Na+. The introduction of Na+ causes considerable 

changes of the adsorption properties of the H atom. The structural optimization results reveal 

that the H atom can only absorb on the top sites of either Co or S atoms since the binding 

energies at these two sites are 0.5−1.3 eV stronger in terms of other sites (Table 1). Moreover, 

the binding strengths of the H atom on the top of the Co or S atoms of the Na+ preadsorbed 

1D MOFs are about 0.1 and 0.4 eV stronger, respectively (Table 1 and 2). This suggests that 

the existence of Na+ can increase the activities of these atoms in the 1D MOF, especially with 

S atoms as evidenced by a 42.2% drop of the positive ΔGH* values. It, therefore, 

demonstrates that S atoms act as the catalytic sites for the HER when the Na+ preadsorb on 

the 1D MOF.  

 

Table 5.2 The >EH*, ZPEH*, >ZPE and >GH* values of the H* adsorbed on the different  
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Configuration ΔEH*/eV ZPEH*/eV ΔZPE/eV ΔGH*/eV 

a 0.68 0.19 0.05 0.93 

b 0.77 0.18 0.04 1.00 

c 0.33 0.23 0.09 0.62 

d 0.28 0.23 0.09 0.57 

e 0.23 0.23 0.09 0.52 

 

The improved performance can mainly be ascribed to the electron withdrawing capability 

of Na+. As evidenced by the PDOS image of S atoms in Figure 5.9, the introduction of Na+ 

leads to the formation of two types of S atoms (type II and III), which have different chemical 

reactivity relative to that in the bare MOF (type I). Type II S, which is not directly bonded 

with Na+, has the highest reactivity since it has most states around the Fermi energy level.  

 

Figure 5.9 PDOS of three types of S atoms. The first type of S is in the bare negatively charged 1D 

cobalt−dithiolene MOF (type I, green line in the PDOS image). The other two types of S are in the 

1D cobalt−dithiolene MOF with the Na+ counter cations (see the inset figure). One is associated 

with Na+ in the 1D cobalt−dithiolene MOF (type III, blue line in the PDOS image). Another one is 

not directly bonded with Na+ (type II, red line in the PDOS image). The gray circle area highlights 

the states around the Fermi energy level. Key: blue, cobalt; gold, sulfur; gray, carbon; green, 

sodium. 

As a comparison, the type III S atom has the smallest reactivity suggested by the least 

states around the Fermi energy level. On the basis of the Bader charge analyses, the charge 

values of S atoms are −0.30 e, −0.19 e, and −0.35 e for type I, II, and III of S, respectively.  

Table 5.3 The >EH*, ZPEH*, >ZPE and >GH* values of the H* adsorbed on the different sites of 

1D cobalt-dithiolene MOFs with the different counter ions as shown in Figure 5.10. 
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Configuration ΔEH*/eV ZPEH*/eV ΔZPE/eV ΔGH*/eV 

Li+ 0.16 0.23 0.09 0.45 

Na+ 0.23 0.23 0.09 0.52 

K+ 0.31 0.23 0.09 0.6 

 

 

This indicates that there are some electron densities transferred from the type II S to the 

type III one. Since type III S is directly bonded with the Na+ cation, the charge transfer is 

induced by Na+, which can withdraw electrons from the 1D MOF. Given the electronic 

configuration of S2− (3p6) and the H atom (1s1), the less negative charge of S anions suggests 

a higher reactivity to form a stronger S−H covalent bond, which is supported by the denser 

states around the Fermi level (see Figure 5.9). Consequently, the charge transfer induced by 

counter cations can increase the reactivity of type II S atoms, which is beneficial to the 

catalytic HERs. To this end, the counter cations with larger electron withdrawing capabilities 

may have better HER performance. since the electronegativities of Li, Na, and K are 0.98, 

0.93, and 0.82, respectively, it suggests that electron withdrawing capabilities of Li+, Na+, or 

K+ cations would increase with the increase in the electronegativity values of their metals. As 

such, Li+ may be the best candidate to improve the catalytic performance of 1D cobalt-

dithiolene MOFs for HERs. Furthermore, the average binding energies of Li+/K+ with each 

water molecule are estimated to be −0.82/−0.54 eV, respectively, based on their experimental 

ionic radius of 79/146 pm. These binding energies are much less than the corresponding 

adsorption energy of cations on the MOF (−1.80/−2.35 eV, respectively). Similarly, to Na+, 

both Li+ and K+ cations can strongly adsorb on the MOF in aqueous solution. Herein, the 

ΔGH* values of 1D cobalt−dithiolene MOFs with Li+, Na+, or K+ cations are calculated (see 

Figure 5.10, Table 5.3).  



148 

 

 

Figure 5.10 Optimized atomic structures of 1D cobalt−dithiolene MOFs with the different alkali 

metal counter cations and adsorbed H atom (left) as well as the corresponding calculated free-

energy diagram of HER at the equilibrium potential (right). Key: blue, cobalt; gold, sulfur; gray, 

carbon; red, potassium; green, sodium; brown, lithium; and white, hydrogen. 

Our results demonstrate that the system with Li+ has the lowest ΔGH* value, which matches 

our theoretical hypothesis. It further supports that the countercation from the electrolyte has a 

profound influence on the electrocatalytic activity of the 1D cobalt-dithiolene MOFs. It also 

indicates that the engineering of electrolytes can be a facile approach to enhance the 

performance of electrocatalysts. 

5.4 Conclusion 

In summary, our first-principles DFT calculations were performed to understand the 

electronic properties of 1D cobalt-dithiolene MOFs, which is a promising candidate to 

replace expensive and scarce PGM-based electrocatalysts for HERs via water splitting. The 

analysis based on the ELF, PDOS, band structures, and effective masses of charge carriers 

demonstrates that 1D cobalt-dithiolene MOFs have good electrical conductivities. 

Additionally, the ΔGH* is used as the key descriptor to understand the electrocatalytic 

mechanisms of cobalt-dithiolene complexes. The S atom is identified to be the catalytic 

center for electrocatalytic HERs. Yet, the reactivity of S atoms is considerably low, as 

evidenced by the corresponding positive ΔGH* value of 0.90 eV. Our theoretical results 
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suggest that the Na+ counterions from the electrolyte can adsorb on 1D cobalt-dithiolene 

MOFs to significantly improve their electrocatalytic performance. This is ascribed to the 

improved reactivity of type II S atoms which lose electrons after the adsorption of Na+. Our 

results also evidence that the counterions with higher electron withdrawing capability (e.g., 

Li+) can better enhance their electrocatalytic performance. The findings in this study, 

therefore, offer the theoretical guidance to optimize the performance of low-dimensional 

cobalt- dithiolene MOFs for HERs through the manipulation of electrolytes, which deserves 

further experimental validation. 

 

5.5 Reference 

1. Stamenkovic, V. R.; Strmcnik, D.; Lopes, P. P.; Markovic, N. M., Nat. Mater. 2016, 16, 57-69. 

2. Han, Z.; Eisenberg, R., Acc Chem Res. 2014, 47, 2537-2544. 

3. Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, I.; Norskov, J. K.; Jaramillo, T. F., 

Science. 2017, 355. 

4. Zou, X.; Zhang, Y., Chem. Soc. Rev. 2015, 44, 5148-5180. 

5. McNamara, W. R.; Han, Z.; Alperin, P. J.; Brennessel, W. W.; Holland, P. L.; Eisenberg, R., J. 

Am. Chem. Soc. 2011, 133, 15368-15371. 

6. McNamara, W. R.; Han, Z.; Yin, C. J.; Brennessel, W. W.; Holland, P. L.; Eisenberg, R., Proc 

Natl Acad Sci U S A. 2012, 109, 15594-15599. 

7. Fogeron, T.; Porcher, J. P.; Gomez-Mingot, M.; Todorova, T. K.; Chamoreau, L. M.; Mellot-

Draznieks, C.; Li, Y.; Fontecave, M., Dalton Trans. 2016, 45, 14754-14763. 

8. Clough, A. J.; Yoo, J. W.; Mecklenburg, M. H.; Marinescu, S. C., J. Am. Chem. Soc. 2015, 137, 

118-121. 

9. Downes, C. A.; Marinescu, S. C., J. Am. Chem. Soc. 2015, 137, 13740-13743. 

10. D'Alessandro, D. M., Chem. Commun. 2016, 52, 8957-8971. 

11. Liu, J.; Chen, L.; Cui, H.; Zhang, J.; Zhang, L.; Su, C. Y., Chem. Soc. Rev. 2014, 43, 6011-6061. 

12. Furukawa, H.; Cordova, K. E.; O'Keeffe, M.; Yaghi, O. M., Science. 2013, 341, 1230444. 

13. Sun, L.; Campbell, M. G.; Dinca, M., Angew Chem Int Ed Engl. 2016, 55, 3566-3579. 

14. Zhao, M.; Yuan, K.; Wang, Y.; Li, G.; Guo, J.; Gu, L.; Hu, W.; Zhao, H.; Tang, Z., Nature. 2016, 

539, 76-80. 



150 

 

15. Letko, C. S.; Panetier, J. A.; Head-Gordon, M.; Tilley, T. D., J. Am. Chem. Soc. 2014, 136, 9364-

9376. 

16. Solis, B. H.; Hammes-Schiffer, S., J. Am. Chem. Soc. 2012, 134, 15253-15256. 

17. Ray, K.; Begum, A.; Weyhermüller, T.; Piligkos, S.; van Slageren, J.; Neese, F.; Wieghardt, K., J. 

Am. Chem. Soc. 2005, 127, 4403-4415. 

18. Benedito, F. L.; Petrenko, T.; Bill, E.; Weyhermuller, T.; Wieghardt, K., Inorg. Chem. 2009, 48, 

10913-10925. 

19. Zhang, T.; Zhu, L.; Chen, G., J. Mater. Chem. C. 2016, 4, 10209-10214. 

20. Dong, R.; Zheng, Z.; Tranca, D. C.; Zhang, J.; Chandrasekhar, N.; Liu, S.; Zhuang, X.; Seifert, 

G.; Feng, X., Chem. Eur. J. 2017, 23, 2255-2260. 

21. Subbaraman, R.; Tripkovic, D.; Strmcnik, D.; Chang, K.-C.; Uchimura, M.; Paulikas, A. P.; 

Stamenkovic, V.; Markovic, N. M., Science. 2011, 334, 1256-1260. 

22. Silvi, B.; Savin, A., Nature. 1994, 371, 683. 

23. Norskov, J. K.; Bligaard, T.; Logadottir, A.; Kitchin, J. R.; Chen, J. G.; Pandelov, S.; Norskov, J. 

K., J. Electrochem. Soc. 2005, 152, J23-J26. 

24. Norskov, J. K.; Bligaard, T.; Rossmeisl, J.; Christensen, C. H., Nat. Chem. 2009, 1, 37-46. 

25. Kresse, G.; Furthmüller, J., Comput. Mater. Sci. 1996, 6, 15-50. 

26. Kresse, G.; Joubert, D., Physical Review B. 1999, 59, 1758-1775. 

27. Perdew, J. P.; Burke, K.; Ernzerhof, M., Physical Review Letters. 1996, 77, 3865-3868. 

28. Ritzmann, A. M.; Pavone, M.; Muñoz-García, A. B.; Keith, J. A.; Carter, E. A., J. Mater. Chem. 

A. 2014, 2, 8060-8074. 

29. Giorgi, G.; Fujisawa, J.; Segawa, H.; Yamashita, K., J. Phys. Chem. Lett. 2013, 4, 4213-4216. 

30. Norskov, J. K.; Abild-Pedersen, F.; Studt, F.; Bligaard, T., Proc Natl Acad Sci U S A. 2011, 108, 

937-943. 

31. Greeley, J., Annu Rev Chem Biomol Eng. 2016, 7, 605-635. 

32. Mahler, J.; Persson, I., Inorg. Chem. 2012, 51, 425-438. 

 

 

  



151 

 

Chapter 6. Exploration of the photocatalytic mechanism of 

visible-light responsive metal-organic frameworks  
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Self-stability of visible-light responsive Ultrathin Cobalt-Nickle 

Bimetal-organic frameworks  

6.1 Introduction 

Benefitting from infinite network structures built from organic bridging ligands and 

inorganic metal nodes, crystalline metal-organic frameworks (MOFs) own large specific 

surface area, well-defined porous structures and channels, and high tunability of framework, 

which can facilitate abundant of well separated metal sites, high size selectivity, fast mass 

transport and superior adsorption capability.1-5 As such, MOFs possess the unprecedented 

potential as an emerging family of promising catalysts.6-8  Specifically, the MOF-based 

catalysts for photodegradation of organic pollutants have attracted great attentions in recent 

years.9-14 While several MOF materials were successfully synthesized and further utilized in 

photocatalysis, their large-scale application still faces a number of challenges, which is 

mainly ascribed to their stability issues.15-17 First, the exposure to high-energy radiations, e.g. 

ultraviolet (UV) light, can decompose MOFs themselves by the direct degradation of the 

organic bridging ligands. To address this issue, the MOF-based photocatalysts must be 

visible-light active. On the other hand, the oxidants (e.g. OH• intermediate) generated during 

the photodegradation process can also degrade the organic ligands of MOFs due to the similar 

oxidizing mechanism.18-24 In this regard, the hindrance to the interaction between OH• and 

organic linker of MOFs is of paramount importance to their stability yet challenging. This is 

large ascribed to the limited insightful knowledges on the MOF-based photocatalysis 

reactions. Therefore, a systematic study focusing on their mechanistic chemistry is imperative, 

which can provide theoretical guidance to design stable MOF photocatalysts for the practical 

applications such as the degradation of organic pollutants.  
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6.2 Experimental part 

6.2.1 Reagents and chemicals 

All reagents were used directly without further purification. CoCl2•6H2O (99.99% AR, 

grade), terephthalic acid (BDC) and Triethylamine (TEA) were purchased from Sigma-

Aldrich. N, N - dimethylformamide (99%), was purchased from Merck. NiCl2•6H2O (99.99%, 

AR, grade), ethanol, hydrogen peroxide (30%) methyl orange and rhodamine B were 

purchased from Chem-Supply Pty Ltd. Ultrapure water (18 MΩ) used in the experiments was 

supplied by a Millipore System (Millipore Q). 

6.2.2 Synthesis of ultrathin MOFs nanosheets 

Ultrathin MOFs catalysts were prepared according to the previous report.25 Typically, for 

preparation of CoNi ultrathinMOFs nanosheets (CoNi-MOF), DMF (32 ml), ethanol (2 ml) 

and water (2 ml) were mixed. Next, 0.75 mmol BDC was dissolved into the mixed solution 

under ultrasonication. Subsequently, 0.375 mmol CoCl2•6H2O and 0.375 mmol NiCl2•6H2O 

were added. After Co2+ and Ni2+ salts were dissolved, 0.8 ml TEA was quickly injected into 

the solution. Then, the solution was stirred for 5 min to obtain a uniform colloidal suspension. 

Afterwards, the colloidal solution was continuously ultrasonicated for 8 h (40 kHz) under 

airtight conditions. Finally, the products were obtained via centrifugation, washed with 

ethanol (3-5 times), and dried at room temperature. The preparation process of Co-MOF and 

Ni-MOF was same as that of CoNi-MOF, except that 0.375 mmol Co2+ and 0.375 mmol Ni2+ 

were replaced by 0.75 mmol Co2+ or 0.75 mmol Ni2+ for Co-MOF or Ni-MOF, respectively. 

6.2.3 Photocatalysts characterization 

X-ray powder diffraction (XRD) data of the obtained MOFs products was collected on a 

Bruker D8 Advance Eco X-ray powder diffractometer equipped with a graphite 
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monochromator. The surface morphologies and size of MOFs products were observed by 

field emission scanning electron microscopy (SEM: JSM 7100F, JEOL), atomic force 

microscopy (AFM: Bruker Dimension Icon Scanasyst) and transmission electron microscopy 

(TEM: Hitachi HT7700 exalens). UV-vis adsorption spectroscopy and diffuse reflectance 

data was collected over the spectral range 200-800 nm with a spectrophotometer (Cary 300, 

Agilent) equipped with an integrated sphere. BaSO4 was used as a reference sample). 

6.2.4 Photocatalytic decolorization 

The photocatalytic activities of MOFs photocatalysts were evaluated by the 

decolourization experiments of dye including methyl orange (MO) and Rhodamine B (RB) 

under a 500 W Xe lamp irradiation in open air at room temperature. The distance between the 

light source and the beaker containing reaction mixture was fixed at 6 cm. Optical power 

density of the surface of dye solution is 1356 W/m2, which is comparable with solar constant 

(1368 W/m2) 10 mg of MOFs photocatalyst and 0.5 ml hydrogen peroxide (30%) were put 

into 25 ml of dye aqueous solution (10 mg/L) in a 50 ml beaker. Prior to irradiation, the 

suspension was magnetically stirred in dark for 30 min to ensure the establishment of an 

adsorption/desorption equilibrium. During the decolourization reaction, stirring was 

maintained to keep the mixture in suspension. 3 ml samples were withdrawn every 30 

minutes and immediately centrifuged to separate photocatalysts for analysis. The dye 

concentration was monitored by measuring the absorption intensity at its maximum 

absorbance wavelength using a UV-visible spectrophotometer (Cary 300, Agilent) in a 1 cm 

path length spectrometric quartz cell. To measure the photocatalytic activity under visible 

light irradiation, a 400 nm cut off filter was used to provide the visible light. The systems for 

the control experiments also use the above-mentioned conditions. 

6.2.5 Computational details 
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All spin-polarized DFT computations were performed using the Vienna ab initio 

simulation package (VASP) based on the projector augmented wave (PAW) method.26 

Electron-ion interactions were described using standard PAW potentials, with valence 

configurations of 2s22p63s23d7 for Co, 2s22p63s23d8 for Ni, 2s22p2 for C, 2s22p4 for O, and 1s1 

for H. A plane-wave basis set was employed to expand the smooth part of wave functions 

with a cut-off kinetic energy of 520 eV. For the electron-electron exchange and correlation 

interactions, the functional parameterized by Perdew-Burke-Ernzerhhof (PBE),27 a form of 

the general gradient approximation (GGA), was used throughout. Due to insufficient 

consideration of the on-site Columbic repulsion, between the Co or Ni d electrons, DFT 

might fail to describe the electronic structure of our UMOFNs. To overcome this shortcoming, 

the GGA+U approach was used with U-J = 4.0, and 3.8 eV for the Co and Ni atoms, 

respectively.28-29  

The surfaces of Co-/Ni-based MOFs were modeled using the same atomic structures of 

that in our previous study.25 The Brillouin-zone integrations were conducted using 

Monkhorst-Pack grids of special points. A (6 × 4 × 1) k-point grid for the (1 × 1) surface cell. 

The H2O2 molecule was calculated in a 20 × 20 × 20 Å3 box. The Brillouin-zone integrations 

were performed using the Gamma-point only grid. The convergence criterion for the 

electronic self-consistent loop was set to 10-4 eV. And the atomic structures were optimized 

until the residual forces were below 0.01 eV/Å. And ΔEOH is calculated using the equation: 

     ΔEOH = Esurf+nOH – Esurf – n/2 EH2O2 

The Esurf+nOH is the total energy of the system with n adsorbed OH• radicals in each unit cell. 

And Esurf and EH2O2 represent the energy of the bare surface and H2O2 molecule, respectively. 
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6.3 Result and discussion 

In this study, our results using a series of Ni-/Co-based ultrathin MOF nanosheets with the 

visible-light activities evidence that the binding strength of OH• with coordinatively 

unsaturated metal sites (CUSs, see Figure 6.1a) of MOFs plays an essential role in terms to 

their stability. 

 

Figure 6.1 (a) Atomic structures of the CoNi-MOF surface. Blue, cobalt; grey, nickel; red, oxygen, 

pink, hydrogen and brown, carbon. (b) Visible light absorption spectra of Co-(purple line), Ni- 

(green line) and CoNi-MOFs (grey line). Insert shows the photographs of Co-, Ni- and CoNi-

MOFs samples. 

The absorption spectra of all MOFs were measured to evaluate their optical properties. The 

absorption spectra of Co- and CoNi-MOFs show two obvious absorption peaks at ~500 and 

~600 nm, whereas, the spectrum of Ni-MOF exhibits a broad absorption peak at ~700 nm 

(Figure 6.1b). It implies that all of the three kinds of MOFs presented in this work have the 

visible light activities. Consequently, the stability of these MOF-based photocatalysts can be 

significantly improved since the utilization of high-energy UV light, which can degrade the 

organic bridges of MOFs, can be avoided.  
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Figure 6.2 (a) XRD pattern of Co-, Ni- and CoNi-MOF nanosheets, (b) SEM, (c) TEM and (d) 

AFM image of ultrathin CoNi MOF nanosheets. The lines (red) in (d) indicate the corresponding 

thickness of each nanosheet. Insert in (d) shows the line profile drawn over a CoNi-MOF 

nanosheet. 

The X-ray diffraction (XRD) patterns of as synthesized MOFs with the different metal 

compositions (termed as Co-, Ni- and CoNi-MOFs for the systems with pure Co, pure Ni and 

CoNi hybrid, respectively) connected with terephthalic acid (BDC) ligands are shown in 

Figure 1a which display four major diffraction peaks at 2θ = 8.8, 15.7, 17.6 and 25.2°. Their 

similar XRD patterns evidence that they possess almost identical crystal structures, consistent 

with the previous report.25 The Fourier transform infrared (FTIR) spectra (Figure 6.3) of the 

as synthesized MOFs showed two strong absorption peaks at 1610-1550 and 1420-1335 cm-1, 

which correspond to the symmetric and asymmetric vibrations of C-O group bonded to 

benzene ring, respectively 30. It confirms the successful coordination of Co/Ni cations with 

the carboxyl groups of BDC ligands.  
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Figure 6.3 FTIR spectra of Co-, Ni- and CoNi- MOFs. 

The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

images (Figure 6.2b and c) clearly demonstrate the 2-dimensional (2D) morphology of 

CoNi-MOF nanosheets. Due to the flexibility of the nanosheets structure, abundant of curls 

were observed in both SEM and TEM images. Similar morphologies were also witnessed for 

2D Co- and Ni-MOF nanosheets (Figure 6.4). The ultrathin 2D structure was further 

confirmed by the atomic force microscopic (AFM) image of CoNi-MOF (Figure 6.2d). The 

line profiles in the AFM image shows a uniform thickness of ~2 nm of the CoNi-MOF 

nanosheets, which is similar as those for Co- and Ni-MOFs, as shown in Figure 6.5. The 

ultrathin 2D structures can provide extremely higher percentage of coordinatively unsaturated 

metal sites in the surface, which can facility the performance of photocatalysis.  

 

Figure 6.4 (a) SEM image and (b) TEM image of Co-MOF, (c) SEM image and (d) TEM image of 

Ni-MOF 
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Figure 6.5 AFM images and line profiles of (a) Co-MOF and (b) Ni-MOF.  

To explore the optimal reaction conditions, the experiments with/without NiCo-MOFs 

photocatalysts, H2O2 or visible light radiation were first conducted for the decolorization of 

MO. As evidenced by the black line shown in Figure 6.6, the concentration of MO quickly 

drops to 6.5% of the original 10 mg/L after 120 minutes with the catalyst and H2O2 under the 

visible light irradiations. The much worse performances were observed under other 

conditions. For example, 91.3% of MO was retained under the identical condition apart from 

the absence of H2O2. And only 21% and 47% of the MO were degraded when MOF or light 

source was excluded from the system within the same period. Our comparative results 

demonstrate that the combination of MOF, visible light irradiation and H2O2 are required for 

the effective decolorization of organic dyes. 
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Figure 6.6 Absorbance changes of the MOF electrode as a function of photocatalytic reaction time 

(a) in the MO solution under different experimental conditions, (b) in the MO solution with 

different MOF catalysts, (c) in the RB solution with different MOF catalysts. 

To assess the photocatalytic activity of these MOFs, the decolorization experiments of two 

typical organic dyes methyl organic (MO) and Rhodamine B (RB) were conducted. MO and 

RB, which carry negative and positive charge, respectively, were selected to understand the 

impact of charge on the dye molecule during photocatalysis. Figures 6.6b and c illustrate the 

photocatalytic decolorization profiles of MOFs with various metal nodes under the identical 

conditions, which demonstrate that the decolorization efficiency is largely determined by the 

metal compositions. Among all the catalysts, the CoNi-MOF possesses the highest 

performances for both the decolarization of RB and MO, which is followed by the Co-MOF. 

And the Ni-MOF has the worst performance among them. As evidenced by Figures 6b and c, 

93.5% and 80.7% of MO and RB can be photodegraded by CoNi-MOF, respectively after 

120 minutes. As a comparison, Co-MOF can degrade 90.1% of MO and 61.8% of RB in the 

same period. And the majority of dyes (89.9% of MO and 92.7% of RB) in Ni-MOF system 

cannot be decolored under the same condition. Interestingly, both MO and RB decolorization 

experiments follow the similar photocatalytic activity trend and capacities decreases in the 

order CoNi-MOF > Co-MOF > Ni-MOF. It suggests that the charges on the dye molecules 
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(MO and RB) have negligible impact on these visible light active MOFs as photocatalysts 

through the H2O2 oxidation. 

Our result also reveals that the decolorization of MO and RB over CoNi-MOF 

photocatalyst follows the first-order kinetics model (see Figure 6.7). The first-order kinetics 

can be written as ln(C0/C) = kt, according to the Langmuir–Hinshelwood model, wherein, C0 

is the initial concentration of the dye, “C” is the “t” time’s concentration of the dyes, “t” is 

the reaction time, and “k” is the kinetic rate constant. The values of k were obtained from the 

slope of the linear plot. The rate constants of MO and RB decolorization 

 

Figure 6.7 Organic dyes decolorization by MOFs by H2O2 under visible light illumination. 

were 2.31×10-2 and 1.37×10-2 min-1 under visible light irradiation, respectively.31-32  The 

R2 value for the fitted regression line is large than 0.98. Interesting, the decolorization rate 

constants of MO and RB by Co-MOF follow a quasi-first-order kinetics, as evidenced by a 

smaller R2 values (see Figure 6.7). The variance of absorption intensity using Ni-MOF was 

too low. As such, the determination of kinetic rate constant might be misleading and was not 

calculated here. 

Furthermore, the stability of MOFs was investigated by verify their morphology change 

after the 120-minute illumination. As shown in Figure 6.8, the SEM images display that the 
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morphologies of three MOFs share the same 2D ultrathin nanosheet structures before the 

experiment.  Yet, their morphologies significantly vary after illuminations. Ni-MOF looks 

unchanged according to the uniform size of the nanosheets and smooth surface as shown in 

Figure 6.8b. However, considerable shrink was observed for other two types of MOFs. The 

size of CoNi-MOF nanosheets decreased compared to the original material, but they still kept 

the 2D structure, no particles were observed on the surface. Yet, the particles appear after the 

process of decoloration for Co-MOF, which suggests that the Co-MOF have been degraded 

after the photocatalytic reactions. However, the Ni- and CoNi-MOFs are stable after the 

photocatalytic reactions. Since the photocatalytic performance of Ni-MOF is low abased on 

the aforementioned results, only the photocatalytic stability of CoNi-MOF was evaluated here. 

Three cycles of decolorization were conducted under similar experimental condition as 

presented in Figure 6.8c. In the second round, 92.7% of MO was photocatalytically 

decolored, which is almost identical to that in the first round (93.5%). A 72.2% MO 

degradation was observed in the third round of experiment, indicating the promising nature of 

photocatalytic stability of this catalyst performed under H2O2 condition.  

Previous studies suggest that the illumination of photocatalysts by photons with energy 

equal to or greater than its band gap can excite electrons (e−) from the valence band (VB) to 

the conduction band (CB).33 Since H2O2 can be a good electron acceptor to produce hydroxyl 

radicals (OH•): H2O2 + e- → OH• + OH-. The OH• possesses strong oxidation ability, which 

can take electron from organic molecules to degrade them.33-34 It explains why the addition of 

H2O2 can greatly promote the dye decolorization in our experiments. Based on this 

mechanism, two issues can be arisen in terms to the stability and reactivity of the MOF 

photocatalysts. First, OH• radicals in the solution can also degrade the organic bridges of 

MOFs to decompose them. In this regard, the OH• need to be confined at the surface of 

catalysts to prohibit such interaction. However, the binding of OH• radicals on the surface 
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should not be too strong, which may reduce their photodegration activities. As such, the 

stability and reactivity of the MOF photocatalysts should be strongly covalent to the binding 

strength (ΔEOH) of the OH• radicals with their CUSs. The ΔEOH value, therefore, needs to be 

optimized since the too small values indicate a low reactivity for the photodegradation and 

too large one suggests a low stability. 

 

Figure 6.8 SEM images of the Co-MOF, CoNi-MOF and Ni-MOF catalysts (a) before and (b) after 

visible light illumination. (c) Absorbance changes of the MOF electrode as a function of 

photocatalytic reaction time in the MO solution with the CoNi-MOF catalyst for 3 cycles. 

To understand the discrepant stabilities and activities in terms of the metal compositions of 

MOFs observed in this study, first-principles density functional theory (DFT) computations 

were carried out to calculate the ΔEOH over the metal nodes of the MOFs.  The ΔEOH values 

are -0.35, -1.14, -1.03/-0.91 eV for the Co-, Ni- and CoNi-MOFs, respectively. In terms of 

CoNi-MOF, there are two ΔGOH values since the OH can either bind with the CUS of Co (-

1.03 eV) or of Ni (-0.91 eV) cations. Since the negative value means that the binding of OH• 
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is exothermal, a smaller value indicates a stronger binding strength of the OH•. Thus, Ni-

MOF has the strongest binding strength of the OH• among all considered system, which leads 

to the weakest reactivity as evidenced by the worst photocatalytic performance shown in 

Figures 6.6b and c. On the other hand, the largest ΔEOH value of Co-MOF indicates that 

adsorbed OH• radicals can be more easily released to the solution to degrade the organic 

pollutants and the terephthalic acid (BDC) ligand of MOFs. As a result, Co-MOF shows 

relatively high catalytic performance in terms of that of Ni-MOFs yet the worst stability. In 

the CoNi-MOF, some charge transfer from the Ni to Co take place due to the electronic 

coupling between Ni and Co via the bridging O atoms.25 Consequently, the reactivity of 

CUSs in the surface of ultrathin CoNi-MOF surface is optimized. The appropriate binding 

strength can enable OH• radicals the CoNi-MOF to be well confined on the surface of MOFs 

at the CUSs to avoid the decomposition of the organic links of MOF. Additionally, it can 

maintain the substantial reactivity for the photodecoloration of dye molecules, as observed in 

our experiments. Our model can also explain the different kinetic performances between Co-

MOFs and CoNi-MOFs. Since the OH• radicals are confined on the CoNi-MOF surface, the 

reaction rate is only related to the concentration of dye molecules. As such, the first-order 

kinetics of decolorization of dye molecule is observed. Due to the release of OH• to the 

solution when Co-MOFs were employed, the reaction rate is not only determined by the 

concentration of dye molecules, which leads to the deviation of the first-order kinetics. 

6.4 Conclusion 

In summary, we have successfully identify the decisive factors to the stability of the MOF-

based photocatalysts using a novel class of ultrathin visible light active MOFs with the 

Ni/Co-based metal nodes separated by BDC organic ligands. Combined with the DFT result, 

our data suggest that the ΔEOH value at the CUSs of MOFs can be used as a descriptor to 
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predict of their capacity and stability for photocatalsis, e.g. photocatalytic decolorization of 

dye pollutants. Smaller ΔEOH restricted the OH• at the CUSs of MOFs, which benefits the 

stability but limit the decolorization performance and vice versa. In this study, the best 

photocatalytic decolorization performance in term to the performance and stability is 

achieved through the electronic coupling between Ni2+ and Co2+ within the ultrathin visible 

light active MOF nanosheets, which suggest a promising approach to molecularly design 

stable MOF-based photocatalysts through the manipulation of the electronic properties of 

their CUSs. 
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Chapter 7.Conclusions and Future Work 

7.1 Conclusions 

The major outcomes of this research project include:  

(1) Rational design and fabrication of nanostructured earth-abundant electrocatalysts for 

electrocatalysis, including ORR, OER and HER; 

(2) Development of a facial synthesis method to prepare pyridinic nitrogen-doped carbon 

material with high performance; 

(3) Fabrication of a CoSe2 nanobelts that could assemble porous structure with promising 

OER performance; 

(4) Optimisation of the electrocatalytic activity of spinel Manganese Oxide by Cobalt 

doping. The doping alters the surface electronic property of spinel crystal, which makes 

contribution to the enhanced activity. 

(5) Fabrication Zn-air batteries with the as-synthesized materials to explore the application 

potential of the electrocatalysts. 

(6) Evaluation the HER performance of a low-dimensional metal-organic frameworks 

(MOFs) via DFT calculation, revealing that S atoms in the MOFs structure are 

responsible for HER activity; 

7.2 Future Work 

This thesis has concentrated on the rational design and synthesis of nanostructured earth-

abundant electrocatalysts and their application in electrocatalytic OER, ORR and HER. 

Although the intended purposes were primarily achieved in this research project, there are a 
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number of related issues and follow-up studies that require further investigation and in-depth 

understanding in future. The details are given as follows: 

✓ The optimisation ORR activity of graphene oxide by introducing pyridinic nitrogen on 

the edge in this study can be further explored quantitatively by preparing graphene 

structure with definite size and controllable reaction sites for doped pyridinic nitrogen 

to establish significance of dopant in the carbon framework for ORR.  

✓ The applications of the obtained materials in real energy devises such as Zn-air battery. 

Furthermore, the performance of the battery strongly depends on the fabrication 

technology, which developing dramatically fast. The emerging assembly skills and 

accessories may help the improvement of the performance. In addition, the potential of 

the materials for many other applications in real devices in also very important. 

✓ Although the doping of Cobalt in the spinel-type Manganese oxide alters the surface 

electron structure of the crystal and increase the electrocatalytic activity of the doped 

material, more details of the modification such as the valent state and the coordination 

state of the metal warrants further investigation in future. 

✓ The simulated calculation could be applied on the obtained material to further explore 

the mechanisms details and active sites. For example, the active sites of the Cobalt-

doped spinel oxide material, which may be different with the pristine oxide.  

✓ The synthesis method of CoSe2 nanobelts in the research could be applied to fabricate 

other compound such as Iron and Nickel-based Selenide. Similarly, the condensation 

reaction used for the nitrogen doping is also applicable for other heteroatom doping 

carbon materials. 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

 


