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Abstract 

21st century is the hydrogen century. However, to realize hydrogen economy the safe and 

effective hydrogen storage remains one of the main challenges. In this work, graphitic carbon 

nitride (g-C3N4) nanotubes were synthesised through a convenient one-step calcination method. 

The physical, chemical and hydrogen storage properties were examined. For comparison, 

multiwall carbon nanotubes (MWCNTs) and g-C3N4 nanosheets and bulk g-C3N4 were also 

studied. While the MWCNTs were purchased from Shenzhen Nanotech Port Co., Ltd, China, 

bulk g-C3N4 was synthesised by calcined melamine at 550 °C following a route in the literature. 

A novel and facile high temperature calcination method was proposed and developed here to 

synthesize g-C3N4 nanosheets.  

All the g-C3N4 materials (nanotubes, nanosheets and bulk) possessed better performance 

in hydrogen storage than the MWCNTs. The hydrogen storage capacities of the materials 

studied were obtained at 25 °C (room temperature) and under a hydrogen pressure of 3.7 MPa. 

For g-C3N4 nanotubes, the hydrogen storage capability has improved by up to 70% (from 0.46 

wt.% for MWCNTs to 0.78 wt.%. The 25 °C hydrogen storage capacity of bulk g-C3N4 (0.51 

wt.%) was also higher than that of MWCNTs. The capacity of g-C3N4 nanosheets (0.73 wt.%) 

was higher than that of bulk g-C3N4, but lower than the capacity of g-C3N4 nanotubes. The 

higher calculated isosteric heat of adsorption (Qst) for the three g-C3N4 materials (8.5 kJ/mol 

for bulk, 10.5 kJ/mol for nanosheets and 12.5 kJ/mol for nanotubes) as compared to that of 

MWCNTs (6 kJ/mol) implies that the high storage capacities could be attributed to the strong 

interaction between hydrogen and the g-C3N4 materials. Besides, Qst of g-C3N4 nanotubes was 

higher than Qst of g-C3N4 nanosheets and bulk g-C3N4, suggesting that g-C3N4 nanotubes could 

form a much stabler bond with hydrogen. This finding can be used to explain the highest 

storage capacity of g-C3N4 nanotubes as compared with that of g-C3N4 nanosheets and bulk g-

C3N4. Temperature Programming Desorption (TPD) was also applied to study the four samples. 
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Strong signals were detected for the chemisorbed hydrogen in g-C3N4 materials, suggesting 

except physisorption, chemisorption should also play an important role in the great hydrogen 

storage performance of them.  

In the second part of this work, nickel was used in the fabrication of g-C3N4 nanotubes, in 

an attempt to further improve the hydrogen storage performance. The samples were synthesized 

by calcining melamine, cyanuric acid, and nickel together. The obtained g-C3N4 nanotubes 

possessed a highly defective and porous nanotube structure. Consequently, the specific surface 

area and pore volume have largely improved. Compared with g-C3N4 nanotubes synthesized 

without using nickel, the 25 °C storage capacity of g-C3N4 nanotubes synthesized by nickel-

assisted approach has further increased by 50 % (from 0.78 wt.% to 1.17 wt.%). As confirmed 

by hydrogen desorption study and Temperature Programming Desorption (TPD) experiments, 

the improved capacity could be attributed to the increased physisorption and chemisorption of 

hydrogen in the nanotubes. Based on this finding, it could be concluded that the created defects 

and pores provided extra strong adsorption sites for hydrogen, which enabled more hydrogen 

to be adsorbed, either physically or chemically.    

In summary, this work is one of the first to study g-C3N4 nanotubes for hydrogen storage 

through the experimental methods. Evidence showed that g-C3N4 nanotubes could be a 

potential material for hydrogen storage application at room temperature. A facile, one step 

fabrication method was disclosed in this work which could be used to synthesize porous g-

C3N4 nanosheets with high specific surface area and pore volume. The as synthesized g-C3N4 

nanosheets not only had the advantage for hydrogen storage, but also could be expected to have 

good performance in other fields like photocatalyst. In addition, this research reported a nickel 

based modification method to create defects and pores on g-C3N4 nanotubes. This methodology 

should pave a new avenue to modify g-C3N4 based materials for advanced applications like 

photocatalyst, solar cell and lithium battery. 
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Chapter 1 Introduction 

 

1.1  Introduction 

Hydrogen, which possesses a high gravimetric energy density and produces energy with 

zero carbon dioxide emission, is regarded as a potential alternative to fossil fuels. However, to 

realize a hydrogen economy, we must solve the challenging problems associated with effective 

hydrogen storage. [1]. Until now, the most common three methods to store hydrogen are: high 

pressure hydrogen storage; liquifying hydrogen and storing hydrogen in solid-state materials. 

For the first two methods, safety issue and temperature limit exist [2] and promote intense 

research on suitable materials to store hydrogen efficiently. Among these materials,  metal-

based materials like AB2, AB3 and AB5, which form metal hydride, are reported to have a large 

storage capacity for hydrogen. For example, magnesium and its alloys can even store hydrogen 

to above 7 wt.% [3]. However, the low kinetic of hydrogen sorption and high temperature 

(>300 ℃) required for hydrogen release still severely limit their practical use as a hydrogen 

storage material [4,5]. 

Carbon nanotubes (CNTs) with a unique 1D structure has been largely studied as a 

potential hydrogen storage material. It has been found that CNT could store hydrogen above 5 

wt.% at 77 K under 20 bar [6]. But the hydrogen storage capacity at room temperature is very 

low because of the low isosteric heat of adsorption (normally 5 kJ/mol) [7]. One way to improve 

the storage capacity is to introduce heteroatom nitrogen, which could increase the binding 

energy between hydrogen molecule/atom and the adsorbent [8]. One of the theories to explain  

why nitrogen could  increase binding energy is that nitrogen reduces the energy barrier of 

dissociative adsorption of hydrogen [9,10]. Another theory is that heteroatom induces the dipole 

moment in the hydrogen then the interaction between hydrogen and storage materials is 

strengthened [11-13]. It should be noted that the doped nitrogen on carbon materials were usually 
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below 30 wt.% for most of reported research. Thus, it would be of interest to see if an increase 

in nitrogen content > 30 % would give rise to better results in hydrogen storage.  

Graphitic carbon nitride (g-C3N4) nanotubes having a graphitic tubular structure like CNT, 

is widely used in the field of photocatalyst, lithium battery and solar cell [14-16]. Because of the 

high concentration of nitrogen (57 % in theory), g-C3N4 nanotubes can be expected to have 

good performance in hydrogen storage. Another advantage of g-C3N4 nanotubes is their porous 

structure. Compared with carbon materials, there is nitrogen induced defects (about 0.7 nm) on 

the graphitic structure of g-C3N4 materials [17]. Figure 1 shows the nanostructure of g-C3N4 

nanotubes and nanosheets which have lots of nanopores. Koh et al. reported that these 

nanopores could allow hydrogen to get into the interior of nanotubes, thus increased the specific 

surface area and stored hydrogen within [17]. In addition, the doubly bonded nitrogen at the 

nanopores can be strong physical or chemical sites for hydrogen adsorption. The theoretical 

hydrogen storage capacity of g-C3N4 nanotubes has been calculated to be 5.45 wt.% [17]. It is 

to my knowledge that the hydrogen storage performance of g-C3N4 nanotubes has not been 

widely studied by experiment method. Therefore, a comprehensive experimental research is 

needed to investigate the potential of g-C3N4 nanotubes as hydrogen storage materials. 

For most of studies, g-C3N4 nanotubes were synthesised through a two-step condensation 

method [18-20]. To be more specific, melamine or the mixture of melamine and cyanuric acid 

are subjected to hydrothermal reaction firstly, then the products after hydrothermal reaction are 

calcined at a certain temperature. However, this method always suffers from the shortcomings 

such as low yield and time consuming. Other fabrication routes such as solvothermal treatment, 

catalyst-assembly, template, or chemical vapor deposition have been reported [21-24]. However, 

they have many drawbacks including unstable yield and quality, harsh synthesis conditions, 

using toxic chemicals, complicated procedures, and high cost [25]. Thus, an easy to handle, high 

yield and environmental-friendly method is needed to fabricate g-C3N4 nanotubes. Recently, 
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Wang et al. successfully synthesised g-C3N4 nanotubes through a convenient route by heating 

cyanuric acid and melamine together. The as-synthesised materials have perfect nanotube 

structure and high yield [26]. Therefore, the reported method has been employed here to 

fabricate samples for hydrogen storage study, with a minor adjustment which is discussed in 

detail in Chapter 3. 

 

 
Figure 1.1. nanostructure of (a) g-C3N4 nanotubes and (b) g-C3N4 nanosheets. 

 

According to Wang’s study, the precursor materials melamine and cyanuric acid started 

to form nanorod structure at about 400 °C during the synthesis process, then the nanorod 

structure transformed to g-C3N4 nanotubes at about 550 °C by removing the -NH2 groups on 

the edge of tri-s-triazine [26,27]. Since the removing process can release toxic NH3 gas, it is 

necessary to improve the synthesis method to reduce the release of NH3 gas. Decomposing 

NH3 gas seems to be a plausible way to achieve this. Here nickel nitride could be synthesised 

through the reaction between nickel (Ni) and NH3 
[28-31] following the reaction 

6Ni+2NH3=2Ni3N+3H2. Thus, using nickel should be a good way to reduce the released NH3 

gas. There is another benefit of using nickel to decompose NH3. H2 produced by this reaction 

could have the chance to react with oxygen and form H2O molecules. The size of H2O 

molecules (0.25 nm) is smaller than the interlayer distance of g-C3N4 (0.324 nm) [32]. It is easy 
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for H2O to intercalate into  the walls of g-C3N4 nanotubes and trigger the C/N-reforming 

reactions: CN+2H2O=CO+2H2+NO [32,33], which can create defects on g-C3N4 nanotubes. Thus, 

the surface area largely increases accordingly. It is apparent that the surface area of synthesized 

g-C3N4 nanotubes in most reported research was not very high, and the reported method to 

fabricate high surface area nanotubes was very complex [18-24]. Until now, this easy 

modification method was not applied to g-C3N4 nanotubes yet. Therefore, it is very important 

to investigate whether the addition of nickel is beneficial in modifying the structure of g-C3N4 

nanotubes.  

 

1.2  Objectives 

In this work, g-C3N4 nanotubes was synthesized through a convenient one-step thermal 

polycondensation method by directly heating melamine and cyanuric acid with a specific mass 

ratio. Multiwall carbon nanotubes (MWCNTs), bulk g-C3N4 and g-C3N4 nanosheets have been 

studied for comparison. The morphology was studied by transmission electron microscopy 

(TEM) and scanning electron microscopy (SEM). The structure information was collected on 

X-ray diffraction (XRD). The surface information was studied by N2 adsorption/desorption 

isotherms. The chemical composition was studied by X-ray photoelectron spectroscopy (XPS) 

and Fourier transform Infrared (FTIR) spectra. The hydrogen storage performance was 

investigated at different temperatures and at 3.7 MPa. The isosteric heat of adsorption (Qst) was 

calculated and temperature programming desorption (TPD) was applied to study chemisorption 

in the materials. There are three specific objectives for the study of  hydrogen storage 

performance on g-C3N4 nanotubes and the three comparative materials g-C3N4 nanosheets, 

bulk g-C3N4 and MWCNTs: 
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1.  To study the hydrogen adsorption/desorption on g-C3N4 nanotubes, g-C3N4 nanosheets, bulk 

g-C3N4 and MWCNTs at different temperature. 

2.  To determine the hydrogen adsorption mechanisms of g-C3N4 nanotubes, g-C3N4 nanosheets, 

bulk g-C3N4 and MWCNTs. 

3. Using the chemical and structure information obtained from characterizations and the 

relative adsorption mechanisms, to explain the hydrogen adsorption/desorption performance of 

g-C3N4 nanotubes, g-C3N4 nanosheets, bulk g-C3N4 and MWCNTs.  

 

       Nickel was used to fabricate g-C3N4 nanotubes. The microstructure, chemical composition, 

surface information and hydrogen storage performance of the Ni-g-C3N4 nanotubes were 

studied. There are three specific objectives for the study of  Ni-g-C3N4 nanotubes: 

1. To do the comparative study on the microstructure, chemical composition, and specific 

surface area/pore volume of  Ni-g-C3N4 nanotubes and normal g-C3N4 nanotubes fabricated 

without using nickel. 

2. To do the comparative study on the hydrogen adsorption/desorption behaviour on  Ni-g-

C3N4 nanotubes and normal g-C3N4 nanotubes at different temperature. 

3. To determine the hydrogen adsorption mechanisms of  Ni-g-C3N4 nanotubes. 

4.  Using the obtained information (chemical composition, microstructure, specific surface 

area/pore volume and adsorption mechanisms) to explain the hydrogen adsorption/desorption 

performance of  Ni-g-C3N4 nanotubes. 
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1.3  Thesis Structure 

Chapter 1:   This chapter is the introduction of the work which presents the challenge of 

achieving hydrogen economy; the reason of studying g-C3N4 nanotubes for hydrogen storage 

and the method(s) chosen to fabricate g-C3N4 nanotubes. The objectives of the research, as well 

as the scope, have been identified.  

 

Chapter 2:  It is the chapter on literature review, giving the background information of this 

research and details on hydrogen storage technology. The fabrication and the hydrogen storage 

applications of g-C3N4 nanotubes are also discussed.   

 

Chapter 3: Chapter 3 describes the experimental of the present work. It provides a detailed 

description on the fabrication method of bulk g-C3N4, g-C3N4 nanotubes, g-C3N4 nanosheet 

and  Ni-g-C3N4 nanotubes. It also discusses the characterization methods used in this study, 

and the work principle of high-pressure Sievert instrument for hydrogen storage. 

 

Chapter 4:   Experiment results and discussion are discussed in this chapter. The morphology, 

microstructure, chemical composition, surface information of g-C3N4 nanotubes MWNCTs, 

bulk g-C3N4 and g-C3N4 nanosheets were presented. The hydrogen storage performances of g-

C3N4 nanotubes  Ni-g-C3N4 nanotubes were studied, compared, and discussed. The adsorption 

mechanism behind they hydrogen storage was proposed.  

 

Chapter 5:   This part is the conclusion of this study. Future work is also provided. 
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Chapter 2 Literature Review 

 

2.1 Introduction 

Energy, which can be found from water, soil, or fire, is the requirement for the 

development of human being. Many years ago, people knew how to roast meat with fire. This 

is the original way by which people got and used energy. In eighteenth century, Watt improved 

and spread steamers which could transform thermal energy to kinetic energy. By burning coals 

or fossil fuels, water receives enough heat and reaches the boiling point so it becomes steam, 

the steam then pushes the pistons to drive other machines. This marvellous innovation helped 

people have a better live since it improved the efficiency. And it was the first-time people began 

to use energy from fossil fuels effectively for development. After eighteenth century, the use 

of other fossil fuels like natural gas and oil started. 

Energy is essential for civilization. Today nations’ development relies heavily on energy 

especially from fossil fuels. Fossil fuels includes coal, oil, and natural gas. The more advanced 

and developed countries are, the more energy they need to extract mostly from fossil fuels 

which will be used for cooking, heating, and other parts of people’s life [34]. For example, the 

developed countries in North America or Europe input and excavate cheap coals or oil to 

support the technology development and daily consumption in transportation and electricity. 

So, there will be a higher rate of energy consumption and demand for fossil fuels. For other 

less developed countries like African countries or some Asian countries, they rely less on fossil 

fuels to support machines, vehicles, or infrastructures. So, there is less demand for energy or 
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for fossil fuels. However, developing countries such as China and India are having one of the 

highest rate of consumption of fossil fuels owing to their large population. 

Figure 2.1 shows the world primary energy consumption from 1950 to 2050 [35]. The 

growing population and increasing standard of lifestyle have caused a growing rate of 

consumption of fossil fuels or other energy from 1950. It can be clearly seen that the 

consumption of fossil fuels such as oil, natural gas and coal is below 2000 million metric ton 

of oil equivalent (Mtoe)in 1950 but reaches 4000,7900 and 12000  Mtoe in 2010, respectively. 

2035 Mtoe was predicted to be the turning point when the demand of fossil fuel starts to 

decrease. Now, many countries has begun to consider solutions for energy security since fossil 

fuels are non-renewable energy [2]. Fossil fuels will be used up, even if there is still large 

reserves of available coals or natural gas. It is unlikely to happen in the next fifty years. 

However, according to the research, if countries keep the high rate of consumption, the reserves 

of coal or natural gas will only last for about 200 and 70 years, respectively. Oil will be 

exhausted earlier [36]. 

Another issue about widely harnessing and using fossil fuels is greenhouse gas emission.  

Scientists have concerned about the large amount of CO2 emission and the influence of CO2 

 

Figure 2.1. World primary energy consumption [2]. 
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on our environment. The large amount of CO2 will lead to greenhouse effect which can cause 

global warming [34,37]. The ice at polar regions has already begun to melt because of global 

warming and resulted in the increase of sea level at an alarming rate, causing a serious threat 

to the island countries. The main contribution of the emission of CO2 is due to the burning of 

fossil fuels. Therefore, for the reason of sustainable development, the research on renewable 

and clean energy which can act as the alternatively energy for fossil fuels is urgently needed. 

Until now, there have been a large amount of research about clean and renewable energy 

such as solar, tidal, wind and geothermal energy [38]. Solar and wind energy are two types of 

energy that have been studied for many years. Some relative applications also appeared before 

public. In Holland, government has already set lots of windmills which can gather wind energy 

and supply electricity for household applications. The solar energy-based power equipment has 

been used in some countries. Tidal energy is gotten from ocean whereas geothermal energy is 

harnessed from the magma or hot liquid within the earth crust. Even if all of them are renewable 

energy, some fatal drawbacks truly limit their wide application. For solar energy and wind 

energy, they largely depend on the weather condition. And for tidal and geothermal energy, 

they can only be harnessed at certain locations. More important, it is very hard to transport and 

store the four types of energy [39]. 

For these reasons, scientists have been focusing on the research of hydrogen fuelled 

technology in recent years. Toyota has developed cars driving by hydrogen, Figure 2.2 shows 

the picture of the cars [40,41]. Hydrogen is promising energy and has been regarded as one of the 

best alternatives for fossil fuels in the future. There are some advantages why hydrogen is ideal 

and expected: 

1. The element of hydrogen is very common and abundant in nature. The current 

technologies enable us to extract hydrogen easily from water or other chemicals by means of 
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electrolysis and pyrolysis [42]. 

2. The energy density of hydrogen is higher than 120 MJ/kg which is five times higher 

than gasoline. According to the calculation, five-kilogram hydrogen can drive a light-duty car 

for about five hundred kilometres [43-45]. 

3. Hydrogen is non-toxic and gives  no influence on the environment. After combustion 

of hydrogen, the products are water and heat. The water produced can be reused to get 

hydrogen . 

4. Compared with solar, wind, tidy and geothermal energy, it is much easy to use the 

energy in hydrogen since hydrogen can be stored and transport [46].  

 

 

Figure 2.2, The car driving by hydrogen made by Toyota[40,41]. 

 

2.2 Hydrogen Storage Technology 

   There are three aspects of hydrogen economy including hydrogen production, hydrogen 

storage and hydrogen transportation [34]. However, the bottleneck of hydrogen economy is the 

deficiency in safe and effective hydrogen storage technology. The U.S. Department of Energy 
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(DOE) benchmark of hydrogen storage system in vehicle applications is illustrated in Figure 

2.3 [47]. This target is focused on the demand of applications instead of the projected capacities 

of storage technologies. One challenge is to overcome a driving range of 500 km for most light-

duty vehicles [48]. More details related to the target of on-board hydrogen storage system can 

be found elsewhere [49]. 

Currently there are three main methods to store hydrogen: (1) compress hydrogen at high 

pressure, (2) liquefy hydrogen at low temperature, (3) store hydrogen as atoms or molecule in 

solid state materials[50,51].The following sections will elaborate the three kind of storage 

technology. 

 

  
Figure 2.3.  Performance target for on-board hydrogen storage systems [47]. 
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2.2.1 Compressed with High Pressure 

Since hydrogen has a very low density of 0.089 g/L, a spherical container with the 

diameter of 5 m is needed to store 6 kg hydrogen at atmospheric  pressure [2]. Therefore, 

hydrogen is usually compressed at high pressure for storage  in the smaller space. Figure 2.4 

shows that the volume of the container decreases with the increase of pressure [52]. So far, 

hydrogen fuel cell cars produced by Toyota adopt this technology to store hydrogen. 700 bar 

tank is applied to store 4.5 wt.% hydrogen which meets the DOE target set for 2020 (Figure 

2.1) [40,41]. However, some problems should not be neglected. It is not safe to handle high 

pressure hydrogen since a minor impact can cause hydrogen explosion. Plus, to withstand high 

pressure, the tank is fabricated by carbon fibre-reinforced plastic which is expensive. Another 

problem is the weight of the tank. According to the information given by Toyota, the tank is 

about 100 kg which is not suitable for family cars. Finally, hydrogen embrittlement will occur 

which will create cracks on the tank thus resulting in the leakage of hydrogen [2,38]. 

 

2.2.2 Liquefied with Cryogenic Temperature 

Liquefying hydrogen is another mature technology for hydrogen storage (Figure 2.4). 

Compared with high pressure compression, liquefying is relative cheap and does not need very 

high pressure. The gravimetric capacity is about 6.5 wt.%. However, extremely low 

temperature is needed to keep hydrogen in liquid form since its boiling point is only 20 K [53]. 

Any form of energy input will result in hydrogen boil-off. [54,55].  
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Figure 2.4. Compressed hydrogen and liquefied hydrogen [2]. 

 

2.2.3 Storing Hydrogen in Solid State Materials 

To solve the problem of storing hydrogen and achieve the goal of hydrogen economy, 

solid state materials can be a good solution [56]. This technology allows hydrogen to be stored 

at a large volume with low temperature and pressure. Figure 2.3 shows the hydrogen storing 

ability of some solid-state materials. It can be found that the gravimetric capacity of chemical 

hydrides is 4.5 wt.% which approaches DOE target 2020 but does not reach the ultimate target. 

The storage capacity of complex hydride LiBH4 has reached 18 wt.%, which is above the 

ultimate target [2].   

Figure 2.5 displays the mechanisms of storage materials. The hydrogen binds with the 

storage materials either in the form of molecule on the surface of materials or in the form of 

atoms within the materials. Depending on the binding energy, the adsorption mechanisms can 

be classified as physisorption or chemisorption [34].  
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Figure 2.5. Hydrogen storage mechanisms [34]. 

 

For physisorption-based materials like porous materials or MOF materials, hydrogen will 

bind with materials in the form of molecule. The binding energy is very weak which is between 

4-10 kJ/mol [2]. So, the bond between hydrogen and storage materials is usually Van der Waal 

force. The factors that influence the hydrogen storing capacity are surface area, the number of 

pores and the diameter of the pores [57,58]. Figure 2.6 shows the relationship between the 

hydrogen adsorption capacity at 77 K and BET surface areas of MOFs. With larger BET surface 

area and high porosity, the materials will have larger hydrogen storage capacity [59]. In addition, 

the adsorption of hydrogen by the means of physisorption is always engaged at cryogenic 

temperature. Most of the physisorption-based materials only exhibit high hydrogen storage 

capacity at low temperature and high pressure. At room temperature, the capacity decreases 

significantly [60]. Therefore, enabling physisorption-based materials to store considerable 

amount of hydrogen at room temperature and low pressure is the research focus.  
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Figure 2.6 the relationship between hydrogen absorption capacity and BET surfaces of 

MOFs at 77 K. Low pressure is 1 bar and high pressure is between 10-90 bar [2]. 

 

Compare with physisorption, chemisorbed hydrogen binds strongly with the storage 

materials with binding energy of > 50 kJ/mol [2]. For chemisorption, chemical reaction occurs 

between hydrogen and storage materials, forming hydrogen rich compounds like complex 

hydrides and metal hydrides. Usually, chemisorption of hydrogen involves several steps: the 

molecules of hydrogen decompose at the surface of the materials, then the hydrogen atoms 

bind to the storing materials on the surface or diffuse into the storage materials and occupy the 

free space of the lattice [3]. There is a problem with chemisorption-based materials. Hydrogen 

binds with adsorption materials through exothermic reaction accompanying with the release of 

heat. Furthermore, the process of releasing hydrogen is endothermic reaction that needs extra 

heat input to break the bonds. So, to release hydrogen from materials for application, high 

temperature and low pressure are required. For examples, some light metal hydride like MgH2  

possesses high hydrogen capacity of 7.6 wt.%. However, releasing hydrogen from MgH2  
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requires temperature of 573 K [2]. The high temperature requirement makes MgH2 unattractive 

for moderate temperature application.  Recently modification strategies including nanosizing, 

catalyst additions and chemical modification have been introduced to tune the reaction 

thermodynamic and kinetics [61-64]. .  

Based on the spillover effect of metal particles, it is possible to further improve the 

hydrogen storage capacity of porous materials at room temperature by using some metal 

catalysts like Pd, Pt, Ni to decompose hydrogen molecules. During absorption process, the 

metal particles on the surface of materials will dissociate hydrogen molecules. After that, 

hydrogen atoms will move into porous materials with a very low activation energy (< 10 kJ/mol) 

and be adsorbed [65,66]. Figure 2.7 shows the whole process of spillover on porous materials [66].   
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Figure 2.7 Spillover of hydrogen with catalyst on porous materials [62]. 

 

 

2.3 Hydrogen Storage Materials Made by Graphitic Carbon 

Nitride(g-C3N4) Nanotubes  

After first found in 1834, carbon nitride has been widely used in electronic field, coating 

and catalyst since its amazing physical and chemical properties [67]. In these years, the research 
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about carbon nitride used for photocatalyst has been reported widely due to the appropriate 

band gap(2.7 eV) [68]. Depending on the C to N ratio and the arrangement of C and N atoms, 

carbon nitride can exist in lots of forms [69]
. Among these forms, the heptazine based and 

graphite like carbon nitride with C3N4 stoichiometry (g-C3N4) is thought to be stable and 

promising for application (Figure 2.8) [27]. The specific surface area of g-C3N4 is very small 

(10 m2/g) and researches on improving the specific surface area has been reported by using  

two-step condensation method and morphology controlling method [20]. For all the methods, 

morphology controlling by fabricating g-C3N4 in the form of nanotubes or nanowire is thought 

to be effective to enhance the specific surface area [20]. So far, the researchers used single 

precursors including C2H2 and N2 gas, cyanuric chloride, melamine, and cyanuric acid to 

synthesis g-C3N4 nanotubes [70]. Moreover, the synthesis methods of g-C3N4 nanotubes have 

been explored as well, including template and template free method [70]. In this section, the 

fabrication methods of g-C3N4 nanotubes according to the commonly used precursors are 

introduced and discussed in detail. The application of g-C3N4 nanotubes in hydrogen storage 

is also discussed. 

 

Figure 2.8 The structure of g-C3N4 
[27]. 
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2.3.1 Synthesis of Graphitic Carbon Nitride(g-C3N4) Nanotubes  

g-C3N4 nanotubes can be synthesized by using gases as the precursors. Sung et al reported 

a method to synthesis g-C3N4 nanotubes using C2H2 and N2 as precursors [71]. In this study, a 

porous alumina membrane (50-80 m thick) was used as the hard template. Figure 2.9 (a) 

shows the formation process of carbon nitride nanotubes. In the electron cyclotron 

resonance chemical vapor deposition system, a huge amount of C2H2 and H2 were dissociated 

thus a high plasma density was generated at low temperature. In the presence of a negative dc 

bias and a graphitic holder acting as the cathode, the flow of massive ion fluxes (CN, NH, CH, 

H, N2, N2
+, N and N+) were guided to through the straight channel of the alumina template and 

to be adsorbed physically on the channel walls. The -OH groups on the curved surface of the 

channel walls were highly reactive which enabled the physisorbed radicals to transform to 

chemisorbed carbon. This unique environment made the nucleation and growth of g-C3N4 

nanotubes with a diameter of 250 nm on the porous alumina substrate (Figure 2.9 (c) and (d)). 

It should be noted that when the nanotubes grew thicker and deeper, a continuous dark layer 

was form which covered the channel pore entries and stopped the flux passing through the 

channels (Figure 2.9 (a) and (b)). Thus, the size (length, wall thickness) of g-C3N4 nanotubes 

could be controlled by the flow conditions of the ion fluxes. Dc bias played an important role 

in the formation of carbon nitride nanotubes. Without the dc bias, the ion fluxes would only 

deposit on the top surface of the template resulting in the failure of the growth of the nanotube 

structure (Figure 2.9 (b)). If the positive dc bias was applied, an intense electric shock would 

happen which shorted the dc power supply. Nanotubes with high crystallinity and a uniform 

size could always be obtained through this method. However, there is a serious problem with 

this fabrication method. It is necessary to use chemical etchant to dissolve the alumina template 
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after fabrication. Not only this dissolving process cannot remove the template completely, but 

the structure and morphology of the nanotubes can also be destroyed by the chemical etchant. 

Therefore, a mild and effective template removing technique is required for this fabrication 

method.  

 

 

Figure 2.9. Schematic of the formation of g-C3N4 nanotubes on the porous alumina 

membrane (a) with and (b) without the dc bias. (c)(d) the morphology of synthesized g-C3N4 

nanotubes [71]. 

 

Cyanuric chloride can also be used to fabricate g-C3N4 nanotubes. Guo et al. first reported 

a direct synthesis method to fabricate carbon nitride nanotubes by using cyanuric chloride as 

the precursor [72]. In this study, cyanuric chloride, NaN3 and benzene were put into a Teflon-

lined autoclave with flowing nitrogen as protecting gas. Then the chemicals in the autoclave 

was subjected to the solvothermal reaction which was conducted at 220 °C for 15 h. The product 

was washed by distilled water and dried in vacuum. The obtained nanotubes after drying had 

the length ranged from hundreds of nanometres to about two micrometres, with a diameter of 
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about 50-100 nm and a wall thickness of 20-50 nm. It should be noted that fabricated nanotubes 

did not have open ends (Figure 2.10 (a)). The synthesised materials possessed C3N4 

stoichiometry. Cao et al. also reported a method of using cyanuric chloride to synthesis 

nanotubes [22]. Cao used cyclohexane instead of benzene as the solvent. According to their 

report, NiCl2, cyclohexane and Na were put into a stainless-steel autoclave and heated at 230 °C 

for 6 h. After cooling down, cyanuric chloride was added. The autoclave was sealed again and 

heated at 230 °C for 10 h. The products were washed and dried in vacuum. The obtained carbon 

nitride nanotubes had the length ranged from several micrometres to a few tens of micrometres, 

with the diameter of 50-100 nm (Figure 2.10 (b) and (c)). The C/N ratio of the products was 

1.00 which was higher than the theorical C/N ratio of g-C3N4 (0.75). Therefore, the synthesised 

nanotubes through Cao’s method might not have C3N4 stoichiometry but had CN stoichiometry, 

suggesting the nanotubes formed were not g-C3N4 nanotubes. Different from carbon nitride 

nanotubes synthesised through Guo’s method, the nanotubes obtained through Cao’s method 

had open ends.  

 

Figure 2.10. (a) illustration of the g-C3N4 nanotubes synthesis process via Guo’s method [72]. 

(b) the morphology of carbon nitride nanotubes obtained through Cao’s method [22]. 
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Using melamine to synthesis g-C3N4 nanotubes is safer than that of cyanuric chloride. In 

addition,  the synthesized carbon nitride nanotubes had the graphitic structure and C3N4 

stoichiometry which are stable and promising [27]. Li et al. reported a solvothermal treatment 

method to fabricate carbon nitride nanotubes (g-C3N4 nanotubes) by using melamine as the 

precursor materials [21]. In this study, bulk carbon nitride (g-C3N4) was synthesized by calcined 

melamine at 550 °C in the first step. After that, the bulk g-C3N4 was dispersed in ethanol by a 

strong ultrasonic crasher and subjected to solvothermal treatment. The dispersion process 

would peel of the bulk g-C3N4 and thus graphitic carbon nitride(g-C3N4) nanosheets were 

obtained. In solvothermal treatment, the -OH groups of ethanol would replace the -NH2
 groups 

on the surface of g-C3N4 nanosheets. The condensation of -OH groups on nanosheets’ surface 

resulted in the formation of g-C3N4 nanotubes. The inner diameter was 60 nm while the outer 

diameter was 80 nm for the synthesised g-C3N4 nanotubes, respectively. The wall thickness 

was 10 nm (Figure 2.11 (a) and (b)).  

 

 

Figure 2.11. (a) (b) the morphology of graphitic carbon nitride (C3N4) nanotubes 

obtained through Li’s method [21]. 
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There is another way to synthesize g-C3N4 nanotubes by using melamine. Jin et al. 

reported a two-step condensation treatment to synthesize g-C3N4 nanotubes [20]. The first step 

of this method was hydrothermal reaction while the second step was calcination. To be more 

specific, in the first step melamine was dissolved in deionized water and heated at 200 °C in a 

Teflon-lined autoclave (hydrothermal reaction), then the product was heated in an alumina 

crucible at 550 °C (calcination). The authors synthesized bulk g-C3N4 obtained by calcining 

melamine for comparison. The hydrothermal reaction played a vital role in the formation of 

nanotube structure. Figure 2.12 shows the SEM and TEM images of bulk g-C3N4 and g-C3N4 

nanotubes. Bulk g-C3N4 only possessed bulk and sheet-like structure, while the products after 

two-step condensation had tubular structure. The author also studied the influence of heating 

time of the hydrothermal reaction on the morphology of g-C3N4 nanotubes. They found that 

the longer heating time (24 h) resulted in a smaller diameter and wall thickness of nanotubes 

than that obtained from shorter heating time (12 h).  

 

Figure 2.12. The SEM and TEM images of (a) (b): bulk g-C3N4. (c)(d): g-C3N4 nanotubes 

obtained at 12 h hydrothermal reaction. (e)(f): g-C3N4 nanotubes obtained at 24 h 

hydrothermal reaction [20]. 
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Zhou et al. also reported a two-step condensation method which could synthesize tube-

like g-C3N4 with the large scale [73]. Different from the method reported by Jin [20], in Zhou’s 

work, melamine was dissolved in distilled water at 90 °C and not at room temperature before 

hydrothermal reaction. As a result, the clear solution could be obtained due to improved 

solubility of melamine at higher temperature, which should be the key to improve the yield of 

g-C3N4 nanotubes. Zhou also studied the formation mechanism of the tube-like g-C3N4 (Figure 

2.13 (a)). They found melamine partly transformed to cyanuric acid in water during 

hydrothermal reaction. Then melamine formed melamine-cyanuric acid (MCA) precursor 

complex which had plate structure. Water molecule further helped the MCA plates transformed 

into rods. These rods with the length of 20-50 m and the diameter of 1-2 m would finally 

transform to g-C3N4 with tubular structure in the second step (calcination) by the sublimation 

of inner parts of the rods. This formation mechanism was also reported by Zhao et al. [19]. In 

Zhao’s study, the transformation from melamine to cyanuric acid was accompanied with the 

release of NH3. The rod-like intermediate, which were referred to MCA complex in Zhou’s 

study [73], were formed by the self-assembly of melamine and cyanuric molecules via hydrogen 

bond. Each melamine molecule could form three hydrogen bonds with cyanuric acid and 

similarly cyanuric acid could form three hydrogen bonds with melamine molecules. The 

released NH3 should play a role in the formation of the intermediates.  
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Figure 2.13. (a) Schematic illustration of the formation process of g-C3N4 nanotubes (b)-(e): 

the morphology of g-C3N4 nanotubes obtained [73]. 

 

Other than using melamine as the single precursor, mixed melamine with cyanuric acid 

has been used as the started materials. Tong et al. reported a two-step condensation method to 

synthesize tubular g-C3N4 by using the mixture of melamine and cyanuric acid [18]. In this study, 

melamine and cyanuric acid with the molar ratio of 1:1 was hydrothermally treated. During 

hydrothermal reaction, melamine formed complex with cyanuric acid through hydrogen bond 

and π- π bond. The complex was called CA.M complex in the article. Then the CA.M complex 

was calcined and transformed to g-C3N4 nanotubes. This g-C3N4 microtubes formation 

mechanism was similar to that synthesized by using only melamine [19,20,73]. Open-ended 

microtubes with the length of tens of micrometres and the width of 2 m were obtained. It 

should be noted that lots of macropores could be observed on the tube body (Figure 2.14). 

Jordan et al. also reported a two-step condensation method using melamine and cyanuric acid 
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as starting materials to synthesize g-C3N4 nanotubes [74]. They found caffeine could help the 

tube structure formation. Caffeine could form two hydrogen bonds with cyanuric acid-

melamine (CM) complex and thereby induce the CM complex to twist during the calcination 

process resulting in tubelike structure (Figure 2.15). Wang et al. reported a facile one-step 

polycondensation method to fabricate g-C3N4 nanotubes by using melamine and cyanuric acid 

[26]. They calcined melamine and cyanuric acid with a specific ratio. Figure 2.16 (a) shows the 

schematic of the formation of g-C3N4 nanotubes. During heat treatment, melamine and 

cyanuric acid started to form nanorod structure at about 400 °C. As the temperature increased 

to 550 °C, the nanorod gradually transformed to nanotube structure. As a result, g-C3N4 

nanotubes with open ends were obtained. The nanotube diameter, wall thickness and length 

were approximately 150 nm, 15 nm and 200-800 nm, respectively. It should be noted that lots 

of mesopores with the size of 5-20 nm could be found on the nanotube body (Figure 2.16 (b)). 

Compared with two-step method which is complex and time-consuming, this facile method is 

more promising as it  can produce g-C3N4 nanotubes at a higher yield and in a shorter time.  

 

 

 

Figure 2.14. The SEM images of g-C3N4 microtubes. Macropores could be observed on the 

tube body [18]. 
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Figure 2.15. The SEM images of g-C3N4 microtubes synthesized with and without caffeine 

[74]. 

 

 

Figure 2.16. (a) schematic of the formation of g-C3N4 nanotubes. (b)(c): The SEM and TEM 

images of g-C3N4 nanotubes [26]. 
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2.3.2 Hydrogen storage application of Graphitic Carbon 

Nitride(g-C3N4) Nanotubes  

Graphitic carbon nitride(g-C3N4) nanotubes can be a good candidate for hydrogen storage. 

Koh et al. studied the hydrogen storage performance of g-C3N4 nanotubes [17]. The monolayer 

form of g-C3N4 was studied for comparison (Figure 2.17 (a)). The research was conducted by 

first principal calculation which was based on density function theory. According to this study, 

g-C3N4 nanotubes possessed two advantages for hydrogen storage. The first advantage was the 

nitrogen-induced nanopores (0.7 nm) on the nanotube body which allowed hydrogen to be 

stored within the nanotubes. The second reason was the doubly bonded nitrogen atoms at the 

edge of the nanopores provided active sites for hydrogen chemisorption and physisorption. 

Each nitrogen atoms could chemisorb one hydrogen atom. Hydrogen molecules could be easily 

adsorbed either at the centre of the nanopores or within the nanotubes. The energy barrier for 

hydrogen molecules accessing to the interior of the nanotubes was only 0.54 eV, implying a 

fast hydrogen uptake rate at relative low temperature and pressure. The calculated binding 

energy for one H atom was lower for g-C3N4 nanotubes (-0.24 eV--0.31 eV) than for g-C3N4 

monolayer (-0.14 eV), suggesting adsorbed hydrogen was stable in g-C3N4 nanotubes (Figure 

2.17 (b)). The authors also found the size of nanotubes influence the binding energy. The 

smaller nanotubes were, the higher binding energy nanotubes possessed. The nanotubes with 

the diameter of 0.8 nm had the binding energy for one H atom of -0.31 eV while only -0.24 eV 

for the nanotubes with the diameter of 2.3 nm. The calculated hydrogen storage capacity was 

about 4.66 wt.% (1.57 wt.% for chemisorption, 3.09 wt.% for physisorption) when hydrogen 

was adsorbed on both sides of the nanotubes (Figure 2.17 (c)). The capacity could be further 

improved to 5.45 wt.% if the nanotubes were arranged in the form of a bulk bundle due to the 

increased availability of space among the nanotubes (Figure 2.17 (d)). In addition, the doubly 

bonded nitrogen atoms could be easily functionalized with single metal which had a good 
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affinity to molecule hydrogen. The author found that hydrogen molecules could be only 

adsorbed on the outer nanotube surface due to the high energy barrier (9.7 eV) for hydrogen to 

pass through the interior of the nanopores if g-C3N4 nanotubes were functionalized by Ti. The 

molecules were bonded over Ti atoms with an average binding energy of -0.23 eV. This energy 

was lower than the physisorption binding energy of hydrogen molecules (-0.09 eV) in g-C3N4 

nanotubes without metal functionalization, suggesting hydrogen storage capacity could be 

further improved with metal doping.  

 

 

 

Figure 2.17. (a) g-C3N4 monolayer and nanotube. (b) binding energy of g-C3N4 nanotubes and 

monolayer. (c) Hydrogen was adsorbed in the single g-C3N4 nanotubes. (d) hydrogen was 

adsorbed in the g-C3N4 nanotube bundles [17]. 

 

Kim et al. studied the hydrogen storage performance of double-walled g-C3N4 nanotubes 

by both experiment and theoretical calculation [75]. In this study, g-C3N4 nanotubes with 0.6 nm 
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nanopores were synthesised through a microwave plasma-enhanced CVD (PE-CVD). The 

starting materials were CH4, N2, H2 and O2. The authors found that hydrogen could be adsorbed 

firmly between the walls of g-C3N4 nanotubes (Figure 2.18 (a)). The calculated physisorption 

energy of hydrogen molecules adsorbed on the outside of nanopores in the double-walled g-

C3N4 nanotubes was -0.12 eV, which was lower than the energy of hydrogen molecules 

adsorbed on the outer surface of double-walled carbon nanotubes. The barrier (0.31 eV) was 

also low for hydrogen penetration through nanopores from the outside to the inside of g-C3N4 

nanotubes, compared with the barrier of hydrogen passing through the hexagon ring of carbon 

nanotubes (16.5eV). Indeed, hydrogen was adsorbed firmly between two nanopores with the 

adsorption energy of -0.17 eV, which was lower than the energy (-0.1eV) of hydrogen adsorbed 

between the perfect walls (without pores) of double-walled carbon nanotubes (Figure 2.18 (b)). 

Therefore, hydrogen could either adsorb firmly on the surface of g-C3N4 nanotubes or easily 

pass through the nanopores and be stored firmly between the walls of g-C3N4 nanotubes. 0.36-

0.50 eV was needed to discharge the hydrogen adsorbed between the walls which was 

consistent with the experimental Temperature Programming Desorption (TPD) results(Figure 

2.18 (c)). The authors predicted 7 wt.% hydrogen could be achieved in g-C3N4 nanotubes.  
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Figure 2.18. (a) Schematic of hydrogen adsorbed between the walls. (b) adsorption energy of 

hydrogen adsorbed on the surface and between the walls in g-C3N4 nanotubes. (c) 

Temperature Programming Desorption (TPD) spectra obtained from the nanotubes with the 

diameter of 40 nm [75]. 

 

To the best of our knowledge that the number of publications on hydrogen storage 

performance of g-C3N4 nanotubes studied through the experimental method is extremely scarce, 

let alone the study of hydrogen storage performance of other g-C3N4 materials (bulk g-C3N4, 

carbon nitride nanobells) [76-78] and the study of g-C3N4 nanotubes through theoretical 

calculation [17,75]. Hence, this study aims to make up for the lack of experimental research of g-

C3N4 nanotubes for hydrogen storage in the literatures as well as the detailed discussions of the 

possible mechanism involved during the hydrogen adsorption and desorption process. 
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Chapter 3 Experimental Methodology 

 

The fabrication methods of g-C3N4 materials (bulk g-C3N4, g-C3N4 nanotubes and g-C3N4 

nanosheets) and Ni-g-C3N4 nanotubes are introduced. The characterizations used are also 

described in the following chapters. 

 

3.1  Sample Preparation 

3.1.1 Fabrication of g-C3N4 Nanotubes  

          The fabrication of g-C3N4 nanotubes was followed the method proposed by Wang et al. 

[26], with a minor adjustment as described later. Commercially melamine powders (≥ 99 %, 

IMCD Australia Limited, Australia) and cyanuric acid powders (≥ 98 %, Merck Pty Limited, 

Germany) were used. In the synthesis of g-C3N4 nanotubes, 1 g melamine was ground with 5 g 

cyanuric acid for 10 minutes by using an agate mortar. Then the ground powders were put into 

an alumina crucible for the heat treatment.  

In Wang’s work, the heat treatment was done in the tube furnace with nitrogen as 

protecting gas [26]
. However, in this study, the heat treatment was conducted in the muffle 

furnace in air. There is one reason for this: Using the tube furnace is time-consuming. The 

furnace in UNSW needs to be filled with nitrogen first before increasing the temperature. The 

filling process takes about 30 minutes. After calcination, the furnace needs about 12 hours to 

cool down before the products can be safely removed. It will be much easier (no filling process) 

to use and quicker to cool down (3 h) if the samples is calcined in air in the muffle furnace. 

         The following heat treatment was done at 550 °C for 4 hours with a heating rate of 5 °C 

/min. Yellow and light powders (g-C3N4 nanotubes) were obtained and was termed C-550. 
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Before the heat treatment, the crucible was wrapped and sealed by aluminium foil to prevent 

the loss of final products g-C3N4 nanotubes.  

 

3.1.2 Fabrication of g-C3N4 Nanosheets 

The synthesis of g-C3N4 nanosheets is similar to the synthesis of g-C3N4 nanotubes, except 

the calcination temperature is higher. Here 1 g melamine and 5 g cyanuric acid (ground for 10 

minutes in the agate mortar) were loaded in the foil wrapped alumina crucible, heated from 

room temperature (25 °C) to 620 °C and kept at 620 °C for 4 hours, with the heating rate of 5 °C 

/min. The heat treatment was also conducted in the muffle furnace in air. The as-prepared 

samples were labelled as C-620. 

 

3.1.3 Fabrication of bulk g-C3N4 

 The fabrication of bulk g-C3N4 is the same as the fabrication of C-550 except only 

melamine was used.  The compared bulk g-C3N4 sample was prepared by directly heating 1 g 

melamine powders in the muffle furnace in air at 550 °C for 4 hours, with the heating rate of 

5 °C /min. 

 

3.1.4 Comparative Multiwall Carbon Nanotubes (MWCNTs) 

For comparison study, multiwalled carbon nanotubes (MWCNTs) were purchased from 

Shenzhen Nanotech Port Co., Ltd, China, the vendor used chemical vapor deposition (CVD) 

for the fabrication of MWCNTs. The as-received MWCNTs had a purity > 95 % and a length 

of 5-15 m. The diameter was 60-100 nm. 
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3.1.5 Fabrication of Ni-g-C3N4Nanotubes 

       In the fabrication, 0.01-0.12 g nickel powders with an average size of 10 m (Merck KGaA, 

Germany) were mixed with 1 g melamine and 5 g cyanuric acid powders by the agate mortar. 

Then the mixture (which is called MCN complex in following discussion) was transferred to 

the foil wrapped crucible and calcined at 550 °C for 4 hours, with a heating rate of 5 °C /min. 

The heat treatment was conducted in the muffle furnace in air. Yellow and grey powders which 

were the mixture of nickel nitride and g-C3N4 nanotubes were obtained. The obtained samples 

were then washed by deionised (DI) water to remove impurities nickel nitride. The washed 

samples were labelled as xC-550 respectively, where x stands for the mass of used nickel (0.01-

0.12 g) in the fabrication. The washing procedures were: 

1. Dispersing samples in DI water by ultrasonication for 10 minutes. During ultrasonication, 

black precipitates (nickel nitride) sank to the bottom of the beaker while g-C3N4 nanotubes 

dispersed in DI water. The upper dispersion was poured to another beaker while the black 

precipitates at the bottom were disposed.  

2. Recollecting g-C3N4 nanotubes from the dispersion through filtration.  

3. Drying the collected g-C3N4 nanotubes in the oven at 70 °C for 6 h. 
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3.2. Characterization 

  The powder X-ray diffractometer (XRD) patterns were collected on a Philips X’pert  

Multipurpose XRD system operated at 40 mA and 45 kV, with Cu Kα radiation (λ=1.5406 Å). 

The spectra were acquired from 10 ° to 70° or 10° to 80°.  

Field emission scanning electron microscopy was conducted on a FEI Nova NanoSEM 

450 or 230 microscope. Spectra was obtained with a beam voltage of 5-15 kV and a working 

distance of 5 mm. For SEM examinations, the samples were dispersed in ethanol by 

ultrasonication for about 30 minutes, and then dropped onto a silicon wafer. After fully dried, 

the samples on the wafer were coated with 10 nm-20 nm platinum by a Leica ACE 600 coater 

which could control the depth of coat to increase the electrical conductivity. Transmission 

electron microscopy (TEM) was performed on a JEOL JEM-F200 with an operation voltage of 

200 kV or 80 kV, so as to get more structure and morphology details. The samples for TEM 

study were prepared by dispersing in ethanol followed by 30-minute ultrasonication, and then 

dropped on a carbon doped copper grid. 

 Fourier transform Infrared (FTIR) spectra of the fabricated g-C3N4 samples (bulk, 

nanotubes and nanosheets) were obtained on a Perkin Elmer Spectrum Two spectrometer at 

room temperature in the range of 4000-450 cm-1 with a resolution of 4 cm-1. The spectra of 

these g-C3N4 materials were collected on ATR mode and the spectrum of MWCNTs was 

collected on transmittance mode. For transmittance mode, MWCNTs was mixed with KBr and 

transferred to the spectrometer as soon as possible to minimize moisture.  

X-ray photoelectron spectroscopy (XPS) of the fabricated g-C3N4 samples was conducted 

on a Thermo ESCALAB250i high-resolution X-ray Photoelectron Spectrometer (base pressure 

below 2.10-6 Pa) using a monochromatic Al Kα X-ray source (1486.68 eV) with a power of 

120 W. Survey scans were collected at 100 eV pass energy and region scans were collected at 
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20 eV pass energy. Core level binding energies were calibrated using C1s peak at 284.8 eV as 

the charge reference. 

        Nickel content in Ni-g-C3N4 nanotubesbefore and after washing was measured by 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). Samples were 

digested with mixed acid (HCl+HNO3) followed by microwave digestion. The clear solution 

was analysed by ICP-OES (Optima7300DV, PerkinElmer, USA). 

N2 adsorption and desorption isotherms of the fabricated g-C3N4 samples were obtained 

on a Micromeritics TriStar 3000 Analyzer at 77 K, the surface area and internal pore 

characteristics were calculated by Brunauer-Emmett-Teller (BET) manner and Barrett-Joyner-

Halenda (BJH) adsorption method, respectively. Prior to the test, the samples were degassed at 

150 °C for 3 hours under vacuum in order to remove the moisture and dissolved gases.  

 

3.3 Hydrogen Storage characterisation  

The hydrogen adsorption/desorption and relative kinetic studies were conducted on a 

high-pressure Sievert instrument system, which is shown in Figure 3.1, in the range 0-3.7 MPa 

and room temperature to 65 °C. Figure 3.2 shows the simple illustration of this system. There 

are four valves: V3 controls the vacuum system while V4 controls the sample system and V2 

controls the hydrogen supply system. V1 controls the inert gas supply system which was not 

used in this study. The measuring system consists of P (pressure gauge) and B (hydraulic 

accumulator). T1 and T2 are the thermometers measuring the temperature of measuring system 

and sample system. The sample system consists of three parts: F (filter), C (thermostat bath) 

and D (sample container). The main parts of the system are measuring system and sample 

system loading the samples. Prior to the test, the system was precisely calibrated by introducing 

0.1-0.5 MPa 99.999 % high purity hydrogen gas at different temperatures based on the Japanese 

Industrial Standard H 7201 (JISH 7201) [79]. The samples were degassed at 280 °C under 
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vacuum (10-3 Torr) for 4 hours to remove moisture and dissolved gases. After degassing, the 

activated samples were then cooled down to a specific temperature under vacuum and ready 

for hydrogen storage test. For adsorption study, high purity hydrogen gas was introduced to the 

measuring system and the pressure was increased step by step. The samples were allowed to 

contact with hydrogen at each step by opening the valve (V4). The pressure was decreased and 

reached the equilibrium at each pressure since hydrogen adsorption after contacting. The 

hydrogen storage capacities, as expressed in weight percentage, was plotted in the form of 

pressure-composition-isotherm (PCI). After equilibrium, the valve (V4) was closed and more 

hydrogen was introduced to the measuring system to increase the pressure for next step’s test. 

The desorption study was conducted right after the adsorption study which was the reverse of 

adsorption process where the hydrogen pressure was allowed to decrease stepwise during the 

test. The sample were allowed to contact hydrogen at each step as well. The pressure was 

increased and reached the equilibrium at each pressure since hydrogen desorption after 

contacting.  

        The calculation of the change of the storage capacity (wt.%) from each step’s pressure 

change is based on the ideal gas formula:  

𝑃𝑉 = 𝑛𝑅𝑇 

       where 𝑃 indicates the system pressure (Pa),  

𝑉 is the gas volume under P (m3),  

𝑛 is the mole of ideal gas (mol),  

𝑇 is the system temperature (K),  

𝑅 is the ideal gas constant (8.314472 J/mol/K). 

Basically, the overall hydrogen should be the same before/after the samples contact 

hydrogen:  

𝑛1 + 𝑛𝑠 = 𝑛2 + 𝑛𝑠
′  
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where 𝑛1 is the amount of hydrogen in the system before contacting, 

𝑛𝑠 is the amount of hydrogen in the sample before contacting,  

𝑛2 is amount of hydrogen in the system after contacting,  

𝑛𝑠
′  is the amount of hydrogen in the sample after contacting.        

       The changed amount of hydrogen in the samples (since adsorption or desorption) can be 

calculated through equation (1): 

 ∆𝑛 = 𝑛1 − 𝑛2 = 𝑛𝑠 − 𝑛𝑠
′                                                                                                                 (1) 

       The system consists of two parts, measuring system and sample system for loading the 

samples. Therefore, the hydrogen in the whole system can be the hydrogen in the measuring 

system plus the hydrogen in the sample system, equation (1) can be written as: 

∆𝑛 = 𝑛1 − 𝑛2 = 𝑛𝑚1 + 𝑛𝑠1 − 𝑛𝑚2 − 𝑛𝑠2                                                                                (2) 

Where 𝑛𝑚1 is the amount of hydrogen in the measuring system before contacting, 

𝑛𝑚2 is the amount of hydrogen in the measuring system after contacting, 

𝑛𝑠1 is the amount of hydrogen in the sample system before contacting, 

𝑛𝑠2 is the amount of hydrogen in the sample system after contacting. 

By apply the ideal gas formula, 𝑛1 can be written as: 

𝑛1 = 𝑛𝑚1 + 𝑛𝑠1 =
(

𝑃1𝑉𝑚
𝑇𝑚

+
𝑃1

′ 𝑉𝑠
𝑇𝑠

)

𝑅
                                                                                           (3) 

Where 𝑅 is the ideal gas constant, 

        𝑃1 is the pressure in the measuring system before contacting, 

        𝑉𝑚 is the volume of the measuring system, 

        𝑇𝑚 is the temperature in the measuring system, 

        𝑃1
′ is the pressure in the sample system before contacting,  

        𝑉𝑠 is the volume of the sample system, 

       𝑇𝑠 is the temperature of the sample system. 
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For the measurement at a certain step, the pressure 𝑃1 in the measuring system before 

contacting can be read directly from the pressure gauge. The pressure 𝑃1
′  in the sample system 

before contacting should be equal to the previous step’s pressure in the measuring system after 

contacting as the pressure reaches equilibrium at the previous step and the pressure in both 

systems are the same.  

By applying the ideal gas formula,  n2 can also be written as: 

𝑛2 = 𝑛𝑚2 + 𝑛𝑠2 =
(

𝑃2𝑉𝑚
𝑇𝑚

+
𝑃2𝑉𝑠

𝑇𝑠
)

𝑅
                                                                                               (4)         

Where 𝑃2 is the pressure in the measuring system after contacting. 

For the measurement at a certain step, the pressure 𝑃2  in the measuring system after 

contacting can be obtained directly from the pressure gauge. The pressure in the sample system 

after contacting should be 𝑃2 as well. Since the pressure reaches equilibrium after contacting 

so the pressure in both systems should be the same.  

Therefore, ∆𝑛 can be written by applying equation (3) and (4) to (2), which is: 

∆𝑛 =
(

𝑃1𝑉𝑚
𝑇𝑚

+
𝑃1

′ 𝑉𝑠
𝑇𝑠

)

𝑅
−

(
𝑃2𝑉𝑚

𝑇𝑚
+

𝑃2𝑉𝑠
𝑇𝑠

)

𝑅
                                                                                         (5) 

Equation (5) should be only used for ideal gases. In order to apply it to calculate the 

hydrogen content in the samples in this study. Correction is needed. Japanese Industrial 

Standard H 7201(JISH 7201) is referred to make the correction [79]. The correction factors of 

compression ratio are introduced to equation(5): 

∆𝑛 =
(

𝑃1𝑉𝑚
𝑍1𝑇𝑚

+
𝑃1

′ 𝑉𝑠
𝑍2𝑇𝑠

)

𝑅
−

(
𝑃2𝑉𝑚
𝑍3𝑇𝑚

+
𝑃2𝑉𝑠
𝑍4𝑇𝑠

)

𝑅
                                                                                               (6) 

𝑍1-𝑍4  are the correction factors. The correction factors can be calculated through the 

following equation as state in Japanese Industrial Standard H 7201(JISH 7201) [79]: 

𝑍 = 1 + 𝑃 ∗ （𝐴 +
𝐵

𝑇
+

𝐶

𝑇2
+

𝐷

𝑇3
+

𝐸

𝑇4
）                                                                                    (7) 

Where 𝑃 is the pressure, 
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𝑇 is the temperature in the measuring system or sample system. 

𝐴, 𝐵, 𝐶, 𝐷 are constant, which are: 

𝐴: 4.93482*10-5, 

𝐵: 2.04036, 

𝐶: 8.15334*10, 

𝐷: -6.5561*104. 

     Therefore, the changed hydrogen content in the samples in weight percent at each step’s 

pressure change can be obtained by: 

∆𝑚 =
𝑀

𝑚
(

(
𝑃1𝑉𝑚
𝑍1𝑇𝑚

+
𝑃1

′ 𝑉𝑠
𝑍2𝑇𝑠

)

𝑅
−

(
𝑃2𝑉𝑚
𝑍3𝑇𝑚

+
𝑃2𝑉𝑠
𝑍4𝑇𝑠

)

𝑅
)                                                                                    (8) 

     Where 𝑀 is the mole mass of hydrogen molecule, 

      𝑚 is the weight of tested samples. 

 
 Figure 3.1. High-pressure Sievert instrument.  
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Figure 3.2. Simply illustration of hydrogen adsorption/desorption measuring system [1]. 

 

Temperature programmed desorption (TPD) was conducted on AutoChem II 2920 (Figure 

3.3) to further study the sorption behaviour. Prior to the test, the samples were degassed at 

150 °C in vacuum for three hours to remove adsorbed gases and moisture. Then the samples 

were heated from room temperature (25 °C) to 300 °C with a heating rate of 10 °C/min in the 

flow of argon gas (20 ml/min). The purpose of the heat treatment is to remove any chemical 

species remaining in the samples which would decompose above 150 °C but below 300 °C thus 

influence the following TPD test. The heat treatment was conducted several times until no 

signal could be detected, suggesting all impure chemicals has been removed. Therefore, any 

signal detected should be from hydrogen desorption not from other chemical decomposition in 

later TPD experiment. For TPD experiment, the samples were charged with 99.99 % hydrogen 

at 25 °C or 65 °C at 0.1 MPa for three hours. After charging, the samples were purged by argon 

for 30 minutes to remove physisorbed hydrogen. Then the samples were heated from 25 °C to 

300 °C with a heating rate of 10 °C/min using argon as carrier gas, the flow rate was 20 ml/min. 
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Figure 3.3. AutoChem II 2920. 
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Chapter 4 Results and Discussion 

 

4.1 Introduction 

g-C3N4 nanotubes are one of the promising hydrogen storage materials for two reasons. 

The first reason is the nitrogen-induced nanopores on the nanotube. The doubly bond nitrogen 

at the edge of pore can be an active site for hydrogen adsorption; plus, if the nanotubes have 

multiwall structure, hydrogen can pass the pores and be stored between the walls firmly [17,75]. 

The second reason is the nitrogen atom. The nitrogen atoms can strengthen the interaction 

between hydrogen and adsorbent by inducing dipole interaction or reducing the energy barrier 

of dissociation adsorption [9-13]. The traditional syntheses of g-C3N4 nanotubes are suffering 

from time-consuming, low yield and usage of toxic chemicals [25]. In this study, a convenient 

and environment-friendly polycondensation method was used to synthesize the materials. 

Multiwall carbon nanotubes (MWCNTs) and two different g-C3N4 materials, bulk g-C3N4  and 

g-C3N4 nanosheet were studied for comparison. For convenience, g-C3N4 nanosheets and g-

C3N4 nanotubes are labelled as C-620 and C-550 in following discussion.  

During the fabrication process of g-C3N4 nanotubes, toxic NH3 gas was released which 

detrimentally affected the environment and safety [33]. As reported by Fang et al, nickel could 

decompose NH3 to form H2 and N2. The produced hydrogen generated water atmosphere with 

oxygen, which prevented the great aggregation of g-C3N4 layers and thus resulted in the 

formation of  nanosheets. The generated water atmosphere further triggered C/N-steam 

reforming reaction and created defects on the g-C3N4 nanosheets [33]. For this reason, nickel 

was used in the fabrication of g-C3N4 nanotubes to create defects and thus increase the surface 

area of the g-C3N4 nanotubes. Four samples were synthesised and studied. The difference in 

the four samples was the amount of nickel used in the fabrication. The fabrication process was 
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described in detail in Chapter 3, in which the mixture of nickel, melamine and cyanuric acid 

was heated at 550 °C for 4 h. After the heat treatment, the obtained materials were washed by 

DI water to remove impurity nickel nitride. The washed samples were labelled as 0.01C-550, 

0.03C-550, 0.08C-550 and 0.12C-550 (0.01, 0.03, 0.08 and 0.12 denote the mass (g) of nickel 

used in the fabrication).  

In this chapter, physical, chemical properties, and microstructural characterisations of g-

C3N4 nanotubes and Ni-g-C3N4 nanotubes are presented. The hydrogen storage performance as 

characterized by PCI method are then related to the various properties characterised.  

 

4.2 SEM and TEM Observations on g-C3N4 nanotubes produced 

 

The morphology of C-550 was studied by SEM and TEM. As shown in Figure 4.1, C-550 

presented the porous and tubular structure. In Figures 4.1 (a) and (b), lots of nanotubes 

aggregated together, forming a kind of packed network superstructure. Almost all C-550 

nanotubes were embedded in the tangled structure with a length of 0.8-1 m and a diameter of 

50-400 nm. In Figures 4.1 (c) and (d), very long nanotubes also could be spotted in C-550. The 

length of this long tube was about 4 m and the diameter was about 300 nm. Interestingly, 

several pores can be clearly seen on the long tube body as indicated in Figure 4.1 (d) by red 

circles, the diameter of these pores was about 40 nm. Theses pores could be good for hydrogen 

storage since hydrogen molecules or atoms could diffuse into the inner parts through the pores 

and then be trapped. In addition, there were lots of non-tube-like but bulk-like structure in C-

550. As can be seen later, these non-tube forms were not effective to trap hydrogen and hence 

should be eliminated. The improvement in the fabrication process or purifying method is 

outside the scope of this work but is recommended in the future study.  
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Figure 4.1. (a) (b): SEM images of C-550, nanotubes with the length of 0.8-1 m and the 

diameter of 50-400 nm were observed; (c): Long nanotubes with the length of 4 m and the 

diameter of 300 nm were found, bulk-like-structure (impurity) could be found as well; (d): 

Enlarged image of the long nanotube which possessed several pores (40 nm) on the body. 

 

Figures 4.2 shows the SEM micrographs of the products obtained by heating melamine 

and cyanuric acid at different temperature which illustrates the formation process of g-C3N4 

nanotubes (C-550) during the heat treatment. The samples were still in bulk structure at 300 °C. 

After 400 °C, nanorods structure started to grow on the surface of the bulk particles. With the 

temperature further increased to 550 °C, nanorods opened and changed to nanotubes. It seems 

that the bulk precursor acted as the substrate which supported the growth of nanotubes on it. 
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That explains why a packed network superstructure of g-C3N4 nanotubes was obtained in 

Figures 4.1 (a) and (b). Figures 4.3 (a) and (b) show the TEM images of C-550. The nanotube 

had a diameter of about 400 nm and a length of about 1.2 m. The wall thickness was about 70 

nm, suggesting multiwalled structure. Several pores on the nanotube body with an average size 

of 40 nm have been found, confirming the observations from SEM study. Figure 4.3 (c) 

presented a magnified picture of the tube wall confirming lots of g-C3N4 layers stacking 

together. This characteristic clearly indicates a multiwalled structure was obtained. The 

interlayer distance of these layers was also calculated according to diffraction pattern shown in 

Figure 4.3 (d), which is 3.24 Å corresponding to a (002) plane stacking [26]. 
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Figure 4.2. SEM micrographs of the products obtained by heating precursors (melamine and 

cyanuric acid) at different temperature. (a)(b): 300 °C; (c)(d): 400 °C; (e)(f): 500 °C; (g)(h): 

550 °C; (i)(j): 550 °C-1 h. 
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Figure 4.3. (a)(b): TEM images of C-550, the nanotube had the length of 1.2 m and the 

diameter of 400 nm, the wall thickness was 70 nm. Pores (40 nm) were found on the tube 

body; (c): Magnified picture of the tube wall showed lots of g-C3N4 layers stacking; (d): 

diffraction pattern showed the interlayer distance was 3.24 Å of g-C3N4 layers. 

 

 

Figures 4.4 (a)-(d) show the microstructure of C-620 and bulk g-C3N4, respectively. C-

620 possessed porous and nanosheet structure. Compared with C-550 which only possessed 

several pores on the tubes, the pores with a much larger size of 20-100 nm have been found 

almost everywhere on the nanosheet. Bulk g-C3N4 showed a thick, bulky and sheet-like 
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structure, which should be formed by the great aggregation of g-C3N4 layers as reported by 

another researcher. [33] During the synthesis of C-550, melamine and cyanuric acid were heated 

from room temperature (around 25 °C) to 550 °C and stayed at 550 °C for 4 h. According to 

Wang et al.’s study and Figure 4.2, these chemicals formed nanorods-like structures by 

hydrogen bond first, with the temperature further increased to 550 °C the nanorods would 

transform to nanotube structure [26]. In this study, the samples were also continued to be heated 

to 620 °C. It was found that the nanotubes could not withstand high temperature and they 

opened to become nanosheets. In the synthesis of bulk g-C3N4, only melamine was used in the 

fabrication so there was no nanorod structure formation [26]. Judging by the great aggregation 

of bulk g-C3N4, it is concluded that this nanorod structure reduced the stacking of g-C3N4 layers 

in the formation of nanotubes and nanosheets. The structure of MWCNTs is shown in Figures 

(e) and (f). Compared with C-550, MWCNT had slender nanotubes and these nanotubes 

entangled with each other. The diameter was about 10 nm and the length was about 2-3 m. 

The thickness of nanotubes’ wall was about 5 nm as shown in Figure 4.4 (f).  Contrast to the 

g-C3N4 structure, no pores were detected on the MWCNTs.  
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Figure 4.4. (a)(b):SEM and TEM images of C-620; (c)(d):SEM and TEM images of bulk g-

C3N4 ; (e)(f): SEM and TEM images of MWCNTs. 
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Figure 4.5 shows the mixture of nickel, melamine, and cyanuric acid (MCN complex) 

before the heat treatment. The studied sample was named  0.12C-550, suggesting 0.12 g nickel 

was used in the fabrication. The white particles shown in Figure 4.5 were nickel while other 

dark particles were cyanuric acid and melamine. After grinding, nickel powders dispersed 

homogeneously in the mixture and the average size was about 15 m for small nickel particles. 

As can be seen in Figure 4.5 (d), bigger nickel particles with the size of 50 m were also found, 

which were the result of the aggregation of several small ones. The morphology of Ni- g-C3N4 

nanotubes obtained by the heat treatment of MCN complex was studied by SEM. The 

fabrication process was almost the same for the four samples, except different amounts of 

nickel were added. As shown in Figure 4.6, the products possessed a nanotubular structure with 

open ends, indicating successful synthesis of nanotubes structure. The diameter of nanotubes 

varied from 50 to 400 nm suggesting Ni-g-C3N4 nanotubes  had similar size to the nanotubes 

of C-550.  
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Figure 4.5. SEM images of CMN complex (the sample is 0.12C-550). Nickle particles 

(white) with the size of 15 m or 50 m were observed.  
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Figure 4.6. SEM images of Ni- g-C3N4 nanotubes (a-c: 0.01C-550, d-f: 0.03C-550, g-i: 

0.08C-550, j-l: 0.12C-550). 

 

TEM was also applied to study the nanotubes produced via nickel-assisted synthesis; the 

studied sample was 0.12C-550 which is shown in Figures 4.7 (a)-(d). 0.12C-550 also had pores 

on the tube body. Compared with C-550 which only had few pores, pores could be found almost 
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everywhere on 0.12C-550. Interestingly, some pores were brighter while some pores were 

darker, suggesting the depth of these pores was different. The thickness of walls was about 50 

nm and 40 nm which was much smaller than the wall thickness of C-550 (70 nm), indicating 

the reduced aggregation of g-C3N4 layers in the wall.  Figure 4.8 shows a small particle spotted 

in 0.12C-550. The size of this particle is about 20 nm. EDX results confirmed that only nickel 

and nitrogen signal existed, suggesting the small particle was nickel nitride (Ni3N).  

 

 

Figure 4.7. TEM images of 0.12C-550, pores (40-50 nm) could be found on the tube body. 
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Figure 4.8. Small particle (20 nm) spotted in 0.12C-550, and the EDX result of the small 

particle. 

 

 

 

 

 

 

 

 

 

 

 



62 

 

4.3 XRD Characterization 

XRD spectra of C-620, C-550 and bulk g-C3N4 are presented in Figure 4.9. Two peaks 

could be identified in the XRD patterns of all g-C3N4 samples, this result was consistent with 

other people’s study [20,26,73,74]. The low-angle peak at 13.1° could be assigned to (100) plane 

which was associated with in-plane nitrogen linkage of tri-s-triazine, and the high-angle peak 

between 27° and 28° could be linked to (002) plane which arise from the periodic stacking of 

conjugated sheets[26]. The peak at 27.7° slightly shifted to a higher angle 28.1° in the spectra of 

C-620, indicating the structure compaction as the result of polycondensation at higher 

temperature [80]. Interestingly, the peak at 13.1° was not obvious for C-620 and C-550. One 

reason is the larger background noise found in C-620 and C-550 (Figure 4.9). The high value 

of noise might influence the intensity of the low-angle peak at 13.1°. The other reason should 

be the smaller planar size of nanotube and nanosheet structure [81,82]. The higher angle peak of 

C-620 and C-550 was also less pronounce compared with the peak of bulk g-C3N4, which could 

be associated with the evident size-dependent properties of tube structure, and smaller size and 

looser stacking of g-C3N4 nanotubes and nanosheets [83].  The XRD pattern of MWCNTs could 

be found in Figure 4.9 as well. Two strong peaks appeared at 26° and 43.1° corresponding to 

(002) and (110) reflections [84]. 
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Figure 4.9 XRD of C-550, C-620, bulk g-C3N4 and MWCNTs.  

 

Figure 4.10(a) shows the XRD results of the Ni-g-C3N4 nanotubes  after the heat treatment 

but before DI water washing. No peaks of nickel but only peaks of nickel nitride (Ni3N) were 

spotted. The intensity of the peaks increased with the amount of nickel used (0.01-0.12 g), 

suggesting more nickel nitride formed during fabrication. To remove the impurities nickel 

nitride, the synthesised samples were washed by DI water. More details of the washing 

procedures could be found in Chapter 3. Figure 4.10 (b) shows the XRD spectra of 0.12C-550 

and 0.12C-550 before washing. The intensity of nickel nitride reflections decreased largely 

suggesting the washing was successful and most of nickel nitride has been removed. In order 

to study the formation process of nickel nitride during synthesis process, XRD patterns of 

precursor materials (MCN complex) heated at different temperature were also collected, which 

could be found in Figures 4.11 and 4.12. The studied sample is 0.12C-550. The XRD patterns 
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of melamine and cyanuric acid are also attached for reference. According to Figure 4.2 which 

illustrates the formation process of g-C3N4 nanotubes (C-550), nanorods structure started to 

form at 400 °C. As the temperature further increased to 550 °C, nanotubes appeared as the result 

of the transformation of nanorods to nanotubes. In Figure 4.11, XRD pattern starts to change 

after 400 °C, corresponding to the formation of nanorods structure. As temperature gradually 

increased and reached 550 °C, nickel nitride was found. After holding at 550 °C for 2 hours, 

nickel could not be found and only nickel nitride remained, suggesting all nickel has reacted to 

form nickel nitride. Increasing the holding time to 6 h at 550 °C (Figure 4.12) resulted in the 

decomposition of nickel nitride through the loss of nitrogen, hence the nickel peaks reappeared. 

The heat treatment was conducted in air, so nickel could be oxidized, which explains the 

presence of nickel oxide. With the holding time increased to 8 h, nickel nitride was fully 

decomposed and only the peaks of nickel and nickel oxide remained. g-C3N4 nanotubes also 

could not survive after being heated for 8 h at 550 °C. According to Wang et al.’s study, NH3 

was released when nanorods transformed to nanotubes [26], which explains why nickel nitride 

could only be found after 550 °C in this study. Since the transformation started at 550 °C (Figure 

4.2), NH3 should also start to be released at this temperature. Nickel could only have the chance 

to react with NH3 and produced nickel nitride after 550 °C. Figure 4.13 presents the XRD 

patterns of C-550 and other Ni-g-C3N4 nanotubes. The peak at 27.7° (002) became broad and 

weak for these Ni-g-C3N4 nanotubes , which should be ascribed to the reduced correlation 

length of interlayer periodicity of the tris-triazine building blocks [25,85], and the disorder 

structure caused by pores and defects [86], as confirmed by TEM observation.  
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Figure 4.10  XRD of (a) 0.01C-550, 0.03C-550, 0.08C-550 and 0.12C-550 without DI water 

washing. (b) comparison of XRD pattern of 0.12C-550 and 0.12C-550 before washing.  
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Figure 4.11  XRD of precursor (MCN complex) treated at different temperature, the patterns 

of melamine and cyanuric acid are also attached. 
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 Figure 4.12  XRD of precursor (MCN complex) treated at 550 °C for 6 h and 8 h. 
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Figure 4.13  XRD pattern obtained in 20-40° of C-550 and nickel-assisted synthesis samples. 

 

 

 

4.4 Surface Analysis 

The surface area can influence the hydrogen storage performance of materials. For 

physisorption, the bigger surface area the material has, the more active sites it can provide for 

hydrogen adsorption [87]. For this reason, the surface area and pore distribution of the 

carbonaceous materials included in this work were investigated by N2 adsorption/desorption 

isotherms. Figure 4.14 (a) shows the N2 physisorption isotherms of MWCNTs, bulk g-C3N4, 

C-550 and C-620. The isotherms were typical IV isotherms for all samples, the high relative 

pressure (P/P°) of hysteretic loop suggests the existence of mesopores [10]. The data generated 
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from the isotherms are given in Table 4.1. It could be found that C-550 and MWCNTs had 

similar BET surface area and pore volume. Bulk g-C3N4 has the smallest values of BET surface 

area (10.98 m2/g) and pore volume (0.06 cm3/g) in all g-C3N4 materials, which should be 

explained by the great aggregation of g-C3N4 layers as confirmed by TEM observation (Figure 

4.4). Considering the interlayer distance of g-C3N4 was about 0.324 nm and the size of nitrogen 

molecule was about 0.364 nm, it is hard for nitrogen to diffuse into the layers of g-C3N4 and be 

adsorbed [33,88]. C-620 had the largest surface area and pore volume in all g-C3N4 materials 

which could be attributed to the thin and highly porous structure as confirmed by SEM and 

TEM. The pore distribution (Figure 4.14 (b)) also showed C-620 had a great volume for the 

pores with the size of 20-100 nm compared with other samples. This finding was consistent 

with the TEM observation in Section 4.2 and confirms the porous structure of C-620. The 

highly porous structure of C-620 could be explained by the thermal oxidization of the tri-s-

triazine units in the g-C3N4. Li et al. once fabricated porous g-C3N4 nanosheets by calcining 

bulk g-C3N4 at 550 °C in air and found that the increase of the calcination time resulted in the 

thermal oxidization of the tri-s-triazine units consisted of C-N bonds, thus encouraging the 

formation of porous structure of g-C3N4 nanosheets [89]. Besides, the thermal oxidization of tri-

s-triazine units broke the weak molecular force between the g-C3N4 layers, thus reducing the 

aggregation of g-C3N4 layers [90]. In the present study, g-C3N4 nanosheets were synthesized at 

620 °C (C-620) instead of 550 °C which was the heat treatment temperature designated for bulk 

g-C3N4 and g-C3N4 nanotubes (C-550). The higher calcination temperature of C-620 may also 

result in a severe thermal oxidation and create lots of defects and reduce the aggregation, 

similar to the extended calcination time as reported by Li et al., and thus a thin and highly 

porous structure of g-C3N4 nanosheets was obtained.  
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Figure 4.14. (a) N2 adsorption/desorption isotherm. (b) Pore size distribution curves of 

MWCNTs, bulk g-C3N4, C-550 and C-660. 
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Table 4.1. BET surface area, pore volume and average pore size of bulk g-C3N4, C-550 and 

C-620. 

 

Figure 4.15 shows the N2 physisorption isotherms of nickel-assisted synthesis g-C3N4 

nanotubes. Compared with C-550 which adsorbed 146 cm3/g nitrogen, the maximum adsorbed 

nitrogen of nickel-assisted synthesis samples increased with the nickel amount. In the case of 

0.12C-550, the adsorbed N2 reaches 230 cm3/g. Table 4.2 presents the data generated from the 

isotherms. With the increase of nickel used in the fabrication, the BET surface area, pore 

volume and average pore size increased. These increased values could be attributed to the 

reduced aggregation of g-C3N4 layers and highly porous structure as resulted from steam 

reforming etching [33], as confirmed by XRD and TEM. It is postulated that increasing the 

amount of nickel used in the fabrication triggered more decomposition of NH3 gas to produce 

hydrogen. The water molecules formed from the resulting hydrogen  may enhance etching and 

reduce aggregation. Thus, the surface area and pore volume increased with nickel. It was found 

that the increased pore volume belonged to the pores with the sizes between 20 nm and 100 

nm. This finding was consistent with the TEM observation in Figure 4.7).   

Sample BET surface area(m2/g) Pore volume(cm3/g) Average pore size(nm) 

MWCNTs 61.31 0.23 8.91 

Bulk g-C3N4 10.98 0.06 13.67 

C-550 59.38 0.23 9.24 

C-620 161.02 0.43 9.73 
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Figure 4.15. (a) N2 adsorption/desorption isotherm. (b) Pore size distribution curves of 

nickel-assisted synthesis samples. 
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Table 4.2. BET surface area, pore volume and average pore size of nickel-assisted synthesis 

samples. The information of C-550 is also attached for reference. 

 

4.5 XPS Analysis and ICP Analysis 

X-ray photoelectron spectroscopy (XPS) was used to probe the chemical composition of 

g-C3N4 materials (bulk, nanotubes and nanosheets). Figure 4.16 (a) shows the XPS survey 

spectra of the samples studied. The peaks at 288 eV, 399 eV and 532 eV corresponded to C1s, 

N1s and O1s, respectively. The weak signal from O1s could be attributed to the adventitious 

adsorbed water [91]. Figures 4.16 (b) and (c) show the C1s and N1s spectra of all g-C3N4 samples. 

There was not big difference in the spectra, suggesting that the samples had similar chemical 

composition. High resolution C1s spectra could be fitted to three peaks. The broad peak across 

284 and 286 eV was assigned to C-C/C=C and C-H bond which were usually found in XPS 

characterization of g-C3N4
 [92,93]. The peak at 286.4 eV and 288.3 eV corresponded to C-NHx 

(1,2) on the edge of heptazine units and N=C-N coordination in the framework of g-C3N4, 

respectively [84]. The N1s pattern also could be further deconvoluted into three peaks. The 

Sample BET surface area(m2/g) Pore volume(cm3/g) Average pore size(nm) 

C-550 59.38 0.23 9.24 

0.01C-550 81.18 0.25 10.64 

0.03C-550 88.43 0.28 11.16 

0.08C-550 103.07 0.38 11.38 

0.12C-550 116.77 0.40 11.28 
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strong peak on the left was ascribed to bicoordinated N atoms (N2C). And the peaks at 400.09 

eV and 401.2 eV were assigned to tricoordinated N (N3C) atoms and NHx groups in the 

heptazine framework, respectively [94]. It should be noted that the bicoordinated N in N1s 

spectra of C-620 showed a left shift of 0.1-0.2 eV, which could be explained by re-distribution 

of electrons caused by the nitrogen defects and higher crystallinity of C-620 [95]. The C/N ratios 

of C-620, C-550 and bulk g-C3N4 are provided in Table 4.3, which were 0.76, 0.72 and 0.7, 

respectively. These values approached the theorical C/N ratio of graphitic carbon nitride (0.75) 

[26]. The high C/N ratio of C-620 suggested the great loss of nitrogen during fabrication which 

should be caused by the thermal oxidization, as reported by other groups [90,96].  

 

Sample C (%) N (%) O (%) C/N ratio 

C-620 42.46 55.83 1.69 0.76 

C-550 41.21 57.13 1.66 0.72 

Bulk g-C3N4 39.67 56.64 0.55 0.70 

 

Table 4.3. C/N ratios of C-620, C-550 and bulk g-C3N4 obtained by elemental analysis. 
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Figure 4.16. (a) XPS survey spectra of C-620, C-550 and bulk g-C3N4. High resolution (b) 

C1s spectra of C-620, C-550 and bulk g-C3N4. (c) N1s spectra of C-620, C-550 and bulk g-

C3N4. 

 

 

XPS was also used to study nickel-assisted synthesis g-C3N4 nanotubes. Figure 4.17 

presents the N1s and C1s spectra of nickel-assisted synthesis g-C3N4 nanotubes. No obvious 

shift in binding energy indicated there was no change in chemical state of C and N. The C1s 

spectra of those nickel-assisted synthesis g-C3N4 nanotubes could be fitted to three peaks: C-

C/C=C at 248.8 eV, C-NHx at 286.4 eV, N-C=N at 288.3 eV [94]. The N1s spectra could also 

be divided into three peaks which are corresponding to bicoordinated N, tricoordinated N and 

NHx, respectively [94].  
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Figure 4.17. High resolution (a) C1s spectra of Ni-g-C3N4  nanotubes and (b) N1s spectra of 

nickel-assisted synthesis g-C3N4 nanotubes (the spectra of C-550 are also attached for 

reference). 

 

The elemental analysis results of Ni-g-C3N4 nanotubes could be found in Table 4.4. 

Compared with C-550, the atomic ratio of C decreased, and the C/N ratio also decreased, 

indicating carbon vacancies [32,33]. Clearly, the nanotubes surface was poor in carbon, suggesting 

the steam reforming process preferred to proceed with the loss of carbon then nitrogen. 

According to the study of thermal oxidization etching found in C-620 (Table 4.3) or in other 

research, the thermal etching preferred to proceed with the oxidization of nitrogen than carbon 

[90,96]. The loss of carbon atoms found in Ni-g-C3N4 nanotubes  indicated the steam reforming 

mechanism is different from the mechanisms of thermal oxidization etching. In addition, only 

very small amount of nickel (atomic ratio 0-0.02 %) was found in these samples. Table 4.5 
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presents the nickel content before and after washing determined by ICP. The content of nickel 

decreased significantly after washing. The reduced nickel content found in XPS and ICP 

suggest most of impurity nickel nitride has been removed in washing process which is 

consistent with XRD result (Figure 4.10). With the increase of nickel loading (from 0.01 to 

0.12), the atomic ratio of C-C/C=C and C-NHx in C1s spectra (Figure 4.18 and Table 4.6) 

gradually decreased, implying the loss of carbon occurring at graphitic carbon species and C-

NHx lattice sites [32]. The ratios of N3C and NHx also decreased in N1s spectra for Ni-g-C3N4 

nanotubes  (table 4.7), suggesting the loss of nitrogen occurring at N3C and NHx lattice sites 

[33,32].  

 

Figure 4.18. High resolution C1s spectra of nickel-assisted synthesis g-C3N4 nanotubes and 

C-550. 
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Figure 4.19 presents the O1s spectra of  Ni-g-C3N4 nanotubes . Basically, the spectra of 

O1s could be fitted into three peaks: adsorbed water molecule at 533 eV, C=O at 531.9 eV and 

Ni=O at 530.1 eV [97,98]. Ni=O found in the spectrum of 0.12C-550 should be attributed to 

nickel oxide formed during the heat treatment. C=O could only be found in Ni-g-C3N4 

nanotubes . The appearance of C=O in Ni-g-C3N4 nanotubes  could be resulted from the steam 

reforming etching which made the samples vulnerable to oxidization [33]. The reason should be 

the removal of carbon and nitrogen atoms breaking the bonds with other carbon atoms on tri-

s-triazine units or graphitic species thus making the structure unstable. These non-fully bonded 

carbon atoms on the units formed double bond with oxygen atoms in air and restabilized the 

structure.  

 

Sample C (%) N (%) O (%) Ni(%) C/N ratio 

C-550 41.21 57.13 1.66 0.00 0.72 

0.01C-550 40.84 58.29 0.86 0.01 0.70 

0.03C-550 40.63 58.41 0.94 0.02 0.70 

0.08C-550 40.61 58.56 0.81 0.02 0.68 

0.12C-550 40.01 58.44 1.53 0.02 0.68 

 

Table 4.4. C/N ratios of Ni-g-C3N4 nanotubes  (the data of C-550 are also attached for 

reference). 
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0.01C-550 0.03C-550 0.08C-550 0.12C-550 

Before washing (wt.%) 3.3 7.7 18.1 30.1 

  After washing (wt.%) 2.5 3.3 4.5 5.8 

 

Table 4.5. Nickel content in Ni-g-C3N4 nanotubes  before and after washing. 

 

 

Sample N-C=N (%) C-C/C=C (%) C-NHx (%) 

C-550 85.39 9.39 5.22 

0.01C-550 95.59 2.43 1.66 

0.03C-550 95.76 2.84 1.39 

0.08C-550 95.96 2.69 1.36 

0.12C-550 97.28 1.53 1.19 

 

Table 4.6 Relative ratios of N-C=N, C-C/C=C and C-NHx in Ni-g-C3N4 nanotubes  

determined by C1s spectra (the data of C-550 are also attached for reference). 
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Sample N2C (%) N3C (%) N-Hx (%) 

C-550 75.90 13.36 10.74 

0.01C-550 78.20 11.61 10.60 

0.03C-550 78.50 11.20 10.30 

0.08C-550 78.37 11.40 10.24 

0.12C-550 78.33 11.69 9.97 

 

Table 4.7 Relative ratios of N2C, N3C, NHx in Ni-g-C3N4 nanotubes  

determined by N1s spectra (the data of C-550 are also attached for reference). 
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Figure 4.19. High resolution O1s spectra of Ni-g-C3N4 nanotubes.   
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4.6 FTIR Analysis 

The chemical information of carbon nitride-based materials was further investigated by 

FTIR. Figure 4.20 (a) presents the FTIR results of g-C3N4, C-550 and C-620, the patterns were 

similar suggesting that they had similar chemical structure, corresponding to the former 

discussion. The strong stretching vibration at 820 cm-1 corresponded to breathing mode of the 

triazine units[26]. The peaks at 1231 cm-1, 1317 cm-1 and 1404 cm-1 were associated with the 

aromatic C–N stretching while the peaks at around 1533 cm-1 and 1628 cm-1 could be assigned 

to the existence of C=N [67]. The peak at 1684 cm-1 was C=O stretching [73]. The broad 

absorption band in the region of 3000-3500 cm-1 could be related to the N–H stretching of 

uncondensed amino groups and O–H bonds of the surface water [26,73]. Other unidentified peaks 

could originate from the impurities such as unreacted melamine or cyanuric acid. Figure 4.18(b) 

shows the spectra of C-550 and 0.12C-550. The spectra of 0.12C-550 was similar to that of C-

550, suggesting that the chemical structure of 0.12C-550 remained unchanged after fabrication, 

corresponding to the XPS observation. Interestingly, a new peak at 2981 cm-1 appeared in 

0.12C-550. The new peak was assigned to C-H bond [76,99-101]. As discussed in the previous 

sections, during the heat treatment, nickel reacted with released NH3 and produces hydrogen: 

6Ni+2NH3 =2Ni3N+3H2 
[28-31]. The appearance of C-H bond should be attributed to the 

chemical adsorption of hydrogen as results of the interaction of H2 and 0.12C-500 at high 

temperature. Figure 4.20(c) shows the FTIR spectra of MWCNTs. The stretching vibration at 

2844 and 2915 cm-1 could be assigned to symmetric and asymmetric stretching of C-H bond, 

the peak at 1637 cm-1 was the C=C skeleton stretching of MWCNTs and O-H from adsorbed 

water, the board peaks between 1540 cm-1 and 1570 cm-1 were C=O and C=C in aromatic rings, 

1468 cm-1 and 1382 cm-1 were the stretching of sp3 C-H [100,101,102,103,].  
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Figure 4.20. (a) FTIR spectra of bulk g-C3N4, C-550 and C-620. (b) FTIR spectra of 0.12Ni-

550, the spectrum of C-550 is also attached for reference. (c) FTIR of MWCNTs. 

 

4.7 Hydrogen Storage Characterization 

The hydrogen adsorption and desorption isotherms are presented in Figures 4.21 (a), (b) 

and (c). The isotherms were obtained in the pressure range from 0 to 3.7 MPa, at room 

temperature (25 °C), 45 °C and 65 °C, respectively. The storage capacity increased with the 

increase in hydrogen pressure for all samples and reached the maximum value at 3.7 MPa. 

With the temperature increased from room temperature to 65 °C, the maximum hydrogen 

capacity decreased, which could be attributed to the increase of kinetic energy of gas molecules 

to encounter the barrier potentials [77]. C-550 and MWCNTs had similar surface area, but the 

storage capacity was much higher for C-550. It was also evident that MWCNTs had the small 



86 

 

storage capacity at 3.7 MPa in any temperature as compared with bulk g-C3N4, even if the 

surface area of bulk g-C3N4 was very small. C-620 possessed a high storage capacity as 

compared with bulk g-C3N4. That could be explained by the big specific surface area brought 

by the thin and highly porous structure, which provided more entry and reaction sites for 

hydrogen adsorption [104]. Interestingly, the capacity of C-620 was slight lower than the 

capacity of C-550, despite the fact that C-620 had a large specific surface area. Koh et al. 

studied the hydrogen storage performance of g-C3N4 nanotubes and g-C3N4 monolayer, they 

found the interaction between hydrogen and nanotubes was more stable than the interaction 

between hydrogen and monolayer [17]. Jhi et al. studied the hydrogen storage in BN nanotubes 

and BN nanosheets, they found the BN nanotubes possessed substantial buckling bonds which 

strongly interacted with hydrogen [105]. It was also reported that the curvature of carbon 

nanotubes could increase the binding energy [87]. Perhaps this could be the reason why C-620 

did not hold hydrogen as much as C-550. Therefore, it is shown here that nanotube structure is 

more suitable for hydrogen storage than sheet structure. The theoretical storage capacity of g-

C3N4 was 5.45 wt.% in Koh’s research, which was far from the result obtained in this study [17]. 

One reason was the diameter of nanotubes. The nanotubes model that Koh et al. used in his 

calculation has a diameter of 0.8-2.3 nm, which was much smaller than that of C-550 (50-300 

nm). The second reason was that the samples obtained here was impure. Lots of non-tubular 

structure (impurity) still remained in the sample after fabrication, as demonstrated in Figures 

4.1(c-d). Therefore, future works such as the diameter reduction and purification of the g-C3N4 

are needed to further improve the hydrogen storage performance.  
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The isosteric heat of adsorption (Qst) can be a direct indicator of the interaction between 

hydrogen and adsorbent. In order to obtain Qst, Clausius-Clapeyron equation: Qst = −R [∂ [ln 

(P)]/∂(1/T)]  was applied [77], where R is the gas constant, P is the equilibrium pressure, T is the 

adsorption temperature. Here, the adsorption isotherms obtained at 25 °C and 45 °C were used 

for the calculation of Qst. The range of 25 °C – 50 °C was chosen since it was the ideal 

temperature range for application, and the obtained adsorption heat during this range would be 

more meaningful. Figure 4.22 presents the adsorption heat of all g-C3N4 materials and 

MWCNTs. With the hydrogen uptake increased the adsorption heat decreased gradually, which 

could be explained by the gradual reduction of the number of available adsorption sites, which 

weakened the interaction between the sites and hydrogen [106]. All g-C3N4 materials possessed 

higher adsorption heat than MWCNTs did, suggesting the obtained high storage capacity of 

these g-C3N4 materials was due to the stronger interaction between these materials and 

hydrogen. The hydrogen adsorption heat in C-550 was found to be higher than those in C-620. 

This result is consistent with Kho’s studies [1], which indicated graphitic carbon nitride 

nanotubes had a higher binding energy with hydrogen than sheets did. The relative low 

adsorption heat of bulk g-C3N4 might be also caused by the sheet-like aggregated surface as 

confirmed by TEM observation. Compared with MWCNTs which had very few hydrogen (0.05 

wt.%) left, it should be noted that there was still lots of hydrogen (about 0.1-0.2 wt.%) left in 

g-C3N4 materials after desorption at the designated temperatures (Figure 4.21). The trapped 

hydrogen is likely chemisorbed on g-C3N4, as physisorbed hydrogen tends to have higher 

reversibility due to the weak Van der Waal force, while chemisorbed hydrogen is stable and 

would  require extra energy to release [2]. 
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Figure 4.21. (a) (b) (c) Room temperature (25 °C), 45 °C and 65 °C hydrogen 

adsorption/desorption isotherms of MWCNTs, bulk g-C3N4, C-550 and C-620. 
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Figure 4.22. Isosteric heat of adsorption(Qst) of g-C3N4 materials and MWCNTs. 

 

Hydrogen storage test was also conducted on Ni- g-C3N4 nanotubes following the same 

procedures. The hydrogen adsorption/desorption isotherms of Ni- g-C3N4 nanotubes and C-

550 are presented in Figure 4.23. The storage capacity increased with the pressure and reached 

the maximum value when the pressure was 3.7 MPa. The maximum capacity decreased with 

the increase of temperature. All nickel-assisted synthesis g-C3N4 nanotubes possessed larger 

storage capacities as compared with C-550 at all temperatures. With the amount of nickel used 

in the fabrication increased (from 0.01 to 0.12 g), the storage capactiy also increased. 0.12C-

550 possesed the highest storage capacity at room temperature (25 °C), which was 1.17 wt.%. 

Figure 4.24 shows the isosteric heat of adsorption (Qst) of Ni-g-C3N4 nanotubes , the adsorption 

heat of C-550 is also attached for reference. The adsorption heats were much higher for these 
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nickel-assisted synthesis materials, suggesting that the high capacities obtained in Figrue 4.23 

were attributed to the strong interaction between hydrogen and materials. According to the 

literature, defects and pores can provide strong sites for physisorption and enable 

chemisorption of hydrogen [107-110]. Tang et al. and Wu et al. studied the influence of defect on 

hydrogen storage performance of BN nanotubes, they found the dangling bonds at the defects 

could be strong sites for hydrogen chemisorption [111,112]. In this study, nickel reacted with 

released NH3 and produced H2, which generated water atmosphere with oxygen and triggered 

steam reforming etching on the samples. The etching created pores and defects (as confirmed 

by TEM observation and BET analysis)  which provided lots of adsorption sites for hydrogen. 

Thus the adsorption heats were higher for Ni-g-C3N4 nanotubes . With more nickel used in the 

fabrication, more defects could be produced so the adsorption heats increased accordingly.  
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Figure 4.23. (a) (b) (c) Room temperature (25 °C), 45 °C and 65 °C hydrogen 

adsorption/desorption isotherms of Ni-g-C3N4 nanotubes . 
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Figure 4.24. Isosteric heat of adsorption(Qst) of Ni-g-C3N4 nanotubes , C-550’s data are also 

attached for reference. 

 

To further study hydrogen chemisorption behaviour of the carbonaceous materials in this 

work, Temperature Programmed Desorption (TPD) was applied. The whole procedures of the 

test could be found in Chapter 3. Normally, the samples were pre-charged with hydrogen at a 

certain temperature and pressure. Then the samples were purged with argon gas to remove 

physisorbed hydrogen. After purging, the samples were heated to release hydrogen. Since 

physisorbed hydrogen was removed in the purging process, any signal detected in the heat 

process should be attributed to the chemisorbed hydrogen.  
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      In the TPD test, materials will desorb hydrogen and readsorb hydrogen at the same time, 

the desorption speed is increasing with the temperature since desorption is an activated process; 

However, with the removal of hydrogen from the materials, the rate reaches the maximum and 

then decreases with temperature [113]. That is why usually the desorption peak is recorded in 

the TPD curve. Materials may have several desorption peaks, corresponding to different 

adsorption sites (and hence adsorption energy) for hydrogen. The higher temperature the peak 

maximum locates, the higher is the binding energy between hydrogen and materials [113]. 

However, extra attention should be paid to the experiment parameters, especially the pumping 

speed or carrier gas flowing speed. Slow pumping speed or carrier gas flowing rate will cause 

a lag in the signals recorded and the desorption peak will shift to a higher temperature [114]. The 

reason is the large readsorption of hydrogen due to low pumping speed/carrier gas flowing rate 

[114]. Therefore, carrier gas flowing rate was carefully selected in this test to minimise 

readsorption as much as possible.  

Figure 4.25 shows the TPD curves of MWCNTs, bulk g-C3N4, C-550 and C-620. For 

MWCNTs, the TPD signal was weak and no obvious desorption peak was detected suggesting 

little or no chemisorption occurred in MWCNTs. Thus, in MWCNTs hydrogen was adsorbed 

through weak physisorption, which could be removed easily during the purging process. 

However, strong signals were detected for g-C3N4 materials (bulk, C-620 and C-550), implying 

a significant amount of hydrogen chemisorption. Therefore, the great amount of unreleased 

hydrogen found in hydrogen storage test (Figure 4.21) should be attributed to the chemisorption 

of hydrogen. The board desorption curves of materials shows a complex, multi-step and 

energetically heterogenous desorption mode, clearly suggesting that these materials possessed 

heterogeneous surfaces and possessed more than one type of adsorption sites for hydrogen 

[113,115]. In addition, the peaks shifted to a higher temperature and became less pronounce if the 

materials were hydrogen-charged at higher temperature (65 °C). The reason should be the 
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thermal motion of hydrogen at high temperature. If the charging was conducted at high 

temperature, the thermal motion of hydrogen with a high kinetic energy would break the bond 

between hydrogen and weak sites [116]. As a result, only strong adsorption sites at high 

temperature could adsorb hydrogen. That explains the right-shift of the peaks and the decrease 

in hydrogen intensity in Figure 4.25. The area under the TPD profile was proportional to the 

quantity of adsorbed hydrogen. The bigger the area, the more was the hydrogen chemisorbed 

by the materials. As the area under the TPD profile was the largest for C-550, followed by C-

620 and bulk g-C3N4, it confirmed that C-550 chemisorbed the most hydrogen. In addition, the 

adsorbed hydrogen in C-620 and bulk g-C3N4 was mostly located at relatively weak adsorption 

sites (<150 °C) while the adsorption mostly concentrates on strong adsorption sites (>150 °C) 

in C-550, again suggesting the stronger adsorption in C-550. The area under the TPD spectra 

of C-620 was larger than the area of bulk g-C3N4 suggesting more chemisorbed hydrogen in C-

620, which could be explained by the porous and high surface area structure of C-620 providing 

more adsorption sites for hydrogen [104].  

TPD experiment was also conducted on 0.12C-550 Ni-g-C3N4 nanotubes .  The TPD 

profile of C-550 is attached for comparison (Figure 4.26). As compared with C-550, the overall 

area under the TPD curve increased for 0.12C-550, suggesting more chemisorption occurred. 

The increased hydrogen was at relative weak adsorption sites (<170 °C). However, a small 

decrease in adsorbed hydrogen at relative strong adsorption sites (>170 °C) was noticed.  

Confirmed by TEM observation and BET surface analysis, 0.12C-550 possessed a highly 

porous structure created by steam reforming etching. The increasing chemisorbed hydrogen at 

weak adsorption sites (Figure 4.26) should be the hydrogen adsorbed at defects and pores. The 

etching might also destroy the structure of g-C3N4 nanotubes, and result in a reduction in  the 

strong adsorptions sites. Hence, the adsorbed hydrogen at the strong sites reduced accordingly. 

The defects enabled the hydrogen chemisorption shift to relative weak adsorption sites, thus 
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the activation energy of desorption decreases, which then make hydrogen be desorbed easily 

in Ni-g-C3N4 nanotubes . 

 

Figure 4.25. TPD curves of MWCNTs, bulk g-C3N4, C-550 and C-620 obtained after 

adsorbing hydrogen at (a) room temperature (25 °C) and (b) 65 °C. 
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Figure 4.26. TPD curves of 0.12C-550 and C-550 obtained after adsorbing hydrogen at room 

temperature (25 °C). 

 

The obtained high adsorption heats (Qst) of g-C3N4 materials in Figure 4.22 were not only 

explained by chemisorption. Figure 4.27 presents the comparison of hydrogen storage ability 

of MWNCT and g-C3N4 materials. The red bars represent the desorbed hydrogen in hydrogen 

storage test which should be attributed to physisorption due to the weak bonding, while the 

blue bars represent the trapped and unreleased hydrogen which should be attributed to 

chemisorption because of stronger bonding [2]. Even if MWCNTs and C-550 have similar BET 

surface area and pore volume, C-550 still released more hydrogen than MWCNTs did at any 

temperature, clearly indicating more physisorption in C-550. The same result could also be 

found in the case of C-620. Possible due to the small surface area, bulk g-C3N4 did not possess 
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more physisorbed hydrogen at 25 °C and 45 °C. However, at high temperature of 65 °C, the 

amount of physisorbed hydrogen was more in bulk g-C3N4 than in MWCNTs. This could be a 

result of the stronger bonding between bulk g-C3N4 and hydrogen molecule and the strong 

bonding was not easy to break due to the thermal motion. Therefore, the high calculated 

adsorption heat (Figure 4.21) is partially ascribed to strong physisorption and partially ascribed 

to chemisorption. Both of them should be attributed to either nitrogen strengthens physisorption 

on carbon atoms and reduce energy barrier which enable chemisorption on carbon atoms [9-

13,107,117], or the doubly bonded nitrogen itself provided strong sites for hydrogen physical and 

chemical adsorption [17]. Figure 4.28 shows the comparison of hydrogen storage ability of C-

550 and nickel-assisted synthesis g-C3N4 nanotubes. Increase in trapped hydrogen 

(chemisorption) and desorbed hydrogen (physisorption) have been noticed. With the increase 

in nickel used in fabrication (0.01-0.12 g), the amount of physisorbed and chemisorbed 

hydrogen  increased. Defects and pores do not just provide sites to enable chemisorption 

[109,111,112], but they also are strong sites for the physisorption [107-109,111]. Thus, both 

physisorption and chemisorption increase in Ni-g-C3N4 nanotubes as confirmed by hydrogen 

storage test (Figure 4.23) and TPD experiment (Figure 4.26). With more nickel was used in the 

fabrication, the etching effect becomes stronger and more pores and defects were created. 

Thenceforth, the adsorbed hydrogen increased accordingly.  
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Figure 4.27. The comparison of hydrogen storage ability of MWCNTs and g-C3N4 materials 

obtained at (a) room temperature (25 °C), (b) 45 °C, (c) 65 °C. (The used data from figure 

4.21) 
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Figure 4.28. The comparison of hydrogen storage ability of C-550 and Ni-g-C3N4 nanotubes 

obtained at (a) room temperature (25 °C), (b) 45 °C, (c) 65 °C. (The used data from figure 

4.23) 
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Chapter 5 Conclusion and Future Work 

 

5.1  Conclusion 

In this work, hydrogen storage materials g-C3N4 nanotubes were synthesised and studied. 

Multiwall carbon nanotubes (MWCNTs), g-C3N4 nanosheets and bulk g-C3N4 were also 

studied for comparison. The three g-C3N4 materials (nanotubes, nanosheets and bulk) had a 

similar chemical composition as confirm by FTIR and XPS, but the morphologies were 

different. The synthesised g-C3N4 nanotubes possessed a multiwall structure with the outer 

diameter of 50-400 nm, which was larger than the average diameter of MWCNTs (10 nm) 

studied here. However, the two materials had similar specific surface area (61.31 m2/g for 

MWCNTs and 58.38 cm3/g for g-C3N4 nanotubes) and pore volume (0.23 cm3/g for both 

materials). Compared with MWCNTs which should have 100 % of the nanotube structure, the 

purity of g-C3N4 nanotubes was not high since lots of non-tube-like but bulk-like structure still 

could be observed. The obtained g-C3N4 nanosheets possessed a thin and highly porous 

structure, as the result g-C3N4 nanosheets had the highest specific surface area (161.02 m2/g) 

and pore volume (0.43 cm3/g). On the contrary, bulk g-C3N4 nanotubes had a bulk structure 

with considerable aggregation of g-C3N4 layers, so its specific surface area (10.98 m2/g) and 

pore volume (0.06 cm3/g) were the lowest.  

For hydrogen storage, all g-C3N4 materials possessed a better performance in hydrogen 

storage test than MWCNTs. The room temperature (25 °C) storage capacity obtained at under 

a hydrogen pressure of 3.7 MPa was 0.51 wt.% for bulk g-C3N4, which was higher than the 

capacity of MWNCTs (0.46 wt.%), even though the specific surface area and pore volume of 

the former were lower. Although the purity of g-C3N4 nanotubes was not as high as the purity 

of MWCNTs, but its storage capacity (0.78 wt.%) was still improved by up to 70 % as 
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compared with MWCNTs. The storage capacity of g-C3N4 nanosheets (0.73 wt.%) was also 

higher than the capacity of MWNCTs.  

The isosteric heat of adsorption (Qst) was calculated to study the strength of the interaction 

between hydrogen and materials. It was found that Qst was higher for g-C3N4 materials than 

that of MWCNTs, suggesting the higher hydrogen capacity obtained was attributed to the 

strong interaction between materials and hydrogen. The strong interaction was believed to be 

due to nitrogen atoms which either strengthened the interaction between hydrogen and carbon 

atoms, or the doubly bonded nitrogen itself provided strong adsorption sites for hydrogen. In 

addition, Qst of g-C3N4 nanotubes was higher than Qst of g-C3N4 nanosheets and bulk g-C3N4, 

suggesting a much stabler bond with hydrogen in g-C3N4 nanotubes, which could be explained 

by the curvature of nanotube’s surface which increased the adsorption energy. This finding 

explains the highest capacity of g-C3N4 nanotubes among the three g-C3N4 materials. TPD 

study further found a huge amount of chemisorbed hydrogen in g-C3N4 materials as compared 

with MWCNTs, implying that chemisorption should also play an important role in the great 

hydrogen storage performance of g-C3N4 materials in additional to the hydrogen physisorption.  

In the second part of this research, nickel-assisted synthesis of g-C3N4 nanotubes was 

carried out and the hydrogen storage performance was examined. In the fabrication process, 

nickel decomposed and released NH3, and the obtained H2 after NH3 decomposition generated 

water atmosphere, which triggered steam reforming etching on g-C3N4 nanotubes. Thus, highly 

porous structure of g-C3N4 nanotubes with high specific surface area and pore volume was 

obtained. XPS found the etching effect preferred to proceed with the loss of carbon then 

nitrogen. The loss of carbon occurred at graphitic carbon species and C-NHx lattice sites while 

the loss of nitrogen occurred at N3C and NHx lattice sites. The as-synthesised materials had 

high hydrogen storage capacities as measure at three temperatures (room temperature (25 °C), 

45 °C, 65 °C) and under a hydrogen pressure of 3.7 MPa. The storage capacity obtained at 
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room temperature for the nickel-assisted synthesised samples has promoted by up to 50 % 

(from 0.78 wt.% to 1.17 wt.%), as compared with g-C3N4 nanotubes synthesized without using 

nickel. As confirmed by hydrogen desorption study and TPD experiment, the increased 

capacity should be attributed to increased hydrogen physisorption and chemisorption, as extra 

adsorption sites provided by the created defects and pores were effective hydrogen storage sites.  

 

5.2 Future work 

Even if g-C3N4 nanotubes have excellence performances in hydrogen storage, the obtained 

materials’ storage capacity was still far from the theorical value of 5.45 wt.% as obtained by 

first principal calculation. Two possible reasons can be proposed here: Firstly, the nanotubes 

fabricated were not very pure, lots of non-tube-like structure could still be observed. The 

second reason was that the specific surface area of g-C3N4 nanotubes was not very high, which 

should be attributed to the nanotubes’ large diameter and the multiwall structure. It is 

recommended that the future work should focus on improving the structure of g-C3N4 

nanotubes, such as increasing the purity, reducing the diameter, and reducing the aggregation 

of g-C3N4 layers on the wall to increase the specific surface area. Ni-g-C3N4 nanotubes was 

shown to possess a highly porous structure, which had the high storage capacity. So, nickel-

based modification method is a promising way to create pores and defects on g-C3N4 nanotubes 

which then benefited hydrogen storage. However, its effect on the kinetics of the hydrogenation 

and dehydrogenation needs to be elucidated. It has been reported that materials with smaller 

pores had the higher hydrogen uptake and adsorption energy than the materials with the larger 

pores did [118]. Therefore, future work should also focus on improving this fabrication method 

by adjusting the fabrication parameters, like changing the amount and the size of  nickel used, 

so as to create large number of fine pores and defects. In addition, metal doping was known as 
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an effective way to increase the hydrogen storage performance of carbon nanotubes owing to 

the hydrogen spillover effect of the metal particles [99,110]. It is interesting to see how metal 

particles other than nickel could influence the hydrogen storage performance of g-C3N4 

nanotubes. Thus,  metal doping on the hydrogen storage of g-C3N4 nanotubes is an area worth 

pursuing.      
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