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Abstract 
 

Zeolitic imidazolate frameworks (ZIFs) represent a new and special class of metal 

organic frameworks comprised of imidazolate linkers and metal ions, with structures 

similar to conventional aluminosilicate zeolites. Their intrinsic porous characteristics, 

abundant functionalities as well as exceptional thermal and chemical stabilities, have 

led to a wide range of potential applications for various ZIF materials. Explosive 

research activities ranging from synthesis approaches to attractive applications of 

ZIFs have emerged in this rapidly developing field in the past 5 years. Moreover, ZIF 

materials act as outstanding templates or precursors to produce porous carbons and 

related nanostructured functional materials based on their high surface area, 

controllable structures and rich metal/organic species in their scaffolds.  

In this thesis, the synthesis and applications of ZIFs and their related nanostructured 

functional derivatives are demonstrated with special emphases on the applications in 

energy storage and conversion areas. In brief, this thesis presents the following 

research findings: 

1). A cost-effective and facile preparation method for the synthesis of zeolitic 

imidazolate framework-8 (ZIF-8) material has been developed. ZIF-8 can be obtained 

from stoichiometric precursors in aqueous ammonia solution without any other 

additives at room temperature. The structures, particle sizes and textural properties of 

the resulting ZIF-8 materials can be controlled by the concentration of aqueous 

ammonia. In addition, the formation of ZIF-8 can be remarkably affected by different 

types of anions. The anion effect capacity is revealed to be SO4
2- 

> CH3COO
- 
> Cl

- 
> 

Br
- 
> NO3

-
, which follows the classic Hofmeister anion sequence. 

2). Composites containing ZIF-8 and various contents of graphene oxide (GO) have 

been successfully prepared for the first time by using an in-situ method in aqueous 

ammonia solution. Different material characterization techniques confirm the 

formation of strong interactions between ZIF-8 and GO in the resulting composites. 

The crystal sizes and the textural properties of the synthesized composites can be 

modulated by control of the added amount of GO. Interestingly, the in-situ 

synthesized composites exhibit enhanced CO2 adsorption energy and significant CO2 
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storage capacity. A mechanism has been proposed accordingly to the strong 

interactions and the synergistic effect between ZIF-8 and GO. 

3). Apart from the investigation of ZIFs themselves, exploration of ZIF derivatives 

has been carried out in this thesis. Homogeneously-dispersed ZnO nano-particles 

embedded within N-doped porous carbon matrix using ZIF-8 as a template and 

precursor have been successfully synthesized by a simple one-step water steam 

carbonization route. The as-synthesized ZnO/C-S-S and ZnO/C-S-L exhibit high CO2 

uptake capacities, CO2 selectivity, and CO2 adsorption energy. The mechanism of 

enhanced CO2 adsorption energy has been proposed and discussed. Moreover, 

because of excellent adsorption and degradation abilities, these ZnO/C-S-S and 

ZnO/C-S-L composites are highly efficient for methylene blue (MB) removal from 

wastewater under visible-light irradiation. Kinetics studies of MB removal show that 

the adsorption process is dominated by a pseudo-second-order adsorption model. 

4). In addition, ZIF-67 derivatives ranging from cobalt-embedded porous N-doped 

carbon/carbon nanotubes to hollow carbon nano-onions under different carbonization 

temperatures have been prepared. The carbonization temperature effects on the 

morphology and electrocatalytic properties of resultants are well studied. An optimum 

carbonization temperature at 800 
o
C for electrocatalytic performance was proposed 

within the range 600-2000
 o

C. Due to the hierarchical porous carbon structure, N-

doping effect and the homogeneous cobalt dispersion, the as-synthesized sample 

Co@C-800 nanocomposite exhibits excellent catalytic activities for both Oxygen 

reduction reaction (ORR) and Oxygen evolution reaction (OER) with good stability.  

5). Further development of the other ZIF-67 derivatives has been investigated. 

Homogeneously dispersed cobalt sulfide/N, S co-doped porous carbon 

nanocomposites and nickel promoted cobalt sulfides/N, S co-doped porous carbon 

have been successfully prepared by a simple and efficient method via the 

simultaneous carbonization and sulfurization using ZIF-67 and Ni-substituted ZIF-67 

as a precursor and template, respectively. Due to the hierarchical porous carbon 

structure, N, S co-doping effect and the homogeneous nanoparticle dispersion, the as-

synthesized nanocomposites exhibit excellent catalytic activities for both ORR and 

Oxygen evolution reaction OER with good stability. 
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1. Chapter 1: Introduction 
 

Porous materials are significantly important for fundamental research and practical 

applications including gas adsorption, separation, catalysis, and sensing.
1-3

 Because of 

their intrinsic properties such as high surface areas, large pore volumes and tuneable 

pore sizes, porous materials have attracted a large amount of research interest over 

last five decades and the study will be continuing to strengthen in the future. As the 

foundation of porous materials, they are defined as any solid containing pores and 

voids.
4
 Porous materials traditionally are categorised into three types - microporous, 

mesoporous and macroporous materials. Microporous materials contain micropores, 

which have diameters or dimensions < 2 nm. Mesoporous materials contain 

mesopores, which have diameters in the range of 2 - 50 nm, and macroporous 

materials have pores > 50 nm.
4
 Recently, the term “nanoporous” has become popular. 

Following the definition of nanoscale as referring to a size range of approximately 1 - 

100 nm, this terminology refers to the materials which have pores < 100 nm in 

dimension. Traditionally, zeolite-type porous materials such as aluminosilicate 

zeolites are one of the most important nanoporous inorganic materials which have 

been widely researched and applied in the industry. 

Metal organic frameworks (MOFs), a class of nanoporous materials assembled from 

metal ions and organic ligands,
5-7

 exhibit tuneable structures, versatile functionalities 

and fascinating properties. Recently, zeolitic imidazolate frameworks (ZIFs) represent 

a new and special class of MOFs comprised of imidazolate linkers and metal ions. 

Similar to traditional aluminosilicate zeolites, ZIFs possess diverse structures, where 

typically M
2+

 ions play the role of silicon while the imidazolate anions form bridges 

that mimic the role of oxygen in zeolite frameworks, with the M-Im-M angle around 

145
o
. Their intrinsic porous characteristics, abundant functionalities as well as 

exceptional thermal and chemical stabilities, have led to a wide range of potential 

applications for various ZIF materials. In addition, owing to the molecular-like 

organic-inorganic crystal structure of ZIFs, ZIFs have emerged as excellent precursors 

or sacrificial templates for the preparation of porous carbon based nanocomposites. 

Recent advance in porous materials have emerged along with new nanostructured 

porous materials possessing extraordinary structures and excellent properties. 
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Structurally well-ordered porous materials with high textural properties are 

generally good hosts in storage of energy-related gases such as carbon dioxide, 

hydrogen with high capacity, selectivity and regenerability. They also have the 

potential to light up portable electronic devices for electrochemical energy storage 

and conversion. Therefore, to design and develop novel nanostructured materials with 

appropriate functionalities and evaluation of their applications in a wide variety of 

environmental and energy-related fields becomes the primary aim of this PhD project. 

Traditionally, ZIFs are synthesised from organic solvents,
8-15

 which obviously cause 

some environmental concerns since organic solvents are usually toxic and flammable. 

Even though many efforts have been devoted to reducing the environmental impact,
14-

19
 those synthesis approaches are still not cost-effective. Therefore, the generation of 

ZIFs via a green and low-cost method remains highly desirable. In addition, from the 

previous studies, different parameters, such as solvents,
20, 21

 temperatures
22, 23

 and 

deprotonating agents,
21, 22, 24-26

 for the synthesis of ZIFs have been widely investigated. 

However, one particular parameter-the effect of anions, has not been explored yet. It 

will be interesting to investigate whether anions may have influence on the formation 

of ZIF materials.  

A big challenge in ZIF based composites preparation is the homogeneous dispersion 

of the reinforcement. Literature only reports inhomogeneous composites 
27

 such as 

mechanical mixtures that may significantly decrease in the textural properties of the 

resulting composites. Thus, the previous work encourages us to explore a method to 

synthesize ZIF based composites that integrate the unique properties of both 

components.  

Similarly, homogeneous dispersion of nanoparticles in the carbon matrix is also the 

leading challenge in carbon based nanocomposites, because nanoparticles always tend 

to agglomerate. Conventionally, the components in these porous carbon-metal/metal 

oxide nanocomposites usually cannot achieve homogeneous dispersion since they 

were frequently prepared by mechanical or physical mixing the nanoparticles with the 

porous carbon materials. Thanks to the inorganic-organic crystal structure of the 

parental ZIFs, the generated metal/metal oxide can be retained homogeneously within 

the nanoporous carbon matrix.
28

 To date, only a few reports have been reported such a 
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method for the preparation of nanocomposites. A simple and effective process 

remains highly desirable for the preparation of nanomaterials. 

In addition, electrocatalytic oxygen reduction reaction (ORR), oxygen evolution 

reaction (OER) and hydrogen evolution reaction (HER) play key roles in many 

important next-generation energy storage and conversion technologies, such as fuel 

cells, metal-air batteries and water splitting.
29-38

 Nowadays, most efficient 

electrocatalysts contain precious metals including Pt or Ir; however, due to the 

prohibitive cost and poor stability of precious metals, it is highly desirable to discover 

highly efficient and cost-effective non-precious electroactive materials.
39-42

 

Therefore, the objectives of this thesis can be listed as follows: 

 To explore a green and low-cost way to synthesize ZIFs and study the 

fundamental synthesising parameters on the formation of ZIFs.  

 To investigate an approach to synthesize ZIF based composites with 

homogeneously dispersed reinforcement and research on their CO2 uptake 

performance. 

 To design a simple and facile way to produce ZIF derived nanocomposites that 

homogeneously dispersed nanoparticles including metal, metal oxide, or 

sulfides, embedded in a porous carbon matrix. 

 To evaluate the applications of ZIF derivatives in environmental and energy-

related fields including CO2 uptake, waste water treatment, and their 

electrocatalytic activities.  

The thesis has been presented as 9 chapters. Chapter 1 introduces the motivation, 

objectives and organization of the thesis. Chapter 2 presents the research background 

and literature review for the development and recent progress towards the different 

synthesis strategies to generate ZIF and ZIF derivatives materials. Their attractive and 

potential applications in gas separation, catalysis, and electrochemical energy storage 

and conversion in the past years are discussed and reviewed. Chapter 3 describes the 

materials and synthesis methods for ZIF and ZIF derivatives materials, in addition to 

the structural and property characterisation techniques employed. Chapter 4 

demonstrates a cost-effective and facile method for the preparation of zeolitic 

imidazolate framework-8 (ZIF-8) material in an aqueous ammonia system. The anion 
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effect on the formation of ZIF-8 is also discussed. Chapter 5 describes the preparation 

and characterisation of ZIF-8/graphene oxide nanocomposites by using an in-situ 

controlled synthesis method. The effect of GO content on the crystal sizes of ZIF-8 

and the textural properties of composites have been investigated. The CO2 uptake 

performance of the as-synthesized composites has also been presented in Chapter 5. 

Chapter 6 presents the synthesis of zinc oxide/nanoporous carbon composites derived 

from ZIF-8. The excellent performance in CO2 uptake and removal of methyl blue 

(MB) of the as-synthesized composites have both been presented in Chapter 6. 

Chapter 7 describes the preparation process, structural, thermal and textural properties 

characterisations of cobalt/nanoporous carbon composites derived from ZIF-67. 

Furthermore, their applications in oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER) have both been presented. Chapter 8 shows a one-step 

generation of homogeneously dispersed cobalt sulfide/N,S Co-doped porous carbon 

nanocomposites derived from ZIF-67, and as well as cobalt-nickel sulfides/N, S co-

doped porous carbon composites derived from Ni-substituted ZIF-67. Their 

applications in electrochemistry such as ORR and OER are all presented. Conclusions 

of the thesis are summarised in Chapter 9, as well as some suggestions for future 

development in related research areas. 
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2. Chapter 2: Literature Review 
 

2. 1. Introduction 
For a long time, porous materials have continuously been the research focus not only 

in fundamental investigations but also in practical applications due to their intrinsic 

properties such as high surface areas, large pore volumes and tuneable pore sizes.
1
 

Noticeably, zeolite-type porous materials are technologically one of the most 

important nanoporous inorganic materials which have been widely used in large 

numbers of industrial processes including separation, catalysis and sensing.
43, 44

 In 

addition to the well-known aluminosilicate zeolites, many other zeolite-like inorganic 

materials such as the aluminophosphates and transition metal phosphates discovered 

in the 1980s and 90s,
45

 further enriched the zeolite family. The econmic volume of 

zeolites used in industries is annually up to 350 billion dollars worldwide.
46

 

 

During the last decade, much effort has been devoted to developing a new class of 

porous materials based on hybrid metal–organic frameworks (MOFs), which are also 

known as “hybrid organic inorganic frameworks” or “coordination polymers”. The 

term MOFs was introduced by Yaghi and his co-workers in 1995,
47

 although it is 

worth noting that the first synthesis of a coordination polymer can be dated back to 

1965.
48

 MOFs are rapidly developed by the prospect of finding new structures, 

enhancing their functionalities, exploring new gas sorption and catalytic properties 

and expanding pore sizes.
49-51

 The modular nature of MOFs and the mild conditions 

for their synthesis have permitted the rational structural design of numerous MOFs 

and the incorporation of various functionalities by applying the concept of secondary 

building units (SBUs), which have well-defined geometrical shapes in the synthesis. 

MOFs consist of metal clusters that are joined over polytopic linkers to form finite 

SBUs. The different topologies of MOFs can be achieved by varying the arrangement 

of SBUs.
52

 

 

A number of MOFs with zeolitic architectures have been successfully synthesised as 

hybrid frameworks. Among them, the advent of zeolitic imidazole frameworks (ZIFs) 

has recently gained considerable attention. ZIFs are a sub-family of MOFs which 

consist of M-Im-M (where M stands for Zn, Co cation and Im stands for imidazolate  
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Figure 2.1 Representative crystal structures of ZIFs (the first three capital letters 

under each example stand for the zeolite stucture code).
46

  

linker) formed by a self-assembly approach. The diverse structures of ZIFs are similar 

to conventional aluminosilicate zeolites, where typically Zn
2+

 ions play the role of 

silicon and the imidazolate anions form bridges that mimic the role of oxygen in 

zeolites, with metal-imidazole-metal (namely M-Im-M) angle ~145
o
.
53, 54

 As a result, 

ZIFs tend to form zeolite-like topologies with structures similar to those observed in 

zeolites.
55, 56

 However, structures that have not been known in traditional zeolites can 

be also formed in ZIFs.
6
 The representative ZIFs with zeolitic structures are shown in 

Figure. 2.1.
46

 Since these ZIFs simutaneously possess the characteristics of both 

MOFs and zeolites, it is not surprising that ZIFs generally display properties that 

combine the advantages of both zeolites and MOFs, such as ultrahigh surface areas, 
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unimodal micropores, high crystallinities, abundant functionalities and exceptional 

thermal and chemical stabilities,
53, 54, 57

 which renders ZIFs holding great promise in 

many application fields including catalysis, separation and sensing. The unique 

characteristics of ZIFs make them different from conventional zeolites in many 

aspects, as shown in Table 2.1. 

 

Since Yagi’s seminal Account on the synthesis and structures of ZIFs published in 

2010,
46

 research in this field has developed rapidly and attracted increasing attention 

in the past 5 years. However, there have been no dedicated reports in the literature 

ever since to summarise this fast developed area on the synthesis and applications of 

ZIFs although some information of such kind has been dispatched in the reviews on 

MOFs.
58-64

 A dedicated review focused on the state-of-the-art ZIF materials will 

provide scientists working in the relevant fields the full screen on the new 

developments of ZIFs, which is highly desirable. 

 

Table 2.1 Comparison between the zeolites and zeolitic imidazolate frameworks. 

Comparison 

content 

Zeolites Zeolitic imidazolate frameworks 

Framework type Inorganic Inorganic-organic 

Composition Si; Al; O Zn; Co; C; N; H and more 

Secondary 

building unites 

SiO4 and AlO4 M(Im)2 

Topology Around 200 Found over 100; the number 

may increase exponentially 

Stability Depending on the Si/Al ratio, 

thermal and chemical stability 

are generally high 

Thermal stability up to 500°C 

and high chemical stability in 

organic and aqueous media 

Compatibility Poor interaction with polymer Relatively better compatibility 

with organic polymer 

Functionality Tuneable Si/Al ratio; generally 

difficult in functionalisation 

Rich chemical functionalities 

with organic linkers 

Development Over 50 years Around 10 years 

Application 

prospect 

Low-cost; large scale for 

industry applications 

Expensive; potential for 

industry application 

 

In addition, due to the highly ordered porous structures with abundant organic species, 

ZIF materials would be good candidates as templates and precursors to produce 

porous carbon materials under proper synthesis conditions.
65

 Besides, due to the 
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regular arrangement of metal species in ZIF precursors, the carbon composites 

containing nanostructured metal/metal oxide species are prone to be formed in the in 

situ carbonization process. Moreover, the pure metal/metal oxide could also be 

formed from ZIF precursors under certain controlled synthesis conditions. These 

facile synthesis approaches will provide a new way to the preparation and application 

of nanomaterials in the future.  

 

In this section, the recent research developments on the synthesis and applications of 

ZIF materials and their ZIF derivatives are analysed and summarised.  

 

2.2 Synthesis of ZIF materials 
 

ZIF-based materials have been traditionally prepared by hydrothermal or 

solvothermal synthesis routines in water or organic solvents respectively, with 

reaction temperatures varying from room temperature up to 200 °C and reaction 

duration from hours to days.
17

 The fast development in this field has witnessed the 

emerging of new synthesis strategies of ZIFs in the past years. A variety of 

preparation methods including both solvent-based routines and solvent-free routines 

have been developed to generate ZIF-based materials, which are summarised in 

Figure 2.2. Undoubtedly, depending on the status of resulting ZIFs, different synthesis 

strategies must be adopted in order to generate power or film/ membrane-based ZIF 

materials. 

2.2.1. Synthesis of powder-based ZIFs 
 

Most of the ZIF materials, especially at the early research stage of ZIFs, dominantly 

formed as powders, which were separated from reaction mixture after removal of the 

solvents or other impurities. So far, both solvent-based and non-solvent-based 

synthesis approaches have been developed to produce powder-based ZIF materials. 

2.2.1.1. Solvent-based synthesis  

2.2.1.1.1. Solvothermal synthesis  

ZIF materials are conventionally prepared through a solvothermal method where 

selected organic solvents acted as the reaction medium. In 2006, Yaghi et al pioneered 

the synthesis of twelve ZIF crystals, termed as ZIF-1 to-12, in organic solvent systems  
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Figure 2.2 Summary of different synthesis methods for ZIF-based materials. 

 

such as N,N-dimethylformamide (DMF), N,N-diethyformamide (DEF) and N-

methylpyrrolidine (NMP).
55

 The same group also used DMF/DEF/NMP as solvents to 

synthesise other ZIF materials including ZIF-60 to ZIF-77,
56

 ZIF-78 to ZIF-82,
66

 ZIF-

90,
25

 ZIF-95 and ZIF-100.
67

 Later on, other researchers synthesised ZIFs using DMF 

or DEF as well to investigate the formation mechanism and relative properties.
68

 

Recently, modified recipes from Yaghi’s method have been developed. Some organic 

amines such as pyridine and triethylamine (TEA) were added into the DMF or DEF 

solvent as a deprotonating agent to facilitate the material formation. For instance, 

micro-sized and hexagonal rod-shaped ZIF-78 crystal was prepared with the 

assistance of TEA,
69

 while ZIF-90 was synthesised with the addition of pyridine in the 

DMF at room temperature.
70

 In addition, NaOH was also applied as a base in the 

synthesis of ZIF-76 in the mixture of DMF and DEF to accelerate the crystal 

formation.
71

 

 

Methanol was another important organic solvent widely used in the synthesis of ZIFs. 

In 2006, Chen’s group first generated ZIF (it was named as MAF) crystals by using 

methanol as reaction medium, where 2-methylimidazole or 2-ethylimidazole-

containing methanol solution was slowly and carefully layered onto the aqueous 

ammonia solution containing Zn(OH)2 for one month.
72

 Later, using a modified recipe, 
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they obtained ZIF-8 crystals in the mixture of 2-methylimidazole-containing methanol 

and aqueous ammonia (containing Zn(NO3)2 or ZnO/Zn(OH)2) after 5 hours stirring 

at room temperature.
73, 74

 In addition, nanoscaled ZIF-8 materials can be prepared in 

methanol,
75

 where the methanol solution containing Zn(NO3)2 and 2-methylimidazole 

(MIm) were simply mixed with a Zn
2+

/MIm molar ratio of 1:8 at room temperature. 

 

The synthesis of ZIFs from methanol-based systems was promoted with the utilisation 

of additives. For examples, Nune et al found that the presence of high molecular 

weight poly(diallyldimethylammonium chloride) as a stabilizer in methanol can lead 

to the formation of hexagonally shaped and nanosized ZIF-8.
76

 Wiebcke et al 

improved their previous method
75

 to control the crystal size of ZIF-8 by employing 

modulating ligands such as sodium formate/1-methylimidazole and n-butylamine in 

methanol solution.
21

 The crystal size of ZIF-8 could be tuneable between 10 and 65 

nm for nanocrystals, or about 1 μm for microcrystals. The addition of modulating 

ligand sodium formate can also lead to a rapid, highly-yielding crystallisation of ZIF-

8 in methanol at room temperature.
77

 Moreover, other alcohols such as ethanol
78

 and 

isopropyl alcohol
79

 were also successfully used as organic solvents in ZIF synthesis.  

2.2.1.1.2 Hydrothermal synthesis 

Although the solvothermal synthesis method has dominated in the early stage of the 

ZIF research, undoubtedly, the organic solvents are expensive, flammable and not 

environmentally friendly. Recently, much effort has been devoted to the fabrication of 

ZIFs in green and facile ways via using less organic solvents or eventually avoiding 

the use of organic solvents. Pan et al first realised the generation of ZIF-8 in an 

aqueous system at room temperature via a simple procedure:
20

 the zinc nitrate solution 

was mixed with the 2-methylimidazole (MIm) solution and the products were then 

collected by centrifugation after stirring for about 5 min. However, considering that 

the stoichiometric molar ratio of zinc ions and MIm in ZIF-8 is Zn
2+

:MIm=1:2, it is 

obvious that excess amount of MIm (molar ratio of Zn
2+

:MIm=1:70) in this method 

was wasted. Therefore, much effort has been devoted to synthesising ZIFs from 

stoichiometric molar ratios of metal ions and Im derivatives in aqueous systems. In 

particular, Miyake et al
80

 succeeded in preparing pure ZIF-8 crystals in aqueous 

system at room temperature and the crystalline ZIF-8 could be produced from the 

molar ratio of Zn
2+

:MIm=1:20.
81

 In addition, Qian’s group demonstrated that ZIF-67 
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nanocrystals could be generated from the molar ratio of Co
2+

:MIm:H2O=1:58:1100 in 

aqueous solutions at room temperature.
82

  

 

Water-based systems for the synthesis of ZIFs were also modified by using additives. 

Both TEA
26

 and ammonium hydroxide
83

 were applied as deprotonation agents to 

reduce the use of ligand MIm and initiate the formation of ZIFs. Gross et al could 

prepare ZIF-8 and ZIF-67 in aqueous system with the addition of TEA at room 

temperature without the formation of by-products,
26

 where the molar ratio of metal 

ion:MIm could be reduced to 1:4. Yao et al also reported that ZIF-8 could be prepared 

in the presence of ammonium hydroxide with the molar ratio of 

Zn
2+

:MIm:NH4
+
:H2O=1:4:16:547.

83
 Interestingly, ZIFs could be obtained from 

stoichiometric metal ions and MIm ratio in the presence of other additives such as 

triblock copolymers poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)  

(PEO-PPO-PEO)
83

 and polyvinylpyrrodlidone (PVP)
84

 in aqueous system. For 

example, both ZIF-8 and ZIF-67 were prepared from stoichiometric metal ions and 

MIm in aqueous ammonia systems in the presence of the triblock copolymer 

surfactant containing PEO groups,
83

 where it was believed that this surfactant could 

promote the formation of porous ZIF-8 and ZIF-67 due to the electrostatic attraction 

to the metal ions. Shieh et al also found that micro-sized ZIF-90 crystals could be 

generated in an aqueous system in the presence of PVP (with molecular weight 

40000).
84

 PVP was hypothesised to control the morphology of crystals and prevent 

the aggregation of seed crystals. 

 

Very recently, the synthesis of ZIFs from stoichiometric precursors via aqueous 

ammonia modulation has been successfully realised by us and other groups.
22, 85

 

Wang’s group demonstrated the generation of ZIF-8 from stoichiometric precursors 

(Zn
2+

:MIm =1:2) in concentrated ammonium hydroxide aqueous solutions at room 

temperature.
85

 The addition of an appropriate amount of ammonium hydroxide was 

found to be essential to the formation and growth of ZIF-8 crystal through 

deprotonation and coordination reactions. Our group also found that ZIF-8 could be 

readily synthesised from stoichiometric precursors in aqueous ammonia solution 

without any other additives at room temperature.
22

 The structures, particle sizes and 

textural properties of resulting ZIF-8 materials could be easily tuned by simply 

controlling the concentration of aqueous ammonia in the synthesis mixture. 
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Undoubtedly, these cost-effective synthesis strategies of ZIFs will greatly promote the 

large scale production of ZIFs for practical applications. 

2.2.1.1.3 Ionothermal synthesis 

Recently, a new synthesis strategy, ionothermal synthesis,
86-88

 has been developed to 

generate ZIF materials, which involves the use of green solvents such as ionic 

liquids
89, 90

 and eutectic mixtures
91

 to produce ZIFs. Ionic liquids not only can 

simultaneously act as both solvents and templates to avoid the competition 

interactions between the solvent-framework and the template-framework that are 

present in hydrothermal preparations,
86

 but also have negligible vapour pressure and 

non-flammability allowing the synthesis to be processed in an open system.
92-94

 

Moreover, ionic liquids can be recycled for further use.
88

 The use of ionic liquid for 

the synthesis of ZIFs was first realised by Morris and co-workers.
89

 They reported that 

four ZIFs, showing structures that were previously known or unknown, were 

generated under ionothermal conditions using the ionic liquid 1-ethyl-3-

methylimidazolium bis-(trifluoromethyl)sulfonylimide.
89

 In addition, it was reported 

that ZIF-8 could also be synthesised in the presence of ionic liquid 1-butyl-3-methyl-

imidazolium tetrafluoroborate
90

 or urea-choline chloride eutectic mixture.
91

  

2.2.1.1.4 Sonochemical synthesis  

ZIFs can also be produced by sonocrystallisation methods. Compared with the 

conventional oven heating for ZIFs preparations, sonochemical synthesis can not only 

promote the formation of nucleation, but also help to disperse the nucleation 

homogeneously.
95

 During the sonochemical synthesis, bubbles are formed and 

collapsed in solutions, known as acoustic cavitation, generating high local 

temperature, pressure as well as remarkable heating and cooling rates.
96-98

 According 

to Seoane’s report, pure ZIF-7, ZIF-8, ZIF-11 and ZIF-20 crystals were obtained 

under ultrasound irradiation, with a power of 110 W and a frequency of 47 kHz, at 

lower temperature (45-60 
o
C) and shorter duration (6-9 h) in respect to the 

conventional solvothermal synthesis.
99

 They also found that the crystals were smaller 

and had narrower particle size distribution than the conventional synthesised materials. 

Recently, Cho et al have realised the preparation of a high-yield ZIF-8 using a direct 

sonochemical route in DMF in the presence of NaOH and TEA.
100

 In addition, they 

have successfully expanded to 1L-scale synthesis of ZIF-8 via this sonochemical 

method which can be potentially scaled up for industrial applications. 
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2.2.1.2 Towards solvent-free synthesis 

2.2.1.2.1 Solvent-minimisation method 

Although the synthesis of ZIFs in the aqueous-based system is environmental friendly 

and cost-effective compared with those in the organic solvents-based system, some 

problems such as the use of excessive imidazole sources and massive solvent washing 

still make the aqueous synthesis method inefficient. For this reason, solvent-

minimisation methodologies have been developed recently.
59, 101

 For example, Shi et 

al succeeded in fabricating porous ZIF-8 and ZIF-67 by a steam-assisted conversion 

method (or dry-gel conversion method).
23

 Different from the common hydrothermal 

synthesis method, the solid phase containing metal salts and excess ligands was 

placed in a small Teflon cup surrounded by water vapour (or organic solvent steam 

such as DMF) under 120 
o
C for 24 h, and the small amount of water possibly acted as 

a structure-directing agent in the synthesis.
102

 In addition, ZIF-8 samples were also 

generated by a vapor-assisted conversion method in nonpolar solvent n-heptane, 

where the transformation rate from the solid reagents to ZIF-8 was faster than that in 

methanol or DMF.
103

 

 

Moreover, recent reports have demonstrated that ZIFs can be successfully produced 

through solvent-free methods. For example, Müller-Buschbaum et al have obtained 

Co(IM)2 via a solvent-free synthesis procedure under heating.
104

 Zhang et al have 

successfully generated porous ZIF-8 (it was sometimes also called MAF-5) from the 

oxide/hydroxide-based solvent-free reaction without any by-product.
105

 The operating 

procedure is quite simple: a mixture of ZnO and MIm with molar ratio of 1:2, which 

had been ground uniformly, was heated at 180 
o
C for 12 hours, and ZIF-8 was then 

collected. The obtained ZIF-8 sample can be used for adsorptive applications without 

any further treatment. Beobide et al also have realised the preparation of ZIFs with a 

solvent-free method,
106

 in which ZIFs were obtained under the acid-base reaction 

between ZnO/CoO/Co(OH)2 and imidazolic ligands at temperature of 100-160 
o
C in a 

closed vessel. Moreover, by the addition of small amounts of structure directing 

agents, it is controllable to generate a zinc/cobalt-imidazolates network topology with 

a high yield (87–97%). 

 

In addition, an “accelerated aging” method has also been developed for the 

preparation of ZIFs. Inspired by the geological biomineralisation and mineral 
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neogenesis, this mild and environmentally friendly novel method exploits the inherent 

mobility of molecules, which is different from solvent-based or other solvent-free 

synthesis methods.
107, 108

 Friščić et al
107

 firstly proposed the “accelerated aging” 

method and prepared close-packed ZIFs with imidazole, 2-methylimidazole, 2-

ethylimidazole and benzimidazole by accelerated aging in a solvent-free and low-

energy manner.
109-111

 In detail, a stoichiometric molar ratio of zinc oxide and 

imidazole ligand were ground to form a mixture. Together with the catalyst 

ammonium sulfate, this mixture was placed in an open vial and aged at 45°C and 98% 

relative humidity for several days, and closed-packed ZIFs were then obtained after 

washing and drying. In addition, the well-known open framework ZIF-8 can be 

obtained by the transformation of the closed-packed one under methanol vapours at 

room temperature. Recently, Friščić et al have developed the accelerated aging 

method for the one-step synthesis of scalable microporous ZIFs.
108

 By changing 

different salt additives such as KHSO4, (IM)2SO4·H2O and (Hcaf)(HSO4) (Hcaf = 

caffeine), accelerated aging can be optimised for the synthesis of microporous 

products. They claimed that microporous ZIF-8 and ZIF-67 can be assembled 

efficiently from metal oxide and MIm without any further activation, such as 

microwave and sonochemical treatment. 

2.2.1.2.2 Mechanochemical synthesis  

Mechanochemistry has shown significant potential as a green and efficient strategy 

for the construction of materials.
112

 Therefore, the fabrication of ZIFs from the 

mechanochemical synthesis method (via ball milling) has been developed. In 2006, 

partial formation of the nonporous Zn(IM)2 was first obtained by manual grinding 

ZnO with large excess amount of imidazole (IM).
113

 The same nonporous Zn(IM)2 

products were also generated by Adams et al. using a two-step mechanochemical 

process starting from ZnCl2.
114-116

 Realising the limitation of oxide-based precursors 

for ZIF synthesis via neat grinding, Friščić et al. used modified mechanochemical 

methods called liquid-assisted grinding (LAG) or ion- and liquid-assisted grinding 

(ILAG) to produce ZIFs from a stoichiometric molar ratio (1:2) of ZnO and ligand 

such as imidazole, 2-methylimidazole and 2-ethylimidazole at room temperature.
117

 It 

was found that the addition of a small amount of a liquid phase could enhance the 

mobility,
118, 119

 and salt additives could facilitate the formation of ZIFs.
120

 In addition, 

the topology of synthesised ZIFs could be controlled by choosing different grinding 
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liquids (such as DMF, DEF and ethanol) and salt additives (such as NH4NO3, 

(NH4)2SO4 and NH4CH3SO3). Furthermore, Friščić et al. could directly monitor the 

ball milling reaction, the formation of intermediates and the interconversion of ZIF 

topologies by in situ diffraction of high-energy synchrotron X-rays.
121

 Recently, 

Tanka et al have claimed a truly solventless mechanical dry conversion of ZnO to 

ZIF-8 without adding any other additives.
122

 Nano-sized ZnO powders (average 

particle size of 24 nm) and MIm were added into a ball mill under a rotation of 100 

rpm. They found that the obtained nanoparticles of larger size contained 

untransformed ZnO, while the smaller nanoparticles had no ZnO. Thus, ZnO crystals 

were more likely to be converted into ZIF-8 due to the use of nano-sized ZnO 

particles. The proposed mechanism is shown below in Figure 2.3. Apart from the 

crystalline ZIFs, Cheetham et al found that the amorphous ZIFs can be synthesised by 

ball milling too.
79, 123, 124

 Various amorphous products including ZIF-1,
123

 ZIF-3,
123

 

ZIF-4,
123

 ZIF-8
123, 124

 and ZIF-69 
79

 can be obtained under grinding.  

 

Figure 2.3 Proposed mechanism of mechanochemical synthesis dry conversion of 

ZnO to ZIF-8. The three main processes take place at the same time.
122

 

 
 

2.2.2 Synthesis of ZIF-based films and membranes  

Shortly after the synthesis of powder ZIF crystals, it is recognised that the formation 

of ZIFs film/membrane is very important in many applications such as gas separation 

and chemical sensors, due to their intrinsic properties especially the molecule-sized 

porosity and easy handling. 

2.2.2.1 Pure ZIFs film 

So far, diverse synthesis strategies on the fabrication of ZIF films and membranes 

have been explored. Generally, the preparation of ZIF membranes can be classified 

into two basic categories: secondary growth crystallisation and in situ crystallisation. 
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2.2.2.1.1 Secondary growth crystallisation 

The preparation of membrane via the secondary growth crystallisation usually 

involves two main steps. In the first step, the crystal seeds are deposited on the bare or 

chemically modified support through selected strategies such as rubbing, dip-coating, 

thermal seeding and reactive seeding by repeated growth; in the second step, a 

continuous polycrystalline layer grows under solvothermal or hydrothermal 

conditions. Internal gaps among seeds can be closed-up by the growth of seeds, and 

finally a continuous membrane is formed. The notable advantage of the seeded growth 

method is that the membrane orientation can be systematically controlled. Other 

membrane properties such as membrane thickness and grain boundary structure can 

also be modulated by this method, which can lead to better membrane performance.
125

 

Secondary growth crystallisation can be normally realised via two different routes: (1) 

Depositing the crystal seeds via rubbing, dip-coating, thermal seeding or by repeated 

growth; (2) Pre-treating the support by using reactive seeding or organic functional 

groups. For example, Carreon et al prepared ZIF-8 membrane by secondary growth 

crystallisation method,
126

 where an alumina support was seeded with ZIF-8 crystals 

by rubbing, followed by  secondary growth to form a ZIF-8 layer on the support. ZIF-

8 thin layers were also prepared on the seed rubbed vertically-aligned carbon 

nanotubes.
127

 Moreover, high optical quality ZIF-8 films were prepared by dip-

coating a colloidal solution of ZIF-8 nanoparticles on a polished silicon wafer,
128

 

while a ZIF-69 membrane was fabricated by dip-coating a colloidal solution on a 

porous α-alumina substrate.
125

 In addition, a ZIF-8 membrane was prepared by 

secondary growth methods in an aqueous system at near room temperature.
129-131

 

Particularly, hollow fiber supported and continuous ZIF-8 membranes were generated 

from a diluted aqueous solutions.
132

 

 

For secondary growth crystallisation methods, seeding on the support is regarded as 

the key factor to obtain high quality ZIF membranes. Thus, it is important to enthance 

the interaction between ZIF crystals and the support. Apart from the traditional 

seeding approaches such as dip-coating, slip-coating and rubbing seeding, many 

advanced seeding approaches including reactive seeding,
133-135

 pre-coating polymer or 

organosilane binder,
136-141

 infiltrating precursors
142

 and microwave-assisted seeding
143

 

have been explored. These advanced seeding approaches are addressed as follows one 

by one. 
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Reactive seeding was proposed to eliminate the cracks and intercrystalline defects.
134

 

A ZIF-78 membrane was prepared by reactive seeding on a porous zinc oxide 

support,
134

 where the ZnO supports were first seeded by hydrothermal synthesis, and 

secondary seeded growth was then carried out to crystallize a ZIF-78 layer on the 

support by hydrothermal synthesis.
134

 A similar method was utilised to produce a ZIF-

71 membrane using reactive seeded ZnO supports by solvothermal synthesis.
133

 In 

addition, Tao et al successfully fabricated a continuous and well-intergrown ZIF-8 

membrane on hollow ceramic fibre tube.
135

 In this method (as shown in Figure 2.4), 

loosely packed crystals were first deposited on the support by in situ crystallisation, 

followed by the formation of a compact seed layer by rubbing seeding, and the 

secondary growth method was then applied to form the continuous and defect free 

ZIF-8 membrane on the seed loaded hollow ceramic fiber tube. 

 

Figure 2.4 Schematic representation of ZIF-8 membrane fabrication by reactive 

seeding (crystallizing-rubbing seeding) approach followed by secondary growth (HCT: 

hollow ceramic fiber tube).
135

 

Pre-coating polyethyleneimine (PEI) solution containing ZIF-7 seeds has been 

successfully used in the preparation of ZIF-7 membranes.
136-138

 Although ZIF-7 

cannot be dispersed in the aqueous phase due to its hydrophobic property, it can be 

homogeneously dispersed in an aqueous PEI solution because PEI can coordinate 

with the zinc ions at the surface of the nanoseeds, thereby making them compatible 

with the aqueous solution.
144

 Moreover, PEI can effectively enhance the linkage 

between the seeds and the support through hydrogen bonding interactions. For 

instance, ZIF-8 membranes were prepared by pre-coating PEI solution containing 

ZIF-8 seeds
139, 140

 and ZIF-8 films were fabricated on the 3-(2-imidazolin-1-

yl)propyltriethoxysilane modified substrates at room temperature in aqueous 

system.
141
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Infiltrating precursors as a seed-and-nutrient layer was explored to produce dense and 

mechanically stable ZIF-8 membranes on a porous alumina support.
142

 In this method, 

the alumina support was first infiltrated with MIm and zinc nitrate, then the infiltrated 

alumina discs were dipped into the solution of ZIF precursors, and finally the alumina 

discs saturated with ZIF precursors were subject to heat treatment at different 

temperatures.  

 

Microwave-assisted seeding has been reported recently as a new approach to rapidly 

prepare supports strongly attached to seed crystals by Kwon et al.
143

 With the 

assistance of microwaves, the strong absorption of microwave energy by precursors 

increased the temperature of the supports quickly, resulting in the rapid heterogeneous 

nucleation and growth of ZIF-8 nanocrystals (as shown in Figure 2.5). Thus, the 

seeded supports with a high packing density were quickly generated in a couple of 

minutes. Consequently, continuous and well-intergrown ZIF-8 membranes were 

formed after subsequent secondary growth on the seeded supports. 

 

Figure 2.5 Scheme of microwave-assisted seeding; (a) a support saturated with a 

metal solution in a ligand solution, (b) formation of a reaction zone at the interface 

and microwave irradiation, and (c) heterogeneous nucleation near the support 

surface.
143

 

 

An alternative way to improve the bonding between ZIF crystals and the support is to 

make use of an appropriate polymeric support because of the high affinity between 

ZIF and polymer. In this regard, continuous ZIF-90 membrane was fabricated on 

polymeric hollow fiber which is poly(amide–imide)Torlon.
145

 Continuous and dense 

ZIF-8 thin layers were also synthesised on the porous polyethersulfone (PES) support 

via secondary seeded growth,
146

 in which ZIF-8 has good affinity with the PES 
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support due to the trapping of ZIF-8 crystals into the surface pores of polymer and the 

favorable interactions between the organic ligands of ZIF-8 and PES.  

 

However, on the other side, secondary growth crystallisation methods require the 

seeding step ahead of the solvothermal growth step. As a result, potential 

reproducibility issues may occur due to the increased number of steps in the 

process.
147

 In addition, it is not easy to control the membrane thickness on the 

submicron scale by this method.
141

 

2.2.2.1.2 In situ crystallisation 

ZIF films or membranes can also be prepared by in situ crystallisation methods, where 

the polycrystalline layer is grown on the plain or chemically modified support through 

a one-step or one-pot solvothermal or hydrothermal synthesis without any seeding 

growth process. 

 

In situ crystallisation methods for the generation of ZIF membranes have been widely 

explored by many researchers. A ZIF-8 membrane was prepared by Bux et al in a 

microwave assisted solvothermal reaction through an in situ crystallisation method.
148

 

149
 In brief, the solution mixture with porous titania support was charged into an 

autoclave and heated in a microwave oven, then a compact ZIF-8 layer was formed on 

the porous titania support. Meanwhile, continuous and compact ZIF-8 membrane was 

produced on the outer surface of porous hollow fibres by in situ crystallisation too.
150

 

It is worth noting that the direct growth of ZIF-8 membrane from zinc foil was 

reported by Zhu et al.
151

 It is believed that the nucleation of ZIF-8 crystals took place 

heterogeneously from the grain boundaries at the zinc foil surface, which acted as 

both the substrate and the reagent. In addition, ZIF-69 membrane was also fabricated 

on the porous α-alumina discs by solvothermal in situ synthesis.
152

 

In order to prepare ZIF films and membranes efficiently via in situ crystallisation 

methods, several advanced approaches, including substrate modification before in situ 

crystallisation, counter-diffusion-based in situ crystallisation and solvent evaporation-

based in situ crystallisation, have been developed.  

 

Substrate modification before the in situ crystallisation process is a widespread 

strategy to obtain continuous ZIF membranes. As shown in Figure 2.6a, a simple 



41 | P a g e  
 

support modification by heating and fast evaporation before rapid solvothermal in situ 

synthesis resulted in the preparation of ZIF-7 and ZIF-8 membranes easily.
153

  

 

 

 

Figure 2.6 (a) Illustration of the substrate modification process
153

 and (b) the 

preparation of ZIF-90 membranes using APTES as a covalent linker between 

membrane and alumina support.
154

 

On the other hand, 3-aminopropyltriethoxysilane (APTES) was used as covalent 

linkers to promote the heterogeneous nucleation and membrane growth for in situ 

crystallisations.
142

 A compact layer of ZIF-22, ZIF-90 and ZIF-95 was successfully 

formed on the APTES-modified support after the solvothermal synthesis.
154-157

 The 

scheme of preparation of ZIF-90 membranes using APTES as a covalent linker is 

shown in Figure 2.6b. In addition, a ZIF-9-67 hybrid membrane was prepared on 

vinyltrimethoxysilane modified α-alumina support by a solvothermal synthesis 

method.
158

 

 

Recently, a one step in situ synthesis of ZIF-8 membranes on unmodified porous α-

alumina supports in the presence of sodium formate has been reported by Shah et 

al,
159

 where the sodium formate has been found to enhance the heterogeneous 

nucleation of ZIF-8 crystals on alumina support as well as to promote the intergrowth 

of ZIF-8 crystals for the formation of continuous ZIF-8 membranes. Other continuous 

(a) 

(b) 
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ZIF membranes such as ZIF-7, ZIF-90, ZIF-61 and SIM-1 can also be prepared using 

the same one step in situ crystallisation method.  

 

In addition, ZIF membranes can be prepared by a counter-diffusion-based in situ 

crystallisation method where the supports physically separate the metal ions from the 

ligand molecules. The counter-diffusion concept enables the synthesised membranes 

to be healed readily without completely disassembling the membrane capacity.
160

 This 

unique feature of the counter-diffusion concept made the poorly intergrown 

membranes to be healed. Furthermore, the costly precursor solutions can be recycled 

multiple times for in situ synthesis.
160

 Yao’s group first reported the preparation of 

ZIF-8 membrane using a counter-diffusion-based (or contra-diffusion) in situ 

crystallisation synthesis method.
161

 Two different synthesis precursor solutions were 

separated by the nylon membrane, and the ZIF-8 films were then grown on the 

surface of the nylon membrane (shown in Figure 2.7). Recently, they have claimed 

that ZIF-8 membrane was prepared in aqueous system using a stoichiometric ratio of 

Zn
2+

 and MIm (1:2) through a similar  method.
162

 Moreover, Xie et al generated ZIF-8 

membrane by contra-diffusion synthesis where two precursor solutions were 

separately filled in the inner and outer volume of the APTES-modified tubular 

support.
163

 In addition, Kwon et al successfully prepared continuous and well-

intergrown ZIF-7, ZIF-8 and SIM-1 membranes with enhanced microstructure on 

precursor-soaked alumina supports,
160

 where the porous alumina support was first 

saturated with a metal precursor solution, which was then placed in the ligand solution 

to initiate the reaction, and the ZIF-8 membrane was finally formed by counter-

diffusion-based in situ crystallisation method. 

 

Figure 2.7 (a) Diffusion cell for the preparation of ZIF-8 film and (b) the schematic 

formation of ZIF-8 films on both sides of the nylon support via contra-diffusion of 

Zn
2+

 and MIm through the pores of the nylon support.
161
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Based on the concept of evaporation-induced crystallisation as reported by Ameloot et 

al,
13

 Shah et al came up with the solvent evaporation-based in situ crystallisation 

(rapid thermal deposition).
164

 They successfully prepared well-intergrown ZIF-8 

membrane on a α-alumina support. In this rapid thermal deposition approach, the 

porous supports were soaked with a precursor solution and then subjected to elevated 

temperature. Rapid solvent evaporation from the supports drived the flow of the 

precursor solution from inside to outside of the supports, consequently, crystallisation 

was realised both inside and outside the supports simultaneously to form ZIF-8 

membrane (as shown in Figure 2.8). 

 

Figure 2.8 Scheme of the rapid thermal deposition approach.
164

 

 

Compared with the secondary growth crystallisation method, the in situ crystallisation 

method is relatively simple and, therefore, it is the popular synthesis approach for the 

preparation of ZIF membranes. However, it is worth noting that in situ crystallisation 

method has its intrinsic disadvantage that it critically relies on the high rates of 

heterogeneous nucleation on the support surface to successfully obtain continuous and 

well-intergrown ZIF layers. Whether a high surface nucleation rate can occur or not 

depends on various factors, e.g., the surface chemistry of the support material. On the 

contrary, in the secondary growth crystallisation method, nucleation and crystal 

growth are decoupled, hence, high nucleation rates and chemical interactions with the 

support material are less crucial.
139

 

2.2.2.2 ZIF based film/membrane composites  

ZIFs have gained great attention as fillers for the generation of ZIF based 

film/membrane composites, namely, mixed matrix membranes (MMMs), due to their 

molecular sieving effect, facile synthesis and good compatibility with polymers. A 

desirable MMM usually consists of well-dispersed particles at as high loading as 

possible.
165

 Although polymers are frequently used in the commercial gas separation, 

they often confront a significant problem of the compatibility between the polymeric 

phases and inorganic phases for optimum dispersion and interfacial contact that leads 



44 | P a g e  
 

to moderate loading of inorganic materials.
166, 167

 Superior MMM permeability and 

performance selectivity can be achieved by matching the properties of the polymer 

and ZIF. Generally, several main issues, such as the tuneable synthesis of the sub-

micrometer ZIF nanoparticles, the defect-free interface between the polymers and 

ZIFs and the controllable dispersion of ZIFs within the polymer, should be considered 

during the fabrication of ZIF/polymer MMMs.
168

 

 

Traditionally, the supported MMMs are prepared through several steps including 

solution-blending, dip-coating and solution-casting. Briefly, the polymer and ZIF with 

specific permeability and performance selectivity are selected, and the amount of ZIF 

with a desired concentration which is necessary for the preparation of MMM is added 

to an organic polymer solution of known composition under stirring. The resulting 

mixture is sonicated or stirred for some time until an apparently homogeneous 

suspension was obtained. The suspension is cast or coated onto a substrate to form 

membranes, followed by heating and drying under vacuum. Finally, the membrane is 

cooled down to room temperature under vacuum (shown in Figure 2.9). 

 

 

Figure 2.9 Basic procedures for the preparation of mixed matrix membranes. 

 

The preparation of ZIF-8/polydimethylsiloxane (PDMS) MMMs for solvent resistant 

nanofiltration was reported by Basu et al.
169

 It was found that the introduction of ZIF-

8 as filler into PDMS-based MMMs was not successful due to the poor adhesion 

between PDMS and ZIF-8; however, it was successful after surface modification of 

ZIF-8 with trimethylsilyl which resulted in a strongly improved adhesion. In addition, 

ZIF-8/polymethylphenylsiloxane (PMPS) MMMs were also successfully fabricated 

by incorporating ZIF-8 nanoparticles into silicone rubber (PMPS) membranes.
170

 The 

resulting MMM showed very promising performance in recovering bio-alcohols from 

dilute aqueous solution and offered significant potential for the construction of a 

membrane reactor for in situ product recovery applications.
170

 

Matching 
polymer and 

ZIF 

Solution-
blending  

Dip-coating 
or Solution-

casting 

Heating 
and drying 
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A variety of polyimides have been used in the production of ZIF/polyimide MMMs. 

So far ZIF-8,-90/Matrimid® polyimide
165, 168, 171-173

 ZIF-8,-90/6FDA-DAM 

polyimide
173, 174

 and ZIF-8/6FDA-based polyimide
175

 MMMs have been successfully 

prepared using the conventional ZIF/polyimides fabrication method. In addition, 

sulfone-based polymers have been used in the generation of ZIF/polymer MMMs. For 

example, the preparation of ZIF-8/poly(1,4-phenylenether-ether-sulfone)
176

  and ZIF-

20,-8/polysulfone MMMs
68, 177, 178

 were reported. Moverover, polybenzimidazole 

(PBI) is another major polymer that has been widely used in the fabrication of 

ZIF/polymer MMMs, and PBI has remarkable resistance to high temperatures (up to 

500 
o
C)

179
 with superior compression strength.

180
 The preparation of ZIF-7/PBI nano-

composite membranes was reported by Yang et al.
181

 ZIF-8,-90/PBI MMMs were also 

prepared by the dip-coating or solution-casting method.
70, 182-184

 Besides, other 

MMMs such as ZIF-90/P84,
185

 ZIF-8/PIM-1,
186

 ZIF-7/poly (amide-b-ethylene oxide) 

(Pebaxs1657)
187

 and ZIF-7/chitosan
188

 MMMs have been prepared too. 

 

Apart from the traditional method used for the preparation of MMMs, recently 

advanced MMMs fabrication approaches have been developed.
189-191

 The first 

successful production of mixed matrix asymmetric hollow fibre membranes 

containing ZIF-8 fillers was reported by Dai et al.
189

 They incorporated ZIF-8 into a 

polyetherimide matrix and produced dual layer asymmetric hollow fibre membranes 

via the dry jet-wet quench method. SEM images of pure polyetherimide and ZIF-

8/polyetherimide mixed matrix hollow fibre membranes are displayed in Figure 2.10. 

The dual-layer fibres incorporating the ZIF-8 show a noticeable interface indicating 

good adhesion between the two layers. 

 

 

   

 

Figure 2.10 SEM images of pure polyetherimide (A) and ZIF-8/polyetherimide 

mixed matrix hollow fiber membranes (B and C).
189
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Liu et al successfully prepared a homogeneous ZIF-8/silicone rubber (PMPS) 

nanocomposite membrane with high particle loading and excellent stability on a 

hierarchically ordered stainless-steel-mesh (HOSSM) via a novel ‘‘plugging–filling’’ 

method.
191

 In this synthesis strategy, the use of HOSSM can effectively avoid the 

problems such as the poor dispersion of the ZIF-8 nanoparticles at high particle 

loading and the deterioration of membrane performance during long-term operation, 

therefore remarkably improve the separation index and selectivity of ZIF-8. As shown 

in Figure 2.11, the holes were plugged in the top layer of the HOSSM with ZIF-8 

nanoparticles, and silicone rubber was then filled the spaces between the ZIF-8 

nanoparticles and the mesh wires. A homogeneous ZIF-8/silicone rubber (PMPS) 

membrane was finally obtained after repeated dip-coating and evaporation. 

                        

Figure 2.11 Schematic illustration of the fabrication procedure of the HOSSM-ZIF-

8/silicon rubber membrane by the ‘‘plugging–filling’’ method.
191

 

 

Although numerous research groups have studied ZIF/polymer MMMs, only a few 

reports on cross-linked MMMs have been published. Recently, Wijenayake et al
190

 

have reported the cross-linked ZIF-8/6FDA-durene. The surfaces of the synthesised 

MMMs were cross-linked by reacting with the ethylenediamine (EDA) vapour to 

improve gas selectivity. In brief, annealed ZIF-8/6FDA-durene MMM was first 

suspended in the chamber containing EDA vapour; the MMM was then reacted with 

EDA vapour inside the chamber for 40 min at about 35 °C, the cross-linked MMM 

was finally obtained after washing and drying. The chemical reaction taking place is 
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the ring-opening reaction of the imide group in the 6FDA-durene to an amide group 

followed by cross-linking during EDA vapour reaction.
190

 

2.2.3 Conclusions 

In conclusion, undoubtedly there are a variety of synthesis methods available for the 

generation of ZIFs and ZIF-based composites. For the powder-based ZIF materials, 

the conventional synthesis methods such as solvothermal and hydrothermal methods, 

have been widely applied and developed with modifications (such as the ionothermal 

method and sonothermal method). Meanwhile, other synthesis methods like solvent-

free synthesis and mechanical methods have been developed quickly too. While for 

the film/membrane-based ZIF materials, apart from the conventional secondary 

growth and in-situ method, novel ZIF membrane fabrication methods such as the 

electrospray deposition technique has recently been developed.
192, 193

 The remaining 

challenge in the field is to produce ZIFs in large scales to meet the potential 

commercial application needs. Nevertheless, there is no doubt that novel synthesis 

approaches for ZIF materials which can offer reproducibility, scalability and cost-

effectiveness will emerge with the effort of scientists in the future. 

2.3. Applications of ZIF materials 

Owing to their high level of porosity, adjustable compositions and controllable 

structures, applications of ZIF materials are emerging. Both pure ZIFs and ZIF-based 

films/membranes have been developed as multifunctional materials to show versatile 

excellent performances beyond the traditional uses as adsorbents and catalysts, and 

even contribute to the developments in the fields ranging from sensing and electrical 

devices to drug delivery. In this section, the typical and emerging applications of ZIF 

materials are highlighted and discussed. 

2.3.1 Gas separation 
Gas separation is becoming a more and more important research topic with the 

increasing of the global issues such as natural gas purification and carbon dioxide 

capture. Therefore, it is urgent and desirable to develop green and energy-efficient 

ways to realise gas separations effectively. As a novel class of highly porous materials 

with similar structures to zeolites, ZIF materials possess tuneable pore sizes, variable 

structures and multiple chemical functionalities. As a result, they hold great potential 

in gas separation applications. Both pure ZIFs and ZIF-based polymer mixed matrix 
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membranes (MMMs) have been widely explored in various gas separations, which are 

summarised in Figure 2.12.  

 

The pure ZIF membranes have been explored in various gas separations showing very 

promising separation performance. Some gas separation results on pure ZIF 

membranes are summarised in Table 2.2. Obviously, most of the investigations are 

focused on hydrogen separation and carbon dioxide separation, due to the great 

potential in practical applications of ZIF membranes in these fields. Moreover, the 

reported ideal selectivity of pure ZIF membranes is variable and dependant on the 

properties of the gases involved. Generally, the nature and content of the target gas, 

the ZIF types and the operation conditions such as temperature and pressure, can all 

alter the separation efficiency. For example, due to the fact that the pore size of ZIF-7  

        

Figure 2.12 Summary of gas separation on both pure ZIFs and ZIF-based MMMs. 

 

with sodalite (SOD) topology is about 0.3 nm,
55

 which is just between the molecule 

sizes of H2 (0.29 nm) and CO2 (0.33 nm), a ZIF-7 membrane was applied in the H2 

mixed gas separations, such as H2/CO2, H2/N2 and H2/CH4. ZIF-7 membranes 

prepared by Li’s group exhibited high H2 permeance.
136, 137

 Moreover, the high 

H2/CO2 ideal selectivity and separation factor exceeded the Knudsen separation factor 

Gas  
separation 

Pure ZIFs 

H2 separation 
H2/N2; H2/CO2; H2/CH4; 
H2/Ar; H2/O2; H2/C3H8   

CO2 
separation 

CO2/CO; CO2/N2; 
CO2/CH4 

Small organic 
molecule 
separation 

C2H4/C2H6; C3H6/C3H8 

ZIF-based 
MMMs 

H2 separation H2/N2; H2/CO2; H2/CH4; 
H2/O2; H2/C3H8 

CO2 
separation 

CO2/CO; CO2/CH4; 

CO2/N2; CO2/C3H8 

Small organic 
molecule 
separation 

C2H4/C2H6; C3H6/C3H8 

O2 separation O2/N2 
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and the latest Robeson’s “upper-bound” line.
194

 ZIF-8 material is another promising 

porous membrane. Thanks to its pore size (~ 0.34 nm) and hydrophobic nature, ZIF-8 

membranes have advantages to separate H2 from other large gas molecules.
62

 For 

instance, the ZIF-8 membrane prepared by Bux et al showed a high H2/CH4 separation 

factor (11.2), which significantly exceeded the Knudsen separation factor for H2/CH4 

(~ 2.8).
148

 ZIF-8 membranes also exhibited excellent separation performance for C2-

C3 hydrocarbon mixtures. The high quality ZIF-8 membranes prepared by Pan et al 

showed that the separation factors for mixtures of ethane/propane, ethylene/propylene 

and ethylene/propane are 80, 10 and 167, respectively.
129

 In addition, ZIF-69 

membranes were reported for CO2/gas mixtures separations, such as CO2/CO, CO2/N2 

and CO2/CH4. The continuous ZIF-69 membrane presented a high separation factor of 

CO2/CO (3.5) with CO2 permeance of 3.6 X 10
-8

 mol m
-2 

s
-1 

Pa
-1

 at room 

temperature.
152

  

Table 2.2 Gas separation performance of pure ZIF membranes 

Materials  Gases  Separation performance   Ref. 

ZIF-7 H2/CO2 Ideal selectivity 6.7; separation factor 6.5 
136

 

ZIF-7 H2/CO2; H2/N2; 

H2/CH4;  

Separation factor 13.6; 18.0; 14.0 (H2 

permeance of 4.5X10
-8

 mol m
-2 

s
-1 

Pa
-1

; at 

220 
o
C) 

137
 

ZIF-7 H2/CO2 Separation factor 9.6 (H2 permeance of 

4.61X10
-7

 mol m
-2 

s
-1 

Pa
-1

; at 25 
o
C) 

192
 

ZIF-78 H2/CO2 Ideal selectivity 11.0; separation factor 9.5 
134

 

ZIF-8 H2/CH4 Separation factor 11.2 (298 K) (1 bar) 
148

 

ZIF-8 H2/N2; H2/CH4 Ideal selectivity 11.6; 13 
153

 

ZIF-8 H2/C3H8 Separation factor above 300 
139

 

ZIF-8  H2/CO2 Ideal selectivity 32.2; (7.1 for a H2/CO2 

binary mixture (45% H2))  

150
 

ZIF-8 H2/N2; H2/CO2 Ideal selectivity 15.4 (H2 permeance 5.73 X 

10
-5

 mol m
-2 

s
-1 

Pa
-1

); 17.0  

163
 

ZIF-8 H2/N2 Ideal selectivity 5.7 (H2 permeance 1.7 X 

10
-7

 mol m
-2 

s
-1 

Pa
-1

)  

142
 

ZIF-8 H2/CO2; H2/Ar; 

H2/O2; H2/N2; 

H2/CH4 

Ideal separation factor 4.9; 7.0; 13.6; 15.1 

and 9.8. 

195
 

ZIF-8 H2/C3H8 Ideal selectivity more than 1000 (H2 

permeance 15X10
-7

 mol m
-2 

s
-1 

Pa
-1

; room 

temperature) 

131
 

ZIF-8 H2/Ar; H2/O2; 

H2/N2; H2/CH4 

Ideal separation factor 9.7; 10.8; 9.9; 10.7 

(H2 permeance 4X10
-7

 mol m
-2 

s
-1 

Pa
-1

; 

333K) 

146
 

ZIF-8 H2/CO2; H2/N2; 

H2/CH4 

Ideal separation factor 5.2; 7.3; 6.8  (H2 

permeance 1.1 X 10
-6

 mol m
-2 

s
-1 

Pa
-1

) 

135
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ZIF-8 H2/N2 Ideal selectivity 4.6 
162

 

ZIF-8 H2/N2; H2/CH4 Ideal selectivity 10.3; 10.4 (H2 permeance 

20.8 X 10
-8

 mol m
-2 

s
-1 

Pa
-1

) 

196
 

ZIF-8 H2/CO2; H2/N2; 

H2/CH4 

Ideal selectivity 5.8; 11.1; 12.8 (303 K and 

0.1 MPa) 

197
 

ZIF-95 H2/CO2; H2/N2; 

H2/CH4; H2/C3H8 

Mixture separation factor 25.7; 10.2; 11.0; 

59.7 (325 
o
C; 1 bar) (H2 permeance 1.9 X 

10
-6

 mol m
-2 

s
-1 

Pa
-1

) 

157
 

ZIF-9 and 

ZIF-67 hybrid 

H2/CO2 Ideal separation factor 8.89 (room 

temperature).  

158
 

ZIF-69 CO2/CO Permselectivity 3.5 (3.6 X 10
-8

 mol m
-2 

s
-1 

Pa
-1

; at room temperature) 

152
 

ZIF-69 CO2/N2; 

CO2/CO; 

CO2/CH4 

Separation factor 6.3; 5.0; 4.6. (1 X 10
-7

 

mol m
-2 

s
-1 

Pa
-1

; at room temperature; 1 

atm) 

125
 

ZIF-7 CO2/CH4 Selectivity 12.22 (298K) 
198

 

ZIF-8 C2H6/C3H8; 

C2H4/C3H6; 

C2H4/ C3H8 

Separation factors 80; 10 and 167 
129

 

ZIF-8 C3H6/C3H8 Separation factor up to 50 
130

 

ZIF-8 C2H4/C2H6 Selectivity 2.8 (1 bar); 2.4 (6 bar) 
127

 

ZIF-8 H2/C3H8; 

C3H6/C3H8 

The ideal separation factors 2000 and 59 

(298K) 

199
 

ZIF-8 C3H6/C3H8 Selectivity about 30 (C3H6 permeance 1.1 

X 10
-8 

mol m
-2 

s
-1 

Pa
-1

) 

200
 

 

In addition, the presence of organic linkers in ZIFs offers better compatibility with 

organic polymers compared with other additives. Therefore, there has been growing 

interest in MMMs containing ZIF fillers, and a number of ZIF-polymer MMMs have 

been developed. Polymers that have been frequently explored include polysulfones, 

polyimides, polyetherimide, poly(1,4-phenylen ether-ether-sulfone) and 

polybenzimidazole. The MMMs can not only potentially extend the separation 

performance of traditional polymers, but also maintain the processing convenience of 

polymers. Generally, the permeability and diffusion properties of gases increase with 

the increase of ZIF loading. For this reason, a desirable MMM consists of well-

dispersed ZIF particles with loadings as high as possible. For instance, polyimides and 

polyimides were frequently applied with the combination of ZIFs for gas separations 

due to their high gas selectivity and high stability. With the increased amount of ZIF-

8, ZIF-8/Matrimid
®
 MMMs exhibited increasing gas selectivity of CO2/CH4,  as 

evidenced by the reported  ideal selectivity of CO2/CH4 to be around 124.89 (~ 50% 

ZIF-8),
165

 35.8 (~ 20% ZIF-8)
168

 and 39 (~ 25% ZIF-8)
172

 respectively. Other 
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polyimides, such as 6FDA-based polyimides, 6FDA-durene and 6FDA-

durene/DABA,
175

 and 6FDA-DAM,
173, 174

 were used in MMMs for gas separation. 

The ideal selectivity for C3H6/C3H8 was 27.38 by using 6FDA-durene/DABA (9/1), 

which increased up to 31 by using 6FDA-DMA. In addition, polybenzimidazole (PBI) 

was also applied in the incorporation of ZIF particles. Yang et al put ZIF-7 into PBI 

as ZIF-7/PBI MMMs, which exhibited high ideal H2/CO2 selectivity up to 12.3.
181, 201

 

ZIF-8/PBI MMMs also demonstrated good separation properties, where the ideal 

selectivity of H2/CO2 was 12.3 at 230 
o
C,

184
 and the separation factor of CO2/CH4 was 

32.
201 

2.3.2 Catalysts  

Since ZIFs are analogous to another typical kind of porous materials, aluminosilicate 

zeolites, one of the most important and commercially available catalytic materials,
202

 

ZIFs and ZIF-based materials have been considered as efficient catalysts for a number 

of reactions, although much development is still required. Generally, pure ZIF 

materials can be active catalysts for many reactions including transesterification,
203

 

the Knoevenagel reaction,
204, 205

 the Friedel-Crafts acylation,
206

 the monoglyceride 

synthesis,
207

 the synthesis of carbonates,
208-210

 oxidation and epoxidation,
211-213

 and 

the hydrogen production,
214, 215

 as shown in Figure 2.13. 

 
Figure 2.13 Summary of ZIFs as catalysts in various reactions.  
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ZIFs including ZIF-8,
204

 ZIF-9 and ZIF-10 
205

 have been demonstrated as efficient 

heterogeneous catalysts for the Knoevenagel reaction between the condensation of 

benzaldehyde and malononitrile to form benzylidene malononitrile. In addition, it has 

been reported that ZIF catalysts can be facilely separated from the reaction mixture 

and re-used without significant degradation in catalytic activity.
204, 205

 

 

ZIF-8 was reported as an effective heterogeneous catalyst not only for 

transesterification reaction of vegetable oil with significant reactivity,
203

 but also for 

Friedel-Crafts acylation reactions between benzoyl chloride and anisole without the 

requirement of an inert atmosphere, where high reaction conversion was achieved 

with small amounts of ZIF-8 (2-6 mol%).
206

 Moreover, hierarchical nanosized ZIF-8 

was explored as a re-usable catalyst for monoglyceride synthesis by Wee et al.
207

 

They found that the hierarchical ZIF-8 with mesopores which was transformed from 

the ZIF-8 nanoparticles through reaction with a fatty acid, was a promising 

heterogeneous catalyst for selective monoglyceride formation through esterification of 

oleic acid with glycerol under mild reaction conditions. Furthermore, ZIF-8 was 

demonstrated as an active catalyst for the formation of carbonates. For example, ZIF-

8 performed as an efficient and reusable heterogeneous catalyst for the synthesis of 

ethyl methyl carbonate from the dimethyl carbonate and diethyl carbonate.
208

 Carreon 

et al
209

 found that ZIF-8 and amine-functionalised ZIF-8 exhibited high epoxide 

conversions and moderate to high selectivities at reaction temperatures as low as 70 

o
C in the synthesis of chloropropene carbonate from carbon dioxide and 

epichlorohydrin. In addition, they also reported the catalytic performance of ZIF-8 in 

the reaction between carbon dioxide and styrene oxide.
210

 The reusable ZIF-8 catalyst 

showed significant catalytic activity at temperature as low as 50 
o
C. It is believed that 

Lewis acid Zn
2+

 sites and the nitrogen basic moieties from the imidazole linker in the 

frameworks of ZIF-8 can promote the adsorption of carbon dioxide, which can boost 

the further conversion to the carbonates. 

 

Moreover, ZIFs have also exhibited catalytic activity in both oxidation and 

epoxidation reactions. For instance, ZIF-9 has been successfully used for the aerobic 

oxidation of tetralin with good reusability.
211

 Meanwhile, ZIF-9 catalyst has also 

demonstrated catalytic activity in the oxidation of small aromatic molecules including 

phthalan, vanillyl alcohol, guaiacol, syringol, veratryl alcohol, and cinnamyl alcohol 
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in the presence of molecular oxygen.
212

 It has been reported that ZIF is catalytically 

active in the aerobic epoxidation of olefins by using isobutyraldehyde under facile 

conditions.
213

 

 

In addition, ZIFs have been demonstrated as catalysts for the hydrogen production. 

Fischer et al 
214

 reported the heterogeneous ZIF-8 catalyst for the dehydrogenation of 

dimethylamine borane (DMAB) shown in Figure. 2.14. The reaction could be carried 

out at room temperature due to the strong caging effect, probably combined with the 

polar and Lewis acid/base properties of the framework. In addition, ZIF-9 was also 

reported to be an efficient catalyst for NaBH4 hydrolysis with relatively high 

stability.
215

 

 

Apart from the pure ZIFs being active catalysts for a number of reactions, due to the 

large surface area and tuneable pore size, ZIFs can also act as promising supports for 

the incorporation of various metal or oxide nanoparticles to form novel catalysts with 

novel physical and chemical properties. Some typical catalytic applications of metal 

or metal oxide particles supported on ZIF materials are summarised in Table 2.3. 

 

 

Figure 2.14 Conceptual representation of the catalytic dehydrogenation and 

cyclisation of DMAB inside ZIF-8.
214

 

 

Recently, the immobilisation of noble metal nanoparticles on the surface of ZIF 

materials as catalytically active catalysts has been widely explored. For instance, Au 

nanoparticles have been introduced into ZIF-8 to form a nanocomposite which was 
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applied as an active catalyst in the gas phase CO oxidation.
216

 In another example, the 

encapsulation of Au nanoparticles into the ZIF-8 and ZIF-90 matrixes results in the 

formation of Au@ZIF-8 and Au@ZIF-90 nanocomposites respectively, which 

exhibited high catalytic activity in the aerobic oxidation of benzyl alcohol in methanol 

and benzene. It is claimed that the functional groups of ZIF-90 can promote the 

stabilisation and monodispersion of those size-matched Au nanoparticles.
217

 Various 

nanoparticles including Au, Ag and Pt have been incorporated into ZIF-8 via an 

encapsulation strategy by Guang et al,
218

 and the resulting supported catalysts have 

demonstrated good catalytic activity in CO oxidation and excellent selectivity for 

catalytic hydrogen of n-hexene versus cis-cyclooctene. Other noble metal 

nanoparticles such as Ir,
219

 Pd,
220

 Ru 
221

 and Pt 
222

, were also incorporated into ZIF-8 

as efficient catalysts. 

 

Table 2.3 Summary of the catalytic applications of metal or metal oxide particles 

supported on ZIF materials 

ZIF 

material 

Additional materials Reaction(s) catalysed Ref.  

ZIF-8 Au nanoparticles Oxidation of CO  
216

 

ZIF-8 

ZIF-90 

Au nanoparticles Oxidation of the aldehyde groups  
217

 

ZIF-8 Au@Ag core-shell 

nanoparticles 

Reduction of 4-nitrophenol  
223

 

ZIF-8  Au, Ag and Pt 

nanoparticles 

Oxidation of CO, hydrogen of n-hexene 
218

 

ZIF-8 Pt nanoparticles  Hydrogen of alkene 
222

 

ZIF-8 Pt and TiO2 nanotubes Degradation of phenol  
224

 

ZIF-8 Pd nanoparticles Amincarbonylation 
220

 

ZIF-8 Ir nanoparticles Hydrogenation of cyclohexene and 

phenylacetylene 

219
 

ZIF-8 Ru
 
nanoparticles Asymmetric hydrogenation of 

acetphenone 

221
 

ZIF-8 Fe3O4 micropheres Knovenenagel condensation 
225

 

ZIF-8 Zn2GeO4 nanorods Conversion of CO2 
226

 

ZIF-65 Molybdenum oxide Degradation of methyl orange and orange 

II dyes 

227
 

 

Moreover, it has also been reported that the core-shell structured bimetallic Au@Ag 

nanoparticles can be stabilised on ZIF-8, and synergistically improve the catalytic 

reduction reaction activity compared with the monometallic and alloy metal 

nanoparticles.
223

 In particular, yolk-shell nanocrystal/ZIF-8 nanocomposites were 
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produced using Cu2O as a sacrificial template and the resulting yolk-shell 

nanostructures showed high activity and selectivity for gas-phase hydrogenation 

catalysis, where the measured activation energy of the yolk−shell nanostructure was 

different from that of the core−shell nanostructure, demonstrating the influence of the 

cavity structure on catalytic performance.
228

 Additionally, core-shell magnetic 

microspheres Fe3O4/ZIF-8 were successfully prepared and exhibited excellent 

catalytic activity for Knoevenagel condensation reaction of benzaldehyde and ethyl 

cyanoacetate.
225

 

 

In addition, other nanostructured materials such as nanotubes
224

 and nanorods
226

 have 

also been incorporated into ZIFs for photocatalytic activities. For example, Tayirjan et 

al loaded TiO2 nanotubes with Pt/ZIF-8 and found that Pt/ZIF-8-TiO2 nanotubes had 

remarkably improved the performance in the photodegradation of phenol,
224

 which 

could be served as a potential photocatalyst for water purification. Moreover, ZIF-

8/Zn2GeO4 nanorods composite exhibited enhanced photocatalytic conversion of CO2 

into liquid CH3OH fuel,
226

 and Molybdenum oxide incorporated into ZIF-65 

deomonstrated the photocatalytic property of degradation methyl orange and orange II 

dye under visible light.
227

  

2.3.3 Sensing and Electronic devices 

The intrinsic properties of ZIF materials such as high textural properties, tuneable 

pore diameters and easy functionalisation enable them to be used in sensors and 

electronic devices. Particularly, the excellent selective adsorption properties of ZIFs 

render them good candidates for chemical sensing while the large microporosity and 

hydrophobicity of ZIFs are attractive for low dielectric constant applications. 

 

Hupp and co-workers first demonstrated the use of ZIF-8 as a sensing material by 

constructing a ZIF-8-based Fabry−Pérot device as a selective sensor for chemical 

vapors and gases.
229

 The ZIF-8 sensor exhibited some chemical selectivity when it 

was exposed to the vapor of ethanol-water mixtures with varied ethanol contents, and 

the sensor also showed ethanol-concentration-dependence responses. 

 

In addition, ZIFs are attractive matrices for the biosensor constructions. For instance, 

ZIFs based electrochemical biosensors for in vivo electrochemical measurement such 
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as glucose have been successfully prepared.
230

 ZIF materials including ZIF-7, ZIF-8, 

ZIF-67, ZIF-68 and ZIF-70 served as a matrix respectively for co-immobilising 

electrocatalysts methylene green and glucose dehydrogenase on the electrode surface, 

and the as-fabricated ZIF-based biosensors demonstrated a high selectivity and 

sensitivity to the glucose in the cerebral system. 

 

Based on the luminescence intensity, ZIF-8 has been studied as luminescent probes 

with multi-function sensitivity to detect metal ions and small molecules.
231

 The 

luminescence intensity of ZIF-8 is highly sensitive to Cu
2+

 and Cd
2+

 ions and small 

molecules such as acetone due to the imidazole nitrogen site within the porous 

frameworks. Meanwhile, ZIF-8 nanoparticles can be used as a sensing platform for 

fluorescence-enhanced detection of nucleic acids with a high selectivity down to 

single-base mismatch.
232

 The DNA detection is shown in Figure 2.15. In detail, the 

ZIF-8 nanoparticles combine closely with dye-labeled ssDNA after quenching the dye 

fluorescence; dsDNA, which detaches from the ZIF-8 nanoparticles, can be measured 

by the fluorescence recovery of the ZIF-8/ssDNA complex with the target. In addition, 

another ZIF material, Zn2(IM)4·(DMF), where IM represents imidazolate and DMF 

stands for dimethyl formamide, exhibits broad range near-UV excitation and 

broadened photoluminescence emission, which makes this material potentially useful 

in sensing near-UV or UV white light.
233

  

 

Figure 2.15 A schematic illustration of fluorescence-enhanced nucleic acid detection 

using ZIF-8 nanoparticles as a sensing platform.
232

  

 

Recently, branched polyethylenimine-capped carbon quantum dots (BPEI-

CQDs)/ZIF-8 nanocomposites have been successfully developed for the detection of 
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Cu
2+

 ions in environmental water, and the results showed that it can be used as an 

ultrasensitive and highly selective sensor for Cu
2+

 ion.
234

 It is also recognised that 

BPEI-CQDs/ZIF-8 composites not only exhibit excellent fluorescent activity and 

sensing selectivity due to the addition of CQD, but also show strongly and selectively 

accumulate target analytes because of the adsorption property of ZIF-8.
234

 

 

ZIF materials have been used in electronic devices as well.
235, 236

 For example, ZIF-8 

was claimed to be a promising candidate to substitute future low-κ dielectrics in 

microelectronics by Salvador et al who found that the ZIF-8 films that were deposited 

on silicon wafers, had the effective κ value necessary for the chip devices and good 

mechanical properties too.
235

 On the other hand, ZnO@ZIF-8 heterostructures have 

shown great potential in electronic devices such as sensors. In particular, Zhang et al 

developed ZnO@ZIF-8 core-shell heterostructures which exhibited selective 

photoelectrochemistry responses to various hole scavengers because of ZIF-8 could 

successfully detect H2O2 in the presence of a series of buffer solutions (shown in 

Figure 2.16).
236

 In addition, the ZnO@ZIF-8 core-shell heterostructures, where ZnO 

forms the core and ZIF-8 forms the shell, have exhibited not only excellent 

semiconducting properties because of the addition of ZnO,
237, 238

 but also molecule-

size-selective abilities due to the adsorption property of ZIF-8.  

 

 

Figure 2.16 Scheme of the photoelectrochemistry sensor with selectivity to H2O2 

(where AA is ascorbic acid, FTO is fluorine-doped tin oxide).
236
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2.3.4 Drug delivery 

Thanks to the excellent porous structures, exceptional thermal and chemical stabilities, 

tuneable multifunctionalities in the frameworks and pH-sensitive release properties, 

ZIF materials are emerging as a powerful platform for drug deliveries and/or 

controlled release of drug molecules.
239

 

 

ZIF-8 has been treated as a valuable candidate for the delivery of anticancer agents. 

Inspired by the fact that ZIF-8 is stable in water and sodium hydroxide aqueous 

solution
55

 but quickly decomposable in acid solution, Sun et al first found that ZIF-8 

could be used as a drug delivery vehicle due to its pH-sensitive property.
240

 ZIF-8 has 

also exhibited a significant loading capacity for the anticancer drug 5-fluorouracil due 

to its highly porous structures and excellent textural properties. By responding to the 

physio-pathological pH signals, two different approaches for the release of the 

encapsulated 5-fluorouracil from ZIF-8 are illustrated as shown in Figure 2.17. The 

anticancer drug doxorubicin (DOX) was readily incorporated into ZIF-8 matrix.
241

 

The DOX incorporated ZIF-8 not only exhibited a high-loading (0.049 g DOX g
-1

) 

and progressive release (66% of the drug released after 30 days), but also 

demonstrated a higher antitumoral potential and lower cytotoxicity towards the HL-60 

and MCF-7 cell lines compared with the pure DOX. Recently, polyacrylic acid@ZIF-

8 nanoparticles have been fabricated and employed as pH-dependent drug delivery 

vehicles in a facile and simple way.
242

 The synthesised polyacrylic acid@ZIF-8 

nanoparticles possessed ultrahigh loading capability for drug DOX (1.9 g DOX g
-1

) 

with pH-sensitive drug release property and excellent biocompatibility. More recently, 

carbon nanodots@ZIF-8 nanoparticles with tuneable sizes and fluorescence intensity 

have been produced as a carrier for simultaneous pH-responsive drug delivery and 

fluorescence imaging of cancer cells.
243

 Release experiments showed that the 5-

fluorouracil loaded carbon nanodots@ZIF-8 nanoparticles exhibited a slow release at 

an early stage while a faster one at later stage. 

Moreover, caffeine, an amphiphilic drug with remarkable lipolytic activity, has been 

encapsulated into the ZIF-8 cages.
244

 In this case, ZIF-8 material could not only 

control the release of caffeine, but also provide thermal protection for the drug 

molecules in the cages during the high temperature process. 
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Figure 2.17 Schematic illustration of two ways to release the encapsulated 5-

fluorouracil from ZIF-8.
240

  

2.3.5 Conclusions 
The intrinsic nature of ZIFs, such as diverse structures mimicking zeolites, adjustable 

components and functionalities and excellent textural properties, enables ZIF 

materials to be a truly versatile class of crystalline porous materials with great 

potential for numerous applications, ranging from conventional applications including 

adsorption, gas separation and catalysis to beyond traditional ones like sensing and 

electronic devices, and drug delivery. Both pure ZIFs and ZIF-based films/membranes 

or composites have been developed as multifunctional materials with versatile 

performances in many application fields. The combinations of ZIFs with other 

nanostructured components to form novel nanocomposites may further facilitate the 

wide applications due to the advantages of both components. Other novel applications 

of ZIFs such as in the areas of electrochemical and mechanical applications are to be 

developed. More exploiting of ZIFs in clean energy and/or environmentally 

sustainable energy resources will emerge soon. 

2.4 Synthesis of ZIF derivatives 
As discussed above, ZIF materials have received a lot of attention because of their 

diverse structures, tuneable properties and various applications such as gas storage 

and catalysis. Recently, ZIF materials acting as outstanding templates and precursors 

open a new way to generate porous carbons and their related nanostructured 

functional materials based on their high specific surface areas, controllable structures 
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and abundant metal and organic species. The ZIF materials consist of metal ions and 

organic units, which can be transformed to porous carbons, nanostructured 

metals/metal oxides or their hybrid materials under various synthesis conditions. The 

formation of different materials depends on the synthesis conditions, such as types of 

gas atmosphere, temperatures, post-treatment conditions, and so on.
245

 In this section, 

recent developments of ZIFs with open frameworks for the preparations of porous 

carbons and related nanostructured functional materials derived from ZIFs are 

reviewed. 

2.4.1 From ZIFs to carbons 

Recently, the use of ZIFs as templates or precursors to produce porous carbon 

materials has been developed.
246

 Thanks to the high surface area and pore volumes of 

ZIFs, these porous structures are beneficial to generate the porous carbon materials. 

For example, ZIF-8 is a typical template or precursor to fabricate porous carbon. An 

additional element N in ZIF-8 could effectively functionalize the carbon structure. 

Qiang’s group first used ZIF-8 as a template or precursors and furfuryl alcohol as the 

second carbon source to prepare the nanoporous carbon materials by carbonization.
247

 

More recently, Yamauchi’s 
248, 249

 and Xia’s 
246

 group reported the direct 

carbonization of ZIF-8 without additional carbon sources. Generally, ZIF-8 was 

placed a flow-through tube furnace, and heated to the targeted temperature (from 600 

to 1000 
o
C) under the inert atmosphere (argon or nitrogen) with flow rate of 50 

ml/min, and then maintained at target temperature for 3 h, followed by cooling down 

to room temperature in inert atmosphere. The resulting products were then washed 

with 1 mol L
-1

 hydrochloric acid three times to remove inorganic compounds, 

followed by further wash with distilled water.
246

 The different pyrolysis temperatures 

(600-1000 
o
C) could lead to the different BET surface areas.  

Furthermore, other ZIF materials such as ZIF-67,
250

 ZIF-68,
251

 ZIF-69,
251

  ZIF-7 
252

 

have been investigated as good candidates for the preparation of porous carbon 

materials. Their synthesis approaches are similar to that of ZIF-8. These ZIF materials 

were firstly heated at high temperature under the inert gas atmosphere, and cooled 

down to the room temperature with the inert gas protection. The resulting powders 

were then washed by acid to remove inorganic pieces. After water washing, the 

porous carbons were finally obtained. 
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2.4.2 From ZIFs to metal oxides 

Synthesis of nanostructured metal oxides with controllable size, shape, porosity and 

surface area has been developed these years. Since the ZIF structure contains metal 

centres coordinated with organic complexes. Controlling heating under various 

conditions can produce unique metal oxide structures.
253

 For example, zinc oxide 

nano particles can be obtained by the direct one-step air calcination.
254

 Yamauchi’s 

group reported a uniform 3D nanoporous cobalt oxide (Co3O4) can be prepared from 

ZIF-67.
255

 ZIF-67 was firstly heated in nitrogen atmosphere at 500 
o
C for 30 min, 

which prevents collapse of the porous structure. Otherwise, only a very bulky 

structure was formed. These powders were then cooled at room temperature. 

Furthermore, the nitrogen was then turned off, and the sample exposed in air 

atmosphere at 350 
o
C for 2 h, leading to the conversion of these powders to cobalt 

oxide.  

Comparing with other existing metal oxide synthesis methods, there are two main 

advantages of using ZIFs: (1) the processing method is relatively simple, which gives 

potential for the large-scale production; (2) the morphologies and particle sizes of 

metal oxides can be well controlled.
253

  

2.4.3 From ZIFs to carbon-metal/metal oxide composites 

The homogeneous dispersion of metal nodes in ZIF scaffolds makes it possible to 

generate metal or metal oxide nanoparticles that disperse into the carbon matrix under 

controlled thermolysis conditions.
253

  

Our group first utilized ZIF-8 to synthesize ZnO/porous carbon composites by direct 

carbonization in argon atmosphere, but no XRD peaks related to either ZnO or Zn can 

be observed in these composites.
256

 
257

 Later, we designed a new synthesis strategy to 

create efficient porous carbon-metal oxide composites. We came up with a facile and 

green one-step oxidation method using water steam at high temperatures with the 

utilisation of ZIF-8 as a precursor to generate atomically homogeneous dispersed 

ZnO/nanoporous N-doped carbon composites.
254

  

Furthermore, Yamauchi’s group demonstrated the generation of nanoporous carbon–

Co2O3 hybrid materials using a two-step thermal conversion of ZIF-9 
258

. In the first 

step, ZIF-9 powders were heated to the targeted carbonization temperature under 

nitrogen atmosphere. After reaching the targeted temperature, the powders were held 
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for 5 h and then cooled to room temperature naturally. In the second step, the obtained 

black powder was thermally treated under ambient air in a muffle oven. The powders 

were heated at the desired temperatures (250 or 300 °C) for 90 min with a slow 

heating rate (1 °C·min
-1

) (shown in Figure 2.18).  

In addition, ZIF-67 is another typical ZIF material used as a precursor to produce 

carbon-cobalt/cobalt oxide composites. Recent research works show that the porous 

carbon-cobalt nanocomposites could be obtained by the thermal pyrolysis of ZIF-67. 

In details, ZIF-67 was heated to the target temperature (600-1000 
o
C) at a rate of 5 

o
C 

min
-1

 in a tubular furnace under the inert gas (nitrogen or argon) flow (60 mL min
-1

). 

The targeted temperature was maintained for 2 h and then cooled down to room 

temperature naturally.
259-261

 The synthesis method for the preparation of porous 

carbon-cobalt oxide nanocomposites is a little complicated. Similarly to carbon-cobalt 

composites, ZIF-67 was firstly pyrolysed under Argon atmosphere. The resulting 

product was then dispersed in 2 M H2SO4 solution for 12 h to remove metallic cobalt 

with large particle size. After that, the as-collected black product was then heated at 

350 
o
C with a rate of 5 

o
C min

-1
 and maintained at 350 

o
C for 2 h under air flow to 

finally to obtain carbon-cobalt oxide nanocomposites.
262

 

 

Figure 2.18 Schematic representation of the formation of carbon-cobalt-oxide hybrid 

materials through the twostep thermal treatment of ZIF-9.
258

 

2.4.4 Conclusions 

From the above literature survey, it is obvious that ZIF-derived materials have 

attracted much attention in recent years. Compared with other methods for the 

synthesis of carbons, metal oxides, and their nanocomposites, such an in situ 

generation approach makes the materials structure controllable. For the 
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nanocomposites, the nano-particles could be highly dispersed into the carbon matrix 

with less aggregation. One of the main challenges for this material generation method 

is, however, how to precisely control the particle size.  

2.5 Applications of ZIF derivatives  

2.5.1 Supercapacitors 

Carbon materials have been shown to have a high surface area and tailorable porosity 

which makes them very attractive candidates for electrochemical energy storage.
263, 

264
 Recently, carbonaceous nanostructures of ZIF derivatives have been widely 

explored in supercapacitor applications. For example, derivation of N-doped carbons 

from ZIF-67 has been reported. This as-synthesized graphitic carbon could improve 

overall conductivity and capacitance.
250

 It exhibited a high capacitance value of 238 F 

g
-1

 at 20 mV s
-1

 comparing with other ZIF derived carbon materials. Table 2.4 

summarizes the different types of carbon from ZIFs with their respective surface areas 

and capacitance performance. Apart from the porous carbon products, layered double 

hydroxide nanocages derived from ZIF-67 also exhibited a very high capacitance of 

1203 F g
-1

 at the current density of 1 A g
-1

.
265

 

Table 2.4 Surface area and capacitance performance of carbon derived from different 

types of ZIFs 

Precursor T (
o
C) S (m

2
 g

-1
) V (cm

3
 g

-1
) C (F g

-1
) Ref. 

ZIF-8 900 1215 0.57 214 at 5 mV 

s
-1

 

248
 

ZIF-8 800 2972 2.56 211 at 10 

mV s
-1

 

266
 

ZIF-67 800 943 0.84 238 at 20 

mV s
-1

 

250
 

ZIF-69 1000 2264 2.16 168 at 5 mV 

s
-1

 

251
 

ZIF-7 950 783 0.56 185 at 25 

mV s
-1

 

267
 

 

2.5.2 Fuel cells 

2.5.2.1 Oxygen reduction reaction (ORR) catalysts 

As a typical ZIF material, ZIF-8 was designed as a microporous host in a catalyst 

system. In addition, the rich nitrogen contents in ZIF-8 could be converted to 
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nitrogen-doped in carbon which is beneficial for ORR.
268, 269

 After a simple heat 

treatment of ZIF-8 loaded with phenanthroline and ferrous acetate, the result 

electrocatalysts exhibited a volumetric activity of 230 A cm
-3

 at 0.8 ViR-free, which is 

best among the non-precious metal catalysts.
270

 

Another ZIF material, ZIF-67, was used as a template to convert to cobalt/porous 

carbon composites. Through precise control of the particle size of the catalysts, small 

particle with more catalytic surface and active sites were produced.
259

 The smallest 

ZIF-67 crystal derived catalyst exhibited a good ORR performance in acidic solution 

with an onset potential of 0.86 V and a half-wave potential of 0.71 V. The cobalt 

cations coordinated by the aromatic nitrogen ligands in ZIF-67 may be beneficial to 

the formation of ORR active sites in the as-synthesized composites.
260

 In addition, 

other groups also reported that the cobalt/porous carbon composites derived from 

ZIF-67 precursors exhibited excellent ORR performance.
261, 271, 272

 The electron 

transfer mechanism revealed a four-electron transfer process in ORR.  

A novel Co@Co3O4@C core@bishell nanoparticles into porous carbon matrix 

derived from ZIF-9 showed excellent ORR activity.
273

  It exhibited a high ORR onset 

potential of 0.93 V and a half-wave potential of 0.81 V, of which performance is 

among the best performing non-precious metal electrocatalysts. It also showed 

superior stability to that of the commercial Pt/C catalyst, and good tolerance to 

methanol cross-over effect. The large surface area, high ratio of micropores, and 

favourable nanostructure enabled the rapid transportation of oxygen and proton. 

2.5.2.2 Oxygen evolution reaction (OER) catalysts 

In most cases, the synthesized OER catalysts were produced in the form of particle 

agglomerates which were then transferred into a thin film coated on electrodes such as 

glassy carbon. ZIF-67 is one of the most studied ZIF materials as a precursor for OER 

catalysts.
262, 274

 For example, Co3O4 nanoparticles embedded in nitrogen-doped 

porous carbon dodecahedron which was derived from ZIF-67, exhibited superior OER 

electrochemical performance. The OER performance test of this composite showed an 

onset potential of 1.52 V, which is very close to that if the commercial Ir/C noble 

metal catalyst (1.45 V). Notably, the current density of commercial Ir/C even drops 

below that of this composite at potentials higher than 1.64 V, indicating this 

composite is a highly active OER catalyst. The resultant catalyst also possesses 
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superior durability.
262

 Only little decay (4.4%) was shown in OER activity of the as-

synthesized nanocomposite up to 6000 s of continuous operation at 1.7 V. This high 

durability result is probably due to the fact that the protective layers of carbon 

stabilize the Co3O4 nanoparticles. 

In addition, another example is the nitrogen-doped graphene/cobalt-embedded porous 

carbon polyhedron hybrid derived from graphene oxide/ZIF-67 composites. This 

hybrid exhibited a good OER performance. The current density of 10 mA cm
-2

 can be 

achieved at a small overpotential of 1.66 V for the hybrid. The introduction of cobalt 

and nitrogen dopants was proposed to render the adjacent carbon atoms charged 

positively. The charged carbon atoms can facilitate the adsorption of OH ions, and 

then promote the electron transfer. As a result, the OER overpotential of this hybrid 

was comparable to those of other reported OER catalysts.
274

 Furthermore, the 

chronoamperometric test of the hybrid also showed a small current density change 

after 6000 s, indicating the high OER stability.  

2.5.3 Conclusions 

Based on the above literature survey, it is clear that ZIF derivatives exhibited 

excellent electrochemical catalytic performance. ZIF derivatives have developed in 

these directions in recent years, but most recent research has been focused on 

developing nanoporous materials for energy storage and conversion such as 

supercapacitors and fuel cells. Therefore, potential applications in other fields need to 

be further explored.  

2.6 Summary 
In summary, the development and recent progress towards the different synthesis 

strategies to generate ZIF and ZIF derivatives materials are analysed and summarised. 

Recent years have witnessed explosive researches and development in ZIFs and ZIF 

derivatives, from synthesis to applications. The intrinsic porous nature of ZIFs 

combined with structures analogous to conventional aluminosilicate zeolites render a 

wide range of synthesis approaches available for efficient generation of ZIFs. The 

abundant functionalities in their framework coupled with the high textural properties 

enable ZIF materials to be a class of versatile crystalline porous materials. Thanks to 

the various molecular-like organic-inorganic structures of ZIFs, porous carbon based 

nanocomposites can be produced by using ZIFs as excellent precursors or sacrificial 

templates. To further develop new synthesis strategies and explore the potential 
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applications of ZIFs and ZIF derivatives, it is vital to take advantages of the 

knowledge and experiences gained from other research fields such as those in zeolites. 

Given the strong interest in ZIFs and ZIF derivatives by various research communities, 

we believe that new concepts and techniques for the synthesis of ZIFs and ZIF 

derivatives materials, new applications of the fast-growing unique materials for 

further exploring ZIFs and ZIF derivatives will continue to emerge in the future. 
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3. Chapter 3: Experimental methodology 
 

3.1 Introduction 
The generic experimental methodology and procedures applied for this research work 

will be presented in this chapter. For clarification, in this thesis, the uncertainties to 

numbers in tables and the error bars to graphs is less than 5%. 

3.2 Synthesis of ZIF materials and ZIF based composites 

3.2.1 Materials 

2-methylimidazole (99%, MIm), Zn(NO3)2•6H2O (99%), ZnSO4, ZnCl2, ZnBr2, 

Zn(OAc)2, NaNO3, Na2SO4, NaCl, NaBr, NaOAc, 35 wt% ammonia aqueous solution, 

graphite power, KMnO4 and 30% H2O2 were obtained from Sigma-Aldrich and used 

without further purification. 

3.2.2 Sample preparation 

3.2.2.1 Preparation of ZIF-8 

ZIF-8 was synthesized by rapid pouring an aqueous solution of Zn(NO3)2•6H2O into 

an aqueous ammonia solution of 2-methylimidazole and the mixture was stirred at 

room temperature for 24 h. In a typical synthesis, zinc nitrate dissolved in distilled 

water was added into a solution of 2-methylimidazole in distilled water, where 35 wt% 

ammonia solution was added in the water beforehand. After aging for 24 hours at 

room temperature or elevated temperatures, the product was collected by repeated 

centrifugation (6000 rpm, 10 min). The resulting powders were then air dried in a 

fume cupboard for five days before subject to further characterizations. For the 

research of Hofmeister anion effect on the formation of ZIF-8, ZIF-8 was synthesized 

by rapid pouring an aqueous solution of zinc salts into an aqueous ammonia solution 

of 2-methylimidazole and the mixture was stirred at room temperature for 24 h. In a 

typical synthesis, zinc salt and corresponding sodium salt dissolved in distilled water 

was added into a solution of MIm in distilled water, where 35 wt% ammonia solution 

was added in the water beforehand. After aging for 24 hours at room temperature, the 

product was collected by repeated centrifugation (6000 rpm, 10 min). The resulting 

powders were then air dried in a fume cupboard for five days before subject to further 

characterizations.  
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3.2.2.2 Preparation of ZIF-67 

ZIF-67 was synthesized from cobalt nitrate hexahydrate and 2-methylimidazole in 

water, following a modified procedure.
275

 . In a typical synthesis, 0.9 g 

Co(NO3)2•6H2O was dissolved in 6 mL of distilled water; then 11 g 2-

methylimidazole was dissolved in 40 mL of distilled water. These two solutions were 

mixed and stirred for 24 h at room temperature, then the resulting purple precipitates 

were collected by centrifuging (6000 rpm, 10 min), washed with water and methanol 

subsequently for 3 times, and the resulting powders were then air dried in a fume 

cupboard for several days before subject to further characterizations.  

3.2.2.3 Preparation of Ni-substituted ZIF-67 

Ni-substituted ZIF-67 crystals were solvothermally synthesized using requisite 

amount (1, 2, and 4 mmol) of Ni(NO3)2•6H2O together with 4 mmol Co(NO3)2•6H2O 

and 300 mmol 2-methylimidazole dissolved in 100 mL distilled water, then stirred 

continuously at room temperature for 24 hours. Followed washing with 15 mL water 

for three times, solid powders were collected and the obtained product was designed 

as NixCoy-ZIF-67, where x and y stand for the molar ratio of n(Ni)/n(Co) in the Ni-

substituted ZIF-67 sample.  

3.2.2.4 Preparation of GO/ZIF-8 composites  

Firstly, GO was prepared using a modified Hummers method.
276

 Briefly, graphite 

powder (10 g) was mixed with concentrated H2SO4 (230 mL) under stirring and the 

temperature was controlled by an ice/water bath at 0 
o
C, followed by the addition of 

KMnO4 (30 g) slowly to the suspension and the reaction mixture was maintained at 2 

o
C under continuously stirring. After removal of the ice bath, the mixture was further 

stirred at room temperature for 0.5 hour. Oxidation of graphite occurred and very 

viscous dark brown product formed after 0.5 hour. Distilled water (230 mL) was 

slowly added into the reaction vessel and the temperature was controlled at 98 
o
C. The 

diluted suspension was stirred for an additional 15 minutes and further diluted with 

distilled water (1.4 L), before the addition of H2O2 (30%, 100 mL). The mixture was 

left overnight. GO particles, settled at the bottom, were separated from the excess 

liquid by decantation followed by centrifugation. The product was washed with plenty 

of distilled water for many cycles and separated by centrifugation untill neutral pH is 

achieved. The solid product was transferred to a petri dish and dried in air for further 

applications. 
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Pure ZIF-8 was prepared from aqueous ammonia solution via a slightly modified 

approach which was recently developed by our group.
277, 278

 GO/ZIF-8 composites 

were also synthesized via the same method with slight modification. Briefly, requisite 

amount of GO was dispersed in dilute aqueous ammonia solution and sonicated for 1 

hour, followed by the addition of requisite amount of 2-methylimidazole (MIm) under 

stirring. This solution was then combined with a requisite amount of Zn(NO3)2 

aqueous solution and was further stirred at room temperature for 24 hours. The molar 

ratio of synthesis mixture is Zn
2+ 

: MIm : NH3 = 1 : 8 : 100. The product was collected 

after several water wash and centrifugation (6000 rpm for 10 minutes) cycles. Finally 

the power was air dried in a fume cupboard at room temperature. The resulting solid 

composites with variable GO content were denoted as xGO-ZIF, where x stands for 

the weight percentage of GO in comparison with ZIF-8. Therefore 3GO-ZIF, 10GO-

ZIF, 15GO-ZIF, and 30GO-ZIF corresponds to the sample with weight ratio of GO to 

ZIF-8 in the composite is 3, 10, 15 and 30 wt%, respectively. A mechanic mixing of 

GO and ZIF-8 with 10 wt% GO content, labelled as 10GO-ZIF-M, was also prepared 

for comparison.  

3.2.3 Characterisation techniques 

3.2.3.1 Structural characterisation techniques 

3.2.3.1.1 XRD 

XRD technique was applied to identify the crystallographic structure and crystallite 

size of the materials. X-rays can produce constructive interference after reflection 

from atomic planes within the crystalline materials. The relationship between the 

incident and reflected X-rays can be expressed by Bragg’s formula:
279, 280

 

                                                         𝑛𝜆 = 2𝑑 sin 𝜃                     (3.1) 

where n is an integer, λ is the wavelength of X-rays, d is the inter-lattice spacing, and 

θ is the incident angle. Samples were examined by plotting the angular position and 

the intensities of the resultant diffracted peaks. 

Crystalline size can be assessed by measuring the peak breadth in an X-ray diffraction 

pattern, which can be explained by Debye-Scherrer equation:
280

 

                                       𝑡 =
𝐾𝜆

𝐵 cos 𝜃
                          (3.2)   
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where t is the crystallite size and K is the crystalline shape factor, λ is the wavelength 

of incident X-rays, B is the breath of the peak at half maximum intensity of a specific 

plane (hkl) in radians. For the materials testing, fine powders of samples were flatly 

pressed onto a glass slide. XRD investigations were performed using Bruker D8 

Advanced X-ray diffractometer. XRD patterns were recorded with Cu Kα radiation 

(40 kV-40 mA) at step time of 1 s and step size of 0.02 
o
. Crystalline phase features 

were identified with the computer software of Bruker Advanced X-ray Solutions.  

3.2.3.1.2 SEM 

Scanning Electron Microscopy (SEM) is a powerful tool to characterize the surface 

morphology under high magnification. For a standard SEM instrument, an electron 

stream produced by a filament is directed towards the sample, using a positive 

electron potential. As demonstrated in Figure 3.1, this stream is confined and focused 

by metal apertures and magnetic lenses into a thin and focused monochromatic beam. 

Electrons from the electron source can scatter elastically and produce back scattered 

electrons (BSE). They can also interact with the specimen resulting in the generation 

of X-rays and new electrons which are called secondary electrons (SE). The 

secondary electron images can provide the topography of the specimen surface 

because the secondary electrons are emitted from the very top layer (10 nm) of the 

specimen.
281

 

In our work, SEM images of the samples were recorded using a Philips XL-30 

scanning electron microscope in a high vacuum mode and at an acceleration voltage 

of 20 kV. Samples were mounted using a conductive carbon double-sided sticky tape. 

A thin (ca. 10 nm) coating of gold was sputtered onto the samples to reduce the 

effects of charging. 

3.2.3.1.3 TEM 

Transmission Electron Microscopy (TEM) is a powerful tool that enables detailed 

crystal structure, crystal quality, grain size and crystal orientation study inside 

materials. The resolution of TEM can approach atomic scale. The electron beams of 

TEM are similar with that of SEM. However, for TEM, the electron beam is 

transmitted through an ultra-thin specimen. An image is then formed from the 

interaction of the electrons transmitted through the specimen. As shown in Figure 3.2, 

the electron beams are normally generated by thermionic emission of a filament or by 

field emission of a single tungsten crystal. It is accelerated through an electromagnetic 
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field that also narrowly focuses the beam. The beam then will pass through the ultra-

thin sample, producing transmitted electrons, elastically and inelastically scattered 

electrons. The prepared thin specimen is inserted onto a plane and located close to the 

focal plane of the objective lens. The objective aperture is located on the back focal 

plane of the objective lens, transmitted electrons with a large scattering angle will be 

blocked, thus enhancing the contrast of the projected image. The image is projected 

onto a florescent screen or camera by the projector lens.
281

 High-resolution 

transmission electron microscopy (HRTEM) can image the crystallographic structure 

of a sample, and also can reveal lattices with atomic resolution. During TEM 

investigation, selected area electron diffraction (SAED) could be used to identify the 

crystal structural, measure lattice parameters, study crystal orientation of the sample 

and image based on diffraction contrast. 

In our work, TEM images were obtained on a JOEL 2100 at an acceleration voltage of 

100 kV. The samples were dispersed in absolute ethanol by moderate sonication at a 

concentration of 1 wt% solid for 30 minutes. The specimen was dispersed on a 

copper-supported carbon film. 

 

Figure 3.1 Schematic demonstration of SEM.
281 

 

Figure 3.2 Schematic diagram of the basic components of TEM 
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3.2.3.1.4 FTIR 

Fourier transform infrared spectroscopy (FTIR) is a powerful technique which is used 

to obtain an infrared spectrum by absorption or transmission through a solid, liquid or 

gas. When IR (infra-red) radiation passes through a sample, some part of the 

electromagnetic radiation are absorbed and some are transmitted. The resulting 

spectrum shows the characteristics of the sample and also shows the unique molecular 

finger-print of the sample.
282

 FTIR can measure all infrared frequencies and 

subsequently decodes them with the assistance of computer software, and the spectral 

information of the sample is then generated. In our experiment, FTIR spectra were 

obtained using an Alpha Bruker system. The samples were measured in the 

wavenumber range of 4000–450 cm
-1

. 

3.2.3.1.5 UV-Vis spectrum 

Ultraviolet–visible spectroscopy (UV-Vis) refers to absorption spectroscopy or 

reflectance spectroscopy in the ultraviolet-visible spectral region. The instrument used 

in ultraviolet-visible spectroscopy is called a UV/Vis spectrophotometer. It measures 

the intensity of light passing through a sample (I), and compares it to the intensity of 

light before it passes through the sample (Io) by using the light in the visible and 

adjacent (near-UV and near-infrared) ranges.
283

 Molecules containing π-electrons or 

non-bonding electrons (n-electrons) can absorb the energy from the ultraviolet or 

visible light to excite these electrons to higher anti-bonding molecular orbitals and 

thus changes the intensity of light.
283

  

In this experiment, powder samples were first dispersed into water, the sample 

solutions were then measured by the means of a Jenway 6715 UV/Vis 

spectrophotometer under absorption mode in the wavelength range of 280-700 nm.  

3.2.3.2 Thermal investigation and mass spectroscopy 

3.2.3.2.1 DTA-TGA 

For the thermal investigation of materials, thermal analysis is usually carried out to 

study the differences of material properties with the temperature change. Differential 

thermal analysis (DTA) measures the difference in temperature between the actual 

sample and the reference sample when they are both measured under the same heat 

whereas thermogravimetric analysis (TGA) determinates the changes in weight of the 

sample in relation to the change of temperature. 
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DTA/TGA was performed on a TA SDT Q600 instrument from room temperature to 

800 
o
C with a heating rate of 10 

o
C min

-1
 under a continuous air flow of 100 mL min

-1
. 

The obtained thermal data were then analysed using Universal Analysis 2000 

computer software provided by TA Instruments, USA. 

3.2.3.2.2 MS 

Mass spectrometry (MS) is a technique to determine the molecular composition, 

during which the charged molecules are generated by ionizing the chemicals and the 

composition is measured by determining their mass to charge ratio.
284

 It can be used 

for the compositional analysis of gases produced from the heated samples. In our 

study, a Hiden QGA gas analysis mass spectrometer (MS) was coupled with the TA 

SDT Q600 instrument to monitor and detect the gaseous compositions in the exhaust 

emission. 

3.2.3.3 Textural investigation and gas adsorption  

3.2.3.3.1 BET 

The Brunauer-Emmett-Teller method (BET) is used to determine the physical 

adsorption of gas molecules in solid materials with complicated shapes, such as 

porous materials. In BET method, adsorption and desorption isotherms are used to 

identify the number of gas molecules adsorbed on the material.
285

 The BET equation 

describes an adsorption where the adsorbate contains multilayer. Its main assumptions 

includes: (1) The adsorbed molecules are fixe; (2) The enthalpy of adsorption for the 

layers is the same; (3) The energy of adsorption for the layers is the same except the 

first one; (4) A new layer can start before another is finished.   

In this experiment, N2 gas sorption isotherms and textural properties of samples were 

carried out on a Quantachrome Autosorb-iQ gas sorptometer via conventional 

volumetric technique. Before gas analysis, the sample was evacuated for 4 h at 120 °C 

under vacuum. The textural properties were determined via nitrogen sorption at -

196 °C. The surface area was calculated using the BET method based on adsorption 

data in the partial pressure (P/Po) range of 0.02-0.22. The total pore volume was 

determined from the amount of nitrogen adsorbed at P/Po of ca. 0.99.  

Generally, the classical macroscopic theories such as Dubinin-Radushkevich (DR), 

Barrett, Joyner, and Halenda (BJH), and Horvath-Kawazoe (HK) methods can not 

provide a realistic description of the filling of micropores and narrow mesopores. But 
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Non-Local Density Functional Theory (NLDFT) model can provide a much more 

accurate approach for pore size analysis and bridge the gap between the molecular 

level and macroscopic approaches. Therefore, in our experiment, the pore size 

distribution (PSD) of the synthesized materials was analysed using the NLDFT model 

based on N2 adsorption branch data. In addition, because all our PSD results were 

analysed by using NLDFT model, the systemic error can be reduced and the PSD 

results of different samples become comparable.  

3.2.3.3.2 CO2 uptake measurement 

CO2 gas adsorption capacities were carried out on a Quantachrome Autosorb-iQ gas 

sorptometer via conventional static volumetric technique. Prior to the gas adsorption 

analysis, the samples were evacuated for 5 h at 120 °C under vacuum. The CO2 

uptake capacities were performed at 0 and 25 °C. The CO2 adsorption energy (i.e., 

isosteric heat of adsorption, Qst), which indicates the strength of interaction between 

CO2 molecules and the adsorbents, was calculated using the CO2 sorption isotherms 

measured at 0 and 25 
o
C based on the Clausius-Clapeyron equation. 

3.3 Synthesis of ZIF derivatives 

3.3.1 Materials  

ZIF-8, ZIF-67, and Ni-substituted ZIF-67 (the synthesis methods were shown in 

Section 3.2.2 Sample preparation). 

3.3.2 Sample preparation  

3.3.2.1 Zinc oxide/nanoporous carbon composites derived from ZIF-8 

ZIF-8 was synthesized from zinc nitrate hexahydrate and 2-methylimidazole in 

methanol solution, following an established procedure.
286

 The porous composites 

were prepared by a one-step direct carbonization process in the presence of water 

steam. In a typical synthesis, an alumina boat with 0.25 g of dried ZIF-8 was placed in 

the centre of a flow-through quartz tube sitting in a tube furnace. The furnace was 

heated at 10 
o
C /min to the target temperature (typically 800 °C) under pure argon; 

when the furnace temperature reached 800 
o
C, a 20 ml/min of argon flow saturated 

with water vapour was introduced in and maintained at the target temperature for 3 h. 

The gas flow was then switched to argon only while the furnace cooled to room 

temperature. The final product was collected from the quartz tube and labelled as 

ZnO/C-S-S. Another sample was also obtained via the similar one-step direct 
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carbonization process where a 20 ml/min of argon flow saturated with water vapour is 

constantly presented during the heating up step, the maintaining at the target 

temperature for 3 h and the cooling down to room temperature. This sample was 

designed as ZnO/C-S-L. For comparison, the one-step process was also applied to the 

annealing of ZIF-8 at 800 
o
C for 3 h under argon atmosphere with a flow rate of 20 

ml/min,
257

 and the collected samples was named as ZnO/C-A. A pure ZnO was also 

obtained via annealing of ZIF-8 in air at 800 
o
C for 3 h. 

3.3.2.2 Cobalt/nanoporous carbon composites derived from ZIF-67 

The composites were prepared by temperature programmed pyrolysis of the ZIF-67 in 

the argon atmosphere. Typically, 0.25 g ZIF-67 was heated to 600-2000 
o
C at 10 

o
C 

min
-1

 under Ar stream in a tube furnace, then kept at the peak temperature for 3 h and 

allowed to cool down to room temperature. The composites were designated as 

Co@C-T, where T is the carbonization temperature. 

3.3.2.3 Cobalt sulfides/N, S co-doped porous carbon composites and relevant nickel 

promoted cobalt sulfides/N, S co-doped porous carbon composites derived from ZIF-

67 

3.3.2.3.1 Cobalt sulfides/N, S co-doped porous carbon composites derived from 

ZIF-67 

ZIF-67 was synthesized from cobalt nitrate hexahydrate and 2-methylimidazole in 

water, following a modified procedure 
82

. The porous nanocomposites were prepared 

by a one-step direct carbonization and sulfurization process in the presence of 

hydrogen sulfide. In a typical synthesis, an alumina boat loaded with 0.25 g of dried 

ZIF-67 was placed in a flow-through quartz tube sitting in the centre of a tube furnace. 

In order to focus on the specific temperature, the furnace was first heated to the target 

temperature (typically 600 – 1000 °C) with ramp rate 10 
o
C/min under pure argon 

atmosphere; when the furnace temperature reached the target temperatures, a 20 

mL/min of hydrogen sulfide was then introduced in and maintained at the target 

temperature for 1 hour. The gas flow was then switched to argon only as the furnace 

cooled down to room temperature. The final product was collected from the quartz 

tube and labelled as CoxSy@C-z, where z stands for the sulfurization and 

carbonization temperature. Therefore the sample obtained from sulfurization 

temperature of 600, 800 and 1000 
o
C was labelled as CoxSy@C-600, CoxSy@C-800 

and CoxSy@C-1000 respectively. 
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3.3.2.3.2 Nickel promoted cobalt sulfides/N, S co-doped porous carbon composites 

derived from Ni-substituted ZIF-67 

The porous nanocomposites were prepared via a one-step direct carbonization and 

sulfurization process in the presence of hydrogen sulfide. In a typical synthesis, an 

alumina boat loaded with 0.25 g of dried Ni-substituted ZIF-67 was placed in a flow-

through quartz tube sitting in the centre of a tube furnace. The furnace was first heated 

to the target temperature (typically 600 – 1000 °C) with ramp rate 10 
o
C/min under 

pure argon atmosphere; when the furnace temperature reached the target temperatures, 

a 20 mL/min of hydrogen sulfide was then introduced in and maintained at the target 

temperature for 1 hour. The gas flow was then switched to argon only as the furnace 

cooled down to room temperature. The final product was collected from the quartz 

tube and labelled as NixCoyS@C-z, where x and y stand for the molar ratio 

n(Ni)/n(Co) in the parental Ni-substituted ZIF-67, and z stands for the sulfurization 

and carbonization temperature. Therefore, the samples obtained at sulfurization 

temperature of 600, 800 and 1000 
o
C from the parental Ni-substituted ZIF-67 with 

molar ratio n(Ni)/n(Co)=1/4, were labelled as Ni1Co4S@C-600, Ni1Co4S@C-800 and 

Ni1Co4S@C-1000 respectively. 

3.3.3 Characterisation techniques 

The crystalline phase structures of ZIF derivatives were identified by XRD. The 

morphologies of ZIF derivatives were measured by SEM and TEM. Thermal 

properties of ZIF derivatives were investigated by DTA-TGA, and MS. The textural 

properties and CO2 uptake of ZIF derivatives were measured by BET. Details 

regarding XRD, SEM, TEM, DTA-TGA, MS, and BET are available in Section 3.2.3. 

3.3.3.1 Structural characterisation techniques 

3.3.3.1.1 EDX 

Energy dispersive X-ray analysis (EDX) is normally used for local elemental 

identification, using an SEM or TEM. When the electron beams interact with the 

specimen, intense bombardment of high energy electrons on the inner most electron 

shell of an atom results in the escape of high energy electrons and an escape vacancy 

is generated. As a result, emitting energy in the form of an X-ray can be generated 

when an electron from the outer orbit shell then jumps into the empty electron shell. 

The energy of the X-rays which emits arise from the difference in energy between the 

two shells, is characteristic to the atomic structure of the element. The number and 

energy of the X-rays emitted from a specimen can be measured by an energy-
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dispersive spectrometer. The element-specific spectral lines are identified to provide 

the elemental composition of the selective area.
281

  

In this work, EDX analysis was performed using the energy dispersive system for 

detailed compositional analysis combined with SEM or TEM observation. Qualitative 

and quantitative chemical analysis of the samples down to the atomic number 5 

(boron) can be determined. 

3.3.3.1.2 XPS 

X-ray Photoelectron Spectroscopy (XPS) is a widely used surface-sensitive 

spectroscopic analysis technique because it can be applied to a broad range of 

materials and provides valuable quantitative and chemical state information from the 

surface of the materials. XPS is normally accomplished by exciting a sample surface 

with mono-energetic Al Kα x-rays causing photoelectrons to be emitted from the 

sample surface (from the top 0 to 10 nm). An electron energy analyzer is applied to 

measure the energy of the emitted photoelectrons. The elemental identity, chemical 

state, and quantity of a detected element can be determined from the binding energy 

and intensity of a photoelectron peak.
287, 288

 

In our experiment, XPS was performed using a Kratos AXIS ULTRA spectrometer 

with a mono-chromated Al Kα X-ray source (1486.6 eV) operated at 10 mA emission 

current and 15 kV anode potential. The analysis chamber pressure was better than 

1.3x10
-12

 bar. The take-off angle for the photoelectron analyser was 90
o
, and the 

acceptance angle was 30
o
 (in magnetic lens modes). 

3.3.3.1.3 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique providing information about 

molecular vibrations that can be used for sample identification and quantification. The 

technique involves shining a laser light source on a sample and detecting the scattered 

light. The majority of the scattered light is of the same frequency as the excitation 

source, which is known as elastic scattering. However, a very small amount of the 

scattered light is shifted in energy from the laser frequency due to interactions 

between the incident electromagnetic waves and the vibrational energy levels of the 

molecules in the sample. Plotting the intensity of this "shifted" light versus frequency 

results in a Raman spectrum of the sample. In a Raman spectrum, the band positions 

correspond to the energy levels of different functional group vibrations.
289

 In addition, 
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Raman spectroscopy is a powerful technique to investigate carbonaceous materials. In 

the Raman spectra, the bond stretching of all pairs of sp
2
 atoms in both rings and 

chains and the breathing modes of sp
2
 atoms in rings.

290, 291
 The G band at around 

1590 cm
-1

 supports the presence of some nanocrystalline carbon and a high content of 

sp
2
-hybridized carbon atoms caused by the carbonization of the samples. The D band 

at around 1340 cm
-1

 is an indication of less disordered carbon. 

In this work, Raman spectra were recorded by using Renishaw RM1000 Raman 

microscope (Wooton-Under-Edge, UK) equipped with a 1200-line/mm grating 

providing a spectral resolution of 1 cm
-1

, a diode laser providing excitation at 532 

nm/785 nm with up to 300 mW power, and a 40× microscope objective lens was used 

to focus light onto the substrate. For our powder samples, the powders were pressed 

flatly onto a Si wafer substrate, and then were placed under the microscope. The 

system was calibrated using the Raman band of a silicon wafer at 520 cm
-1

. The 

Raman spectra of the samples were recorded in the backscattering arrangement, using 

a 532 nm laser excitation under laser power of 6 mW. Spectral data was acquired 

using Renishaw v.1.2 WiRE software. 

3.3.3.2 Adsorption and photodegradation evaluation 

For the samples of zinc oxide/nanoporous carbon composites derived from ZIF-8, 

adsorption capacity on the removal of methylene blue (MB) in water solution for the 

as-prepared ZnO/C composites was evaluated in a dark box. In details, 20 mg of as-

prepared sample was added to 100 mL of 20 ppm MB solution, and the suspension 

was immediately kept in the dark box under stirring. At predetermined time intervals, 

a small amount of suspension was taken out and the concentration of MB in the 

solution was monitored by the UV-vis spectrophotometry. Similarly, the synergistic 

effect of adsorption and photocatalytic activities of the ZnO/C samples under the 

irradiation of visible light was also evaluated. 20 mg of sample dispersed in 100 mL 

of 20 ppm MB solution was immediately subjected to visible light and the 

concentration of MB in the solution was monitored at designed time intervals. The 

visible light (cutoff filter applied, l > 420 nm) was provided by 10 lamps of 20W 

(PerfectLight, wavelength range: 320 nm ≤ λ ≤ 780 nm, light intensity: 160 mW/cm
2
). 

3.3.3.3 Electrocatalysis measurements 

The electrocatalytic performance of the catalysts was evaluated by cyclic 

voltammograms (CV), linear sweep voltammograms (LSV) and chronoamperometry 
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in a three-electrode electrochemical cell which was connected to a computer 

controlled electrochemical workstation CHI 760D, coupled with a rotating disk 

electrode (RDE) system. The diagram of this electrochemical set up is shown in 

Figure 3.3. A platinum wire and a Ag/AgCl/KCl (saturated solution) were used as the 

counter electrode and the reference electrode, respectively. A 3 mm in diameter bare 

glassy carbon electrode (GCE) or modified GCE with the studied material was used 

as the working electrode. Prior to use, GCE was hand-polished with chamois leather 

containing 0.05 μm alumina slurry to obtain a mirror-like surface, washed with 

ethanol and distilled water by sonication for 5 min and allowed to dry. The modified 

GCE was prepared by casting a 5 μL aliquot of the catalyst ink, which was obtained 

by ultrasonically dispersing 1 mg of the catalyst into 0.5 mL 0.05 wt% in alcohol 

Nafion solution, onto the fresh surface of the pretreated GCE electrode and dried 

naturally to form a uniform thin film. The loading amount of each catalyst was kept to 

be 141.5 μg cm
-2

. For ORR and OER (Oxygen Reduction Reaction and Oxygen 

Evolution Reaction), the experiments were carried out at room temperature in 0.1 M 

KOH solution, which was purged with high purity argon or oxygen with a flow rate of 

20 mL min
-1

 for at least 30 min prior to each measurement. For HER (Hydrogen 

Evolution Reaction), the experiments were carried out at room temperature in 0.5 M 

H2SO4 solution. The electrode potential reported in this paper is relative to the 

reversible hydrogen electrode (RHE) potential, which can be converted by using the 

basis of Nernst equation as follows: 

             𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059(𝑝𝐻) + 0.197(𝑉)                (3.3)      

The kinetics parameters can be analyzed with the K-L equations as following:
292, 293

 

1

𝐽
=

1

𝐽K
+

1

𝐵𝜔1/2
 

                                                            𝐵 = 0.62𝑛𝐹𝐶0𝐷0
2/3

𝜐−1/6                   (3.5)   

Where J is the measured current density, JK is the kinetic current density, ω is the 

angular velocity of the rotating electrode, B is the Levich constant, n is the overall 

number of electron transferred in the ORR process, F is the Faraday constant (96485 

C mol
-1

), C0 is the bulk concentration of O2 (1.2×10
-6

 mol cm
-3

 ), D0 is the diffusion 

(3.4) 
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coefficient of O2 (1.9×10
-5

 cm
2
 s

-1
) and 𝜐 is the kinematic viscosity (0.01 cm

2
 s

-1
) of 

the electrolyte. 

The electron transfer number and the peroxide percentage can be calculated by the 

equations as following:
292, 293

 

 

𝐻2𝑂2(%) = 200 ×
𝐼𝑟 𝑁⁄

𝐼𝑑 + 𝐼𝑟 𝑁⁄
 

  

 

𝑛 = 4 ×
𝐼𝑑

𝐼𝑑 + 𝐼𝑟 𝑁⁄
 

  

Where Id is disk current, Ir is ring current and N is the current collection efficiency 

(0.37) of the Pt ring. 

Tafel plot shows the dependence of steady-state current densities on a variety of 

potentials. Generally, the potential (Z) is logarithmically related to the current density 

(j) and the linear portion of the Tafel plot is fit to the Tafel equation:  

𝑍 = 𝑎 + 𝑏 𝑙𝑜𝑔𝑗 

Where b is the Tafel slope.  

 

Figure 3.3 Schematic diagram of the electrochemical set up 

(3.6) 

(3.7) 

(3.8) 
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4. Chapter 4: Synthesis of ZIF-8 via aqueous ammonia 

modulation and the anion effect 
 

4.1 Introduction 

Zeolitic imidazolate frameworks (ZIFs) are a new sub-family of porous metal-organic 

frameworks (MOFs) which usually consist of M-Im-M (M=Zn, Co and 

Im=imidazolate linker) formed by a self-assembly approach. The diverse structures of 

ZIFs are similar to some aluminosilicate zeolites due to the fact that the bridging 

angle in the M-Im-M fragment is coincident with that of the Si-O-Si preferred angle 

of 145° in zeolites.
294

 As a result, a large number of ZIFs with zeolite-type tetrahedral 

topologies have been synthesized and the ZIFs materials generally possess properties 

similar to those of zeolites, such as ultrahigh surface area, unimodal micropore and 

high crystallinity,
56, 294

 which has attracted increasing attention in the fields of gas 

storages,
56, 294, 295

 separations,
296-298

 catalysis
299-301

 and sensings,
302, 303

 as well as other 

potential applications.
304-306

 ZIF-8, which consists of zinc ions and 2-

methylimidazolate (MIm), is a typical representative of ZIF materials and has been 

the research focus for many investigations.
296-302

 

Traditionally, most of ZIFs are synthesised from organic solvents such as N,N-

dimethylformamide (DMF), N,N-diethyformamide (DEF), N-methylpyrrolidinone, 

methanol and mixed solvents such as DMF/methanol.
8-15

 The use of organic solvents 

as reaction medium obviously presents plenty of disadvantages, especially some 

environmental concerns since organic solvents are usually toxic and flammable. 

Although Chen and his co-workers were then able to successfully synthesised ZIF-8 

from a stoichiometric molar ratio of zinc ions and 2-metlylimidazolate ligands (1:2) in 

methanol solution in the presence of ammonium hydroxide,
9, 307, 308

 undoubtedly, a 

large amount of organic solvents, which are usually expensive, flammable and not 

environment friendly, were wasted by this synthesis method. 

In the past several years, great effort has been devoted to develop green synthesis 

routes to generate ZIF-8 and therefore to reduce the environmental impact. In 

particular, water has been explored as a green solvent to replace organic solvents in 

the synthesis of ZIF-8 since water will not pose any environmental risks. Pan et al. 

could synthesize ZIF-8 in an aqueous system at room temperature.
309

 However, a 
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highly excess amount of MIm (molar ratio of Zn
2+

:MIm=1:70) was required to 

prepare ZIF-8. Recently, Tanaka and coworkers could generate ZIF-8 in a pure 

aqueous system at room temperature with molar ratio of Zn
2+

:MIm as low as 20.
81

 In 

addition, it is reported that organic amines such as n-butylamine,
14

 polyamine,
15

 

triethylamine (TEA),
16-18

 and pyridine,
19

 can be added into the reaction mixtures as 

deprotonation agents to reduce the use of ligand MIm. For example, Gross et al. can 

prepare ZIF-8 in an aqueous system with the addition of TEA at room temperature.
18

 

The molar ratio of Zn
2+

:MIm can be increased to 1:4.
18

 More recently, Yao et al found 

ZIF-8 could be also produced from stoichiometric molar ratio of raw materials 

(namely molar ratio of Zn
2+

:MIm=1:2) in aqueous solution at room temperature in the 

presence of non-ionic tri-block copolymer and ammonium hydroxide.
83

 However, the 

recycling of these tri-block copolymer surfactants after the formation of ZIF-8 is 

difficult, which makes this synthesis approach not cost-effective. Therefore, the 

generation of ZIF-8 via a green and low-cost route is still remaining as a big challenge. 

In addition, in the previous studies, a variety of approaches such as solvothermal 

method
24, 55, 72, 310-312

 and hydrothermal method
20, 22, 81

 for the synthesis of ZIFs have 

been extensively investigated, and the different parameters, such as solvents,
20, 21

 

temperatures
22, 23

 and deprotonating agents,
21, 22, 24-26

 that affect the ZIF formation, 

have also been widely discussed. However, one particular parameter that may affect 

the ZIFs formation – the effect of anions, has not been explored yet. Considering that 

dramatic salt effects on the formation mechanisms and the morphologies of 

supramolecular materials that have been observed,
313

 it is of high interest to 

understand whether anions may potentially have significant influence on the 

formation of ZIF materials.  

The Hofmeister series of anions were initially developed in the research of  protein 

solubility,
313

 and the orders of anions with decreasing Hofmeister effect are as follows: 

SO4
2-

, HPO4
2-

, OH
-
, F

-
, HCOO

-
, CH3COO

-
, Cl

-
 , Br

-
 , NO3

-
 ,I

-
 , SCN

-
 , ClO4

-
.
313

 In the 

past, the effects of Hofmeister anions on the formation process of mesoporous silica 

have been examined and it was claimed that Hofmeister anions offer a wide range of 

possibilities to modulate the morphologies, stabilities and surface properties of 

mesoporous silicas.
313

 For instance, Takashi and co-workers demonstrated that the 

effect of counter anion on the formation of mesoporous materials under the acidic 

synthesis process,
314

 while Zhao’s group studied the anion sequence in the phase 
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transformation of mesostructures.
315

 Moreover, anion effects on the formation of 

metal based supramolecular complexes was also reported. It was found that the radius 

of anion played an important role in the formation of the structure and luminescent 

intensity of the Cd based coordination frameworks,
316

 it is even claimed that Cd(II) 

coordination frameworks obtained from various anions can result in anion-induced 

structural transformation and anion-responsive photoluminescence.
317

 In addition, 

reports of the anion effect on the formation of metal based supramolecular complexes , 

such as silver (I) complexes
318

 and zinc (II) complexes,
319

 can be also found in 

literature. These previous work encouraged us to explore the salt effect on the 

formation of ZIFs in this work.  

In this chapter, we presented a facile, green and low-cost method for highly efficient 

preparation of ZIF-8 from stoichiometric molar ratios of zinc ions and 2-

methylimidazolate precursor as the first part of this chapter. This synthesis approach 

of ZIF-8 can be facilitated in an aqueous ammonia solution without any other 

additives at room temperature and the effect of concentration of aqueous ammonia on 

the particle sizes and textural properties of the resulting ZIF-8 was clearly 

demonstrated. In addition, as the second part of this chapter, we reported our recent 

findings on the effect of anions on the formation of ZIF-8 materials. It is found that 

the introduction of anions (SO4
2-

, CH3COO
-
, Cl

-
, Br

-
, NO3

-
) into the reaction media of 

the aqueous ammonia system, accelerates the self-assembly of stoichiometric zinc 

ions with the 2-methylimidazole (MIm) linker (1:2) and results in the formation of 

pure ZIF-8 with tuneable morphologies and textural properties. Our findings indicated 

that: 1) the requirement of aqueous ammonia concentrations for the formation of pure 

ZIF-8 is modulated by the anion types; 2) the generation of pure ZIF-8 materials is 

promoted by the anion concentrations and the anion types, which follows the rule of 

the Hofmeister anion effect. 

4.2 Synthesis of ZIF-8 via aqueous ammonia modulation 

4.2.1 Synthesis of ZIF-8 in pure aqueous system 

Presented in Figure 4.1a are the XRD patterns of the products generated from a pure 

aqueous system with variable molar ratios of Zn
2+

/MIm ranging from 1/4 to 1/70. 

Clearly, while the molar ratio of Zn
2+

/MIm is higher than 1:24 (such as in the range of 

1:4 to 1:16), the XRD patterns of the resulting products display complicated 

diffraction peaks that can be indexed to Zn(OH)2, Zn(NO3)2 and their hydrates  
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Figure 4.1 XRD patterns (a), representative SEM images (b-d) and nitrogen sorption 

isotherms (e) of the as-synthesised samples from pure aqueous system with different 

concentrations of MIm. The molar ratio of Zn
2+

:MIm is (b) 1:16; (c) 1:24; (d) 1:70 

respectively. Black, red and blue correspond to the sample synthesized from 

Zn
2+

:MIm molar ratio of 1:24, 1:70 and 1:50 respectively. Solid and hollow data 

correspond to the adsorption and desorption branches, respectively. XRD patterns (f) 

of standard pure ZIF-8, inset is the standard pure dia(Zn).  

(c) (d) 

(e) 

(b) 

(f) 
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together with some unknown phases, which is consistent with Tanaka and coworkers’ 

observations.
81

 It is interesting to note that no dense dia(Zn) structure was detected in 

our samples although a large excess of MIm was used in the synthesis mixture, which 

is different from other reports.
83, 304

 The structure of dia(Zn) is the same as that of 

ZIF-8, but dia(Zn) has no pores. When the molar ratio of Zn
2+

/MIm ranges from 1/24 

to 1/70 in pure aqueous system, the synthesized products exhibit sodalite (SOD)-type 

structures in their XRD patterns (shown in Figure 4.1a), which is in agreement with 

previous observations.
81, 309

 Moreover, increasing of synthesis temperatures can only 

help to improve the intensity of XRD diffraction peaks, but cannot promote the 

formation of any new phases (Figure 4.2). Clearly, synthesis temperatures have no 

obvious effect on the formation of ZIF-8 materials in pure aqueous system.  

The morphology of the as-synthesised products in aqueous solution with different 

concentrations of MIm was detected via SEM and representative images were 

presented in Figure 4.1b-d. The products showed irregular particle morphologies, 

which is different from literature reports.
81, 309

 This is maybe due to the fact that an 

excess amount of MIm could deprotonate other MIm in aqueous ZIF syntheses and 

the polar water may inhibit the conversion of the crystal shape to the rhombic 

dodecahedron shape. In addition, the nitrogen sorption isotherms for the as-

synthesized ZIF-8 derived from pure aqueous system display type I isotherms with 

adsorption and desorption branches are largely reversible (as shown in Figure 4.1e), 

indicating that the resulting ZIF-8 samples are micropore dominated materials. The 

specific surface area and pore volume of ZIF-8 synthesized from pure aqueous 

solution with Zn
2+

/MIm in the range of 1/24 to 1/70 increase slightly with the increase 

of the concentration of MIm, up to 600 m
2
 g

-1
 and 0.34 cm

3
 g

-1
 respectively (see 

Figure 4.3), which are much lower than those of prepared using methanol as solvent.
8
 

It is worth noting that the relative low surface area and pore volume for ZIF-8 derived 

from pure aqueous system may be due to the fact that the molar ratios of reaction 

components in the mixture system were not optimized for high texture properties and 

the amount of water was kept constant in all our synthesis runs including in ammonia 

aqueous solution, which enable us to compare the results obtained from different 

synthesis system and to identify the parameters that affect the material synthesis. ZIF-

8 samples with high textural properties is achievable from pure water system if 

optimal molar ratio of reaction components is applied.
81

 



86 | P a g e  
 

  

 

Figure 4.2 XRD patterns of the synthesized products prepared in aqueous solution at 

(a) 50
o
C; (b) 80

o
C; (c) 110

o
C for 24 h with different molar ratios of Zn

2+
:MIm. 
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Figure 4.3 Specific surface area (triangle down) and pore volume (triangle up) of 

synthesised ZIF-8 as a function of concentration of MIm in pure aqueous system 

(solid) and concentrated ammonia solution (hollow). 
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4.2.2 Synthesis of ZIF-8 in concentrated ammonia aqueous solution 

In the presence of concentrated ammonia aqueous solution (35 wt%), ZIF-8 can be 

readily generated as long as the molar ratio of Zn
2+

/MIm is no less than the 

stoichiometric proportion of the reaction (Zn
2+

/MIm =1/2) (see Figure 4.4). Namely, 

the amount of organic linker MIm in the synthesis mixture can be significantly 

reduced down to the stoichiometric proportion of the reaction under concentrated 

ammonia aqueous solution without forming unwanted by-products. We noticed that 

an unknown product was formed if the molar ratio of Zn
2+

/MIm increased to 1:1, 

which is consistent with literature report.
304

 The yield for ZIF-8 from concentrated 

ammonia aqueous solution is generally high (> 93%) based on Zn. Therefore, the 

synthesis efficiency, where Zn
2+

:MIm molar ratio is 1:2, is much higher than those in 

the literature in amine solutions (where Zn
2+

:MIm molar ratio is 1:4-1:16).
18

 

Moreover, the formation of ZIF-8 materials in concentrated aqueous ammonia system 

is not sensitive to the synthesis temperature since the increase of reaction temperature 

does not prompt the formation of any new phases (as shown in Figure 4.5). 

 

Figure 4.4 Powder XRD patterns of the as-synthesised samples from concentrated (35 

wt%) aqueous ammonia solution. 

  

Figure 4.5 XRD patterns of the products prepared in concentrated ammonia solution 

at (a) 50
o
C; (b) 110

o
C for 24 h with different molar ratios of Zn

2+
:MIm. 
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Different from the products derived from the pure aqueous system, the morphology of 

the ZIF-8 obtained from concentrated ammonia aqueous solution with variable 

Zn
2+

/MIm molar ratios from 1/2 to 1/8 exhibited rhombic dodecahedron particle 

shapes (Figure 4.6) with the particle sizes exclusively around 2 µm, suggesting the 

concentration of MIm in the synthesis mixture in concentrated ammonia aqueous 

solution does not affect the particle shapes and sizes of ZIF-8. To determine the effect 

of aging time on the morphology of ZIF-8 materials, the evolvement of particle 

morphologies of as-synthesized ZIF-8 as a function of aging time in concentrated 

ammonia aqueous solution with Zn
2+

:MIm:NH3•H2O molar ratio of 1:2:400 was 

checked by SEM. As shown in Figure 4.7, after 2 minutes reaction, the product 

displays slight round particles with hexagonal plate contour on which small 

nanoparticles were deposited. With increasing of the reaction time to 5 and 10 

minutes, there are less small particles on the plates and the surface of the plates 

change gradually from rough to smooth with fewer defects. After long reaction time 

up to 24 h, the particle surface is very smooth without visible defects and the products 

exhibit rhombic dodecahedron shapes with particle size around 2 µm. It is likely that 

during the synthesis process, increase of the reaction time can effectively accelerate 

the deprotonation of MIm by the excess amount of ammonia molecules in the aqueous 

solution, hasten the sedimentation of small nanoparticles to form large crystal and 

therefore promote the conversion of the crystal morphology to the rhombic 

dodecahedron shape.  

 

Figure 4.6 Representative SEM images of as-synthesised ZIF-8 from concentrated 

aqueous ammonia solution at different molar ratios of Zn
2+

:MIm:NH3•H2O. 

(a)1:2:400; (b)1:4:400; (c) 1:8:400. 

 

(a) (b) (c) 
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Figure 4.7 The evolution of particle morphologies of as-synthesized ZIF-8 as a 

function of aging time in concentrated ammonia aqueous solution with 

Zn
2+

:MIm:NH3•H2O molar ratio of 1:2:400. (a) 2 min; (b) 5 min; (c) 10 min; (d) 1 h; 

(e) 6 h and (f) 24 h.  

The textural properties of the as-synthesized ZIF-8 derived from concentrated 

ammonia aqueous solution were also measured by nitrogen adsorption at liquid 

nitrogen temperature. The nitrogen sorptions for all the resulting ZIF-8 samples 

exclusively show type I isotherms with adsorption and desorption branches are 

completely reversible (as shown in Figure 4.8), and all the samples exhibit high N2 

adsorption at low relative pressure, implying those ZIF-8 samples are micropore 

(a) (b) 

(c) (d) 

(e) (f) 
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dominated materials. The specific surface area and pore volume of ZIF-8 synthesized 

from concentrated ammonia aqueous solution are largely in the range of 1550 -1600 

m
2
 g

-1
 and 0.65 – 0.70 cm

3
 g

-1
 respectively (see Figure 4.3), decreasing slightly with 

the increase of the concentration of MIm (namely change of the molar ratio of 

Zn
2+

/MIm from 1/2 to 1/16, as shown in Figure 4.3). The extremely high textural 

properties (specific surface area and pore volume) for ZIF-8 derived from 

concentrated ammonia aqueous solution are very similar to those synthesised from 

organic solvents,
8, 10

 indicating that high quality of ZIF-8 materials can be readily 

generated from stoichiometric precursors in concentrated ammonia aqueous solution 

at room temperature without compromising in their textural properties. Remarkably, 

the surface area and pore volume of ZIF-8 from concentrated ammonia solution are 

about 3 and 2 times of their counterparts prepared from pure aqueous system under 

the same conditions (Figure 4.3).  
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Figure 4.8 Nitrogen sorption isotherms of as-synthesized ZIF-8 from concentrated 

ammonia aqueous solution with different concentrations of MIm. Black, red, blue and 

green correspond to the sample synthesized in concentrated ammonia aqueous 

solution with Zn
2+

:MIm molar ratio=1:2, 1:4, 1:8 and 1:16. Solid and hollow data 

correspond to the adsorption and desorption branches, respectively. 
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4.2.3 Effect of concentration of ammonia solution on the synthesis of ZIF-8  

The effect of concentration of ammonia solution on the formation of ZIF-8 was then 

investigated. Figure 4.9a shows the XRD patterns of the products from Zn
2+

/MIm 

=1/2 with variable ammonia concentrations. When the Zn
2+

/NH3•H2O molar ratio is 

1/10, the product is a dense structure of dia(Zn).
304

 However, with the decrease of 

Zn
2+

/NH3 molar ratio from 1/20 to 1/100, namely increase of the concentration of 

ammonia from 1.6 to 6.7 mol/L, ZIF-8 can be obtained with high yield (90%). The 

similar trend can be observed as well from the Zn
2+

/MIm =1/4 system with variable 

ammonia concentrations (see Figure 4.9b) and the only difference is the XRD patterns 

of the products from Zn
2+

/NH3 • H2O molar ratio of 1/10 display complicated 

diffraction peaks that can be indexed to Zn(OH)2, Zn(NO3)2 and their hydrate 

complexes together with some unknown phases, which is consistent with Tanaka and 

coworkers’ report.
81 

Increasing of the concentration of ammonia (namely change the 

Zn
2+

/ NH3•H2O molar ratio from 1/20 to 1/100) in the Zn
2+

/MIm =1/4 system will 

result in the formation of high quality of ZIF-8, except minor by-product was found in 

the Zn
2+

/ NH3•H2O = 1/20 system.   

  

Figure 4.9 XRD patterns of the as-synthesised samples in different concentrations of 

ammonia solution for variable Zn
2+

/MIm molar ratio of (a) 1:2 and (b) 1:4.  

Obviously, the efficiency for the formation of ZIF-8 (with minimal molar ratio of 

Zn
2+

:MIm: NH3•H2O =1:2:20) is remarkably improved comparing with the work of 

Yao et al (where the molar ratio of Zn
2+

:MIm: NH3•H2O =1:4:16)
83

. Different from 

the synthesis of ZIF-8 from pure aqueous system and concentrated ammonia solution 

system, the synthesis temperature does affect the formation of ZIF-8 under lower 

concentration of ammonia solution. When the reaction temperature increased from 

(a) (b) 
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room temperature to 50, 80 or 110 
o
C, the products change from ZIF-8 to by-products 

only (shown in Figure 4.10). Figure 4.11 shows the particle morphologies of ZIF-8 

derived from variable ammonia concentrations. Uniform rhombic dodecahedron 

particle shapes with SOD-type crystalline structure of ZIF-8 were formed from 

Zn
2+

:MIm:NH3 •H2O molar ratios of 1:2:20, 1:2:50 and 1:2:100 and the average 

crystal size decreases from 10 to 2 μm with increase of the ammonia concentration 

from 1.6 to 6.7 mol/L,  indicating that the particle sizes of resulting ZIF-8 can be 

readily tunable by simply control over the concentration of aqueous ammonia. 

  

Figure 4.10 XRD of the products prepared in two concentrations of ammonia 

solutions (a) Zn
2+

:MIm:NH3•H2O=1:2:50; (b) Zn
2+

:MIm:NH3•H2O=1:4:50 at room 

temperature, 50
o
C, 80

o
C and 110

o
C. 

  

 

Figure 4.11 Representative SEM images of as-synthesised ZIF-8 in ammonia solution 

with Zn
2+

:MIm:NH3•H2O molar ratios 1:2:20, 1:2:50 and 1:2:100, respectively. 

(a) (b) 

(c) 
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In addition, the concentration of ammonia in the synthesis mixture can significantly 

affect the textural properties of resulting ZIF-8 products. All the materials exclusively 

exhibit type I nitrogen sorption isotherms with micropore dominating (see Figure 

4.12). As presented in Figure 4.13, adjusting the concentration of ammonia from 1.6 

mol L
-1

 up to concentrated ammonia (18.1 mol L
-1

), the specific surface area for ZIF-8 

is increased by 60% from 1000 to 1600 m
2
 g

-1
, accompanied with up to 40% increase 

of pore volume. This observed change trend of surface area and pore volume with the 

concentration of ammonia clearly demonstrates that the textural properties of ZIF-8 

can be easily fine tunable via change of the concentration of ammonia in the synthesis 

mixture. 
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Figure 4.12 Nitrogen sorption isotherms of as-synthesized ZIF-8 from different 

concentrations of aqueous ammonia. Black, red, blue, green and pink correspond to 

the sample synthesized under Zn
2+

:MIm:NH3 • H2O molar ratio=1:2:20; 1:2:50; 

1:2:100; 1:2:200 and 1:2:400, respectively. Solid and hollow data correspond to the 

adsorption and desorption branches, respectively. 

It is believed that NH3·H2O can not only deprotonate the imidazole ligand but also 

coordinate the release of metal ions.
320

 Therefore, we hypothesize that ammonia could 

deprotonate MIm ligands and initiate the formation of ZIF-8 like other amines, such 

as TEA.
18

 MIm is firstly deprotonated by aqueous ammonia, ZIF-8 is then formed 

from the reaction between zinc ions and deprotonated MIm species. In addition, it has 

been found that the concentration of ammonia is very important to the crystal sizes of 
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resulting ZIF-8 materials. Since the crystal size decreases with the increase of the 

amount of MIm
81

 and an excess of MIm is beneficial to a high nucleation density at 

the start of synthesis,
14

 it is therefore reasonable to suppose that under higher 

concentration of ammonia, the excess amount of ammonia molecules increase the 

number of nuclei generated by the complex formation in the early stages of reaction, 

which leads to a decrease in the crystal particle size. 
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Figure 4.13 The changes of specific surface area (triangle down) and pore volume 

(triangle up) of synthesised ZIF-8 as a function of concentration of ammonia in the 

synthesis mixture.  

4.2.4 Conclusions 

A cost-effective and facile method for the preparation of zeolitic imidazolate 

framework-8 material was presented. ZIF-8 can be readily synthesized from 

stoichiometric precursors in aqueous ammonia solution without any other additives at 

room temperature, comparing that a large excess of organic ligand is required to form 

ZIF-8 under similar conditions in pure aqueous solution. The structures, particle sizes 

and textural properties of resulting ZIF-8 materials can be easily tunable by simple 

control over the concentration of aqueous ammonia in the synthesis mixture. This 

green, low-cost and efficient synthesis method has great potential for large scale 

production of ZIF-8 for practical applications. 
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4.3 Hofmeister anion effect on the formation of ZIF-8 in aqueous 

ammonia solution 

4.3.1 Effect of ammonia concentrations on the formation of ZIF-8 

The effect of ammonia concentrations on the formation of ZIF-8 was first investigated 

using different zinc salts in aqueous system, where stoichiometric molar ratio of 1:2 

for Zn
2+

/MIm was used. From the XRD patterns in Figure 4.14, it is clear that lower 

ammonia concentrations result in the impurity in the product, while higher ammonia 

concentrations can generate pure ZIF-8, which is in agreement with previous 

reports.
22, 85

 Taking SO4
2- 

as an example (Figure 4.14a), the products derived from the 

molar ratios of Zn
2+

/NH3 < 1:75 are mixture of ZIF-8 and a dense dia(Zn) impurity, 

but the products from molar ratios of Zn
2+

/NH3 ≥ 1:75 exhibit pure sodalite (SOD)-

type structures in their XRD patterns. While other different anion zinc salts such as 

CH3COO
-
, Cl

-
, Br

-
 or NO3

-
 were used, the XRD patterns of the products (shown in 

Figure 4.14b-e) revealed that the molar ratios of Zn
2+

/NH3 ≥ 1:100, 1:200, 1:400 or 

1:20 were required to form pure ZIF-8, respectively. These results also indicate that 

the requirement of ammonia concentrations for the formation of pure ZIF-8 phase is 

modulated by the anion types. The morphologies of pure ZIF-8, which were obtained 

from different anion zinc salts at high ammonia concentrations, exclusively exhibited 

equilibrium rhombic dodecahedral particle shapes (Figure 4.15).
321

 In addition, the 

textural properties of the resulting ZIF-8 materials, as shown in Figure 4.16, are 

clearly different for samples from different anion zinc salts, implying that the anion 

types can affect the textural properties of the samples even if they are obtained under 

the same conditions.  
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Figure 4.14 XRD patterns of the as-synthesised samples in different concentrations of 

ammonia solution for variable zinc salts: (a) ZnSO4 (b) Zn(OAc)2, (c) ZnCl2, (d) 

ZnBr2, and (e) Zn(NO3)2, representatively.   
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Figure 4.15 Representative SEM images of as-synthesised ZIF-8 in ammonia solution 

with various anions: (a) ZnSO4:MIm:NH3 =1:2:100; (b) Zn(OAc)2:MIm:NH3 = 

1:2:100; (c) ZnCl2:MIm:NH3 =1:2:200; (d) ZnBr2:MIm:NH3 =1:2:400 and (e) 

Zn(NO3)2:MIm:NH3 =1:2:100, respectively. 
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Figure 4.16 Nitrogen sorption isotherms of as-synthesised ZIF-8 derived from 

different anion zinc salt in various concentrations of aqueous ammonia solution. (a) 

Zn(NO3)2 and (b) ZnSO4. Solid and hollow data correspond to the adsorption and 

desorption branches, respectively. 
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4.3.2 Effect of additional anions on the formation of ZIF-8 

In order to determine whether the introduction of additional anions can influence on 

the formation of ZIF-8 phase, a variety of anion sodium salts including Na2SO4, 

CH3COONa (NaOAc), NaCl, NaBr, and NaNO3 were separately added as additional 

anion sources, to the reaction media containing zinc salts with the same anion for one 

batch synthesis. Based on the results in Figure 4.14, we chose the lowest ammonia 

concentration required for the formation of mixture of ZIF-8 and dia(Zn) phase to 

determine whether the presence of extra anions in the synthesis media can promote 

the transformation the formation of mixture to pure ZIF-8 phase. For example, the 

synthesis product from the molar ratio of ZnSO4:MIm:NH3=1:2:50 is a mixture. 

However, with the introducing of increased amount of Na2SO4 into the synthesis 

system, interestingly the impurity dia(Zn) in the product was gradually reduced and 

pure ZIF-8 was eventually formed with the molar ratio of ZnSO4:Na2SO4 =1:15 (as 

shown in Figure 4.17a), suggesting that the additional SO4
2-

 indeed accelerates the 

formation of pure ZIF-8 phase. Moreover, SEM images (Figure 4.17b-d) clearly show 

that with the introduction of increased additional SO4
2-

 into the reaction media, the 

morphologies of the products changed significantly from irregular rough-surface 

particle shapes to regular smooth-surface ZIF-8 with rhombic dodecahedral particle 

shapes. In addition, as presented in Figure 4.18, with the increase in the 

concentrations of SO4
2-

 in the synthesis system, all the products exclusively exhibit 

type I nitrogen sorption isotherms with micropore domination; however, compared 

with the sample without additional Na2SO4, the sample from ZnSO4:Na2SO4 =1:20 

exhibited up to 50% increase in both the specific surface area and total pore volume, 

remarkably changing from 1015 to 1576 m
2
 g

-1
 and 0.49 to 0.74 cm

3
 g

-1
 respectively. 

Obviously, the introduction of additional SO4
2-

 anions effectively promotes the 

formation of pure ZIF-8 phase with variable particle morphologies and textural 

properties. 

Other anion sodium salts such as NaOAc, NaCl
 
and NaBr

 
were also introduced into 

the synthesis system and it was found that the transformation from the mixture of ZIF-

8 and dense dia(Zn) phase to pure ZIF-8 could be also readily realised when the molar 

ratio of zinc ion/sodium anion salt is higher than 1:20, 1:30 and 1:20 for NaOAc, 

NaCl
 
and NaBr respectively

  
(shown in Figure 4.19a-c). However, the addition of 

NaNO3 into the synthesis media of Zn
2+

:MIm:NH3=1:2:15, which is the lowest  
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Figure 4.17 (a) XRD patterns of the as-synthesised samples in different 

concentrations of sodium sulfate, (b-d) SEM images of as-synthesised samples in 

ammonia solution with Zn
2+

:MIm:NH3: Na2SO4 molar ratios of 1:2:50, 1:2:50:5 and 

1:2:50:20, respectively. 

 

ammonia concentration for the formation of a mixture (as demonstrated in Figure 

4.14e), has no observable effect on the formation of pure ZIF-8 and the XRD patterns 

were kept unchanged even if the molar ratio of Zn(NO3)2:NaNO3 is up to 1:30 (shown 

in Figure 4.19d), indicating that NO3
-
 has the weakest anion effect on the modulation 

of pure ZIF-8 generation among the studied anions. In addition, SEM images clearly 

show that the introduction of increased additional anions into the synthesis system 

results in the morphologies changes from irregular rough-surface particles to regular 

smooth-surface ZIF-8 particles with rhombic dodecahedral shape (seen Figure 4.20). 

Based on the results above, it is clear that except NO3
-
, the presence of anion sodium 

salts with appropriate anion concentrations in the synthesis solution can effectively 

accelerate the formation of pure ZIF-8 phase with adjustable particle morphologies. 
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Figure 4.18 Nitrogen sorption isotherms of as-synthesised ZIF-8 under different 

concentrations of sodium sulfate. The solid and hollow cycle correspond to the 

adsorption and desorption branches, respectively. 

    

  

Figure 4.19 XRD patterns of the as-synthesised samples in different concentrations of 

ammonia solution for variable zinc salts with the additional anions: (a) NaOAc, (b) 

NaCl, (c) NaBr, and (d)NaNO3, representatively.   
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Figure 4.20 Representative SEM images of as-synthesised products in ammonia 

solution from different anion sodium salts (a, b and c) NaOAc and (d, c and e) NaCl 

with various additional anion concentrations: (a) Zn
2+ 

: MIm : NH3 = 1 : 2 : 75; (b) 

Zn
2+ 

: MIm : NH3 : NaOAc = 1 : 2 : 75 : 10; (c) Zn
2+ 

: MIm : NH3 : NaOAc = 1 : 2 : 

75 : 20; (d)  Zn
2+ 

: MIm : NH3 = 1 : 2 : 100; (e) Zn
2+ 

: MIm : NH3 : NaCl = 1 : 2 : 100 : 

5; (f) Zn
2+ 

: MIm : NH3 : NaCl = 1 : 2 : 100 : 30, respectively. 
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4.3.3 Effect of anion capability on the formation of pure ZIF-8 

To find out the anion effect capability on the formation of pure ZIF-8 phase, different 

anion sodium salts with various concentrations were introduced into a reaction 

solution with  molar ratio of Zn
2+:

MIm:NH3=1:2:50 (namely a synthesis system with 

the same ammonia concentration). It is surprising to note that except NaNO3, pure 

ZIF-8 can be readily formed because of the presence of additional anion sodium salts, 

as shown in Figure 4.21. Most strikingly, it can be summarised from the XRD results 

in Figure 4.17a and Figure 4.21 that the lowest molar ratio of Zn
2+

:anion sodium salt, 

where the anions include SO4
2-

, CH3COO
-
, Cl

-
, Br

-
 and NO3

-
, that leads to the 

formation of pure ZIF-8 phase is 1:15, 1:20, 1:40, 1:60 and nil, respectively. 

Combined the above observed NO3
-
 has the weakest anion effect on the modulation of 

pure ZIF-8 formation, we can reasonable to conclude that the anion effect capacity on 

the formation of pure ZIF-8 phase from our experimental results is SO4
2- 

> CH3COO
- 
> 

Cl
- 
> Br

- 
> NO3

-
, which is in agreement with the classic Hofmeister anion sequence.

313
 

Due to the fact that anions have negative charges, there could be interactions between 

zinc ions and the anions in the synthesis system. Anions could also interact with the 

protons that are deprotonated from the 2-methylimidazole ligand, which is 

hypothesised to initiate the formation of ZIF-8.
322

 As various anions have different 

radii effect and dehydration effect in the aqueous system,
313

 these effects lead to the 

different abilities to interact with zinc ions and protons, and also lead to the final 

observed orders which follows the classic Hofmeister anion sequence. Therefore, it is 

believed that additional anions can not only promote the formation of pure ZIF-8 

phase, but also affect the properties of obtained ZIF-8 materials. 
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Figure 4.21 XRD patterns of the samples derived from a same concentration of 

aqueous ammonia solution with the introduction of additional of (a) NaOAc, (b) NaCl, 

(c) NaBr and (d) NaNO3, respectively.   

 

4.3.4 Conclusions 

A series of anions were demonstrated to remarkably affect and promote the formation 

of ZIF-8 from stoichiometric molar ratio of precursors in aqueous ammonia solution 

at room temperature. The requirement of ammonia concentration for the formation of 

pure ZIF-8 phase can be readily modulated by the anion. In addition, the anion types 

and concentrations can effectively promote the formation of pure ZIF-8 phase with 

tuneable particle morphologies and textural properties. The anion effect capacity was 

revealed to be SO4
2- 

> CH3COO
- 

> Cl
- 

> Br
- 

> NO3
-
, which follows the classic 

Hofmeister anion sequence.  

4.4 Summary 
A cost-effective and facile method for the preparation of ZIF-8 materials from 

stoichiometric molar ratios of zinc ions and 2-methylimidale precursor in aqueous 

ammonia solution at room temperature with high efficiency was presented. Ammonia 

can promote the deprotonation of 2-methylimidazole ligand and accelerate the 

formation of ZIF-8. The concentration of ammonia is an important factor which can 

be readily adjusted to give control the structures, particle crystal sizes and textural 

properties. This green, low-cost and efficient synthesis method has great potential for 

large scale production of ZIF-8 for practical applications in the future.  

In addition, a series of anions that affects the formation of ZIF-8 in aqueous ammonia 

systems has been demonstrated. The requirement of ammonia concentration for the 
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generation of pure ZIF-8 phase can be modulated by the anions. In addition, the anion 

types and concentration remarkably influence on the formation of pure ZIF-8 and the 

anion effect capacity follows the classic Hofmeister anion sequence. The Hofmeister 

anion effect is important to better understand the formation mechanism of ZIFs in 

different systems and is also useful in other research areas such as interface chemistry. 
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5. Chapter 5: ZIF-8/graphene oxide nanocomposites with 

their applications 
 

5.1 Introduction 
Recently ZIFs materials have triggered great interests on their promising and potential 

applications in gas separation, catalysis, sensing and electronic devices, and drug 

delivery.
294, 323, 324

 In particular, the presence of basic imidazolate units as an integral 

part of the frameworks offers great potential to utilize ZIFs as CO2 capture 

candidates.
294, 307

 However, owing to the relative small accessible pore apertures 

and/or the weak interactions between the pore walls and small gas molecules, it is 

difficult to fully take advantage of the ZIFs pores for gas adsorption. It is, 

nevertheless, suggested that the combination of an inert CO2 absorbent with an active 

one, can produce a novel material that can remarkably improve CO2 uptake 

efficiency.
325

 

On the other hand, the last few years have witnessed the great rise of interest in 

graphene and graphene-based materials.
326-328

 Graphene oxide (GO), a very important 

precursor for graphene, has a layered structure with plenty of functional groups, 

which consist of hydroxyl and epoxy groups mostly in the graphene layers, and small 

amount of carboxy, carbonyl, phenol, lactone and quinone on the edges of the 

layers.
329-332

 GO is usually produced by chemical treatment of graphite with strong 

oxidizing agents. Owing to its unique structure, GO has been widely explored and 

utilized in the preparation of composite materials with promising adsorptive and 

electronic properties.
333-335

  

Actually, MOFs-based graphite oxide composites have been investigated for various 

applications. For instance, Bandosz and colleagues reported the synthesis of MOF-5 

and graphite oxide hybrid composites for the adsorption of ammonia.
335, 336

 Later they 

further explored the coordination chemistry of GO/MOF composites and their 

applications as adsorbents.
337

 Recently, the same group found that the composites of 

copper-based MOF with aminated GO can enhance CO2 adsorption.
338

 Moreover, 

Jahan et al generated conducting nanowires consisting of MOF-5 and functionalized 

graphene,
339

 and they also prepared copper-centered MOFs and GO composites as a 

tri-functional catalyst in three important electrocatalysis reactions,
340

 partly due to the 

good synergistic interactions between MOFs and GO. There are, however, rare reports 
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on the ZIF/GO composites in literature. Recently, Rao and co-workers generated 

hybrid composites of GO with ZIF-8, which exhibited tunable nanoscale morphology 

and good CO2 uptake at 195 K.
334

 Unfortunately, the use of methanol as synthesis 

medium presents plenty of disadvantages, especially some environmental concerns 

since organic solvents are usually toxic and flammable. Moreover, the poor dispersion 

capacity of GO in methanol,
27

 inevitably results in the formation of inhomogeneous 

samples such as mechanical mixtures that may remarkably decrease in the textural 

properties of the resulting materials. Therefore, these previous works encouraged us 

to explore a facile and green approach to generate graphene oxide/zeolitic imidazolate 

frameworks composites that integrate the unique properties of both components.  

In this chapter, we present a simple and controllable in-situ synthesis method to 

produce GO/ZIF-8 composite materials in aqueous ammonia solution. These 

composites largely maintain the high textural properties, and the crystal sizes for ZIF-

8 in the composites are tunable via control over the amount of GO in the synthesis 

medium during the generation. The resulting GO/ZIF composites exhibited enhanced 

CO2 uptake capacity due to the increased interactions between CO2 molecules and the 

composites.  

5.2 Characterizations of the ZIF-8/graphene oxide nanocomposites 
The X-ray diffraction patterns (XRD) of the controlled in-situ synthesized GO/ZIF-8 

composites with different GO contents are presented in Figure 5.1. For comparison, 

the XRD for pristine GO, bare ZIF-8 and a mechanical mixed sample 10GO-ZIF-M 

are also included in Figure 5.1. The pristine GO shows a characteristic peak at 2θ of 

12
o
, representing the average interlayer spacing of 7.4 Å;

341
 while bare ZIF-8 exhibits 

pure sodalite (SOD)-type structures in the XRD patterns. Moreover, the mechanical 

mixed sample 10GO-ZIF-M displays XRD peaks contributed from both ZIF-8 and 

GO, suggesting that there is no obvious interaction between ZIF-8 and GO in the 

mechanical mixing sample. However, the XRD results of the controlled in-situ 

synthesized GO-ZIF composites exclusively exhibit only peaks from the sodalite 

(SOD)-type ZIF-8 without other new peaks or peaks from GO, regardless of GO 

contents in the composites. Actually, even if the GO content is up to 30 wt%, the 

XRD patterns for the composite 30GO-ZIF (see Figure 5.2) are still similar to those 

for the ZIF-8 and other GO-ZIF composites with lower GO contents, indicating that 

GO sheets in the in-situ synthesized GO-ZIF composites may form strong interactions 
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with ZIF-8 in the aqueous ammonia system during the synthesis procedure. 

Considering that GO contains rich hydroxyl, carboxy and epoxy groups, while 2-

methylimidazole possesses abundant N-H functional groups, it is highly likely that the 

presence of GO may facilitate the formation of hydrogen bonds between GO and the 

imidazolate unit that is an integral part of ZIF-8, resulting in the homogenous 

combination of the imidazolate unit and GO, which is consistent with previous 

reports.
334

 It is, however, worth noting that the XRD results of composites with higher 

GO contents are different from the previous reports,
334, 336

 likely due to the poor 

dispersion ability of GO in organic solvent synthesis media, which result in the 

formation of composites similar to mechanically mixed materials. In addition, the 

XRD peak for GO may shift in a wide range depending on the water content in the 

GO sheet layers, thus its peak may be overlapped with the XRD peaks of ZIF-8 

although we cannot rule out the possibility that the low GO content in the in-situ 

synthesized GO-ZIF8 composites may be beyond the detection limit of XRD 

instrument. 

 

Figure 5.1 Powder XRD patterns of in-situ synthesized GO-ZIF composites, GO-ZIF-

M, GO and ZIF-8. 

 

Figure 5.2 Powder XRD pattern of in-situ synthesized 30GO-ZIF composite. 
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The thermal gravimetric analysis (TGA) and corresponding mass spectroscopy (MS) 

signals of ZIF-8, 10GO-ZIF, 10GO-ZIF-M and pristine GO, performed under air flow 

are presented in Figure 5.3, which provides another evidence of the formation of 

strong interaction between GO and ZIF-8 in the controlled in-situ synthesized GO-

ZIF composites. For pristine GO, besides the removal of adsorbed water at low 

temperature (see the weight loss in Figure 5.3a and H2O signal in Figure 5.3d), it 

decomposes dramatically at 250 
o
C, accompanied by the release of CO2 and H2O (see 

Figure 5.3a, b and d). For sample ZIF-8, two weight loss events centred at 450 and 

500 
o
C were observed, corresponding to the decomposition of organic imidazolate 

species and the burning off the formed carbon species with the emission of CO2, NO2 

and H2O, as demonstrated by MS signals in Figure 5.3b, c and d. For the mechanical 

mixed composite 10GO-ZIF-M, it exhibits not only the weight loss events in TGA but 

also the MS signals from degradation of both components GO and ZIF-8, implying 

that there is no obvious interaction between GO and ZIF-8 in this mechanically mixed 

sample. However, the TGA-MS results of the in-situ synthesized 10GO-ZIF 

composite exhibit similar decomposition temperatures, weight losses and gas 

releasing signals with the pristine ZIF-8, without any feature of pristine GO, 

indicating that the GO sheets in the in-situ synthesized composites may form strong 

interaction with ZIF-8, which is also in agreement with XRD results. 
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Figure 5.3 (a) TGA curves and MS signals of (b) CO2, (c) NO2 and (d) H2O 

respectively for sample GO, ZIF-8, 10GO-ZIF and 10GO-ZIF-M. 

 

Moreover, the FTIR spectra also confirm the formation of strong interactions between 

GO and ZIF-8 in the in-situ synthesized GO-ZIF composites. As shown in Figure 5.4a, 

all the in-situ synthesized GO-ZIF composites exclusively exhibit FTIR spectra 

similar to ZIF-8, but the mechanical mixed 10GO-ZIF-M sample displays spectrum 

contributing from both GO and ZIF-8. As presented in Figure 5.4b, most of the 

absorption bands for ZIF-8 and the in-situ synthesized GO/ZIF composites are 

associated with the vibrations of the imidazole units, such as the peak at 1584 cm
-1

 

can be assigned as the C=N stretch mode, while the bands at 1350–1500 cm
-1

 are 

associated with the imidazole ring stretching. The bands in the spectral regions of 

900–1350 cm
-1

 and those below 800 cm
-1

 are assigned as the in-plane bending and 

out-of-plane bending of the imidazole ring.
342

 Particularly, the strong bands at 1150 

and 995 cm
-1

 is due to the C-N stretching of the imidazole units. Clearly, no bands can 

be attributed to C-O bonds in the in-situ synthesized GO-ZIF composites. However, 

the mechanical mixed 10GO-ZIF-M sample displays absorption bands not only from 
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ZIF-8, but also the main bands from GO, such as C=O stretching vibrations at 1710 

cm
-1

, C-O stretching vibrations in epoxy or alkoxy groups at 1049 cm
-1

 and C=C 

skeletal vibration bands from unoxidized graphitic domains or the stretching 

deformation vibration of intercalated water at 1620 cm
-1

, which are consistent with 

previous reports.
343

 These observations clearly confirmed that strong interactions are 

formed between GO and ZIF-8 in the in-situ synthesized GO-ZIF composites, while 

no such interactions exist in the mechanical mixed 10GO-ZIF-M sample.  

Figure 5.5 presents the UV-Vis absorption spectra of GO, ZIF-8 and 10GO-ZIF 

dispersed in water. The absorption peak of GO at 217 nm is due to the characteristic π 

-plasmon absorption and a shoulder peak at about 260 nm, which is assigned to n-π 

transitions of C=O bonds. The pristine ZIF-8 has an absorption band at 220 nm, while 

10GO-ZIF composite shows a slight shift in absorption band at 222 nm compared to 

pristine ZIF-8. This red shift in the absorption band could be caused by charge or 

energy transfer interaction between the poly-aromatic scaffold in GO and ZIF-8,
340

 

further suggesting the formation of strong interaction between the GO and ZIF-8 

species in the in-situ synthesized GO/ZIF composites. 

  

Figure 5.4 FTIR spectra of GO-ZIF composites, GO-ZIF-M, GO and ZIF-8.  

 

Figure 5.5 UV-Vis spectra of GO, ZIF-8 and representative GO-ZIF composite.  
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The morphologies of the studied samples were characterized using scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). SEM images in 

Figure 5.6a-d show that the pristine ZIF-8 crystals have the uniform micrometer-sized 

cubic shapes, which is consistent with previous reports.
344

 Obviously, the crystal size 

of ZIF-8 can be adjustable by control over the amount of GO in the in-situ 

synthesized composites. The average crystal size for ZIF-8 particles decreases 

gradually from 5 µm for pristine ZIF-8 to 1.5 µm for the in-situ synthesized 15GO-

ZIF sample with 15 wt% GO content. Actually, if the GO content in the in-situ 

synthesized composite further increases up to 30 wt%, the average crystal size for 

ZIF-8 particles in the resulting 30GO-ZIF sample can decrease to 0.7 µm (see Figure 

5.7). The crystal sizes of ZIF-8 particles in the in-situ synthesized GO-ZIF composites 

are probably controlled by the functional groups of GO through coordination 

modulation which inhibits the growth of crystals,
334

 in which the GO sheets could be 

performed as a structure-directing agent for the nucleation and growth of ZIF-8 

crystals. In addition, Figure 5.6e and Figure 5.6f present the SEM images of 10GO-

ZIF-M and GO, respectively. Obviously, the mechanical mixed sample 10GO-ZIF-M 

displays ZIF-8 crystals with size around 5 µm and the GO sheets are clearly separated 

from the ZIF-8 crystal without any interactions with GO due to mechanical mixing. 

Representative TEM images of in-situ synthesized 10GO-ZIF composite were 

presented in Figure 5.8. It is found that the as-synthesized GO-ZIF composite exhibits 

the regular cubic-shape of ZIF-8 crystals, which is consistent with the SEM results. 

Furthermore, it can be clearly observed that some GO sheets are attached on the edges 

of the ZIF-8 crystals (Figure 5.8a) and some GO sheets are actually embedded in the 

ZIF-8 cubic particles (Figure 5.8b), suggesting the potential to form strong interaction 

between the ZIF-8 particle and GO sheets; Consequently, it is likely to generate 

homogenously ordered structures in the in-situ synthesized GO-ZIF composites.
336

 

However, it’s worth noting that the particle sizes for GO in the in-situ synthesized 

GO-ZIF8 composites (Figure 5.8a) are much smaller than those for pristine GO 

(Figure 5.6f), which also further confirm that the GO in the in-situ synthesized GO-

ZIF8 composites is different from the pristine GO particles due to the formation of 

new chemical bonds between GO and ZIFs crystals. 
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Figure 5.6 Representative SEM images of in-situ synthesized GO-ZIF composites 

and GO sample: (a) ZIF-8, (b) 3GO-ZIF, (c) 10GO-ZIF, (d) 15GO-ZIF, (e) 10GO-

ZIF-M and (f) GO. 
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Figure 5.7 Representative SEM image of in-situ synthesized 30GO-ZIF composite. 

 

  

Figure 5.8 Representative TEM images of in-situ synthesized 10GO-ZIF composite. 

 

The textural properties of the GO-ZIF composites can be obtained from N2 

adsorption–desorption measurements at liquid nitrogen temperature. As shown in 

Figure 5.9, the nitrogen sorption for GO is quite low because of its nonporous 

structure,
345

 and all the in-situ as-synthesized GO-ZIF composites show type I 

isotherms with adsorption and desorption branches are completely reversible, 

indicating negligible mesopores existed in these composites. Moreover, all the in-situ 

synthesized GO-ZIF composites display significant adsorption of nitrogen under low 

relative pressure, implying those composites are micropore dominated materials, 

which are in agreement with the microporous nature of ZIF-8 material (as shown in 

Figure 5.9). The mechanical mixed sample 10GO-ZIF-M also exhibits large quantity 

of nitrogen adsorption under low relative pressure in its isotherms due to the 
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microporous nature of ZIF-8; however, it shows a large hysteresis loop between 

adsorption and desorption branches, suggesting the existence of mesoporous voids 

between the sample particles, which is obviously different from the in-situ 

synthesized GO-ZIF composites. In addition, as summarized in Table 5.1, the textual 

properties of the in-situ synthesized GO-ZIF composites are tuneable by control over 

the GO content in the composites. Generally, compared to the pristine ZIF-8, the 

surface area and pore volume for the in-situ synthesized GO-ZIF composites with 

lower GO content (such as sample 3GO-ZIF and 10GO-ZIF) increase slightly, but the 

surface area for GO-ZIF composite with higher GO content (such as sample 15GO-

ZIF) decreases slightly. The increase in surface area for lower GO content composites 

(sample 3GO-ZIF and 10GO-ZIF) can arise from the synergistic effect,
338

 which is 

the strong interactions between GO and ZIF-8 resulting in the formation of new 

developed porosities in the in-situ synthesized composites; while the decrease in 

surface area for 15GO-ZIF may due to an increasing proportion of nonporous GO in 

the composite, which may result in partially blocking the pore channels of ZIF-8. 

Compared to the pristine ZIF-8, the in-situ synthesized 15GO-ZIF composite with 15 

wt% GO exhibits small level (around 5.6%) of decrease in surface area. On the 

contrary, a mechanical mixed sample 10GO-ZIF-M with 10 wt% GO, shows surface 

area of 1188 m
2
 g

-1
, which is 15.6% lower than that of the pristine ZIF-8 sample and 

16.0% lower than that of in-situ synthesized 10GO-ZIF composite with the same 

amount of GO content. These observations clearly demonstrated that the in-situ 

synthesized composites are not just simply a physical mixture of GO and ZIF-8, but 

formed by a synergy effect between GO and ZIF-8. This synergistic effect may not 

only lead to form new porosity between GO and ZIF-8 units, but also may cause those 

“lace-like” structures where GO sheets could be embedded within ZIF-8 crystals.
338
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Figure 5.9 Nitrogen sorption isotherms measured at -196 
o
C for sample GO, ZIF-8, 

10GO-ZIF-M and the as-synthesized composites (3GO-ZIF, 10GO-ZIF and 15GO-

ZIF). For clarity, the isotherms for samples 3GO-ZIF and ZIF-8 are offset for 50 and 

100 along y axis respectively. 

 

Table 5.1 Textural properties and CO2 uptake capacities of studied samples. 

Sample GO content 

(wt %) 

Surface area 

(m
2
 g

-1
) 

Pore 

volume 

(cm
3
 g

-1
) 

CO2 uptake 

at 1.0 bar 

(cm
3
 g

-1
) 

ZIF-8 0 1408 0.67 37 

3GO-ZIF 3 1439 0.71 40 

10GO-ZIF 10 1414 0.78 49 

15GO-ZIF 15 1328 0.68 35 

10GO-ZIF-M 10  1188 0.74 33 

GO 100 25 0.07 6 
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5.3 CO2 uptake performance  
A variety of porous materials including zeolites, mesoporous silicas, MOFs and 

porous carbons can be used as solid adsorbents for CO2 capture due to the increased 

environmental concerns.
346-349

 The CO2 adsorption capacities at 0 
o
C for GO, ZIF-8, 

10GO-ZIF-M and the in-situ synthesized composites (3GO-ZIF, 10GO-ZIF and 

15GO-ZIF) are presented in Figure 5.10a and their CO2 uptake capacities are also 

summarized in Table 5.1. Generally, CO2 uptake capacities of porous materials are 

related to sample surface area, which is consistent with our previous report.
350

 GO is a 

weak CO2 adsorbent with an uptake capacity of 6 cm
3
 g

−1
 at 0 

o
C and 1.0 bar, while 

the pristine ZIF-8 shows a CO2 uptake capacity of 37 cm
3
 g

−1
 under the same 

conditions. Compared with the pristine ZIF-8, the in-situ synthesized composites with 

GO content up to 10 wt% (sample 3GO-ZIF and 10GO-ZIF) exhibit increased CO2 

uptake capacities, but the composite with higher GO content (sample 15GO-ZIF) then 

shows decreased CO2 adsorption. As a result, both samples 3GO-ZIF and 10GO-ZIF 

display higher CO2 uptake while sample 15GO-ZIF show slightly lower CO2 sorption 

capacity than pristine ZIF-8. It is worth noting that compared with the pristine ZIF-8, 

the in-situ synthesized 10GO-ZIF composite exhibited up to 33% increase in the CO2 

uptake capacity at 0 
o
C and 1.0 bar. This unusual CO2 uptake can also be attributed to 

the synergistic effect of GO and ZIF-8, where GO with different functional groups 

provides specific interaction sites for CO2.
334

 Moreover, the formation of hydrogen 

bonds between GO and imidazolate unit that is an integral part of ZIF-8 can increase 

not only the degree of interaction between graphene oxide layers and ZIF-8 crystals, 

but also the generation of new porosities. Consequently, the total porosities of the 

composites have been increased and therefore the CO2 adsorption capacities have also 

been enhanced. This is supported by the data in Table 5.1 where the CO2 uptake 

capacity of sample 10GO-ZIF is higher than that of pristine ZIF-8 and bare GO. In 

addition, as the composites were synthesized in aqueous ammonia solution medium, 

the synthesized composites may undergo N-doping treatment, which may benefit to 

CO2 adsorption.
246

 However, the mechanical mixed sample 10GO-ZIF-M shows CO2 

uptake capacity of 33 cm
3
 g

−1
, which is 10.8% and 32.7% lower than that of pristine 

ZIF-8 and the in-situ synthesized 10GO-ZIF composite with the same amount of GO 

content respectively. Therefore, the introduction of GO into the composites via 

controlled in-situ synthesis method can effectively affect the textural properties and 
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consequently influence remarkably on the CO2 uptake capacities of resulting 

composites.  

 

 

Figure 5.10 (a) CO2 adsorption capacities at 0 
o
C for sample GO, ZIF-8, 10GO-ZIF-

M and the in-situ synthesized composites (3GO-ZIF, 10GO-ZIF and 15GO-ZIF); (b) 

Isosteric heat of CO2 adsorption (Qst) for representative in-situ synthesized 10GO-ZIF 

composite and pure ZIF-8 as a function of the amount of CO2 adsorbed. 

The CO2 adsorption energy (i.e., isosteric heat of adsorption, Qst), which indicates the 

strength of interaction between CO2 molecules and the adsorbents, was calculated 

using the CO2 sorption isotherms measured at 0 and 25 
o
C based on the Clausius-

Clapeyron equation. The plots of Qst as a function of CO2 uptake for ZIF-8 and 

10GO-ZIF are presented in Figure 5.10b. The initial isosteric heat of the adsorption 
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Qst for pristine ZIF-8 is 32 kJ mol
-1

 at low CO2 uptake (low surface coverages), which 

gradually drops to an average Qst of 29 kJ mol
-1

 at high CO2 uptake (high surface 

coverages). The initial and average Qst for ZIF-8 are generally higher than those 

values reported in literature
334, 351

 These observed higher Qst values for ZIF-8 are 

probably due to the use of the aqueous ammonia solution as synthesis system. 

Interestingly, the initial isosteric heat of the adsorption Qst for the representative in-

situ synthesized 10GO-ZIF composite displays a significantly high value of 50 kJ 

mol
-1

 at low CO2 uptake, suggesting a strong interaction between CO2 molecule and 

10GO-ZIF composite. It indicated that under aqueous ammonia system, the 

synergistic effect of GO and ZIF-8 plays a predominant role in the initial interaction 

when CO2 adsorbed on the surface of the composite, probably due to the formation of 

strong acid-base interaction between the acidic CO2 molecules and the basic 

imidazolate units as an integral part of the composites. At higher CO2 coverages, the 

Qst value of 10GO-ZIF reduces to an average value of 31 kJ mol
-1

, which is higher 

than that of ZIF-8, suggesting stronger interaction between CO2 molecule and the in-

situ synthesized 10GO-ZIF than that in ZIF-8 at higher CO2 coverages, due to the 

synergistic effect between GO and ZIF in the in-situ synthesized 10GO-ZIF 

composite. The synergistic interactions of ZIFs and GO may offer a new approach to 

prepare other ZIFs/GO composites for different applications. 

5.4 Summary 
In summary, composites containing ZIF-8 and various contents of GO have been 

successfully prepared using an in-situ controlled synthesis method in an aqueous 

ammonia system. Different material characterization techniques including XRD, 

TGA-MS, FTIR and UV-Vis spectra confirm the formation of strong interactions 

between ZIF-8 and GO in the synthesized composites. The crystal sizes of ZIF-8 and 

the textural properties of composites can be modulated by the control over the amount 

of GO in the composites. GO may act as a potential structure-directing agent for the 

growth and stabilization of ZIF-8 crystals. In addition, the in-situ synthesized 

composites show enhanced CO2 adsorption energy and significant CO2 storage 

capacity, due to the strong interactions and the synergistic effect between GO and 

ZIF-8 facilitating the formation of new developed porosities in the in-situ synthesized 

composites. The synergistic interactions of ZIFs and GO may provide a new path to 

fabricate novel GO/ZIFs composites for a wide range of applications.  
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6. Chapter 6: Zinc oxide/nanoporous carbon composites 

derived from ZIF-8 and its applications 
 

6.1 Introduction 
Porous carbon materials with high specific surface area, large pore volume, narrow 

pore-size distribution, good chemical and thermal resistance, and affinity to organic 

contaminations are very promising for many applications,
352-355

 particularly being 

widely used in air and water purification, gas storage, catalysts, and eletrochemical 

devices.
356-359

 After enormous efforts have been devoted in recent years, the pore 

structures of carbon at micropore or mesopore levels can be controlled by various 

synthetic approaches.
360-362

 

Recently, porous carbon–metal oxide composite materials have attracted huge interest 

due to their promising potential in environmental applications, such as gas sorption 

and contamination removal from water. Reducing CO2 emission has become a key 

environmental challenge since CO2, one of the main greenhouse gases and mainly 

generated from the combustion of fossil fuels, has been widely recognised to 

contribute to global warming. For instance, mesoporous carbon-MgO composites 

have showed high efficiency for CO2 capture.
363, 364

 In addition, removal of organic 

pollutants from industrial and household wastewater is also an important environment 

issue and carbon-semiconductor composites have been explored for organic pollutants 

removal from wastewater.
365-368

 For example, porous carbon-TiO2 composites act not 

only as a photocatalyst under visible light and show good photodegradation activity 

for organic pollutants, but also as an adsorbent to adsorb the pollutants through the 

pores of the matrix.
365-367

 Similarly, a porous carbon-doped ZnO composite also 

exhibited a good photocatalytic performance in terms of the degradation of organic 

pollutants under visible light.
368, 369

 

However, the components in these porous carbon-metal oxide composites usually 

cannot achieve homogeneous dispersion since they were frequently prepared by 

mechanical or physical mixing of the metal oxides with the porous carbon materials. 

More recently, metal organic frameworks (MOFs) (including Zeolitic Imidazolate 

Frameworks (ZIFs)), a new class of inorganic-organic crystalline nanoporous 

materials that assembled from metal ions coordinated to rigid organic ligands,
370, 371

 

have emerged as promising precursors or sacrificial templates for the preparation of 
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porous carbon based materials,
28, 372

 due to their tuneable structures, vast 

functionalities and fascinating properties. The preparation procedure is simple, and 

porous carbon-based materials can be produced by the direct carbonization of MOFs 

in an inert atmosphere, without any additional carbon precursors. Thanks to the 

inorganic-organic crystal structure of the parental MOFs, the generated metal or metal 

oxide can be retained homogeneously within the nanoporous carbon matrix.
28

 To date, 

only a few reports have adapted such a thermal treatment of MOFs route for the 

fabrication of composites. Das et al reported a generalized strategy for the synthesis 

of crystalline metal oxide nanoparticles embedded in a carbon matrix by a controlled 

thermolysis of MOFs.
373

 Yamauchi et al demonstrated the creation of nanoporous 

carbon–Co2O3 hybrid materials using a two-step thermal conversion of ZIF-9,
258

 

while Guangju et al obtained N-doped carbon-Co3O4 composites using a one-step 

thermal conversion from a specific MOF, Co–I–MOF.
374

 Most recently, we utilized a 

typical sodalite topology ZIF-8, which is built from corner-sharing tetrahedral ZnN4 

units and the coordination bonds between the Zn
2+

 ions and 2-methylimidazole anions 

that are amongst the most stable N-donor ligands,
256

 to synthesize ZnO/porous carbon 

composites by the direct carbonization in argon atmosphere, but no XRD peaks 

related to either ZnO or Zn can be observed in these composites.
257

 Therefore, 

designing new synthesis strategies to create efficient porous carbon-metal oxide 

composites is highly desirable. 

Water is a natural green solvent and water steam has been widely considered as a 

weak oxidizing agent that can benefit to the slow oxidation rate. Therefore, such a 

mild and fine controllable oxidation process will not compromise the properties of 

target materials. This becomes particularly true when water steam is used as an 

oxidation agent during the generation of porous carbon-metal oxide composites since 

water steam can react with and oxidise carbons at high temperatures. Inspired by these 

facts, in this part of the work, a mild and green one-step oxidation approach using 

water steam at high temperatures has been developed and demonstrated its promising 

effectiveness in the utilisation of ZIF-8 as a single precursor to generate atomically 

homogeneous dispersed ZnO/nanoporous N-doped carbon composites, which 

exhibited excellent CO2 uptake capacities, efficient adsorption and photodegradation 

performance in the removal of methylene blue (MB) from water under visible light 

irradiation. 
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6.2 Characterizations of the zinc oxide/nanoporous carbon 

composites 
In a typical synthesis, an alumina boat with ZIF-8 was placed in the centre of a flow-

through quartz tube sitting in a tube furnace. The furnace was heated at 10 
o
C /min to 

the target temperature under pure argon; when the furnace temperature reached 800 

o
C, a 20 ml/min of argon flow saturated with water vapour was introduced in and 

maintained at the target temperature for 3 h. The gas flow was then switched to argon 

only while the furnace cooled to room temperature. The final product was collected 

from the quartz tube and labelled as ZnO/C-S-S. Another sample was also obtained 

via the similar one-step direct carbonization process where a 20 ml/min of argon flow 

saturated with water vapour is constantly presented during the heating up step, the 

maintaining at the target temperature for 3 h and the cooling down to room 

temperature. This sample was designed as ZnO/C-S-L. For comparison, the one-step 

process was also applied to the annealing of ZIF-8 at 800 
o
C for 3 h under argon with 

a flow rate of 20 ml/min,
257

 and the collected samples was named as ZnO/C-A. A 

pure ZnO was also obtained via annealing of ZIF-8 in air at 800 
o
C for 3 h. 

The sodalite structure of precursor ZIF-8 was first confirmed by XRD in Figure 6.1a 

and the crystal structures of the as-synthesized ZnO/C composites were characterized 

by XRD and presented in Figure 6.1b. The sample ZnO/C-S-S which derived from 

water vapour carbonization of ZIF-8 for shorter period (3 h) shows XRD peaks at 2θ 

of 31.7°, 34.3°, 36.2°, 47.4°, 56.5°, 62.7°, 66.3°, 67.9° and 69.0°, which can be 

assigned to (100), (002), (101), (102), (110), (103), (200), (112) and (201) of ZnO 

with polycrystalline wurtzite structure (Zincite, JCPDS 5-0664). The ZnO/C 

composite derived from water vapour carbonization of ZIF-8 for longer duration 

(sample ZnO/C-S-L), exhibits the main XRD peaks from wurtzite ZnO with reduced 

peak intensities. However, the sample derived from the carbonization in argon 

(sample ZnO/C-A) displays no peaks from ZnO, which is consistent with our previous 

observation.
257

 Clearly the carbonization atmosphere has significant effect on the 

resulting composites. In addition, all the ZnO/C composites exhibit a broad XRD peak 

centred at the 2θ of 25
o
 due to the (002) diffraction of carbon, indicating that the 

utilization of water vapour atmosphere does not damage the formation of porous 

carbon from ZIF-8 precursors.  
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Figure 6.1 Powder XRD patterns of ZIF-8 (a); and the composites of ZnO/C-S-S, 

ZnO/C-S-L and ZnO/C-A (b). 

 

FTIR is an excellent technique for monitoring the presence of different functionalities 

on the surface of the composites. As shown in Figure 6.2, sample ZnO/C-A derived 

from the carbonization in argon atmosphere displays broad peaks at 1210 cm
-1

 that 

can be assigned to C–C, C–N stretch while the 1580 cm
-1 

peak may come from 

aromatic C=C, C=N stretch of N-doped carbon. A shoulder peak at around 1057 cm
-1

 

can be due to the Zn-N stretching. For the composites derived from steam 

carbonization, however, a strong asymmetric peak centred at 1205 cm
-1

 is the 

contribution from the C-O stretch as well as the C-C and C-N stretch. The peak at 

1580 cm
-1

 is stronger than in sample ZnO/C-A owing to the bending vibration of Zn-

O-H bonding coupled with the contribution of C=C and C=N stretch from carbon, and 

Zn-O stretching model is clearly observed at 555 cm
-1

. Moreover, an asymmetric peak 

between 1650–1850 cm
-1

 was observed for the steam carbonized samples, likely 

corresponding to the stretching vibration of C=O from the –COOH. In addition, a 

peak located at 3600-3700 cm
-1

 is attributed to the stretching of O-H groups from the 

Zn-OH or adsorbed water.
375

 These observations clearly demonstrate that steam 

carbonization of ZIF-8 results in the formation of ZnO crystals and N-doped carbons 

with –COOH and –OH functional groups.  
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Figure 6.2 FTIR spectra of the composites of ZnO/C-S-S, ZnO/C-S-L and ZnO/C-A. 

In the Raman spectra of the as-synthesized ZnO/C composites, the G band and D 

band are clearly seen as shown in Figure 6.3, due to the bond stretching of all pairs of 

sp
2
 atoms in both rings and chains and the breathing modes of sp

2
 atoms in rings, 

respectively.
376, 377

 The G band at around 1590 cm
-1

 supports the presence of some 

nanocrystalline carbon and a high content of sp
2
-hybridized carbon atoms caused by 

the carbonization of the samples. The D band at around 1350 cm
-1

 is an indication of 

less disordered carbon. Therefore, the relatively higher ID/IG values of 0.89 and 0.96 

for sample ZnO/C-S-S and ZnO/C-S-L respectively than that of 0.82 for sample 

ZnO/C-A, not only indicates the formation of abundant defects and amorphous 

carbons during the annealing process under both water steam and argon 

atmosphere,
378

 but also suggests that ZnO/C composites derived from water steam 

carbonization possess more defects than that derived from argon atmosphere due to 

the weak oxidation capacity of high temperature water steam. 

 

Figure 6.3 Raman spectra of the ZnO/C-S-S, ZnO/C-S-L and ZnO/C-A samples. 
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As presented in Figure 6.4a, the elemental survey by XPS of the as-synthesized 

composites confirms the presence of C, N, Zn and O in all the samples. The Zn 2p 

spectrum contains a doublet at binding energy of 1021.8 and 1044.5 eV (Figure 6.4b), 

assigned to Zn 2p3/2 and 2p1/2 lines, respectively. The binding energy distance 

between these two lines is 22.7 eV, indicating that the Zn ions in the composites are 

of a +2 state. As shown in Figure 6.4c, the O 1s spectrum exhibited the bonding 

energy peaked at 531.8 eV, which can be assigned to O
2-

 ions in the Zn–O bonding of 

the wurtzite ZnO structure.
379

 Moreover, the main peak for the O 1s spectra can be 

deconvoluted into three peaks centred at 530.7, 532.1 and 533.2 eV, which can 

ascribe to the contribution from the functional groups HO-C=O, C=O and C-OH, 

respectively.
380, 381

 It is worthwhile to note that the samples derived from water steam 

carbonization display higher O 1s peak intensity than sample derived from the 

carbonization in argon, indicating that water steam treatment successfully 

incorporates oxygen species into the resulting composites. The spectra for N species 

exhibit an intense peak at 398.7  eV and a less intense peak at about 400.6eV (see 

Figure 6.4e) , indicating the formation of highly coordinated quaternary ‘pyrrolic’ N 

atoms (400.6 eV) incorporated into graphene sheets, along with pyridine-like N atoms 

incorporated into graphene sheets (398.7 eV).
257

 As shown in Figure 6.4d, the C 1s 

spectrum of the samples exhibits a main peak at 284.9 eV, consistent with sp
2
 carbon. 

In addition, the C 1s spectrum can be further deconvoluted into peaks positioned at 

284.8, 285.8 and 287.7 eV, which may attributed to C=C, C=N/C-O and C-N/C=O 

respectively.
375, 380, 381

 Based on these XPS analysis and above-mentioned XRD 

results, we believe that the products derived from the carbonization of ZIF-8 under 

various conditions are basically N-doped carbon and ZnO composites. 

The elemental analysis results of the composites based on EDX analysis are presented 

in Table 6.1. The N content for ZnO/C-S samples derived from carbonization under 

water steam is in the range of 11.6 to 8.1 wt%, remarkably lower than that for sample 

ZnO/C-A which produced via carbonization under argon atmosphere and exhibits the 

highest N content of 16.5 wt%, possibly due to the high volatility of N species under 

water steam atmosphere. Actually the N content in sample ZnO/C-S-S is only half of 

that in sample ZnO/C-A. In addition, the bulk N content is very close to its surface 

content obtained from XPS (i.e., 8.1 and 7.8 wt% for sample ZnO/C-S-S obtained via 
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EDX and XPS analysis, respectively), implying the homogenous dispersion of N 

species in the resulting composites. 

 

 

  

Figure 6.4 XPS results of (a) elemental survey, (b) Zn 2p, (c), O 1s, (d) C 1s and (e) 

N 1s for samples derived from carbonization of ZIF-8 at 800 
o
C under different 

conditions. 
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Table 6.1 Textural properties, composition contents and CO2 uptake capacities of 

ZnO/C composites derived from the direct carbonization of ZIF-8 under different 

conditions. 

Sample Surface area
a
  / 

m
2 

g
-1

 

Pore volume
b
   / 

cm
3
 g

-1
 

N content
c
   / 

wt% 

CO2 uptake
d
  / 

mmol g
-1

 

ZnO/C-S-S 995 (895) 0.58 (0.41) 8.1 (7.8) 3.05 (5.32) 

ZnO/C-S-L 1134 (986) 1.06 (0.45) 11.6 (10.4) 3.23 (6.08) 

ZnO/C-A 771 (706) 0.41 (0.33) 16.5 (14.4) 2.85 (4.42) 

a 
The data in parenthesis are microporous surface area; 

b 
The values in parenthesis are 

micropore volume.; 
c 

Data in parenthesis are obtained from XPS analysis; 
d 

Data 

obtained at 25 
o
C and 1 bar, while the values in parenthesis are measured at 0 

o
C and 

1 bar. 

 

In addition, the photoluminescence (PL) of ZnO/C-S-S, ZnO/C-S-L, ZnO/C-A and 

ZnO is shown in Figure 6.5. The PL intensity of ZnO obtained via annealing of ZIF-8 

in air shows a peak around 520 nm which is caused by oxygen vacancies. However, 

the PL intensity of ZnO/C-S-S, ZnO/C-S-L and ZnO/C-A significantly decreased, 

suggesting that the excited electrons from ZnO can be transferred to the carbon phase 

369
. This phenomenon, quenching in emission of ZnO/C-S-S, ZnO/C-S-L and ZnO/C-

A, also indicates samples ZnO/C-S-S, ZnO/C-S-L, ZnO/C-A have a superior photo 

catalysis activity comparing with the pure ZnO. 

 

Figure 6.5 PL spectrum of ZnO/C-S-S, ZnO/C-S-L, ZnO/C-A and ZnO 
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The thermal stabilities of the composites in air were evaluated by TGA-MS. As 

shown in Figure 6.6a of the TGA profiles, all the composites exhibit a major weight 

loss event below 100 
o
C, corresponding to the removal of adsorbed water from the 

composites (Figure 6.6c). Moreover, composites ZnO/C-S-S and ZnO/C-S-L derived 

from the carbonization of ZIF-8 under water steam display a single weight loss event 

centred at 410–490 
o
C, which arises from the burn off the N-doped carbon species in 

air, as confirmed by the emission of CO2, NO2 and trace amount of H2O in their MS 

signals (see Figure 6.6b and d). However, the composite ZnO/C-A derived from the 

carbonization of ZIF-8 under argon atmosphere exhibits two weight loss events 

centred at 400 and 510 
o
C, due to the burning off N-doped carbons. Obviously, 

composites ZnO/C-S-S and ZnO/C-S-L retain lower residual material than composite 

ZnO/C-A after TGA measurement in air and the residuals are dominated by ZnO.
257

 

The general lower residual ZnO content (in the range of 10-16%) may be attributed to 

the fact that ZnO was reduced to metallic Zn by the formed carbon during the 

carbonization, and the formed Zn would evaporate during the high temperature 

process since Zn has a relative low boiling point (907 
o
C).  

 

  

Figure 6.6 TGA (a) and their corresponding MS curves for CO2 (b), H2O (c) and NO2 

(d) for different composites. 
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The textural characteristics of the as-synthesized composites are analysed by N2 

sorption at -196 
o
C and the results are summarized in Table 6.1. As shown in Figure 

6.7a, the N2 sorption of the as-synthesized composites all exhibit type I isotherms 

with significant adsorption below the relative pressure (P/P0) = 0.1, due to the 

capillary filling of micropores. The isotherms for all the composites are similar, and 

the adsorption–desorption isotherm branches are generally reversible, confirming 

their predominant microporous feature. Sample ZnO/C-S-S, ZnO/C-S-L and ZnO/C-A 

has a specific surface area of 995, 1134 and 771 m
2 

g
-1

 and pore volume of 0.58, 1.06 

and 0.41 cm
3
 g

-1
, respectively, slightly lower than that of the precursor ZIF-8 (Figure 

6.8a). It is worth noting that, compared with the composite derived from 

carbonization in Ar, the composites derived from water steam carbonization exhibit a 

29-47% increase in specific surface area and up to 1.5 times improvment in pore 

volume, indicating water steam carbonization can remarkably improve the surface 

area and pore volume of the resulting ZnO/C-S composites. Moreover, all the 

composites display high micropore surface areas (706–986 m
2
 g

-1
) and micropore 

volumes (0.33–0.45 cm
3
 g

-1
), originating from the high level of zeolite-type pore 

ordering of ZIF-8 which acts as both the template and the carbon precursor. The 

proportion of micropore surface areas for all the composites is around 90%, but the 

proportion of micropore volumes varies from 42–80%. The pore size distribution 

(PSD) of the composites is further analysed using a Non-Local Density Functional 

Theory (NLDFT) model based on N2 adsorption branch data, and the results show that 

all the as-synthesized composites possess a relative sharp PSD centred at 1.2 nm, 

without obvious mesopores (as shown in Figure 6.7b).  In addition, the formation of 

supermicropores in the range of 1.3–2.0 nm is clearly observed for these composites 

and the level of the supermicropores increases with the introduction of water steam, 

and it seems longer steam carbonization can accelerate the formation of 

supermicropores, implying that steam atmosphere processing can affect not only the 

surface area and pore volume, but also the pore diameters of the composites. 

Compared with the previous report that the hierarchical porous carbon contains 

micropores, along with the mesopores and macropores synthesized by solvent 

evaporation during the carbonization of MOFs
382

, our products mainly contain 

micropores, without obvious mesopores or macropores. Clearly, the introduction of 

the oxygen-containing functional groups via water steam process into the ZnO/C-S-S 
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and ZnO/C-S-L materials can effectively improve the textural properties of the 

composites
383

. 

  

Figure 6.7 N2 sorption isotherms (a) and the corresponding pore size distribution 

curves (b) of different porous composite samples. 

 

  

Figure 6.8 N2 sorption isotherms (a), and TEM image (b)of  ZIF-8 material. 

 

TEM analysis is carried out to further investigate the morphologies and 

microstructures of the resulting porous composites. As shown in Figure 6.8b, the ZIF-

8 precursor displays the typical rhombic dodecahedron morphology with an average 

particle size of 100-150 nm.
257

 After carbonization process either in Ar or in steam 

(a) 
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atmosphere, as presented in Figure 6.9, all the ZnO/C composites exhibit spherical-

like particles with smaller sizes around 100-130 nm but the small particles tend to 

agglomerate to form larger particles. It is difficult to observe obvious ZnO particles in 

low resolution TEM analysis, maybe due to the small particle size of ZnO and 

confinement effects by the carbon. However, under high resolution TEM, ZnO 

particles with size in the range of 5-10 nm can be clearly identified (as shown in 

Figure 6.9b and Figure 6.10). This is maybe due to the fact that the use of ZIF-8 as 

both precursor and template, can result in ZnO nanoparticles formed locally 

surrounded or coated by carbon derived from the carbonization of 2-methylimidazole 

species in ZIF-8 with arrangement similar to the precursor ZIF-8 structures, leading to 

homogeneous embedded the ZnO nanoparticles in the porous carbon matrix.
384

 In 

addition, as shown in Figure 6.9b, d and f, some pore channels in the carbon domains 

are distinguishable, with an estimated pore diameter of ca. 0.8–1.0 nm, which is 

consistent with the pore size obtained from N2 sorption analysis. A selected area 

electron diffraction (SAED) pattern (inset in Figure 6.9b) confirms the formation of 

crystalline ZnO and amorphous carbon, which is in agreement with the XRD 

observation in Figure 6.1b. 

  

  

 

ZnO particles 
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Figure 6.9 Representative TEM images for composite: (a) and (b) ZnO/C-S-S, inset 

showing selected area electronic diffraction pattern, (c) and (d) ZnO/C-S-L, and (e) 

and (f) ZnO/C-A. 

 

  

Figure 6.10 High-resolution TEM images of (a–b) ZnO/C-S-S 

 

To ascertain the distribution of ZnO nanoparticles in the composite samples, scanning 

transmission electron microscope combined with elemental mapping technique were 

used. As shown in Figure 6.11, the elemental mapping for both element O and Zn 

exhibit similar patterns to their selected area of TEM image, indicating the uniform 

dispersion of ZnO in the carbon matrix. In addition, the elemental mapping for C and 

N are also similar to their patterns of selected area of TEM image, implying both C 

and N are uniformly distributed throughout the ZnO/C-S-S sample. These results 

clearly demonstrated that atomically homogeneous dispersed ZnO/N-doped 

nanoporous carbon composites can be obtained via carbonization of ZIF-8 under 

water steam carbonization. The reason for the uniform dispersion of ZnO and N-

doped carbon is due to the use of a single molecular-like crystalline precursor ZIF-8, 
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whose homogeneously distributed Zn and N ensures their final thorough distribution 

on both the external and internal surfaces within the bulk after the carbonization 

process. In addition, as shown in Figure 6.12 and Figure 6.13, other composites, 

ZnO/C-S-L and ZnO/C-A, also demonstrate homogeneous elemental distribution 

throughout the samples, suggesting the formation of atomically and uniformly 

dispersed ZnO/N-doped carbon composites.  

 

 

Figure 6.11 Scanning transmission electron microscope image and elemental 

mapping for sample ZnO/C-S-S. 

 

 

Figure 6.12 Scanning transmission electron microscope image and elemental 

mapping for sample ZnO/C-S-L. 

 

 

Figure 6.13 Scanning transmission electron microscope image and elemental 

mapping for sample ZnO/C-A. 
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6.3 Applications 

6.3.1 CO2 uptake performance 

To evaluate the applications of the obtained ZnO/N-doped porous carbon composites, 

CO2 adsorption capacities at 25 
o
C for all the samples are presented in Figure 6.14a 

and the CO2 uptake capacities at 1 bar are summarized in Table 6.1. The CO2 

adsorption data is confirmed to be highly reproducible, almost identical over several 

runs, with variations usually lower than 1% in uptake capacity through the entire 

pressure range. At 25 
o
C and 1 bar, the CO2 adsorption capacities for samples ZnO/C-

A, ZnO/C-S-S and ZnO/C-S-L are 2.85, 3.05 and 3.23 mmol g
-1

, which is generally 

consistent with the gradually increased specific surface areas of these composites. 

Therefore, sample ZnO/C-S-L derived from steam carbonization for longer time 

shows the highest CO2 uptake at 1 bar amongst these composites. However, under 

low pressures, the ZnO/C-A sample with lower surface area but higher N content out-

performs the samples ZnO/C-S-S and ZnO/C-S-L with higher specific surface area but 

lower N content in the CO2 uptake, implying that both specific surface area and N 

content play important roles in the CO2 adsorption process at 25 
o
C, which is 

consistent with previous reports.
257, 385

 Moreover, as shown in Figure 6.15 and Table 

6.1, the CO2 adsorption capacities at 0 
o
C and 1 bar for composites ZnO/C-S-L, 

ZnO/C-S-S and ZnO/C-A, are 6.08, 5.32 and 4.42 mmol g
-1 

respectively, which is in 

agreement well with the observed change trends for CO2 uptake at 25 
o
C. Obviously, 

the longer steam carbonised sample ZnO/C-S-L exhibits the highest CO2 uptake at 1 

bar and 0 
o
C amongst the three studied composites. It is, however, worthwhile to note 

that under low pressures, the CO2 uptake capacity at 0 
o
C for sample ZnO/C-A out-

performs that for samples ZnO/C-S-S, but lower than that for sample ZnO/C-S-L, 

indicating that textural properties as well as surface chemistry (with different 

functional groups) can remarkably affect CO2 adsorption. Actually, surface 

modification is important for the CO2 adsorption. When water steam was used during 

the carbonization process, hydrophilic oxygen-containing functional groups such as –

OH and –COOH may be introduced onto the surface of ZnO/C-S-S and ZnO/C-S-L 

composites, which may benefit to the enhancement of the interaction between the 

adsorbents with CO2 molecules.  
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Figure 6.14 CO2 adsorption capacities at 25 
o
C (a) and the CO2 isosteric heat Qst (b) 

for the composite ZnO/C-S-S, ZnO/C-S-L, and ZnO/C-A. 

The CO2 adsorption energy (i.e., isosteric heat of adsorption, Qst), an indicator of the 

interaction strength between CO2 molecules and the adsorbents, is calculated using 

the CO2 sorption isotherms measured at 0 and 25 
o
C based on the Clausius-Clapeyron 

equation for all the samples, and the  resulting curves of Qst vs CO2 uptake are 

presented in Figure 6.14b. The initial Qst for the ZnO/C-A, ZnO/C-S-S and ZnO/C-S-

L materials is 44, 85 and 70 kJ mol
-1

, respectively, at lower CO2 uptake (low surface 

coverages). The adsorption Qst of ZnO/C-A is similar to previous observations on 

other typical N-doped porous carbon materials, but higher than those of most 

MOFs.
385, 386

 This high initial Qst values indicate a strong interaction between CO2 

molecules and the N-doped carbon.
257

 Surprisingly, the CO2 adsorption Qst of ZnO/C-

S-S and ZnO/C-S-L display significantly high values, suggesting much stronger 

interactions between CO2 molecules and steam carbonised samples than Ar 

atmosphere carbonised sample ZnO/C-A. This is maybe due to the fact that when CO2 

was adsorbed by samples ZnO/C-S-S and ZnO/C-S-L, a strong acid-base interaction 

may have occurred between the hydrophilic oxygen-containing functional groups and 

the acidic CO2 molecules. Furthermore, ZnO may also have played an important role 

in the initial interaction, by forming a strong chemical interaction between ZnO 

nanoparticles and CO2 molecules when CO2 was chemisorbed onto its surfaces.
387-389

 

Although the mechanism of the chemical interaction between them is yet to fully 

understood, it is believed the chemisorption of CO2 on ZnO is resulting in the 

formation of CO3
2-

 carbonate,
390

 which increases the interactions between the 

adsorbents and CO2.  
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At higher coverages, the Qst of the ZnO/C-A, ZnO/C-S-S and ZnO/C-S-L materials 

reduce to an average of 32, 39, and 42 kJ mol
-1

, respectively, which are much higher 

than previously reported values for pure carbon and N-doped carbon absorbents.
385, 391

 

Sample ZnO/C-S-L that has the intermediate N content, the highest textural properties 

and CO2 uptake capacity, and the longest steam treatment time, exhibits the highest 

Qst of 42 kJ mol
-1

 at higher coverages, which is actually the highest ever reported for 

any porous carbon based materials. Sample ZnO/C-S-S, possessing the intermediate 

specific surface area, the intermediate N content, and shorter steam treatment time, 

exhibits a Qst of 39 kJ mol
-1

 at high coverages. However, sample ZnO/C-A, which has 

a higher N content and lower textural properties but without steam treatment, shows 

the lowest Qst of 32 kJ mol
-1

 at high coverages. These results suggest that at higher 

CO2 coverages, both the textural properties and water steam treatment determined the 

interactions between CO2 and composites. 

 

Figure 6.15 CO2 adsorption capacities at 0 
o
C for composites ZnO/C-S-S, ZnO/C-S-L 

and ZnO/C-A. 

To probe the selectivity of the materials, the CO2 uptake at 298 K was compared to N2 

sorption (Figure 6.16). At ambient temperature and pressure, CO2 adsorption capacity 

on sample ZnO/C-S-S (3.05 mmol g
-1

) is far higher than that of N2, which only 

reaches 0.18 mmol g 
-1

. Therefore the CO2/ N2 adsorption ratio on sample ZnO/C-S-S 

is 16.9. Similarly, the CO2/ N2 adsorption ratio on sample ZnO/C-S-L and ZnO/C-A is 

17.7 and 15.7, respectively, implying excellent selectivity for CO2 uptake for the 

synthesized nanocomposites. This high CO2 uptake capacity and good selectivity for 

CO2 show the potential for next generation CO2 absorbents. 
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Figure 6.16 N2 sorption profiles at room temperature on sample ZnO/C-S-S, ZnO/C-

S-L and ZnO/C-A. 

 

6.3.2 Removal of methyl blue from water 

The porous carbons embedded with ZnO nanoparticles are frequently considered as 

efficient materials in adsorption and photodegradation of a toxic model substance, 

methylene blue (MB), under visible-light irradation.
368, 369

 To evaluate the capability 

to removal MB pollutant from water, the adsorption performance of different samples 

were first carried out in a dark room. As shown in Figure 6.17a, the time dependence 

of the percentage of the adsorbed MB amounts on ZnO/C-S-S, ZnO/C-S-L, ZnO/C-A 

and pure ZnO is presented. All the as-synthesized composite samples adsorb MB with 

time in dark, but not for pure ZnO, which indicates the carbon matrix plays the key 

role in the adsorption of MB in the dark. After 4 h, the composites ZnO/C-A, ZnO/C-

S-S and ZnO/C-S-L can adsorb 46, 67 and 64% MB from water solution respectively. 

Moreover, both samples ZnO/C-S-S and ZnO/C-S-L showed a similar uptake curve 

with higher adsorption capacities than sample ZnO/C-A. In addition, all the 

composites ZnO/C-S-S, ZnO/C-S-L and ZnO/C-A exhibited rapid adsorption 

performance in the first 1 h, then the adsorption gradually slowed down till 

approaching their adsorption/desorption equilibrium. The inset Figure 6.17a showed 

the time-dependent adsorption capacities of ZnO/C-S-S and ZnO/C-S-L, where 

ZnO/C-S-S and ZnO/C-S-L present impressive equilibrium MB dye adsorption 

capacity of 99 and 97 mg g
-1

, respectively.  
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Figure 6.17 The adsorption/photodegradation performances of the samples for the 

removal of methylene blue from water in dark room (inset: adsorption capacity) (a) 

and under visible light irradiation (b). 

The good adsorption performance of the composites can be accounted for by several 

factors, including the surface charge, hydrophilicity/hydrophobicity, and textural 

properties of the composite substrates. The high nanoporosity and open pore network 

of the carbon matrix can facilitate fast molecular diffusion, improving the 

accessibility to the entire pore surface. MB has a dimensional size of 1.43 nm × 0.61 

nm × 0.4 nm, which is compatible with the pore ranges of 1.2 to 2.0 nm for the 

ZnO/C composites obtained via the NLDFT method from N2 gas sorption analysis 

(Figure 6.7). Thus, the matched pore diameters can easily facilitate the diffusion of 

MB molecules into the carbon matrices. Moreover, the MB dye can interact 

effectively with the carbon surface, due to the π–π interactions between the MB 

molecule and the sp
2
 graphitic carbon in the ZnO/C composites (as confirmed by 

Raman analysis in Figure 6.3).
392

 In addition, the -COOH groups formed on the pore 

surfaces of the ZnO/C-S-S and ZnO/C-S-L, which were introduced by water steam 

carbonization, may also increase the interactions with the MB molecules.
393

 

Further adsorption kinetics analyses are carried out, using the pseudo-first-order and 

pseudo-second-order kinetic model,
394

 in an effort to understand the adsorption 

mechanism. The pseudo-first-order equation is given as follows:  

log(𝑄𝑒 − 𝑄𝑡) = 𝑙𝑜𝑔𝑄𝑒 −
𝑘1

2.303
𝑡              (6.1)    
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where k1 (min
−1

) is the adsorption rate constant of pseudo-first-order model, Qe (mg g
-

1
) and Qt (mg g

-1
) are the amount of solute on the adsorbent at equilibrium and time t, 

respectively. 

The pseudo-second-order rate reaction is dependent on the amount of solute adsorbed 

on the surface of the adsorbent and the amount adsorbed at equilibrium. The pseudo-

second-order equation is given as follows: 

𝑡

𝑄𝑡
=

1

𝑘2𝑄𝑒
2 +

𝑡

𝑄𝑒
                                     (6.2) 

where k2 (g mg
-1

 min
-1

) is the adsorption rate constant for the pseudo-second-order 

adsorption; Qe (mg g
−1

) and Qt (mg g
−1

) are the amount of solute adsorbed at 

equilibrium and at time t. 

The linear plots of log(Qe−Qt) vs. t and (t/Qt) vs. t are drawn for the pseudo-first-order 

and pseudo-second-order models, respectively (See Figure 6.18). The adsorption rate 

constants k1 and k2 can be obtained from the plot of experimental data. The adsorption 

rate constants, the calculated Qe, and the correlation coefficients R
2
 for the two kinetic 

models of the as-synthesized materials are summarized in Table 6.2. As seen from 

Table 6.2, the correlation coefficients (R
2
) of the pseudo-first-order model are 0.932, 

0.949 and 0.956 for ZnO/C-S-S, ZnO/C-S-L and ZnO/C-A, respectively. For the 

pseudo-second-order model, the correlation coefficients (R
2
) of the ZnO/C-S-S, 

ZnO/C-S-L and ZnO/C-A are all higher than 0.97. In addition, in the case of the 

pseudo-first-order model, the calculated Qe values were 88.69 mg g
-1

 for ZnO/C-S-S 

and 82.14 mg g
-1

 ZnO/C-S-L. On the other hand, the calculated Qe values from the 

pseudo-second-order model for the adsorption of MB by ZnO/C-S-S and ZnO/C-S-L 

were 105.72 and 97.56 mg g
-1

, respectively. Obviously, the calculated Qe values from 

the pseudo-second-order model are in agreement with the experimental measured data 

(shown in Figure 6.17a). It is therefore reasonable to assume that the adsorption of 

MB on these composites is dominated by the pseudo-second-order model, rather than 

the pseudo-first-order model. The MB dye molecules might be decomposed to form 

organic acids as the intermediate products in the pseudo-second-order rate reaction. 

This observation is consistent with the above discussion that the MB adsorption on 

the composites is mainly a process of MB interacting with the various functional sites. 
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Figure 6.18 Fitting of adsorption kinetics of MB on (a and d) ZnO/C-S-S, (b and e) 

ZnO/C-S-L, and (c and f) ZnO/C-A, respectively. (a, b and c) pseudo-first-order 

model and (d, e and f) pseudo-second-order model. 

 

Table 6.2 Kinetic parameters of the pseudo-first-order rate equation and the pseudo-

second-order rate equation for MB adsorption on as-synthesized porous carbon-zinc 

oxide composites. 

 

Samples Pseudo-first-order kinetics  Pseudo-second-order kinetics 

 k 1 

/min
−1

 

Qe 

/ mg g
-1

 

R
2
  k 2 

/ g mg
-1

 min
-1

 

Qe 

/ mg g
-1

 

R
2
 

ZnO/C-S-S 0.0166 88.69 0.9322  0.00009 105.72 0.9739 

ZnO/C-S-L 0.0189 82.14 0.9488  0.00011 97.56 0.9891 

ZnO/C-A 0.0221 48.95 0.9557  0.00019 59.00 0.9873 
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ZnO, a direct wide band gap (3.37 eV) semiconductor with a large excitation binding 

energy (60 meV), has been investigated as a potential non-toxic photocatalyst to 

degrade organic pollutants.
395, 396

 The adsorption and degradation of MB from water 

for different samples under visible light irradiation are presented in Figure 6.17b. 

After 4 h irradiation, up to 99, 83, 53 and 28 % MB has been removed from water by 

samples ZnO/C-S-S, ZnO/C-S-L, ZnO/C-A and pure ZnO respectively, which 

indicates that photo-degradation contributes to 32, 19, 7 and 28% of the MB removal, 

respectively. Considering that only 10, 13 and 15% ZnO exist in the obtained 

composite ZnO/C-S-L, ZnO/C-S-S and ZnO/C-A respectively, the photo-degradation 

efficiency of ZnO in all composites outperforms the pure ZnO in the photocatalytic 

removal of MB from water. This is due to the fact that carbon species in the 

composites can effectively modify the bandgaps of ZnO, generating localized states in 

the bandgap which results in the presence of an absorption tail extending into the 

visible range.
397

 For comparison, both commercial ZnO (size ~200nm) and TiO2 (P25) 

were used as reference materials for the photocatalytic activity (shown in Figure 6.19). 

The photo catalysis activity of commercial ZnO exhibited the similar performance 

with the pure ZnO which was obtained from annealing of ZIF-8 in air. However, for 

the other reference material P25, it seems that there is no photocatalytic activity under 

visible light radiation, which is in consistent with the reported result that P25 has 

photocatalytic activity under UV radiation, not visible light.
398

 

 

Figure 6.19 The adsorption/photodegradation performances of the reference materials 

for the removal of methylene blue from water in dark room and under visible light 

irradiation. 
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Consequently, the carbon species in ZnO/C composite promote the photodegradation 

performance. Moreover, compared to the sample ZnO/C-A obtained from the 

carbonization of ZIF-8 in Ar atmosphere, the composites ZnO/C-S-L and ZnO/C-S-S 

derived from steam carbonization possessing abundant hydrophilic oxygen-containing 

functional groups may facilitate the approach and accommodation of MB molecules, 

which may result in samples ZnO/C-S-L and ZnO/C-S-S exhibiting higher photo-

degradation performances than ZnO/C-A. In addition, composite ZnO/C-S-S out-

performs the composite ZnO/C-S-L in photo-degradation of MB in water due to the 

higher ZnO content in the former sample.  

The reusability of sample ZnO/C-S-S is also assessed for the removal of MB from 

water under visible-light irradiation. In the consecutive tests, the composite catalysts 

were separated from the solution by filtration, washed several times with deionized 

water, followed by drying in an oven at 120 
o
C for 3 h and then used for the next run. 

As shown in Figure 6.20, the MB removal efficiency remained high and was still 

higher than 95% after six consecutive runs, suggesting a good stability and reusability 

for the ZnO/C-S-S materials. It is likely that the physical walls of the porous carbon 

provide a confined space for photocatalysis,
366

 which can prevent the aggregation of 

ZnO nanoparticles, maintain the high dispersibility of ZnO particles in porous carbon 

matrix, therefore the composite materials can keep the high adsorption and 

degradation activity and enhance the stability for MB removal from water. 

 

Figure 6.20 Reuse of the composite ZnO/C-S-S in the adsorption and 

photodegradation of MB in water under visible-light irradiation. 
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6.4 Summary     
In summary, a simple one-step water steam carbonization route to synthesize 

homogeneously-dispersed ZnO nanocrystal particles embedded within N-doped 

porous carbon matrix using ZIF-8 as a precursor has been successfully developed. 

This new and green method holds several advantages: (1) the porosity of composites 

can be significantly improved; (2) the crystallinity of metal oxide can be remarkably 

improved and (3) abundant oxygen-containing hydrophilic functional groups have 

been introduced into the N-doped porous carbon in the composites. The resultant 

ZnO/C-S-S and ZnO/C-S-L exhibit promising CO2 uptake capacities, high CO2 

selectivity, with a significant high CO2 adsorption energy at low surface coverages 

due to the high porosity, high N content and a strong chemical interaction between 

CO2 and the composites. Furthermore, with excellent adsorption and degradation 

abilities, these composites are also highly efficient for methylene blue (MB) removal 

from wastewater under visible-light irradiation, which can be attributed to the high 

porosity, additional functional groups, open network structure of the carbon matrix 

and the excellent photocatalytic performance of ZnO nanocrystals. Kinetics studies 

show that the adsorption process is dominated with a pseudo-second-order adsorption 

model. This present work offers a new approach for the design and syntheses of 

highly homogeneous dispersed porous carbon-metal oxide composite materials that 

display enhanced sorption and efficient catalytic behaviours. 
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7. Chapter 7: Cobalt/nanoporous carbon composites derived 

from ZIF-67 and its applications 
 

7.1 Introduction 
Developing highly efficient electrocatalysts for energy technologies has been 

increasingly popular due to the growing global energy crisis.
399

 Electrocatalytic 

oxygen reduction reaction (ORR), and oxygen evolution reaction (OER) play key 

roles in energy conversion and storage applications such as fuel cells,
31-33, 400

 metal-air 

batteries
401-403

 and water splitting.
34, 35, 404, 405

 To date, the most efficient catalyst for 

ORR and OER contains precious metal, which are usually high-cost and scarce.
406

 

Therefore, exploring and developing efficient and cost-effective electrocatalysts is an 

important task of urgency. Recent studies have shown that noble metal free catalysts 

such as non-precious transition metal and heteroatom-doped carbons are extensively 

investigated. For example, Dai et al reported a mesoporous carbon foam co-doped 

with nitrogen and phosphorus as an excellent bifunctional electrocatalyst for ORR and 

OER.
38

 Wang et al prepared cobalt-embedded nitrogen doped carbon/nanodiamond 

electrocatalysts for high performance ORR and OER in alkaline media. 
407

 

Metal organic frameworks (MOFs, including Zeolitic Imidazolate Frameworks (ZIFs)) 

have attracted attention widely due to their tuneable structures, versatile 

functionalities and fascinating properties.
5-7

 Recently, inspired by this molecular-like 

organic-inorganic crystal structure, MOFs have been used as self-sacrifical templates 

for the synthesis of metal nanoparticles embedded within the heteroatom-doped 

(typically N-doped) nanoporous carbon matrices through thermal decomposition. This 

strategy is advantageous due to the homogeneous dispersion of metal nanoparticles 

within the heteroatom-doped porous carbon matrix and the ease of synthesis directly 

from the MOFs without any additional source. Nowadays, various metal/heteroatom-

doped carbon composites synthesized from the MOFs at relatively low temperatures 

below 1000 
o
C have been reported in literature

261, 271, 272, 408-413
 , and their applications 

for ORR have also been well studied. 
261, 271, 272, 411-413

 For instance, cobalt/porous 

carbon composites derived from ZIF-67 exhibited excellent ORR performance.
261, 271, 

272
 However, the research on the MOF derivatives as bifunctional ORR/OER catalysts 

has been rarely reported. In addition, the synthesis of MOF derivatives at relatively 

high temperatures (above 1000 
o
C) also requires further study, considering the 
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interactions between metal and carbon during the carbonization.
410, 414

 The structure 

change of carbon could affect the final electrocatalytic performance.
410, 414

   

In this chapter, we present the structural evolution of MOF-derived materials ranging 

from cobalt-embedded porous N-doped carbon/carbon nanotubes to hollow carbon 

nano-onions. The structure of the as-synthesized materials was modulated by the 

carbonization temperature. In addition, both ORR and OER performances of these 

MOF-derived materials have been systematically discussed. In the resultant materials, 

the cobalt-embedded porous N-doped carbon/carbon nanotubes composite (Co@C-

800) exhibits excellent ORR and OER catalytic performance due to its favourable 

porous nanostructure, N-doping effect and homogeneous cobalt dispersion. ZIF-67 

was selected as the precursor and template due to its high porosity, high nitrogen 

content, and rich content of cobalt ions.  

7.2 Characterizations of the cobalt/nanoporous carbon composites 

As shown in transmission electron microscopy (TEM) images (Figure 7.1a), the 

precursor ZIF-67 has a particle size of approximately 400 nm with sodalite 

topology.
275

  The structure and morphology of the as-synthesized Co@C composites 

are also investigated by TEM (Figure 7.2 and 7.3).  After carbonization at 600 
o
C and 

800 
o
C, the obtained sample Co@C-600 and Co@C-800 inherited the original 

morphology of ZIF-67 crystals with a uniform particle size of 300 nm, although the 

particle surface was rough (Figure 7.2a and 7.2c, and Figure 7.4). The particle 

framework began to be destroyed when the carbonization temperature reached 1000 

o
C (Figure 7.2e). For the sample Co@C-600, it can be seen that darker dots with the 

size of ~10nm are well dispersed into the carbon matrix. These dark dots were further 

proved to be cobalt nanoparticles by selected area electron diffraction (SAED) (Figure 

7.3a, 7.3c, and 7.3e) and X-ray diffraction (XRD) (Figure 7.5a) analyses. The cobalt 

nanoparticles tend to agglomerate and form larger particles with the increase of 

carbonization temperature (800 
o
C and 1000 

o
C). In addition, their corresponding 

SAED patterns (Figure 7.2a, 7.2c, and 7.2e) are also enhanced due to the increased 

temperature, resulting in the improved crystallization of cobalt nanoparticles and 

carbon. Interestingly, the high resolution TEM images (Figure 7.2b, 7.2d, and 7.2f) 

show carbon nanotubes on the surface of the carbon matrix, which are formed due to 

the catalytic effect of cobalt during the carbonization process,
415

 together with the 

cobalt nanoparticles can be observed. The carbon nanotubes could enhance the 
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electronic conductivity of the composites.
416

 For sample Co@C-800, it still has a 

similar morphology compared to the ZIF-67 backbone, thus the dense catalytic active 

sites and high porosity can be still maintained. The in-situ formation of carbon 

nanotubes in Co@C-800 is also beneficial to the electrocatalytic activity. The TEM 

results of Co@C composites synthesized under low temperatures are consistent with 

previous studies.
271, 272, 409

 

 

 

 

Figure 7.1 (a) TEM image, (b) powder XRD pattern and (c) nitrogen sorption 

isotherms of the parental ZIF-67 material. 
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Figure 7.2 TEM images of the as-synthesized samples which were prepared at 

relatively low temperatures via pyrolysis: (a-b) Co@C-600; (c-d) Co@C-800 and (e-f) 

Co@C-1000. Inset are SAED patterns for the corresponding sample. 

Unlike the sample Co@C-600, Co@C-800, and Co@C-1000, the morphology of the 

Co@C composites synthesized at higher pyrolysis temperatures (1200 
o
C, 1600 

o
C, 

and 2000 
o
C) is different. The ZIF-67 backbone was totally destroyed in sample 

Co@C-1200, Co@C-1600, and Co@C-2000. For sample Co@C-1200, cobalt 

nanoparticles with the size of ~50 nm are wrapped by a few layers of graphite sheets 

(Figure 7.3a), which is similar to Klose’s work.
414

 The d-spacing of 0.31 nm 

corresponds to the distance of individual basal planes in graphite.
414

 For the sample 

Co@C-1600 and Co@C-2000, interestingly, they predominantly consist of hollow 
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carbon nano-onions with a uniform size of ~5-10 nm (Figure 7.3c and 7.3e). The 

hollow carbon nano-onions are generated in situ from the catalytic effect of metallic 

cobalt at high temperature. Especially for the sample Co@C-2000, the carbon nano-

onions structure becomes clearer due to the high crystallization of graphite. To the 

best of our knowledge, such small hollow carbon nano-onion structures have not been 

synthesized by using a MOF as a precursor. In addition, based on the all TEM results, 

we found that the structure of MOF derived materials varies from cobalt-embedded 

porous N-doped carbon/carbon nanotubes to hollow carbon nano-onions under the 

different carbonization temperatures. 

 

 

  

Figure 7.3 TEM images of the as-synthesized samples which were prepared under 

relatively high temperatures via pyrolysis: (a-b) Co@C-1200; (c-d) Co@C-1600 and 

(e-f) Co@C-2000. Inset is SAED patterns for the corresponding sample. 
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Figure 7.4 SEM images of the as-synthesized Co@C-800 nanocomposites 

 

The XRD pattern of as-synthesized precursor ZIF-67 shows the pure standard 

crystallinity without any by-products (Figure 7.1b). After thermal decomposition, the 

characteristic peaks of ZIF-67 disappeared in the XRD pattern of the Co@C samples 

(shown in Figure 7.5a). For sample Co@C-600, Co@C-800, Co@C-1000, and 

Co@C-1200, two peaks appeared at 2θ=44.2
o
 and 51.6

o
, indicating the existence of 

cobalt nanoparticles (ICDD PDF #15-0806). These two peaks became more intense 

and sharper with the increase of carbonization temperature, suggesting an increase in 

cobalt crystallinity and cobalt particle size.
261

 In addition, a broad peak appeared at 

around 2θ=26
o
 indicating the formation of graphic carbon. For sample Co@C-1600, 

apart from the characteristic peaks of cobalt, another three peaks, including the sharp 

peak at 2θ=26
o
, shows the existence of highly crystallized graphite carbon. For the 

sample Co@C-2000, only characteristic peaks of graphic carbon can be observed 

without the appearance of cobalt. This may be due to the migration of liquid metallic 

cobalt (melting point  is 1495 °C) under high temperature. The high crystallization of 

graphite carbon is beneficial to the electrical conductivity.  

The Raman spectra of the as-synthesized Co@C composites (shown in Figure 7.5b) 

present the characteristic D and G bands at 1335 and 1590 cm
-1

, where D band 

indicates the disordered carbon atoms and G band indicates the sp2 hybridized 

graphitic carbon atoms, respectively.
417

 The intensity ratio (ID/IG) of the sample 

decreases with the increase in carbonization temperatures, where the value of Co@C-

600, Co@C-800, Co@C-1000, Co@C-1200, Co@C-1600, and Co@C-2000 is 0.69, 

0.60, 0.55, 0.46, 0.42, and 0.40, respectively. Generally, the applied carbonization 
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temperature is critical for determination of the graphitization degree in the as-

synthesized Co@C composites.
418

 That is, the graphitization degree increases with the 

increase of carbonization temperature. Furthermore, the appearance of distinct peaks 

at 2680 cm
-1

 (2D band) and 2900 cm
-1

 (D+G band) in the Raman spectrum of sample 

Co@C-2000 further confirms the presence of a highly graphitized nanostructure with 

carbon nano-onions.  

To probe the chemical composition and effect of N-doping in the as-synthesized 

Co@C composites, X-ray photoelectron spectroscopy (XPS) was carried out and 

demonstrated the presence of C, N, O, and Co (Figure 7.6a). Specifically, as an n-type 

carbon dopant, nitrogen can facilitate the ORR and OER performance.
419

 The high-

resolution N 1s spectrum (shown in Figure 7.5c) can be deconvoluted into four 

characteristic peaks at binding energy of 398.9, 400.4, 401.3, and 403.8 eV, which 

represented pyridinic, pyrrolic, graphitic, and oxidized nitrogen, respectively.
420

 For 

sample Co@C-800, pyridinic N was found to be the main specious together with a 

few pyrrolic N and less graphitic, and oxidized N. The predominance of pyridinic and 

pyrrolic N could prove the presence of Co-Nx.
261, 271

 For the sample prepared at 1000 

o
C, the pyrrolic/pyridinic N ratio increases, which is consistent with previous study.

271
 

When the carbonization temperature increases, it can be seen that N content decreases. 

This may be due to the high volatility of N species at high temperatures. For sample 

Co@C-1200, the overall N content is quite low, thus the samples synthesized at 

relatively high temperatures (above 1200 
o
C) have a weak N-doping effect.  

Nitrogen sorption experiments were carried out to measure the textural properties of 

the as-synthesized Co@C composites (shown in Figure 7.5d). Before the thermal 

treatment, the precursor ZIF-67 exhibits a typical type-I isotherms (Figure 7.1c) 

indicating the dominance of the microporous structure. The specific surface area of 

ZIF-67 is 1630 m
2
g

-1
. After heat treatment, the sample Co@C-600, Co@C-800, 

Co@C-1000, Co@C-1200, Co@C-1600, and Co@C-2000 exhibit specific surface 

areas of 372, 369, 275, 102, 50, and 30 m
2
g

-1
, respectively. For these samples, a slight 

hysteresis loop appeared between the adsorption and desorption branches, implying 

the existence of mesoporous features because of the voids between particles. 

Generally, the specific surface area and porosity decreases with the increase in the 

carbonization temperature, because the higher temperatures lead to the improvement 

of crystallinity. For sample Co@C-600, Co@C-800, Co@C-1000, they displayed a 
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similar isotherm to that of the precursor ZIF-67, and their high uptake at low relative 

pressure suggests the dominance of micropores. The larger surface area of the 

composites can provide better exposure and enhanced utilization of electroactive sites, 

leading to a higher elctrocatalytic activity. However, after heat treatment at higher 

temperature (1200 
o
C-2000 

o
C), the porous structure of the template collapsed and the 

BET surface area decreases dramatically.  

 

 

  

Figure 7.5 (a) XRD patterns, (b) Raman spectra, (c) high-resolution N 1s XPS spectra, 

and Nitrogen adsorption-desorption isotherm curves of the as-synthesized Co@C 

composites 
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Figure 7.6 (a) Element survey by XPS and high-resolution XPS spectrum of (b) C 1s 

for the as-synthesized nanocomposites. 

7.3 Applications 

7.3.1 Oxygen reduction reaction 

The oxygen reduction properties of the as-synthesized Co@C composites were 

measured by linear sweep voltammetry (LSV) curves on a rotating disk electrode 

(RDE) in O2 saturated 0.1 M KOH solution. The results of the commercial Pt/C 

catalysts with 10% Pt loading are also presented for comparison. Obviously, among 

the as-synthesized products (shown in Figure 7.7a), Co@C-800 exhibits the highest 

onset potential (0.92 V) and halfwave potential (0.82 V), which is close to that of the 

benchmark Pt/C catalyst (0.95 V for onset and 0. 83 V for halfwave potential). 

Moreover, the saturated current density of Co@C-800 is about 5 mA cm
-2

, which is 

comparable to that of Pt/C. The ORR activity of Co@C-600 is lower than that of 

Co@C-800. This is probably due to uncompleted decomposition and insufficient 

carbonization of the precursor ZIF-67 according to the relevant XRD and Raman 

results. It is worth noting that the ORR activity of Co@C catalysts was negatively 

related to the carbonization temperature ranging from 800 to 2000 
o
C. This weakened 

ORR activity may be the consequences of highly graphitized carbon species, 

aggregation of cobalt nanoparticles, and less content of nitrogen species. Undoubtedly, 

proper graphitization of carbon species can increase the electroconductivity and thus 

improve the ORR activity. However, excessive graphitization of carbon species may 

destroy the porous structure and decrease the surface area. The higher carbonization 

temperature may also lead to particle aggregation of cobalt and volatilization of 

nitrogen species, which is to the disadvantage of ORR activity. Therefore, the cobalt-
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embedded porous N-doped carbon/carbon nanotubes composite Co@C-800 with large 

surface area and high content of nitrogen dopants should be favourable for ORR.  

 

 

  

Figure 7.7 (a) Linear sweep voltammetry (LSV) curves of the as-synthesized Co@C 

composites and Pt/C at 1600 rpm in O2-saturated 0.1 M KOH solution. (b) CV curves 

of Co@C-800 composite in N2- or O2-saturated 0.1 M KOH. (c) ORR polarization 

curves of Co@C-800 at different rotating speeds. (d) K-L plots of Co@C-800 at 

different potentials. (e) Current–time chronoamperometric responses of Co@C-800 

and Pt/C at 0.8 V in O2-saturated 0.1 M KOH solution at 1600 rpm. (f) 

Chronoamperometric responses of Co@C-800, and Pt/C at 0.8 V in O2-saturated 0.1 

M KOH solution (1600 rpm) followed by the addition of 1 M methanol. 
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The electrocatalytic activities of Co@C-800 were then evaluated by cyclic 

voltammetry (CV) measurements in 0.1 M KOH at 25 °C in O2- and N2-saturated 

electrolyte solution. As shown in Figure 7.7b, no obvious redox peak is observed for 

Co@C-800 in the N2-saturated solution; while a well-defined cathodic peak appears at 

0.64 V in the O2-saturated solution, confirming the electrocatalytic activity for ORR. 

Sample Co@C-800 was also measured by using RDE under different rotating speeds 

ranging from 625 to 2500 rpm. As shown in Figure 7.7c, an increase in the rotation 

speed results in large current densities, due to the improved diffusion of oxygen at the 

surface of the electrode. Based on RDE results under different rotating speed, K-L 

plots were shown in Figure 7.7c. Co@C-800 exhibits a good linearity and near 

parallelism properties of K–L plots (shown in Figure 7.7d). According to Koutecky-

Levich (K-L) equation, the ORR electron transfer number of Co@C-800 was close to 

4.0, suggesting that the ORR proceeded through a four-electron pathway. The stability 

of the Co@C-800 composites and Pt/C in ORR was tested and compared at 0.8 V in 

0.1 M KOH over 16000 s. After 16000 s, the normalized current for Co@C-800 can 

still remain 90 % compared with 75 % for Pt/C (shown in Figure 7.7e). Clearly, 

sample Co@C-800 is more durable than commercial Pt/C. To investigate the 

methanol tolerance of sample Co@C-800, 1 M methanol was added into a 0.1 M 

KOH electrolyte solution under the same conditions as for Pt/C. The results show that 

the introduction of methanol caused a sharp decrease in the current density for Pt/C 

catalyst, however, the introduction of methanol has a negligible effect on the 

performance of Co@C-800 in ORR. Therefore, sample Co@C-800 exhibits 

remarkable methanol tolerance (shown in Figure 7.7f). This high durability and 

excellent methanol tolerance of Co@C-800 may be attributed to the protection of the 

carbon matrix. 

7.3.2 Oxygen evolution reaction 

Additionally, the catalytic ability of Co@C composites in the oxygen evolution 

reaction was also evaluated in 0.1 M KOH solution. The OER performance of Co@C 

composites and reference IrO2/C were firstly examined by linear scan voltammograms 

(Figure 7.8a). The catalytic current is observed to increase as the potential becomes 

more positive. The sample Co@C-800 exhibits a higher OER current density and an 

earlier onset of catalytic current compared with other Co@C materials. Co@C-800 

demonstrates a small onset potential of 1.43 V, which is only marginally higher than  
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Figure 7.8 (a) LSV curves and (b) the corresponding Tafel plots of the as-synthesized 

Co@C composites and IrO2/C at 5 mV s
-1

 in O2-saturated 0.1 M KOH solution. (c) 

Chronoamperometric response for Co@C-800 at 1.7 V vs RHE. (d) Polarization 

curves of Co@C-800 before and after 500 scan cycles. 

that of IrO2/C catalyst (1.42 V). Notably, the current density of IrO2/C even drops 

below that of Co@C-800 at the potential higher than 1.68 V, indicating Co@C-800 is 

a highly active OER catalyst. As shown in Figure 7.8a, the sample Co@C-600, 

Co@C-800, Co@C-1000, Co@C-1200, Co@C-1600, and Co@C-2000 exhibits a 

current density of 10.0 mA cm
-2

 at 1.93, 1.61, 1.62, 1.68, 1.69, and 1.76 V, 

respectively. The value of Co@C-800 (1.61 V) is comparable to that of IrO2/C (1.59 

V), or even better than other reported catalysts, including N-doped 

graphene/cobalt/carbon hybrid (1.66 V),
408

 N-doped graphene/carbon nanotube 

composite (>1.65 V),
421

 and Mn3O4/CoSe2 hybrid (1.68 V).
422

 In addition, to analyse 

the kinetics for catalytic OER, the linear fittings of the Co@C composites and IrO2/C 

were calculated (shown in Figure 7.8b). Generally, Co@C composites exhibit the 

relatively low Tafel slopes ranging from 83 to 135 mV dec
-1

, suggesting good OER 

kinetics. Similarly to the ORR, the OER activity of Co@C catalysts was also 
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negatively related to the carbonization temperature ranging from 800 to 2000 
o
C. The 

comparison of the OER catalytic performances of the as-synthesized Co@C 

composites and IrO2/C is listed in Table 7.1. For Co@C-800, the introduction of 

cobalt and N-dopants in Co@C-800 could render the adjacent carbon atoms positively 

charged, facilitating adsorption of OH
-
 and promoting the electron transfer.

423, 424
 The 

high surface area of Co@C-800 could also enhanced utilization of electroactive sites. 

The stability of Co@C-800 was then measured by the chronoamperometric test. 

Co@C-800 exhibits 68.6% current densities remain after 5500 s at 1.7 V (Figure 7.8c). 

In addition, in the further stability test, Co@C-800 shows that only a sustainable drop 

of the current density happened after 500 potential cycles (Figure 7.8d), indicating a 

good durability for OER. It has been reported that during the oxygen evolution 

reaction, metallic cobalt would be partially oxidized into cobalt oxide to form the 

cobalt oxide/complex species, which could decay the OER activity.
425, 426

 For Co@C-

800, as the cobalt nanoparticles were homogeneously dispersed into the carbon matrix, 

the carbon surrounding the cobalt could protect and retard the oxidation.  

 

Table 7.1 Comparison of the OER catalytic performances of the as-synthesized 

Co@C composites and IrO2/C 

Materials Potential (V vs. 

RHE) acquired for 

the current density 

of 10 mA cm
-2

 

Tafel slope (mV 

dec
-1

) 

Onset potential (V 

vs. RHE) 

Co@C-600 1.93 118 1.63 

Co@C-800 1.61 106 1.43 

Co@C-1000 1.62 99 1.47 

Co@C-1200 1.68 135 1.50 

Co@C-1600 1.69 83 1.49 

Co@C-2000 1.76 89 1.55 

IrO2/C 1.59 90 1.42 
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7.4 Summary 
In summary, we have successfully prepared ZIF-67 derivatives ranging from cobalt-

embedded porous N-doped carbon/carbon nanotubes to hollow carbon nano-onions 

under different carbonization temperatures. The carbonization temperature effects on 

the morphology and catalytic properties of final products are systematically studied in 

this work. At the relatively low carbonization temperatures (600-1000 
o
C), cobalt-

embedded porous N-doped carbon/carbon nanotubes composites were formed; at the 

relatively high carbonization temperature (1200-2000 
o
C), the precursor ZIF-67 was 

converted into hollow carbon nano-onions. There is an optimum carbonization 

temperature for electrocatalytic performance during the range 600-2000
 o

C. As the 

carbonization temperature increases from 600 to 800 
o
C, an ordered graphic structure 

was formed, hence improving its electrical conductivity. In the meantime, the surface 

area and the porosity of the frameworks can still be maintained, and so are cobalt 

particle sizes. Therefore, an enhanced electrocatalytic performance was achieved at 

800
 o

C. As the carbonization temperature increases from 800 to 2000 
o
C, the graphic 

structure becomes more ordered. However, the surface area, porosity and nitrogen 

content decreased dramatically due to the collapse of framework structure and the 

volatilization of nitrogen. The aggregation of cobalt nanoparticles became severe, 

resulting in the weakened electrocatalytic performance. Thanks to the hierarchical 

porous carbon structure, N-doping effect and the homogeneous cobalt dispersion, the 

Co@C-800 nanocomposite exhibits excellent catalytic activities for both ORR and 

OER with good stability.  

Due to the possibility of tailorability of building units (organic ligands and metallic 

species) depending on reaction conditions and requirements, ZIFs are treated as ideal 

sacrificial materials to derive metal-free carbon, and carbon based nanocomposites, 

even though the cost of ZIFs is relative high. Therefore, these ZIFs derivatives will be 

excellent alternatives in the fields of energy storage and conversion technologies. 
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8. Chapter 8: Cobalt sulfides/N, S co-doped porous carbon 

composites and relevant cobalt-nickel sulfides/N, S co-

doped porous carbon composites derived from ZIF-67 with 

their applications 
 

8.1 Introduction  
With the depletion of hydrocarbon-based energy resources and the increasing global 

energy demands, it is imperative to develop green and sustainable energy storage and 

conversion technologies as alternatives to currently widely used fossil fuels.
399, 427, 428

 

Electrocatalytic oxygen reduction reaction (ORR) and oxygen evolution reaction 

(OER) play key roles in several important next-generation energy storage and 

conversion technologies, such as fuel cells, metal-air batteries and water splitting.
29-38

 

Hitherto, most efficient electrocatalysts for ORR/OER contain precious metals 

including Pt or Ir; however, due to the prohibitive cost, poor stability of precious 

metals, the sluggish kinetics for ORR and the large polarisation, it is highly desirable 

to discover highly efficient and low-cost earth-abundant non-precious electroactive 

materials that can rival the performances of precious metal-based catalysts.
39-42

 

Much effort has, therefore, been devoted to transition metal oxide/sulfide based 

materials, as many transition metals like cobalt, and manganese have been widely 

considered to be electrochemically active for ORR and OER. Particularly, cobalt 

sulfides (CoxSy) with different phases have been previously investigated as ORR and 

OER electrode catalysts and exhibited attractive electrocatalytic performance among 

different non-precious and late transition metal chalcogenides.
161, 429-433

 For instance, 

CoS2 is a good electrocatalyst for ORR and OER;
434

 Co3S4 has excellent performance 

for ORR
435, 436

 and OER;
436

 while Co1-xS is a promising electrocatalyst for ORR
429, 436

 

and OER,
436

 Co9S8 is a good catalyst for ORR.
432

 However, the complicated 

preparation procedures coupled with the low electrical conductivities of cobalt 

sulfides usually result in unsatisfactory catalytic durability. As alternatives, transition 

metal oxide/sulfide-carbon composites have been considered as promising 

electrocatalysts for ORR/OER since they hold a reasonable balance between catalytic 

activity, cost, and durability.
437

 In particular, heteroatom (e.g., N, S, B, or P) doped 

carbon based materials have emerged and attracted great attention because 

heteroatoms can tune the electronic and geometric properties of carbon, offering more 
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active sites and enhancing the interaction between carbon structure and active sites.
437-

440
 Remarkably, the combination of transition-metal metal oxide/sulfide with 

heteroatom-doped carbon can achieve high catalytic activity and improve durability 

because of the synergistic effects.
437

 

Metal organic frameworks (MOFs, including Zeolitic Imidazolate Frameworks 

(ZIFs)), a class of nanoporous materials assembled from metal ions and organic 

ligands,
5-7

 exhibit tuneable structures, versatile functionalities and fascinating 

properties. Owing to the molecular-like organic-inorganic crystal structure of MOFs, 

thermal treatment the parental MOFs can result in the formation of metal or metal 

oxide nanoparticles homogeneously dispersed within the nanoporous carbon matrices 

which frequently exhibit excellent electrochemical properties.
271, 272, 408, 409, 415, 441

 

Therefore, MOFs have emerged as excellent precursors or sacrificial templates for the 

preparation of porous carbon based nanocomposites, which offer a new approach to 

improve the catalytic activity and overcome the intrinsic limitations of the existing 

transition metal/metal oxide electrocatalysts.
271, 272, 408, 409, 441

 Metal sulfides derived 

from MOFs were recently reported;
442, 443

 however, to the best our knowledge, 

carbon-based metal sulfide composites derived from MOFs as highly efficient 

electrocatalysts for ORR/OER are rarely reported previously. 

In this chapter, for the first time, we present the successful synthesis of atomically 

homogeneous dispersed cobalt sulfide/N,S Co-doped porous carbon nanocomposites 

by a facile one-step sulfurization and carbonization of ZIF-67 simultaneously. ZIF-67 

was chosen as a model precursor owing to its abundant Co–N moieties, rich organic 

resources and unique dodecahedral morphology.
7
 Possessing a unique core-shell 

structure, high porosity, and homogeneous dispersion of active components together 

with N and S-doping effects, the resulting composites exhibit excellent ORR and 

OER activities, superior durability, a four-electron pathway and high methanol 

tolerance in alkaline media, which outperformed the traditional Pt/C electrocatalyst. 

This may pave the way to further develop novel highly-efficient and low-cost 

composite electrocatalysts for the next generation of energy storage and conversion 

applications. 

In addition, the research on the synthesis of bimetallic oxide/sulfide nanoparticles 

embedded within heteroatom-codoped carbon networks derived from MOFs is rare.
444
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Actually, to the best of our knowledge, there are no reports on the using of MOFs to 

prepare bimetallic oxide/sulfide nanoparticles and heteroatom-codoped carbon 

composites. For bimetallic oxides/sulfides, there could be synergistic effects between 

the various transition metal atoms e.g. Fe, Ni or Co.
445

 Moreover, synergistic effects 

the from various doping heteroatoms e.g. N, S, B, or P may also exist.
446

 In addition, 

the combination of transition-metal oxides/sulfides with heteroatom-codoped carbon 

could also generate a synergistic effect.
447-449

 These synergistic effects in a composite 

catalyst system can frequently result in the increase of in electrocatalytic activities of 

composite system compared to the monometallic oxide/sulfide or single heteroatom 

doped carbons, thus enhancing the intrinsic electrocatalytic behaviours of each 

component. Consequently, non-noble metal based transition-metal oxides/sulfides 

within heteroatom-codoped porous carbon composites with superior electrocatalytic 

performances may emerge. 

In this chapter, we also utilised a facile strategy for the preparation of Ni-Co based 

sulfide nanoparticles homogeneously embedded in N, S co-doped porous carbon by a 

one-step sulfurization and carbonization of Ni-substituted ZIF-67 simultaneously. The 

Ni-substituted ZIF-67 was chosen as the precursor since it contains high level of Co-

N and Ni-N moieties. Remarkably, the resulting composite Ni1Co4S@C-1000 not 

only exhibits excellent OER catalytic activity with low over-potential which is 

comparable with that of a commercial IrO2/C catalyst, but is also a highly efficient 

electrocatalyst in ORR with a four-electron pathway. Moreover, Ni1Co4S@C-800 

composites show enhanced electrocatalytic activity for HER in water splitting. 

8.2 Characterizations of cobalt sulfides/N, S co-doped porous carbon 

composites 
The structure and morphology of cobalt sulfide/N,S Co-doped porous carbon 

composite samples are firstly investigated by transmission electron microscopy 

(TEM). The parental ZIF-67 precursor exhibits a typical rhombic dodecahedron with 

an average particle size of 350 nm.
82

 After the sulfurization and carbonization process 

in a hydrogen sulfide atmosphere at high temperatures, as presented in Figure 8.1, the 

resulting cobalt sulfide/N,S Co-doped porous carbon composites maintain the 

rhombic dodecahedron particles with a smaller size of 250 nm due to the shrinkage 

during the annealing process, and the particles tend to agglomerate and form larger 

particles at higher temperatures. Generally, all the composites are composed of 
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numerous cobalt sulfides nanoparticles and continuous carbon networks, in which the 

cobalt sulfides nanoparticles are homogeneously embedded into the carbon matrix, 

with lattice fringes of ∼0.29 nm. The selected area electron diffraction (SAED) 

patterns shown in the Insets of Figure 8.1b, d and f, clearly suggest that the bright 

scattered spots are a contribution from the crystalline cobalt sulfide nanoparticles 

while the dimmed diffraction rings are from the amorphous porous carbon matrix.
429

 

In addition, the particle sizes for cobalt sulfide grow from 5 to 50 nm with the 

increase of annealing temperature from 600 
o
C to 1000 

o
C, and the corresponding 

intensity of SAED patterns are also enhanced due to the increased annealing 

temperature resulting in the improved crystallization of cobalt sulfide particles. In 

particular, sample CoxSy@C-600 still maintains the original rhombic dodecahedron of 

the ZIF-67 precursor. Small cobalt sulfide nanoparticles (5 nm) are homogeneously 

dispersed into the carbon matrix. The surface of the sample CoxSy@C-600 is smooth 

(see the SEM in Figure 8.2a). While the sample CoxSy@C-800 shows slightly 

changed morphology because the cobalt sulfide crystals grow bigger and the crystal 

surfaces become rough (see Figure 8.2b), which is consistent with TEM results 

(Figure 8.1c). Furthermore, high resolution TEM (Figure 8.1d) indicates that onion-

like carbon, which is formed due to the catalytic effect of metallic cobalt during the 

graphitization stage,
409, 415

 together with bigger cobalt sulfide particles (20 nm) can be 

observed. However, the sample CoxSy@C-1000 exhibits a damaged or distorted 

rhombic dodecahedron morphology due to the higher annealing temperature, and the 

cobalt sulfide crystals grow up to 50 nm (shown in Figure 8.1e and Figure 8.2c). 

Interestingly, a crystalline cobalt sulfide core and carbon shell structure is formed in 

the sample CoxSy@C-1000 (shown in Figure 8.1e and f). This core-shell structure is 

also confirmed by using linear EDX analysis in STEM measurements (shown in 

Figure 8.3). The thickness of carbon shell is about 5 nm, which has tightly wrapped 

around the cobalt sulfide crystals. Actually, a core-shell structure has been proven to 

be beneficial to the improvement of electrocatalytic activities towards ORR and OER, 

where the core offers the catalytically active sites while the shell will provide facile 

electron transfer pathways and mass transport channels for the active cores due to the 

porous structures of carbon shell.
437, 450
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Figure 8.1 TEM images of (a-b) CoxSy@C-600; (c-d) CoxSy@C-800 and (e-f) 

CoxSy@C-1000. Inset in (b), (d) and (f) is SAED patterns for corresponding sample. 

 

Figure 8.2 SEM images of the as-synthesized nanocomposites where (a) CoxSy@C-

600; (b) CoxSy@C-800 and (c) CoxSy@C-1000. 
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Figure 8.3 STEM image and linear EDX for sample CoxSy@C-1000. C, N, S and Co 

signals are clearly detected from the sample. The compositional line profile shows 

that while C signal is observed on the outer surface of cobalt sulfide particles, S and 

Co signals are detected only in the inner core of the nanoparticles. The results indicate 

that the nanoparticle consists of a cobalt sulfide core, surrounded by a 5 nm thickness 

of carbon shell. 

 

Moreover, SEM combined with elemental mapping technique was used to ascertain 

the distribution of cobalt sulfide nanoparticles in the composite samples. As shown in 

Figure 8.4, element Co, S and C exhibit similar elemental mapping patterns to their 

selected area of SEM image, indicating the uniform dispersion of cobalt sulfide 

nanoparticles in the carbon matrix of sample CoxSy@C-1000. In addition, N is also 

observed in the elemental mapping, although N content is much less than that of C, 

possibly due to the high volatility of N species at high annealing temperature. 

(a) (b) (c) 

(d) (e) (f) 
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Figure 8.4 SEM image and elemental mappings for sample CoxSy@C-1000. 

The crystal structures of the as-synthesized CoxSy@C composites were further 

characterized by XRD (shown in Figure 8.5a). Different from the sodalite structure of 

the ZIF-67 precursor, the as-prepared composites show a broad XRD peak centred at 

2θ of around 25
o
, representing the (002) diffraction of carbon.

246
 Moreover, the XRD 

patterns of the composites indicate that they contain mainly Co1-xS (ICDD PDF #42-

0826) with the hexagonal structure in the P63/mmc space group (no. 194).
429

 In 

addition, in sample CoxSy@C-1000, XRD peaks originating from Co3S4 (ICDD PDF 

#02-0825) can also be observed, indicating the phase transition of cobalt sulfide 

crystals occurs at higher annealing temperature (1000 
o
C). Clearly, the high 

sulfurization and carbonization temperature results in highly crystalized cobalt sulfide 

dispersed in carbon matrix. The XRD results are consistent with the lattice fringes of 

the Co1-xS nanocrystals (Figure 8.1b, d and f) and their electron diffraction patterns 

(the inset in Figure 8.1d and Figure 8.1f). Although it is ideal to achieve phase pure 

cobalt sulfide materials via control over the sulfurization temperature, it is actually 

difficult to achieve this using the proposed experimental procedure, which is 

consistent with the recent reports,
416, 449

 where the authors used sulfur for the 

sulfurization of ZIF-67 under different temperatures and the formation of the as-

synthesized composites is complicated during the sulfurization and carbonization 

procedure. The XRD results clearly showed that with the increase of sulfurization 
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temperatures, the XRD peaks for cobalt sulfide (mainly the Co1-xS phase) became 

more intense and sharper, accompanied with the appearance of Co3S4, indicating the 

growth of crystallites and crystallinity improvement of cobalt sulfide. And both Co1-

xS and Co3S4 are regarded as good electrocatalysts for ORR and OER.
429, 436

 It is, 

however, worthy to understand the formation mechanism of cobalt sulfide in this 

relatively complicated system. 

Raman spectroscopy is a powerful technique to investigate carbonaceous materials. 

As shown in Figure 8.5b, all the composites clearly exhibit G band and D band in the 

Raman spectra, due to the bond stretching of all pairs of sp
2
 atoms in both rings and 

chains and the breathing modes of sp
2
 atoms in rings, respectively.

290, 291
 The G band 

at around 1590 cm
-1

 supports the presence of some nanocrystalline carbon and a high 

content of sp
2
-hybridized carbon atoms caused by the carbonization of the samples. 

The D band at around 1340 cm
-1

 is an indication of less disordered carbon. The 

appearance of both G band and D band in sample CoxSy@C-600, CoxSy@C-800, 

CoxSy@C-1000, suggests the formation of abundant defects and amorphous carbon in 

the composites during the sulfurization and carbonization process.  

 

  

Figure 8.5 (a) XRD patterns and (b) Raman spectra of the as-synthesized CoxSy@C 

composites. 

X-ray photoelectron spectroscopy (XPS) analysis was utilised to ascertain the 

structures of as-synthesized composites owing to the fairly complex phase diagram of 

cobalt sulphide.
451

 Element survey by XPS (Figure 8.6a) clearly suggests the presence 

of Co, S, C, N, and O in all the composites.
437, 452

 The spectrum of Co 2p (shown in 
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Figure 8.6b) for sample obtained at sulfurization temperature of 600 
o
C (CoxSy@C-

600) exhibits two spin-orbit doublets at 781.2 and 796.9 eV, implying the existence of 

the Co
2+

 oxidation state. However, except the spin-orbit doublets for Co
2+

 oxidation 

state, other doublets in the sample CoxSy@C-800 and CoxSy@C-1000 are found at 

778.4 and 793.5 eV, which indicate the existence of the Co
3+

 oxidation state,
453, 454

 

suggesting that a mixed Co
2+

 and Co
3+

 oxidation states are formed in these two 

samples.
453-455

 In the S 2p spectrum (shown in Figure 8.6c), the first two peaks located 

at 161.4 and 162.5 eV were due to the spin−orbit coupling in metal sulfide,
455, 456

 

while the S 2p peak at 163.5 eV suggested the existence of covalent S-C bonds in the 

as-synthesized composites
457, 458

 indicating that S has been covalently inserted in N-

doped porous carbon.
450

 No peaks at around 164.5 eV corresponding to polysulfides 

(Sn
2-

) can be found in any sample,
459-461

 and the peaks at 168.5 and 169.5 eV in the S 

2p spectrum indicate that an inconsequential amount of CoxSy compounds were also 

formed during the thermal treatment process.
462, 463

 Moreover, the main peaks for the 

N 1s spectra (shown in Figure 8.6d) can be deconvoluted into four different types of 

nitrogen species: pyridinic-N (397.8 eV), Co-N (399.1 eV), pyrrolic-N (400.1 eV), 

and graphitic-N (401.8 eV), respectively.
408

 The N species is widely considered to 

play an important role in the ORR and OER processes,
464, 465

 where pyridinic N could 

improve the onset potential and graphitic N determined the limiting current for 

ORR.
437, 452

 It is clear that high temperature results in low N content remaining in the 

samples, maybe due to the high volatility of N species under the high temperature 

sulfurization process. From XPS results, the nitrogen doping level in sample 

CoxSy@C-1000 and CoxSy@C-800 is relatively low (2.51% and 3.64% respectively), 

sample CoxSy@C-600 possesses relatively high nitrogen content, and all the samples 

contain different levels of sulfur content. However, it is not easy to evaluate the 

contribution of S doping to the catalytic activity separately in these complicated 

system. The C 1s spectrum of the composites (Figure 8.6e) exhibits a main peak at 

284.6 eV suggesting the formation of a sp
2
 hybridized graphitic structure that can 

improve the electroconductivity of the samples, and which is beneficial to fast 

electron transfer throughout the structural frameworks.
437

 In addition, the C 1s can be 

further deconvoluted into peaks positioned at 284.8, 285.8, and 288.8 eV, which may 

be attributed to C=C, C=N/C-O/C-S, and C-N, respectively.
355, 457, 466, 467

 Combining 

XPS analysis with XRD results, it is believed that the products derived from the 
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sulfurization of ZIF-67 at high temperatures are basically CoxSy supported on N,S Co-

doped carbon composites.  

 

 

  

Figure 8.6 (a) Element survey by XPS and high-resolution XPS spectrum of (b) Co 

2p, (c) S 2p, (d) N 1s, (e) C 1s, and (f) O 1s for the as-synthesized CoxSy@C 

composites. 

The textural characteristics of the as-synthesized composites were analysed by N2 

sorption at -196 
o
C. While sample CoxSy@C-600 exhibits a large hysteresis loop 

between its adsorption and desorption branches, implying the existence of 



168 | P a g e  
 

mesoporous features due to the voids between particles, the other two samples 

CoxSy@C-800, and CoxSy@C-1000 show largely reversible adsorption–desorption 

isotherms. These 3 samples exhibited specific surface areas of 178, 238, and 248 m
2
 

g
-1

 and pore volume of 0.80, 0.35, and 0.31 cm
3
 g

-1
, respectively (shown in Table 8.1), 

much lower than that of the ZIF-67 precursor (shown in Figure 8.7), probably due to 

the dominance of cobalt sulfide weight percentage in the as-synthesized composites. 

The relative large surface area of the composites is beneficial to provide more 

accessible active sites, which is likely to result in a higher electrocatalytic activity.
408

 

Table 8.1 Textural properties of the as-synthesized CoxSy@C composites. 

 Specific 

surface 

area (m
2
 g

-

1
) 

Microporous 

surface area 

(m
2
 g

-1
) 

External 

surface area 

(m
2
 g

-1
) 

Pore 

volume 

(cm
3
 g

-1
) 

Micropore 

volume 

(cm
3
 g

-1
) 

CoxSy@C-600 178 19 159 0.80 0.008 

CoxSy@C-800 238 92 146 0.35 0.038 

CoxSy@C-

1000 

248 39 209 0.31 0.019 

 

Figure 8.7 Nitrogen adsorption-desorption isotherm curves of the as-synthesized 

CoxSy@C composites. 
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Figure 8.8 TGA (a) and their corresponding MS curves of CO2 (b), H2O (c), NO2 (d), 

and SO2 (e) for different nanocomposites. 

The thermal stabilities of the composites in air were evaluated by TGA-MS. As 

shown in the TGA profiles (Figure 8.8a), all the as-synthesized composites exhibit a 

minor weight loss event below 100 
o
C due to the removal of adsorbed water from the 

composites (Figure 8.8c), followed by a small weight increase in the temperature 

range of 300-500 
o
C, due to the oxidation of cobalt sulfide to high valence state. 

There are then two major weight loss events at 450-500 and 790 
o
C for all the samples, 
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corresponding to the burn off the N,S Co-doped carbon species in air, as confirmed by 

the emission of CO2, NO2 and SO2 in their MS signals (see Figure 8.8b, d and e), and 

the decomposition and oxidation of cobalt sulfides (Figure 8.8e). It is worth noting 

that the sample CoxSy@C-600 shows a different weight loss event in the temperature 

range of 300 - 500 
o
C, accompanying the evolving CO2, NO2 and SO2 (see Figure 

8.8b, d and e), maybe due to the oxidation of incompletely decomposed organic 

ligands from the precursor.  

8.3 Applications of cobalt sulfides/N, S co-doped porous carbon 

composites  

8.3.1 Oxygen reduction reaction 

The electrocatalytic activities of the as-prepared composites towards ORR were then 

evaluated by cyclic voltammetry (CV) measurements in 0.1 M KOH at 25 
o
C. 

Comparing the CV curves in O2-versus N2-saturated electrolyte solution, it clearly 

reveals that the composites are electrocatalytic active in ORR (Figure 8.9). As shown 

in Figure 8.9c, no obvious redox peak is observed for CoxSy@C-1000 in N2-saturated 

solution. In contrast, when the electrolyte is saturated with O2, a well-defined cathodic 

peak clearly appears at 0.803 V, confirming the electrocatalytic activity for ORR.
468, 

469
 Other samples CoxSy@C-600 and CoxSy@C-800 (Figure 8.9a and Figure 8.9b) 

show a cathodic peak at 0.540 and 0.809 V, respectively. Noticeably, the sample 

CoxSy@C-1000 shows a much higher peak current (2.94 mA cm
-2

) than those of 

CoxSy@C-600 (0.735 mA cm
-2

) and CoxSy@C-800 (1.48 mA cm
-2

), implying that 

pronounced ORR catalytic activity is observed for CoxSy@C-1000.  

Rotating disk electrode (RDE) measurements were performed to gain further insight 

into the ORR kinetics of the CoxSy@C composites. As shown in the polarization 

curves at 1600 rpm in 0.1 M KOH (Figure 8.10), CoxSy@C-1000 obviously holds the 

highest onset potential (around 0.924 V) and largest cathodic current density (-4.6 mA 

cm
-2

), indicating its superior activity. The onset potential for CoxSy@C-1000 is close 

to that of the benchmark Pt/C catalyst (0.944 V) while the half-wave potentials of 

them are very close, suggesting that CoxSy@C-1000 is a promising alternative catalyst 

for the cathodic ORR. In addition, the polarization curve of CoxSy@C-1000 is 

significantly different from that of CoxSy@C-600 and CoxSy@C-800 but resembles 

that of Pt/C, indicating that the  ORR mechanism of CoxSy@C-1000 is different from 

those of the other CoxSy@C composites but is more like that of Pt/C, which exhibited 
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an efficient four-electron ORR pathway.
470, 471

 The mechanism of four-electron ORR 

pathway proceeds through two-oxygen atom side and/or bridge adsorption for oxygen 

dissociation simultaneously.
471

  

 

 

Figure 8.9 CV curves of (a) CoxSy@C-600, (b) CoxSy@C-800, and (c) CoxSy@C-

1000 nanocomposites in N2-saturated and O2-saturated 0.1M KOH solution. 

 

 

Figure 8.10 ORR polarization curves of CoxSy@C-600, CoxSy@C-800, CoxSy@C-

1000, and Pt/C at 1600 rpm. 
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RDE measurements at different rotating speeds were carried out and the kinetic 

parameters were analysed with the Koutecky-Levich (K-L) equation. An increase in 

the rotation speed leads to an increase in the diffusion of oxygen at the surface of the 

electrode, which results in large current densities as shown in Figure 8.11a, c and e. 

The good linearity and near parallelism properties of K-L plots for CoxSy@C-1000 

indicates first-order reaction kinetics with regard to the concentration of dissolved 

oxygen and similar electron transfer numbers (n) for ORR at various potentials 

(Figure 8.11f).
472

 

The value of n and kinetic current density (Jk) can be respectively derived from the 

slope and intercept of the K-L plots (Figure 8.11b, d and f) at various potentials,
473

 

and the results are depicted in Figure 8.12. Obviously, the values of n for CoxSy@C-

1000 varied from 3.69 to 3.78 in the potential range of 0.30 ‒ 60 V, suggesting that 

the ORR proceeded mainly through a four-electron pathway. This was further 

confirmed by the low HO2
-
 yield (~12%) and high n value (> 3.7) measured by the 

RRDE tests as shown in Figure 8.13. The mechanism of the four-electron transfer for 

ORR has been suggested to proceed through simultaneous two-oxygen atom side 

and/or bridge adsorption for oxygen dissociation.
471

 In contrast, the n values for the 

other two composites decreased with the sulfurization temperature, and they are only 

2.13-3.28 for the CoxSy@C-600, indicating that a two-electron pathway might 

dominate the CoxSy@C-600 catalysed ORR process. Moreover, the Jk values for 

CoxSy@C-1000 were always much higher than those for the other two composites, 

reflecting the enhanced electron transfer kinetics of oxygen reduction. Compared with 

other different previously reported catalysts,
274, 474-478

 the ORR catalytic performance 

of CoxSy@C-1000 is competitive.  

The superior ORR activity of the CoxSy@C-based composites is attributed to their 

novel structures. The pristine cobalt sulfides have major drawbacks in capacity fading 

and low conductivity. To overcome these obstacles, the cobalt sulfide nanoparticles 

can be uniformly dispersed into the heteroatom-doped carbon matrix, which formed a 

conducting network to the electrode and facilitated ORR through effective charge 

transport between oxygen molecules adsorbed on cobalt sulfide active sites and the 

electrode. The utilisation of molecular-like porous ZIF-67 as a precursor enables the 

generated cobalt sulfide nanoparticles to be homogeneously dispersed on porous 

carbon matrix. In addition, the porous carbons can serve as a substrate and good  
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Figure 8.11 ORR polarization curves (a), (c), and (e) of CoxSy@C-600, CoxSy@C-

800, and CoxSy@C-1000 at different rotating speeds, respectively. K-L plots (b), (d) 

and (f) of CoxSy@C-600, CoxSy@C-800 and CoxSy@C-1000 at different potentials, 

respectively. 

conductor that provide more accessible cobalt sulfide active sites, consequently 

further enhancement of the ORR activity can be realised. Specifically, for sample 

CoxSy@C-1000, the core-shell structure between the active cobalt sulfide 

nanoparticles and the porous carbon shells provides superior facile pathways for 

electron and mass transport.
450

  In addition, heteroatom doped (N and S-doped) 
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carbon also plays an important role in the ORR activity enhancement. By modifying 

the electronic and geometric properties of carbon matrix, N and S doping can not only 

provide more active sites, but also enhance the interaction between carbon structure 

and active catalytic sites.
437

 The defects in carbon caused by N and S doping can 

result in much stronger adsorption of oxygen molecules and the higher activity for 

heterogeneous peroxide decomposition.
437

  

 

 

Figure 8.12 Electron transfer numbers (n) and the corresponding kinetic current 

density (Jk) of CoxSy@C-600, CoxSy@C-800, and CoxSy@C-1000 as a function of the 

electrode potentials. 

 

  

Figure 8.13 (a) Disk current and ring current from RRDE measurements of 

CoxSy@C-1000 with various loadings in O2-saturated 0.1M KOH at a rotating speed 

of 1600rpm. (b) Percentage of 2e reduction and electron transfer number n in ORR at 

different potentials calculated from RRDE curves in (a). 
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Besides the catalytic activities, the durability of the CoxSy@C-1000 composites and 

commercial Pt/C was tested at 0.80 V in 0.1 M KOH over 18000 s. It is observed that 

the sample CoxSy@C-1000 is more durable than commercial Pt/C (see Figure 8.14a). 

The relative current of the sample CoxSy@C-1000, which was measured by 

chronoamperometry at a constant potential of 0.80 V after 18000 s, is 92%, but for 

Pt/C the value is only 74%. Such a high durability of the CoxSy@C-1000 composite is 

due to the presence of the porous carbon matrix, which provides a conducting 

substrate and good electrochemical coupling between the substrate and oxygen 

molecules, and thus facilitates the ORR through the effective transportation of 

electrons between the oxygen molecules and the active sites of electrode. Moreover, 

the N and S co-doping on the porous carbon shell may also play a role to allow much 

stronger adsorption of oxygen molecules and higher activity for heterogeneous 

peroxide decomposition. In addition, the unique core-shell structure of CoxSy@C-

1000 composites also offers a better conducting substrate and excellent 

electrochemical coupling between the substrate and oxygen molecules.  

Methanol crossover is one of the major disadvantages for Pt/C catalyst in ORR.
161, 479

 

Thus, 1 M methanol was added into the 0.1 M KOH electrolyte solution to investigate 

the methanol tolerance for the as-synthesized composites under the same conditions 

as Pt/C. The results (see Figure 8.14b) show that the introduction of methanol causes 

a sharp decrease in the current density for the Pt/C catalyst. In contrast, methanol has 

negligible effect on the performance of CoxSy@C-1000 composite at the cathode. The 

high durability and remarkable methanol tolerance give CoxSy@C-1000 superiority 

over the commercial Pt/C and thus it is a promising electrocatalyst for the cathodic 

ORR. 

  

Figure 8.14 (a) Current–time chronoamperometric responses of CoxSy@C-1000 and 

Pt/C at 0.80 V. (b)  Chronoamperometric responses of CoxSy@C-1000, and Pt/C at 

0.80 V in 0.1 M KOH solution with the addition of 1 M methanol. 
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8.3.2 Oxygen evolution reaction 

Excitingly, besides the high ORR activities, the CoxSy@C composites also exhibit 

excellent electrocatalytic performances in OER (Figure 8.15). Obviously, Pt/C is not a 

good catalyst for OER and much higher overpotential is required to achieve the 

required current density of 10 mA cm
-2

. Compared with sample CoxSy@C-600, 

CoxSy@C-800 and Pt/C, the higher OER current density and an earlier onset of 

catalytic current are observed for sample CoxSy@C-1000, indicating that CoxSy@C-

1000 is a highly active OER catalyst. As shown in Figure 8.15a, an anodic peak of 

CoxSy@C-1000 is seen at around 0.3 V preceding the oxygen evolution, which can be 

attributed to the fact that cobalt sulfide nanoparticles in CoxSy@C-1000 are partly 

oxidized into cobalt oxide, forming the cobalt oxide/cobalt sulfide complex species.
425

 

The current density of 10 mA cm
-2

 can be achieved at a small overpotential of  0.47 V 

vs RHE for CoxSy@C-1000, much lower than that of CoxSy@C-800 (0.63 V vs RHE), 

but slightly higher than that of IrO2 (0.45V vs RHE). It is believed that the 

introduction of cobalt sulfide and N, S dopants results in the adjacent carbon atoms 

being positively charged, which can not only facilitate the adsorption of OH ions, but 

also promote the electron transfer between the catalyst surfaces and reaction 

intermediates.
423, 424, 480

 Significantly, the potential acquired for the current density of 

10 mA cm
-2

 of CoxSy@C-1000 is comparable to those of other reported OER 

catalysts.
274, 476, 477, 481-483

 Furthermore, in the chronoamperometric test, the sample 

CoxSy@C-1000 can retain 80% its relative current after 10000 s (Figure 8.15b), 

implying high durability of the sample CoxSy@C-1000 in OER. Although oxidation 

may occur in Co-based OER catalysts 
484, 485

, it is believed that the surface property of 

the cobalt sulfide can be still maintained during the OER stability test, even though 

the cobalt sulfide was partly oxidized.
434

 In the case of the sample CoxSy@C-1000, we 

believe the composite was largely maintained during the OER stability test since the 

unique core-shell structures of the composites can protect the catalytic active cobalt 

sulfide from oxidation. It is likely that the a small amount of cobalt sulfide 

nanoparticles without carbon shell protection may be partly oxidized in the process of 

OER at 1.75 V for 2000 s which causes the slight decay of catalytic performance.  

In our work, the whole system of the cobalt sulfide/porous carbon materials is 

complicated as the as-synthesized composites containing different phases of cobalt 

sulfides, and nitrogen, sulfur (with different contents) co-doped porous carbons, and 
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even the structure of the composites can affect the ORR and OER performance. 

Therefore, it is difficult to analyse each contribution of the materials separately. But it 

is believed that the higher electrocatalytic activity is led by the whole system.
416, 449

  

Clearly, the sample CoxSy-1000 shows the best performance in ORR and OER. We 

believe that the main parameters that contribute to the higher electrocatalytic activity 

may be due to the highly crystalized cobalt sulfides combined with the synergistic 

effect between CoxSy and the porous carbons, the N and S doping may play auxiliary 

roles. Moreover, the protective porous carbon substrate (for catalytically active CoxSy) 

and the unique core-shell structure of CoxSy@C-1000 may contribute to the excellent 

electrochemical stability. 

Considering the ease of preparation of CoxSy@C-1000 via a simple one-step 

sulfurization and carbonization of zeolitic imidazolate frameworks simultaneously, it 

is cost-effective and much cheaper than the benchmarked Pt/C catalyst,
408

 the 

remarkable features of excellent activities, favourable kinetics and high 

electrochemical stabilities, the current CoxSy@C-1000 sample may be one of the most 

promising alternative bifunctional electrocatalysts in both ORR and OER. 

  

Figure 8.15 (a) Linear sweep voltammetry (LSV) polarization curves of CoxSy@C-

600, CoxSy@C-800, CoxSy@C-1000, and Pt/C at 5 mV s
-1

 in N2-saturated 0.1 M KOH 

solution. (b) Chronoamperometric response for CoxSy@C-1000 at 1.75 V. 

8.3.3 Conclusions 

In this part, we present a simple but efficient method that utilizes ZIF-67 as the 

precursor and template for the one-step generation of homogeneous dispersed cobalt 

sulfide/N,S Co-doped porous carbon nanocomposites as high-performance 

electrocatalysts. Due to the favourable molecular-like structural features and uniform 

dispersed active sites in the precursor, the resulting nanocomposites, possessing a 
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unique core–shell structure, high porosity, homogeneous dispersion of active 

components together with N and S-doping effects, not only show excellent 

electrocatalytic activity towards ORR with the high onset potential (around 0.924 V 

vs. 0.944 V for the benchmark Pt/C catalyst) and four-electron pathway and OER 

with a small overpotential of 0.47 V for 10 mA cm−2 current density, but also exhibit 

superior stability (92%) to the commercial Pt/C catalyst (74%) in ORR and promising 

OER stability (80%) with good methanol tolerance. Our findings suggest that the 

transition metal sulfide– porous carbon nanocomposites derived from the one-step 

simultaneous sulfurization and carbonization of zeolitic imidazolate frameworks are 

excellent alternative bifunctional electrocatalysts towards ORR and OER in the next 

generation of energy storage and conversion technologies. 

8.4 Characterizations of cobalt-nickel sulfides/N, S co-doped porous 

carbon composite 
The parental ZIF-67 precursor exhibits a typical rhombic dodecahedron with an 

average particle size of 350 nm (Figure 8.16a), which is consistent with previous 

report.
448, 486

 Interestingly, with the introduce of increased Ni species, the particles for 

the Ni-substituted ZIF-67 precursors turn to be sphere-like shapes with an average 

particle size of 150 nm to 0.5 µm (Figure 8.16b and c). Clearly, the addition of Ni can 

remarkably affect and modulate the morphology of ZIF-67, which also suggests that 

Ni atoms may partially substitute Co atoms in ZIF-67 frameworks.
487

 After the 

sulfurization and carbonization process in a hydrogen sulfide atmosphere, the 

structure and morphology of the Ni-Co based sulfides/N, S co-doped carbon 

nanocomposites samples, Ni1Co4S@C-600, Ni1Co4S@C-800 and Ni1Co4S@C-1000, 

are first investigated by transmission electron microscopy (TEM). As presented in 

Figure 8.17, the resulting composite Ni1Co4S@C-600 maintained sphere-like particles 

with a smaller size due to the shrinkage during the annealing process. For 

Ni1Co4S@C-800, the particles hold the original shapes of precursor with some 

deformation. However, for Ni1Co4S@C-1000 sample, the original morphology of 

precursor was completely damaged. The particle size of sulfides grew from 5 to 50 

nm with the increase of sulfurization temperature from 600 to 1000 
o
C (shown in 

Figure 8.17a, c and e). The corresponding diffraction intensity of selected area 

electron diffraction (SAED) patterns is also enhanced due to the increased 

sulfurization and carbonization temperature resulting in the improved crystallization 
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of cobalt sulfides. It is interesting to note that multiwall carbon nanotubes (CNT) or 

carbon onions were also observed via high resolution TEM in sample Ni1Co4S@C-

1000 (Figure 8.17f), which may be due to the catalytic effect of metallic cobalt and 

nickel during the graphitization stage. 
250, 409

 A carbon shell with thickness of 2 nm 

was also formed around the sulfide crystals. In addition, the interlayer spacing was 

measured as 0.178 nm, which is lower than the theoretical value of 0.194 nm for Co1-

xS. The observed decreased interlayer spacing for Ni-containing Co1-xS is due to the 

fact that Ni atoms are partially substituted into the cobalt sulfides and the atomic and 

ionic radius of Ni is smaller than that of Co.  

 

 

 

Figure 8.16 (a, b, c) TEM images, (d) powder XRD pattern, (e) nitrogen sorption 

isotherms for the parental ZIF-67 materials: Co-ZIF-67 (ZIF-67), Ni1Co4-ZIF-67, and 

Ni1Co2-ZIF-67. 
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Figure 8.17 TEM images of (a-b) Ni1Co4S@C-600; (c-d) Ni1Co4S@C-800 and (e-f) 

Ni1Co4S@C-1000. STEM image and elemental mapping for sample Ni1Co4S@C-

1000.(g) Inset in (b), (d) and (f) is SAED patterns for corresponding sample. 

(g) 
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Scanning transmission electron microscope (STEM) combined with an elemental 

mapping technique was used to ascertain the distribution of the Ni-Co based sulfide 

nanoparticles in the composite samples. Take sample Ni1Co4S@C-1000 as an 

example, element Co, Ni, and S (shown in Figure 8.17g) exhibit similar elemental 

mapping patterns to their selected area of STEM image, indicating that the Ni-Co 

based sulfide nanoparticles were uniformly dispersed in the carbon matrix. N is also 

observed in the elemental mapping, where N content is much less than that of C, 

possibly due to the high volatility of N species at high annealing temperature. These 

elements are also confirmed by using linear EDX analysis in STEM measurements 

(shown in Figure 8.18 and Figure 8.19). The elemental analysis (shown in Figure 8.19) 

illustrates that Ni1Co4S@C-1000 possesses only 2.25 wt% Ni species.  

    

 

Figure 8.18 STEM image and linear EDX for sample Ni1Co4S@C-1000. Signals Co, 

Ni, S, N and C are clearly detected from the sample. 
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Element Peak Area k    Abs  Weight% Weight% Atomic%  

    Area Sigma factor Corrn.     Sigma      

C K 9606 166   2.504 1.000 45.91 0.53 75.39  

N K 21 52   3.139 1.000 0.13 0.31 0.18  

S K 12931 210   0.959 1.000 23.67 0.37 14.56  

Co K 11755 172   1.261 1.000 28.30 0.40 9.47  

Ni K 930 75   1.268 1.000 2.25 0.18 0.76  

Totals     100.00    

Figure 8.19 EDX spectrum and element table for sample Ni1Co4S@C-1000. Signals 

Co, Ni, S, N and C are clearly detected from the sample. 

The elemental composition and chemical state of the Ni1Co4S@C composites have 

been further investigated by X-ray photoelectron spectroscopy (XPS) analysis, and 

the corresponding results are presented in Figure 8.20. As shown in Figure 8.20a, the 

element survey illustrates the presence of Co, Ni, S, C, and N in all the Ni1Co4S@C 

composites. For the spectrum of Co 2p (shown in Figure 8.20c), the sample 

Ni1Co4S@C-600 shows two spin-orbit doublets at 781.2 and 796.9 eV, which means 

the existence of Co
2+

 oxidation state. The sample Ni1Co4S@C-800 and Ni1Co4S@C-

1000 not only exhibit the two spin-orbit doublets at 781.2 and 796.9 eV, but also 

show doublets at 778.4 and 793.5 eV. This indicates the co-existence of Co
2+

 and 

Co
3+

 oxidation states in sample Ni1Co4S@C-800 and Ni1Co4S@C-1000.
448, 453, 477, 488

 

In Ni 2p spectrum (shown in Figure 8.20d), the sample Ni1Co4S@C-600 shows two 

peaks at around 855.6 and 873.3 eV in Ni 2p3/2 and Ni 2p1/2, respectively, 

corresponding to the characteristic of Ni
2+

.
489-491

 Apart from the Ni
2+ 

state, Ni 2p 

spectrum of the sample Ni1Co4S@C-800 and Ni1Co4S@C-1000 also show the 

binding energy at 856.2 eV in Ni 2p3/2 and 870.6 eV in Ni 2p1/2, which are 

characteristic of Ni
3+

,
477

 indicating the co-existence of Ni
 2+

 and Ni
 3+

 states in sample 

Ni1Co4S@C-800 and Ni1Co4S@C-1000. In S 2p region (shown in Figure 8.20e), two 

peaks located at 161.4 and 162.5 eV can be found due to the spin−orbit coupling in 

metal sulfide,
456, 477

 and the peak at 163.5 eV suggested the existence of covalent S-C 

bonding.
458, 476, 492

 In addition, another two peaks at around  168.5 and 169.5 eV 

indicate the formation of inconsequential amount of sulfide compounds during the 

carbonization and sulfurization process.
462, 493

 As shown in Figure 8.20f, the N 1s 

spectrum can be deconvoluted into four peaks, which correspond to the pyridinic-N 
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(397.8 eV), Co-N (399.1 eV), pyrrolic-N (400.1 eV), and graphitic-N (401.8 eV), 

respectively.
274, 420

 It can be seen that low S and N content remaining in the 

Ni1Co4S@C-1000 sample, which may be due to the high volatility of S, N species 

under high temperature. Based on XPS analysis, the near-surface of the sample 

Ni1Co4S@C-1000 is composed of Co
2+

, Co
3+

, Ni
2+

, Ni
3+

 and S
2-

. Furthermore, 

combined the XPS analysis with the elemental mapping results of Ni1Co4S@C-1000, 

it is clear that Ni-Co based sulfides have been successfully prepared in the simple 

one-step sulfurization and carbonization process.
494

  

 

 

  

Figure 8.20 (a) Element survey by XPS and high-resolution XPS spectrum of (b) C 

1s, (c) Co 2p, (d) Ni 2p, (e) S 2p and (f) N 1s for the as-synthesized composites.  
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The crystal structures of the as-synthesized Ni1Co4S@C composites were further 

characterized by XRD. Different from the sodalite structure of Ni-substituted ZIF-67 

precursor with molar ratio of n(Ni)/n(Co)=1/4 (Figure 8.16d), the XRD patterns of the 

Ni1Co4S@C composites (shown in Figure 8.21a) indicate that they mainly contain 

Co1-xS (ICDD PDF #42-0826) with hexagonal structure in the P63/mmc (no. 194) 

space group.
474, 495

 The XRD peaks for the Co1-xS phase became more intense and 

sharper with the increase of sulfurization temperature. No obvious diffraction peaks 

from Ni were detected in the XRD results, probably due to the fact that only very 

small amount of Ni atoms were substituted into cobalt sulfides. The carbon matrix of 

as-synthesized Ni1Co4S@C samples is supported by Raman spectra (shown in Figure 

8.21b), where the two broad bands at 1340 and 1590 cm
-1

 are assigned to the typical 

D and G band of amorphous carbon, respectively. The ID/IG value of 1.09 for sample 

Ni1Co4S@C-1000 is relative higher than that of 1.05 and 1.01 for sample 

Ni1Co4S@C-800 and Ni1Co4S@C-600, respectively. The higher ID/IG value indicates 

that the sample Ni1Co4S@C-1000 formed more abundant defects under higher 

carbonization temperature (1000 
o
C).

496
  

  

 

Figure 8.21 (a) XRD patterns, (b) Raman spectra, and (c) N2 sorption isotherms of 

the as-synthesized Ni1Co4S@C composites. 
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The textural properties of the as-synthesized Ni1Co4S@C composites were analysed 

by N2 sorption at -196 
o
C. As shown in Figure 8.21c, the sample Ni1Co4S@C-600 

exhibits a large hysteresis loop between its adsorption and desorption branches. The 

other two samples Ni1Co4S@C-800, and Ni1Co4S@C-1000, both present a small 

hysteresis loop between its adsorption and desorption branches, indicating the 

existence of mesoporous structure due to the voids between particles. Sample 

Ni1Co4S@C-600, Ni1Co4S@C-800 and Ni1Co4S@C-1000 possesses a specific 

surface area of 253, 283, and 340 m
2
 g

-1
 and pore volume of 0.68, 0.33, and 0.50 cm

3
 

g
-1

, respectively (Table 8.2). These value are much lower than those of the Ni-

substituted ZIF-67 precursors (Figure 8.16e), which is probably due to the dominance 

of the sulfides weight percentage in the Ni1Co4S@C composites and the damage of 

the porous structures of ZIF-67 during the sulfurization/carbonization process.  

TGA-MS was utilised to evaluate the thermal stabilities of the as-synthesized 

Ni1Co4S@C composites in air. As shown in Figure 8.22a, the TGA profiles of all the 

Ni1Co4S@C composites exhibit a minor weight loss event below 100 
o
C due to the 

removal of the water (shown in Figure 8.22c), followed by a small weight increase in 

the temperature range of 300-500 
o
C, due to the oxidation of sulfides to high valence 

states. Two major weight loss events at around 450-500 and 700 
o
C can be observed 

for all the samples, corresponding to the burn off of the N,S Co-doped carbon species 

and the decomposition of the sulfides, respectively, which are confirmed by the 

emission of CO2, NO2 and SO2 in their corresponding MS signals (Figure 8.22b, d 

and e). The sample Ni1Co4S@C-600 shows a different weight loss event in the 

temperature range of 300-500 
o
C, which is possibly due to the burn off incomplete 

carbonized organic ligands from precursors. 
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Figure 8.22 (a) TGA and their corresponding MS curves of (b) CO2, (c) H2O, (d) NO2, 

and (e) SO2 for the as-synthesized Ni1Co4S@C composites. 

 

Table 8.2 Comparison of the textural properties and the OER catalytic performances 

of the as-synthesized Ni1Co4S@C composites and IrO2/C 

Materials Surface 

area (m
2 

g
-1

) 

Pore 

volume 

(cm
3
 g

-1
) 

Potential (V 

vs. RHE) 

acquired for 

the current 

density of 10 

mA cm
-2

 

Tafel slope 

(mV dec
-1

) 

Onset 

potential (V 

vs. RHE) 

Ni1Co4S@C -

600 

253 0.68 1.85 108 1.62 

Ni1Co4S@C -

800 

283 0.33 1.66 99 1.48 

Ni1Co4S@C -

1000 

340 0.50 1.52 68 1.44 

IrO2/C N/A N/A 1.59 90 1.42 
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8.5 Applications of cobalt-nickel sulfides/N, S co-doped porous 

carbon composites  

8.5.1 Oxygen evolution reaction 

The electrocatalytic activities of the as-synthesized Ni1Co4S@C composites for OER 

were evaluated in 0.1 M KOH solution (Figure 8.23). In our previous study, the 

samples without adding nickel were also evaluated the OER performance under the 

same condition. In details, the samples which were sulfurized at 600, 800, and 1000 

o
C, exhibited an onset potential of 1.74, 1.67, and 1.47 V, respectively, and they 

required >1.96, 1.86, and 1.70 V at the current density of 10 mA cm
-2

, respectively.
448

 

The linear sweeps of all the Ni1Co4S@C composites and IrO2/C in an anodic direction 

are shown in Figure 8.23a. The sample Ni1Co4S@C-1000 demonstrates a smaller 

onset potential of 1.44 V than that of Ni1Co4S@C-800 (1.48 V) and Ni1Co4S@C-600 

(1.62 V), respectively. It is worth noting that the onset potential of Ni1Co4S@C-1000 

is only marginally higher than that of IrO2/C catalyst (1.42 V). Moreover, the OER 

current density of Ni1Co4S@C-1000 is higher than that of Ni1Co4S@C-600, 

Ni1Co4S@C-800 and even IrO2/C over the whole potential range, indicating that the 

sample Ni1Co4S@C-1000 is a highly active OER electrocatalyst. In addition, sample 

Ni1Co4S@C-1000 also exhibits much higher OER performances than IrO2/C even in 

neutral and acidic solutions (shown in Figure 8.24), suggesting that the composite 

Ni1Co4S@C-1000 is superior to other relevant composites and IrO2/C in all pH value 

ranges.  

The operating potentials to deliver a 10.0 mA cm
-2

 current density, which is a metric 

relevant to solar fuel chemistry,
497

 was further compared. Ni1Co4S@C-1000 holds a 

current density of 10.0 mA cm
-2

 at 1.52 V (Figure 8.23a), which is comparable to, or 

even better than the value of many other reported catalysts.
483, 498, 499

 In addition, the 

excellent OER activity of Ni1Co4S@C-1000 is not only better than monometallic 

cobalt sulfides/N, S co-doped carbon (CoxSy@C-1000, 1.70 V, 0.1 M KOH)
448

 and 

other non-metal/carbon catalysts,
262, 500

 but also superior to that of many bimetallic 

oxides/sulfides reported to date, such as ZnxCo3-xO4 nanowire (1.55 V, 1.0 M 

KOH),
501

 NiFeOx film (> 1.58 V, 1.0 M NaOH),
497

 and NixCo3-xO4 nanowire (~1.60 

V, 1.0 M NaOH).
502

 Clearly, Ni1Co4S@C-1000 is one of best active electrocatalysts 

for OER.
262, 448, 497, 499, 501-506
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To examine the kinetics for catalytic OER, the linear fitting of the Ni1Co4S@C-1000 

Tafel plot shows a low Tafel slope of 68 mV dec
-1

, even smaller than that of IrO2/C 

(90 mV dec
-1

) (Figure 8.23b), suggesting the outstanding intrinsic OER kinetics. The 

reason why Ni1Co4S@C-1000 exhibits a lower Tafel slope is probably due to a strong 

affinity for OH
-
 intermediates on the active sites of Ni1Co4S@C-1000.

507
 The 

introduction of nickel promoted cobalt sulfide and N, S dopants results in the adjacent 

carbon atoms positively charged, which can facilitate the adsorption of OH
-
, and also 

promote the electron transfer between the surfaces of Ni1Co4S@C-1000 and reaction 

intermediates. The decreased Tafel slope for Ni1Co4S@C-1000 compared with IrO2/C 

suggests an efficient OER process, which is in consistent with the higher current 

density for Ni1Co4S@C-1000 relative to IrO2/C. In OER, the oxidation of hydroxide 

ions produces O2 and H2O in alkaline solution, where the half reaction is 4OH
-
 → 

2H2O + O2 + 4e
-
. The comparison of the OER catalytic performances of the as-

synthesized Ni1Co4S@C composites and IrO2/C is listed in Table 8.2. 

Catalyst durability towards OER is another major challenge for energy conversion 

and storage. As shown in Figure 8.23c, the sample Ni1Co4S@C-1000 exhibits 

superior durability to the IrO2/C catalyst, with a small decay (10%) in OER activity 

after continuous operation at 1.6 V for 6000 s, whereas the current density for IrO2/C 

catalyst decreased up to 50% under the same conditions. Moreover, sample 

Ni1Co4S@C-1000 can still hold up to 77 % OER activity after continuous operation 

for 6000 s at potential as high as 1.8 V, but the IrO2/C catalyst has a 54% decay of 

activity under the similar operation conditions. The excellent durability of 

Ni1Co4S@C-1000 for OER is probably due to the protection of the doped carbon 

matrix surrounding the sulfides nanoparticles.
262, 508

 In addition, a further stability test 

(Figure 8.23d) shows that Ni1Co4S@C-1000 exhibits a similar I-V curve to the initial 

one with only a small drop of the current density after 1000 scanning cycles. This is 

probably due to the fact that the carbon matrix could be partially oxidized at higher 

potential (e. g. 1.8 V), which can further result in the sulfide nanoparticles in 

Ni1Co4S@C-1000 becoming partly oxidized.
448
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Figure 8.23 (a) Polarization curves of OER on IrO2/C and the as-synthesized 

Ni1Co4S@C composites in 0.1 M KOH solution, respectively. (b) Corresponding 

Tafel plot (potential versus log current) derived from (a). (c) Current–time plot of the 

IrO2/C and Ni1Co4S@C-1000 electrode with the applied potential at 1.6 V and 1.8 V 

(vs. RHE) under the same conditions. (d) Polarization curves of Ni1Co4S@C-1000 

before and after 1000 scan cycles at 5 mV s
-1

. 

  

Figure 8.24 Linear sweep voltammetry curves of Ni1Co4S@C-1000 and IrO2/C for 

OER in (a) neutral PBS (phosphate buffered saline) solution and (b) acidic 0.5 M 

H2SO4 solution. 
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The excellent electrocatalytic OER performance of composite Ni1Co4S@C-1000 can 

be attributed to several factors. First, the use of a molecular-like MOF as the precursor 

can afford nickel promoted cobalt sulfide nanoparticles homogeneously embedded 

into porous carbon, leading to a structure with strong interaction between metal 

sulfides and carbon matrix, with remarkably improved conductivity. Second, the high 

surface area of the composite can provide better accessible and enhanced utilization of 

electrocatalytic active sites. Third, the core-shell carbon structure can protect the 

sulfide nanoparticles from degradation and improve the stability of the electrocatalyst. 

Fourth, in composite Ni1Co4S@C-1000, both Ni and Co are generally considered as 

the active centres for OER because of their suitable binding energy to oxygen 

intermediates,
509-511

 where transition metal chalcogenides indeed showed high OER 

activities.
490, 506

 Fifth, the N,S Co-doped carbon not only acts as a conduction path for 

shuttling electrons but also serves as an active site for OER.
262

 Last but not least, the 

synergetic effect at the interfaces of nanostructured sulfides and the N, S co-doped 

carbon matrix can also inevitably play an important role.  

The reaction reversibility initiated on an oxygen evolution electrode is an important 

parameter for the regenerated fuel cells and rechargeable metal−air batteries.
504

 Figure 

8.25 presents the polarization curve of Ni1Co4S@C-1000 which was measured in the 

whole region of OER and ORR (Oxygen Reduction Reaction). The overall oxygen 

electrode activity can be evaluated by the difference between OER and ORR metrics, 

with the equation ΔE = Ej=10 − E1/2. The smaller value of ΔE, the better reversible 

oxygen electrode performance.
512, 513

 Sample Ni1Co4S@C-1000 exhibits a half-wave 

potential (E1/2) of 0.60 V in the ORR region (shown in inset Figure 8.25) and a 

potential of 1.52 V at current density of 10.0 mA cm
-2

 (Ej=10) in the OER region. As a 

result, Ni1Co4S@C-1000 possesses a ΔE value of 0.92 V, which is comparable to, or 

even lower than other reported active reversible oxygen electrodes, including 

Pt/CaMnO3 (ΔE = 1.01 V)
512

 and Co3O4/N-doped carbon (ΔE = 0.86 V).
513

 It is, 

therefore, that Ni1Co4S@C-1000 is a promising reversible oxygen electrode material. 

In addition, the value of electron transfer numbers (n) for ORR derived from the slope 

of the K-L plot (Figure 8.26) at various potentials is about 4,
473

 suggesting that the 

ORR proceeded mainly through a desirable four-electron pathway.  
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Figure 8.25 Polarization curve measured in O2-saturated 0.1 M KOH solution for 

Ni1Co4S@C-1000 in the whole region of OER and ORR. 

 

  

Figure 8.26 (a) ORR polarization curves of Ni1Co4S@C-1000 at different rotating 

speeds and (b) corresponding K-L plots of CoxSy@C-1000 at different potentials. 

 

To illustrate the effect of Ni content on the electrocatalytic performance, Ni-

substituted ZIF-67 with variable Ni:Co molar ratio was produced first. XRD results 

demonstrated that with increase of the Ni content gradually, the resulting materials 

changed from pure ZIF-67 phase for Ni:Co molar ratio of 1:4 to ZIF-67 together with 

a new phase when the Ni:Co molar ratio is 1:2 (Figure 8.16a), and eventually the ZIF-

67 phase disappeared when the Ni:Co molar ratio is 1:1 (Figure 8.16a). In addition, 

the specific surface area of the material with the Ni:Co molar ratio of 1:2 is only 602 
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m
2
 g

-1
 (Figure 8.16b), which is only ca. 35% of the pure ZIF-67 and Ni1Co4-ZIF-67, 

implying the remarkably low porosity of the new formed phase. The metal 

sulfides/carbon composites derived from Ni1Co2-ZIF-67 in H2S atmosphere at 

different temperatures exhibited similar XRD, Raman and porosity results to the 

composites originated from Ni1Co4-ZIF-67 (Figure 8.27 and 8.28), whereas the sizes 

of spherical particles for the Ni1Co2S@C products is bigger than those of Ni1Co4S@C 

particles (Figure 8.29). Electrochemical OER performance of the Ni1Co2S@C 

composites in Figure 8.30a indicated that sample Ni1Co2S@C-600 shows low OER 

activity, while sample Ni1Co2S@C-800 and Ni1Co2S@C-1000 exhibit relative high 

OER activities, which is in consistent with their Tafel slopes (Figure 8.30b). However, 

it is worth noting that the OER performances of all Ni1Co2S@C samples are generally 

inferior to that of IrO2/C and the sample Ni1Co4S@C-1000. Clearly, the introduce of 

increased amount of Ni into the precursors result in the formation of a non-pure ZIF-

67 phase with relative low porosity; consequently, metal sulfides/carbon composites 

with inhomogeneous dispersion of the sulfides particles were generated, which leads 

to the poor OER performances of Ni1Co2S@C compared to that of Ni1Co4S@C-1000.  

 

  

Figure 8.27 (a) XRD patterns and (b) Raman spectra of the as-synthesized 

Ni1Co2S@C composites. 
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Figure 8.28 N2 sorption isotherms of the as-synthesized Ni1Co2S@C composites. 

 

 

  

Figure 8.29 TEM images of (a-b) Ni1Co2S@C-600; (c-d) Ni1Co2S@C-800 and (e-f) 

Ni1Co2S@C-1000.  
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Figure 8.30 (a) Polarization curves for OER on IrO2/C and the as-synthesized 

Ni1Co2S@C composites, respectively. (b) The corresponding Tafel plot (over-

potential versus log current) derived from the OER polarization curves. 

8.3.2 Hydrogen evolution reaction 

The hydrogen evolution reaction (HER) catalytic activities of the CoS@C (without Ni 

addition), Ni1Co2S@C, and Ni1Co4S@C were all evaluated in an Ar-saturated 0.5 M 

H2SO4 solution (shown in Figure 8.31, 32, 33 and Table 8.3). The polarization curve 

recorded with Ni1Co4S@C-800 shows an onset overpotential of 98 mV for the HER 

(Figure 8.31). In contrast, CoS@C and Ni1Co2S@C samples (shown in Table 8.3) 

exhibit lower HER activity (onset overpotential ranging from 120 to 306 mV). 

Notably, to achievie a current density of 10 mA cm
-2

, the sample Ni1Co4S@C-800 

only requires an overpotential of 247 mV, which is comparable to that of the most 

active non-precious metal HER electrocatalysts: Co/N-doped carbon(229 mV in 0.5 

M H2SO4),
274

 double-grid MoS2 (270 mV in 0.5 M H2SO4)
514

 and C3N4/N-doped 

graphene (270 mV in 0.5 M H2SO4).
515

 The dramatic enhancement in HER activity is 

even more apparent by the comparison of the slopes of Tafel plots (Figure 8.31b, 32b, 

33b and Table 8.3), where slope value is 58 mV/decade for the Ni1Co4S@C-800 and 

in range of 119 to 488 mV/decade for other Ni0Co1S@C and Ni1Co2S@C samples, 

respectively. Obviously, Ni1Co4S@C samples show enhanced HER catalytic activities 

compared with other Ni0Co1S@C and Ni1Co2S@C samples under the same 

conditions. It is believed that the introduce of nickel promoted cobalt sulfides and N,S 

dopants can synergistically optimize the electronic structure of the carbon and the 

adsorption energy of H atoms on carbon, thus promoting the electron 

transformation.
274
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Figure 8.31 (a) HER polarization curves and (b) corresponding Tafel plots of Pt/C 

and the as-synthesized Ni1Co4S@C composites. Measured in 0.5 M H2SO4 electrolyte. 

 

  

Figure 8.32 (a) HER polarization curves and (b) corresponding Tafel plots of Pt/C 

and the as-synthesized Ni1Co2S@C composites. Measured in 0.5 M H2SO4 electrolyte. 

 

  

Figure 8.33 (a) HER polarization curves and (b) corresponding Tafel plots of Pt/C 

and the as-synthesized Ni0Co1S@C composites. Measured in 0.5 M H2SO4 electrolyte. 
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The HER generally consists of three main reaction steps in acidic media, while the 

HER mechanism in alkaline media is still unclear. The first step in acidic media is the 

Volmer step: H
+
 + e

-
→Hads. The reaction of a proton with an electron forms an 

adsorbed hydrogen atom (Hads). After the formation of Hads, HER then proceeds to the 

Tafel step (2Hads→H2) or the Heyrovsky step (Hads + H
+
 + e

-
→H2) or both. Thus, the 

half reaction is 2H
+
 + 2e

-
 → H2. 

 

Table 8.3 Comparison of the HER catalytic performances between our materials. 

Catalyst Onset 

(mV) 

Tafel slope 

(mV/decade) 

Over-potential at the Current 

density of 10 mA cm
-2

 (mV) 

Ni1Co4S@C-

600 

165 74 264 

Ni1Co4S@C-

800 

98 58 247 

Ni1Co4S@C-

1000 

155 91 222 

Ni1Co2S@C-

600 

306 305 693 

Ni1Co2S@C-

800 

168 119 308 

Ni1Co2S@C-

1000 

198 158 349 

Ni0Co1S@C-

600 

287 488 979 

Ni0Co1S@C-

800 

205 192 443 

Ni0Co1S@C-

1000 

110 125 256 

Pt-C 0 27 46 
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8.5.3 Conclusions 

In this part, a metal sulfide/carbon nanocomposite system, consisting of nickel 

promoted cobalt sulfides and N, S co-doped porous carbon, was developed as highly 

efficient non-noble metal electrocatalyst for oxygen evolution reaction (OER). The 

Ni-Co based sulfides/N, S co-doped carbon nanocomposites were facilely synthesized 

from a simple one-step process via the simultaneous carbonization and sulfurization 

of Ni-substituted ZIF-67 in hydrogen sulfide atmosphere. Due to the effect of Ni 

substitution, the featured morphology, the high porosity (340 m
2
 g

-1
), the 

homogeneous dispersed active components combined with N,S Co-doping effect, the 

sample Ni1Co4S@C-1000 functions as an efficient and stable non-noble metal 

electrocatalyst for OER. This novel material exhibited a low onset potential of 1.44 V 

(vs reversible hydrogen electrode) and a stable current density of 10 mA cm
−2 

at 1.52 

V in 0.1 M KOH alkaline solution over a long-term operation, better than the 

benchmark IrO2/C and other composites synthesized under the same conditions. The 

Ni1Co4S@C-1000 can also efficiently catalyse oxygen reduction reaction (ORR), with 

a four-electron pathway for reversible oxygen evolution and reduction. Furthermore, 

Ni1Co4S@C-800 showed enhanced electrocatalytic activity for hydrogen evolution 

reaction (HER) in water splitting. These findings indicate that ZIFs-derived nickel 

promoted cobalt sulfides on N, S co-doped porous carbon nanocomposites are cost-

effective and promising alternative electrocatalysts towards OER, ORR and HER in 

the next generation of energy storage and conversion technologies. 

8.6 Summary 
In this chapter, using ZIF-67 as a precursor, a facile one-step sulfurization and 

carbonization route has been successfully developed to synthesize atomically 

uniformly dispersed cobalt sulfide nanocrystal particles embedded in N, S co-doped 

porous carbon matrices, which are promising advanced bifunctional electrocatalyst for 

ORR and OER. Due to the high porosity, unique core-shell structure, homogeneous 

dispersion and N and S-doping effect, the as-synthesized nanocomposite CoxSy@C-

1000 not only exhibits exceptionally prominent electrocatalytic activity, good 

methanol tolerance and superior durability for ORR, but also offers promising 

catalytic performance for OER in alkaline medium. This work may open up a new 

avenue for the design and syntheses of highly homogeneous dispersed porous carbon-

metal sulfides nanocomposite materials that display low-cost and efficient 
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bifunctional electrocatalytic behaviours for the next generation of energy conversion 

and storage applications. 

In addition, a facile method for the synthesis of porous Ni-Co based sulfides/S,N-

codoped carbon nanocomposites has been presented and their excellent 

electrochemical performances for water splitting have been demonstrated. The as-

synthesized nanocomposite Ni1Co4S@C-1000 exhibits superior OER activity, more 

favourable kinetics, and longer durability compared with those of IrO2/C and other 

composites synthesized under the similar conditions (Ni1Co4S@C-600, Ni1Co4S@C-

800 and Ni1Co2S@C). Ni1Co4S@C-1000 also shows the excellent reversible oxygen 

electrode nature. The generated metal sulfides/carbons composites display enhanced 

HER activities as well. Generally, these excellent catalytic abilities could be attributed 

to: 1) The uniformly distributed nickel promoted cobalt sulfides nanoparticles 

supported on high surface area carbon enables the full use of catalytic active sites, 

with the high conductivity of carbon that is favourable to the electron transfer; 2) The 

core-shell carbon structure protected the encapsulated sulfides nanoparticles to 

maintain the stability; 3) The synergistic effect of nickel promoted cobalt sulfide 

nanoparticles; 4) The doping of N, S into carbon architecture can improve the 

catalytic activity; 5) The synergistic effect between metal sulfides and S,N codoped 

carbon can also enhance the catalytic activity. Using this novel synthesis strategy, 

other homogeneously distributed novel bimetal sulfides/heteroatom codoped porous 

carbon composites could be facilely prepared. These materials will be promising in 

metal-air batteries, fuel cells, and water splitting and other energy systems, which 

pave a new way to develop alternative cost-effective non-noble metal based advanced 

functional catalysts for energy applications.  
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9. Chapter 9: Conclusions and future work 
 

9.1 Conclusions 
In this thesis, novel nanostructured materials with appropriate functionalities have 

been designed and developed, and their applications in energy-related fields have also 

been evaluated. This thesis presents the synthesis of a series of ZIFs and ZIF 

derivatives, including ZIF-8, ZIF-8/graphene oxide composites, zinc 

oxide/nanoporous carbon composites derived from ZIF-8, cobalt/nanoporous carbon 

composites derived from ZIF-67, cobalt sulfides/N, S co-doped porous carbon 

composites and relevant cobalt-nickel sulfides/N, S co-doped porous carbon 

composites derived from ZIF-67. The morphologies, crystal structures, thermal 

properties, and textural properties of these as-synthesized products were characterised 

in detail using combined techniques. In addition, this thesis also reports the excellent 

performances in the applications of these as-synthesized products, including CO2 

uptake, adsorption and photodegradation of organic dye, electrocatalytic oxygen 

reduction reaction, oxygen evolution reaction and hydrogen evolution reaction. 

Therefore, my initial PhD objectives have been achieved. In details: 

 

In Chapter 4, a cost-effective and facile method for the synthesis of ZIF-8 from 

stoichiometric molar ratio of precursors in aqueous ammonia was presented. 

Ammonia not only can promote the deprotonation of the ligand, but also accelerate 

the formation of ZIF-8. The concentration of ammonia can control the structures, 

particle crystal sizes and textural properties of the resulting products. In addition, a 

series of anions that affects the formation of ZIF-8 has also been demonstrated. The 

anion types and concentrations have significant effect on the formation of pure ZIF-8 

and the anion effect capacity follows the classic Hofmeister anion sequence. 

 

In Chapter 5, ZIF-8/graphene oxide composites have been synthesized by an in-situ 

approach. The formation of strong interactions between ZIF-8 and GO in the 

synthesized composites has been confirmed. These in-situ synthesized composites 

exhibit enhanced CO2 adsorption energy and significant CO2 storage capacity, which 

is probably due to the strong interactions and the synergistic effect between GO and 

ZIF-8. 
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In Chapter 6, advanced functional composites of ZnO nanoparticles embedded in N-

doped nanoporous carbons have been synthesized by a simple one-step carbonization 

of ZIF-8 under a water stream atmosphere. A variety of characterization techniques 

show that the introduction of water steam during the carbonization process holds the 

key to obtain the fine and homogeneously dispersed ZnO nanoparticles within the 

functionalised nanoporous carbon matrix. Possessing a higher specific surface area, a 

larger pore volume and abundant oxygen-containing hydrophilic functional groups, 

the resulting composite exhibits a stronger interaction with CO2 and is more efficient 

to promote the photocatalytic degradation-adsorption of methylene blue under visible 

light than the composite obtained without steam treatment. 

 

Chapter 7, demonstrates a series of ZIF derivatives of cobalt/nanoporous N-doped 

carbon nanocomposites and hollow carbon nano-onions synthesized by one-step 

carbonization of ZIF-67. The effect of the carbonization temperature on the structural 

evolution of the ZIF derivatives was discussed. Among the as-synthesized products, 

the cobalt/nanoporous N-doped carbon composites have demonstrated excellent 

catalytic activities toward ORR in alkaline medium. Compared to the commercial 

Pt/C catalyst, the optimized nanocomposite (annealed at 800 
o
C) exhibits superior 

catalytic activity, a four-electron pathway, high durability and excellent methanol 

tolerance. Moreover, the optimized nanocomposite also showed enhanced 

electrocatalytic activity for OER from water splitting. 

 

In Chapter 8, homogeneous dispersed cobalt sulfide/N,S co-doped porous carbon 

nanocomposites as high-performance bifunctional electrocatalysts towards ORR and 

OER have been synthesized by suing a simple and efficient method that utilizes ZIF-

67 as the precursor and template. The resulting nanocomposites possess a unique 

core–shell structure, high porosity, homogeneous dispersion of active components 

together with N and S-doping effects. The as-synthesized bifunctional electrocatalysts 

show excellent electrocatalytic activity towards ORR with the high onset potential 

and a four-electron pathway and OER with a small overpotential, they also exhibit 

superior stability to the commercial Pt/C catalyst in ORR and good OER stability. 

Furthermore, a Ni-Co based bi-metallic sulfide/N, S co-doped carbon nanocomposite 

system was developed as highly efficient non-noble metal electrocatalyst for OER. 

The nanocomposites were facilely synthesized via a simple one-step process from the 
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simultaneous carbonization and sulfurization of Ni-substituted ZIF-67 in hydrogen 

sulfide atmosphere. Due to the effect of Ni substitution, the featured morphology, the 

high porosity, the homogeneous dispersed active components combined with N,S-

codoping effect, the resulting nanocomposite functions as a superior active and stable 

non-noble metal electrocatalyst for OER. 

9.2 Suggestions for future work 

Based on the obtained results, some suggestions for the future work are proposed as 

follows: 

 We have successfully prepared zinc oxide/nanoporous carbon composites 

derived from ZIF-8 with excellent CO2 uptake. However, the pure N-doped 

porous carbon derived from ZIF-8 by using the similar preparation method is 

still needed to investigate. These N-doped porous carbon materials are 

potential promising in CO2 storage application and some electrochemical 

applications. 

 We have obtained cobalt sulfides/N, S Co-doped porous carbon 

nanocomposites from ZIF-67. The investigation of the pure S, N-codoped 

porous carbon derived from ZIF-67 by using similar synthesis method will be 

an interesting subject, including its CO2 storage application and ORR, OER 

applications. 

 Polymer composite membranes containing nanostructured fillers have many 

potential applications in industrial sectors, ranging from carbon dioxide 

capture and sequestration to hydrogen purification, and use in water 

desalination and vapour recovery systems. Next generation mixed-matrix 

membranes (MMMs) which incorporate porous ZIFs, offer the unique 

opportunity for combining high selectivity and chemical tuneability of ZIFs 

with the ease of processing and robustness intrinsic to conventional polymers.  

 ZIF materials normally can provide high surface area with micropores. The 

investigation of the synthesis of hierarchical structural porous materials 

including micropore, mesopore, and macropore will be an interesting topic. 

 Doping effects can offer an excellent electrocatalytic performance. In this 

thesis, nitrogen and sulfur doping have been studied. It will be very interesting 

to investigate other heteroatom doping effect such as P, and B on the 
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electrocatalytic performance. It is also very necessary to study the mechanism 

of doping effect. 
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