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Abstract 

Air pollution, global warming and the exhaustion of fossil fuels by the coming several 

decades drive people to use renewable energy instead of hydrocarbon fuels. Renewable 

energy is a desired green technology both in the developed world and developing world 

due to its abundance and low carbon emission. Hydrogen is one of the most promising 

energy carriers to harvest the intermittent sustainable energy (e.g. solar, wind and hydro). 

The renewable energy stored in hydrogen form can be converted to electricity by the 

electrochemical reaction of hydrogen and oxygen in fuel cells. There are basically three 

different types of applications: stationary, mobile and automotive. The requirements of 

these three applications are different in terms of hydrogen storage capacity, operating 

conditions (temperature and pressure), charge/discharge rate and cycle life. 

About one quarter of mankind in the world are dwelling in areas without electricity 

connection from centralized power plants. The cost of extending electricity grids to 

remote communities is very high and thus relatively unaffordable to these communities. 

Many efforts were made to establish a self-sustaining system that can provide reliable 

energy without the power grids. However, the main barrier limiting the development of 

this standalone remote area power supply (RAPS) is the energy storage system that is able 

to guarantee continuous electricity supply. The first part of this research has been the 

application of hydrogen storage materials to store hydrogen synthesized from the surplus 

energy of the sustainable power supply (e.g. solar energy) by electrolysis. The hydrogen 

source was then used to power the fuel cell to supply electricity when the external energy 

source is unavailable. Here solid-state hydrogen storage materials were employed for this 

purpose owing to their excellent volumetric storage density. Vanadium alloys were 

selected as the hydrogen carrier in the RAPS, since they can also find applications in 
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Movable Power Supply (MPS) systems. In the second part, the scope of this research 

extended to the hydrogen storage materials designed specially for hydrogen-powered 

automotive vehicles. Carbon nitride (C3N4) tubes have been chosen as the potential 

candidate for this application. 

In this study, a vanadium-based alloy was designed and tailored to meet the requirements 

of RAPS and MPS applications. The alloy design was carried out by comparing the 

properties of many hydrogen storage alloys and materials with different chemical 

compositions. The system requirements were then introduced to optimize the alloy 

composition, and the hydrogen storage performance of the designed alloy was predicted 

and assessed. V80Ti8Cr12 alloy was finalized as the optimum hydrogen storage alloy for 

RAPS and MPS systems. Since the MPS system specifically required the working 

conditions to be H2 absorption at 20 °C at 2 MPa and desorption at 50 °C at 0.2 MPa, a 

special isothermal hydrogen measurement was implemented in this work to simulate 

these requirements, and thereby the actual usable hydrogen capacity can be obtained 

under these operating circumstances. This new method is more accurate and time-saving 

as compared to the traditional isotherm, where the hydrogenation and dehydrogenation 

were carried out at a fixed temperature. 

The designed V80Ti8Cr12 alloy was found to have a maximum hydrogen capacity of 3.5 

wt% which was 2.5 times higher than the commercial LaNi5 type alloys (1.4-1.5 wt%). 

Because part of the H2 amount could not be released at ambient conditions, the usable 

hydrogen capacity of V80Ti8Cr12 alloy dropped to 2 wt%, which was still 40% higher than 

that of LaNi5. Since the effect of particle size on the hydrogen storage properties of high 

V-containing alloys has not been clearly clarified, it was investigated in this present work. 

The mechanically sectioned samples with particle sizes from 5 mm to less than 100 μm 
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had descending usable capacities with the reduction of particle sizes and lattice constants. 

However, the sample with 7 mm of particle size didn’t absorb hydrogen, indicating the 

upper limit of the alloy size. The kinetics was basically enhanced with the decrease of 

particle size, where the H2-embrittled samples have better overall performance. These 

suggested that the excessively large or small particle sizes both brought about negative 

influence on the H2 properties. The optimized alloy size was worked out in this study. 

Briefly, the V80Ti8Cr12 alloy with 5 mm of particle size had around 2 wt% of usable 

hydrogen capacity under 20-50 °C and 0.2-2 MPa, which fully satisfies the capacity needs 

of RAPS and MPS applications. Besides, the alloy was able to provide a rapid hydrogen 

supply rate which is 9 times faster than the requirement. The alloy also possessed an 

excellent cycle life up to 500 cycles with a 90 % of capacity retention. Compared to other 

room-temperature operational alloys with high H2 capacities, V80Ti8Cr12 alloy has a 

similar cycle stability with AB2 type alloys, but a far superior durability to AB3 type alloys 

(~40% drop after 500 cycles). Therefore, the 5 mm V80Ti8Cr12 alloy has been shown in 

this work a promising candidature for the hydrogen storage in RAPS and MPS systems. 

C3N4 tubes were selected as the hydrogen storage materials for automotive applications 

because of their high theoretical hydrogen capacity (5.45 wt%) which reaches the 2025 

target proposed by US Department of Energy. Currently, the hydrogen used in fuel cell 

vehicles is stored in compressive gas form with 70 MPa of pressure, leading to uncertain 

hazards and extra energy consumption for compression. C3N4 tubes may potentially 

reduce the storage pressure from 70 MPa to several MPa by accumulating hydrogen in 

solid form. Due to the light weight of carbon and nitrogen, the gravimetric energy density 

is expected to be much higher than that of conventional metal hydrides. Up to date, tubular 

C3N4 is generally prepared by syntheses required sophisticated facilities (chemical vapor 

deposition and sputtering), catalysts, substrates/templates, strong acid/base, toxic solvent, 
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etc. These may give complex and costly production processes which are not applicable 

for commercialization. In our work, C3N4 tubes were synthesized by a facile method 

adopting the hydrothermal treatment and pyrolysis of sole melamine without any 

additives. The optimum parameters of material preparation are described as the 

followings. 10 % of melamine solution with 85 % of filling ratio is heated at 205 °C for 

24 hours, followed by a pyrolysis in a sealed crucible with alumina partitions under 560 

°C in air for 4 hours with 5 °C/minute of ramping rate. The hydrogen storage properties 

of C3N4 tubes (nitrogen content: ~50 at%) have been measured for the first time. Tubular 

carbon nitrides have an improved hydrogen uptake with the increase of surface area. The 

optimized hydrogen capacity achieved in this work is 0.62 wt% at 3.6 MPa. This value 

corresponds to the surface area of 148.69 m2/g which is so far the highest record in N-

rich C3N4 tubes. The hydrogen capacity is predicted to reach 2.62 wt% at 10 MPa. 

Moreover, C3N4 tubes have a swift charge and discharge speed (2-3 minutes), which 

allows the refuelling competitive to that of petrol. Last but not least, the special thermal 

dynamics enables C3N4 tubes to absorb and desorb hydrogen at ambient conditions. In 

the future, if a catalyst doping and an enlargement of surface area are employed, the 

hydrogen capacity of C3N4 tubes may be further improved at low H2 pressure.  

In RAPS and MPS systems, V-based alloy can be an ideal hydrogen storage medium 

because of its low operating pressure, which is beneficial for charged by electrolysers, 

and reasonable capacity (2 wt%). However, a much higher H2 capacity and a higher 

hydrogen charging pressure are necessary for the automotive field (5.5 wt%); and tubular 

C3N4 could be a promising candidate to reach the goal and store hydrogen in a much safer 

pressure (several MPa) compared to that in the prevailed pressurized tanks (70 MPa). 

Thus, this research has successfully demonstrated different material systems to be used 

in RAPS, MPS and automotive applications. 
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 Introduction 

1.1 Background 

The delivery of electricity to remote areas, which are isolated from main power grids, is 

relatively cost-ineffective and energy consuming by erecting power transmission lines 

from central electricity plants. For example, Gray et al. [1] has stated that the expense of 

supplying electricity to remote areas that are away from the major cities in Australia 

would cost AUD $1 million per kilometre. This is not economically viable as these areas 

are sparsely populated. In additional to the affordability of power-grid installation in the 

developing countries, the key reasons that prohibit the development of in even “not-so-

remote” places are the frequent disruption in the supply of grid power, natural limitations 

and difficulties of regular maintenance. Therefore, it is indispensable to find a solution 

that can address the issue of energy insufficiency in remote areas. Generally, diesel 

generators are the primary sources to provide electricity to the facilities in suburban 

regions. Although the diesel generators driven by fossil fuels can offer convenient power 

supply, they are environmentally unfriendly and financially uncompetitive due to the 

prodigious greenhouse gas emission and the costly transportation of diesel fuels to remote 

areas.   

To decrease the carbon discharge from combustion engines and addiction to fossil fuels 

in off-grid regions, a remote area power supply (RAPS) based on renewable energy could 

be a potential option to supplant power generators relying on fossil fuels. The aim of 

RAPS is to establish a system which can independently provide constant and reliable 

energy output using sustainable resources, such as solar, wind and hydro. Morton [2] 

reported that the present electricity demand in the whole world per year can be fulfilled 
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by solar radiation falling on the earth surface in an hour. However, up to now, the 

abundant solar resource is still hard to be completely converted into electrical energy 

because of the high construction cost and the unsatisfactory efficiency of the solar panels. 

In addition, the intermittent power supply caused by the unstable nature as well as the 

limited transferability of renewable energy hinder the popularization of green energy. 

Fortunately, in the past few decades, the development of advanced technologies and 

innovative materials has considerably enhanced the energy conversion efficiency, making 

solar energy competitive with fossil fuels. Nowadays, the major challenge is to store the 

excess energy during the energy production when the direct natural forces are available. 

The study published by Dell et al. [3] has revealed that energy storage plays a critical role 

in overcoming the bottleneck of sustainable energy supply. As a result, the exploration of 

dependable energy storage approaches definitely stands out a top priority in maximising 

the potential of these energy-generation technologies.  

Batteries, including lead-acid, lithium-ion, nickel-base, redox flow and sodium sulphur, 

are common and straightforward ways to accumulate the electricity produced from 

renewable energy source. They respond rapidly to load change and have high energy 

storage efficiency. Furthermore, they are initially cost competitive. However, some issues 

have been reported with respect to batteries, such as unpredictable and short cycle life, 

self-discharge, temperature sensitivity, limited discharge capability, high maintenance 

cost, lower safety and environmental hazards. In comparison to batteries, an alternative 

is hydrogen storage. A much higher energy density per volume and per mass are realized 

with hydrogen than batteries. Even considering the efficiency penalty of using a fuel cell 

or gas burner instead of an induction stove, the densities remain well superior to those of 

battery system [4-6]. 
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Some solar-hydrogen prototype systems have been disclosed to utilize hydrogen as an 

energy source [7-10]. However, these experimental models stored hydrogen in the form 

of gas whose gravimetric and volumetric densities are quite low. In addition, the safety 

issue should be taken into account as well. It is extremely hazardous to store and transport 

compressive hydrogen within canisters, which may explode in a dense populated district. 

Furthermore, compressing gaseous hydrogen into desired volume requires extra works 

and the process requires extra instruments such as compressors and special designed 

canisters to sustain the resulting high hydrogen pressure. Solid-state hydrogen storage, 

such as metal hydrides and chemical hydrides, is a viable solution for storing hydrogen 

in a compact form. The volumetric hydrogen capacity of metal hydride is around 4 times 

greater than the compressive hydrogen kept at ambient temperature and the pressure of 

80 MPa [11]. However, the currently dominant and commercialized hydrogen storage 

alloys based on LaNi5 (AB5) system, have limited applications due to the soaring  cost 

of the rare earth elements, which are the main constituent of this system. The relatively 

low hydrogen capacity (theoretically 1.6 wt%) is another factor that prompts the 

researches to investigate more affordable and advanced hydrogen storage materials. In 

this study, V-Ti-Cr BCC alloys and tubular carbon nitride materials have been selected 

as promising candidates for three different types of energy storage applications, according 

to different requirements of these applications. Based on their hydrogen storage 

characteristics and other properties, V-Ti-Cr BCC system was designed for stationary 

RAPS and Movable Power Supply (MPS) systems, and tubular carbon nitride material 

was aimed to meet the needs of automotive systems. While both materials have high 

theoretical hydrogen contents, but to date, neither of them achieves the requirements of 

these applications. In the present work, these two hydrogen storage media are discussed 

and studied to fulfil the requisites of RAPS, MPS and automotive systems.    
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1.2 Project Target 

This project is targeted to develop suitable hydrogen storage materials to satisfy the 

requirements of three types of energy supply, RAPS, MPS and automotive system, as 

listed in the following Table 1.1. Since the requirements of MPS are stricter than that of 

RAPS, the hydrogen storage properties of V-Ti-Cr alloys designed for both applications 

are only compared with the demands of MPS system. 

Table 1.1: The requirements of stationary RAPS, MPS and automotive system. 

Performance 
RAPS 

[1] 

MPS 

[12] 

Automotive 

[13] 

Gravimetric H2 capacity 

(wt%) (Required H2 quantity, kg) 
>1 2 (1.2) 5.5 (5.6) 

Volumetric H2 capacity 

(g H2/L) 
>15 40 40 

Absorption temperature (°C) Ambient Ambient Ambient 

Desorption temperature (°C) Ambient 50 Ambient 

Absorption pressure (MPa) 1 2 1.2 

Desorption pressure (MPa) 0.1 0.2 0.5 

Charging rate (min) 
Intermittent/continuous charging 

over a few hours per day 
3-5 

Discharging rate ((g/s)/kW) 
Daily or seasonal 

variation 
0.014 0.02 

Durability (cycle) 

Thousands of partial 

absorption-desorption 

sequences each year 

>1500 (Most likely 

deeply discharged every 

cycle) 

 

This research project consists of four stages. The first stage is to identify the applicable 

hydrogen carriers for the three energy storage systems. To meet the requirements 

enumerated in Table 1.1, V-Ti-Cr BCC alloys and tubular carbon nitride are selected as 
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the potential candidates. Therefore, the goal of the first step is to study the hydrogen 

storage characteristics of these two materials.  

The theoretical hydrogen content of V-Ti-Cr based alloy approximates 3.85 wt% at 

ambient pressure and room temperature [14]. The cases with hydrogen capacity above 

2.2 wt% have been reported [15-20]. Tubular carbon nitride is mainly employed in 

photocatalysis field; however, a theoretical hydrogen capacity of 5.45 wt% was predicted 

using first-principles calculations by Koh et al. [21]. Some works on hydrogen capacity 

of nitrogen-doped carbon nanotubes with low nitrogen content (1-5 at%) have been 

published [22-24], but to our best knowledge, there was no available literature on the 

hydrogen storage studies of tubular carbon nitride with high nitrogen content (> 40 at%). 

The properties of both materials, including hydrogen absorption/desorption contents, 

thermodynamics, equilibrium pressure plateau, cycle life and kinetics, need to be further 

investigated. Thus, the aims of this stage can be briefed as the followings: 

A. To review the literature about the hydrogen storage in general and then the 

hydrogen storage characteristics of V-Ti-Cr based alloys and tubular 

carbon nitride. 

B. To spell out the detailed requirements of hydrogen storage requirements 

in different applications. 

C. To realize the effects of catalytic elements and substitution on the 

properties of the selected materials so as to determine the starting chemical 

composition.  

D. To decide the synthesis methods by investigating the correlation between 

the material preparation and the hydrogen storage capability; and to 

optimise the processing parameters. 
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E. To identify the required instruments for sample characterization and 

understand how to interpret the collected data. 

The second stage of this project is to prepare the designed materials and study their 

hydrogen storage properties. After the preliminary characterization, the chemical 

composition and physical structure of the materials are adjusted accordingly. The 

objective of this part is to improve the performance of V-Ti-Cr based alloys and tubular 

carbon nitride via compositional optimization and proper synthesis approaches. The 

objectives are described as below: 

A. To confirm the chemical composition of the as-made V-Ti-Cr based alloys 

and tubular carbon nitride. 

B. To measure the hydrogen storage performance of the starting materials and 

examine the effects of additives and substitution on the H2 capacities.  

C. To identify the key points of enhancing hydrogen capacity by analysing 

preliminary outcomes, e.g., hydrogen uptake, micromorphology, chemical 

structure and crystal structure. 

D. To tune the compositions of materials and to optimize the synthesis 

procedure for improving the performance. 

E. To measure the hydrogen storage properties of the modified V-Ti-Cr based 

alloys and tubular carbon nitride. 

In the third stage, the reaction mechanisms of V-Ti-Cr based alloys and tubular carbon 

nitride are expected to be discovered. In other words, this part tries to clarify the influence 

of composition change and physical morphology on the hydrogen storage properties. The 

targets of this stage are elucidated in the followings: 
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A. To carry out a comprehensive examination on the specimens with various 

experimental parameters by using corresponding characterizations, such 

as SEM, EDS, XRD, BET and FTIR. 

B. To perform a data comparison between all the results, and compare the 

results with reported literature, thereby studying the mechanisms of 

hydrogen storage of these two materials. 

C. To work out a better solution to further ameliorate the hydrogen storage 

capacity. 

The fourth stage is to repeat the three steps specified above. That is, the loop contains 

knowledge survey, experiment design, experiment operation, result analysis, and trouble 

shooting. The attempts in this stage are listed as below: 

A. To keep searching for useful information related to V-Ti-Cr based alloys 

and tubular carbon nitride. The knowledge is expected to apply to the 

improvement of the materials. 

B. To design and implement the experiments based on the updated 

information. 

C. To analyse the experiment results and try to find out the factors which 

affect the hydrogen storage features. 

D. To correct the experimental parameters or the synthesis procedure for a 

better performance by means of accumulated data and experience. 

Based on the above objectives, this thesis is divided into six chapters accordingly. At the 

end of the thesis a summary has been given in Chapter 6, suggesting the future work to 

be performed in this field.  
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 Literature Review 

2.1 Framework of Remote Area Power Supply 

(RAPS) and Movable Power Supply (MPS) 

The expense for extending the electricity power grids to remote areas which are not in the 

scope of primary populated centre is really prohibitive. In order to provide sufficient 

available electricity in these distant regions, a self-sustainable building equipped with a 

renewable energy supply system may be a feasible solution. As shown in Figure 2.1, Gray 

et al. [1] have proposed a model of this system which harnesses solar energy as the major 

power input, coupling with electrolysers to produce hydrogen, with metal hydride to store 

hydrogen and with fuel cells to supply electricity. The scale of this prototypical system 

can offer adequate electricity ranging from several hundred watts to industrial grade 

beyond hundreds of kilowatts. The concept has come to fruition in 2013 since an off-grid 

Sir Samuel Griffith Centre in Griffith University was completely constructed in Australia 

[25]. The building incorporates photovoltaic technologies and hydrogen storage materials 

to achieve self-sustainability. The similar concept was also demonstrated by Bielmann et 

al. [4]. A self-sufficient living unit based on hydrogen energy was developed as shown in 

Figure 2.2. Another application of the solar-hydrogen technology was carried out on 

thermal storage systems [26, 27]. High-temperature metal hydrides with a high specific 

thermal capacity were exploited to accumulate the heat generated from sunlight. In 

addition to solar energy, the RAPS system can be charged by a variety of renewable 

resources, such as wind, hydro and geothermal energy. For example, Genc et al. [28] 

evaluated the potential of hydrogen production and the corresponding cost by utilising a 
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wind-power/hydrogen system in Pinarbasi-Kayseri, where wind power was harnessed as 

a primary energy source. 

 
Figure 2.1: Stand-alone remote area power supply with photovoltaic sources, which ensures the uninterrupted 

electricity output by hydrogen production from electrolysis, hydrogen storage, electricity supply via 

fuel cells [1]. 

 

Figure 2.2: A self-powered living unit based on PV system. The roof was equipped with solar panels for energy 

generation [4]. 

A smaller and movable power supply (MPS) unit has been developed based on the 

fundamental idea of RAPS system, as displayed in Figure 2.3 [29, 30]. Similar to RAPS, 

this portable unit can as well harvest renewable energy by hydrogen evolution and storage, 

but the difference is the size of the portable system is manufactured as large as a trunk 

Figure 2.1 has been removed due to Copyright restrictions 

Figure 2.2 has been removed due to Copyright restrictions 
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which can be transported easily. The main merits of this technology over diesel generators 

are low thermal and acoustic signatures, light weight, low cost of maintenance, no 

dependence on petrol fuels and zero pollutant emissions. Since these traits are 

advantageous to the military use in battlefields, this project was funded by the Department 

of Defence's Capability Technology Demonstrator (CTD) program. In this project, RMIT 

university leads the design and fabrication of electrolyser and fuel cell systems, and 

University of New South Wales (UNSW) is responsible for the design and 

characterization of hydrogen storage materials. 

Owing to the dimensional restriction of the portable unit and the different working pattern 

from RAPS, the hydrogen storage materials employed in this system should possess better 

capability than that for RAPS in every aspect, e.g., higher hydrogen content, flexibility to 

harsh operating conditions, faster kinetics and longer cycle life. The key challenge of this 

MPS system is the high gravimetric and volumetric hydrogen capacity required for 

transportable applications, where a reversible hydrogen uptake of 2 wt% or more is 

needed at 0.2-2 MPa of working pressure. By comparison, the hydrogen capacity of 1 

wt% is enough for stationary RAPS. This suggests that a doubled hydrogen capacity is 

required for MPS system. Up to date, there is no appropriate solid-state metal hydride 

which can perfectly meet the requisites of this portable application. For instance, AB5 

type alloys, originated from LaNi5, have fast kinetics, reasonable working temperature 

and plateau pressure, and facile activation. However, the hydrogen capacity in mass % is 

relatively low (~1.4 wt%), which is suitable for RAPS, but not for MPS. Considering the 

restricted availability and growing price of rare earth metals, AB5 type alloys may not be 

the top priority for MPS application. Compared to AB5-type alloys, AB2 alloys, generally 

based on Ti and Zr, have higher overall hydrogen storage capacities (1.5-3 wt%) and rapid 

kinetics at the temperatures below 100 °C. However, their available hydrogen capacity 
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was decreased by a rather high absorption plateau pressure, where around 1 wt% of 

hydrogen uptake can be obtained at room temperature and 2 MPa [31]. In addition, they 

have some disadvantages, such as short cycle life, difficult activation and impurities 

vulnerability. 

Hence, it is necessary to explore a proper hydrogen storage material which can satisfy the 

requirements of MPS system. Once a desirable material is successfully developed for 

MPS, it is promising to apply it to RAPS due to its superior hydrogen storage properties. 

In this project, V-Ti-Cr BCC solid solution alloy was chosen as the hydrogen carrier and 

its excellent performance demonstrates the unlimited future of this low signature, 

rechargeable and portable energy supply.  

 

Figure 2.3: A movable power supply which can be recharged by solar energy and store hydrogen with metal 

hydrides [30].  

Figure 2.3 has been removed due to Copyright restrictions 
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2.2 Framework of Hydrogen Storage in 

Automotive Field 

Global warming, air pollution and the run out of fossil fuel by the following several 

decades are the drivers to the use of renewable energy sources on automotive vehicles. 

Some Western European countries, as well as India, announced that within the next 20-

30 years they will ban all cars with internal combustion engines, and pursue the vehicles 

driven by renewable energy. Mostly renewable energy vehicles were defined as the 

automotives powered by pure electricity, like the electric vehicles (EV) launched by 

Telsla Motors [32]. In fact, hybrid electric vehicles (HEV), plug-in hybrid electric 

vehicles (PHEV) and fuel cell electric vehicles (FCEV) are all in the scope of renewable 

energy vehicles. The main difference is that EV, HEV and PHEV are driven by the 

electricity which is directly supplied by rechargeable battery modules, but FCEV is 

powered by the electricity generated from hydrogen fuels. In the car market, it is generally 

believed that HEV and PHEV are the transition products from petrol vehicles converting 

to EV. Before EV technologies are fully developed or the infrastructures are widely 

established, these two types of vehicles could be the alternatives for the drivers. HEVs 

have a better fuel efficiency and accelerating performance than fuel vehicles by 

combining internal combustion engine with battery. However, its battery capacity is 

relatively low and there is no external charging port to recharge the battery. In contrast, 

the subsequently developed PHEVs not only have a higher battery capacity than HEVs, 

but have a charging port which allows the battery to be recharged by external power 

sources. This indicates the usage pattern of PHEVs seems more like EVs.  

Although EVs can be driven by pure electricity without any gas emission, which is 

environmentally friendly, they have several drawbacks regarding the slow charging rate, 
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relatively short cruising distance, and self-discharge. FCEV may be a potential solution 

to the problems. Nowadays, many car manufacturers such as Honda, Toyota and Hyundai, 

are developing zero-emission fuel-cell cars to reduce the greenhouse gas emission. 

Hydrogen is used in the fuel cell and as an energy carrier it has high gravimetric energy 

density [33] and high energy efficiency [34]. However, the major hindrances to affordable 

fuel cell cars are the expensive hydrogen storage system and the infrastructure needed: 

there are presently two specially designed tanks in each fuel cell car to store total 5 kg of 

hydrogen under 70 MPa (Figure 2.4); and refuelling stations with still much higher 

pressure storage. Based on an annual production of 500,000 double-hydrogen tanks 

system, each hydrogen storage system is estimated to cost about US$ 3,755, if 5 kg of 

hydrogen is to be stored inside the tanks [35]. At present, the cost of installing a single 

hydrogen refuelling station in Japan is about US$ 3.7-4.7 million [36]. These present 

major potential safety hazards and an effective hydrogen storage technology is obviously 

needed. 
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Figure 2.4: Toyota Mirai equipped with two high pressure tanks [37]. 

While there are many solid hydrogen storage systems available, not all of them are 

suitable for on-board systems. For example, alloys based on Li and Mg have a high 

hydrogen storage capability but the temperature for hydrogen release is too high to be 

used in the on-board system. AB5 type alloys have moderate hydrogen storage properties 

with easy initial activation, low plateau pressure, low ambient working temperature, but 

the hydrogen capacity is too low (~1.4 wt%) to supply sufficient hydrogen. Chemical 

hydride systems have very high gravimetric hydrogen capacities but there is a lack of 

effective means of rehydrogenation. Other media may require very low temperatures for 

hydrogenation (metal organic frameworks and carbon nanotubes), which needs an extra 

cooling apparatus. In any case they are still in the research stage and, up to today, no 

reliable quantities of these materials have been adequately demonstrated as hydrogen 

storage materials. Here tubular carbon nitride (C3N4) is selected as a promising hydrogen 

storage medium to store hydrogen in solid form.  

Figure 2.4 has been removed due to Copyright restrictions 
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2.3 Hydrogen as an Energy Carrier  

Hydrogen is the most plentiful and inexhaustible element in the universe [38]. Due to its 

abundance and high energy capacity compared to gasoline (Figure 2.5) [33, 39], hydrogen 

becomes an attractive candidate as the energy carrier for transportation and electricity 

generation. While hydrogen fuel possesses such great features as a promising energy 

supplier, hydrogen storage still remains an obstacle to the practicability of fuel cells. 

Mostly, hydrogen reacts with other chemical elements and exists as stable compounds in 

nature. For example, an enormous majority of hydrogen atoms is bonded to oxygen atoms 

to form water or hydroxides. To make use of hydrogen, these compounds have to undergo 

specific treatments to separate hydrogen from other chemical substances. After 

dissociation, hydrogen can be collected and stored in three different forms: (1) 

compressive gas, (2) low-temperature liquid, (3) solid state [40]. Each method has its 

unique characteristics for hydrogen storage. In this section, these three types of options 

are introduced respectively. 

 
Figure 2.5: Energy contents of different fuels [33]. 

  

Figure 2.5 has been removed due to Copyright restrictions 
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2.3.1 Gaseous Hydrogen Storage 

Up to now, the most common way to store hydrogen with high purity is to compress it 

into steel cylinders. It is a very straightforward and easily-operated approach. However, 

the major uncertainty for gas-phase storage is the volatile nature of gaseous hydrogen, 

which gives rise to considerable safety concerns. First, to prevent explosion, a strict 

thermal management should be carried out during compression and operation. Hence, the 

pressurization of hydrogen gas must be executed under an anoxic environment and loaded 

by several stages. Second, the energy consumption for obtaining 80 MPa pressure 

requires about 2.21 kWh/kg [11], which causes a great expense, let alone the cost of 

maintaining the compressors. Third, because of the low physical density of hydrogen, 

gaseous hydrogen has a poor volumetric energy capacity which prohibits the feasibility 

of hydrogen economy. In order to store more hydrogen, the increase of the volumetric 

energy density will augment the pressure in the steel tank. In this way, it is significantly 

hazardous to employ such high-pressure energy carriers which is extremely sensitive to 

the ambient conditions. A slight impact or temperature variation may result in unexpected 

disasters. The cost and reliability pose main problems for the viability of compressive 

hydrogen gas. 
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2.3.2 Cryogenic Liquid Hydrogen Storage 

Liquidized hydrogen possesses higher volumetric capacity (70.8 gH2/L at 20 K and 0.1 

MPa) [41] than pressurized hydrogen gas (40.8 gH2/L at room temperature and 70 MPa) 

[37]. While it has attractive potential to offer sufficient energy output which is 

competitive with gasoline, liquid hydrogen has a serious demerit that it can only be 

liquefied at 20 K under atmospheric pressure. A great amount of energy is wasted to retain 

the ultra-low temperature for avoiding the evaporation, which is a reduction of energy 

efficiency. To stabilize hydrogen in a liquid form, an adiabatic environment is required 

to retard heat leakage into containers. Some advanced tank designs are able to lower the 

heat flow down to several watt per second, leading to a vast decrease in evaporation rate 

which is a few percent per day [42]. A double-wall structure is constructed in these 

hydrogen tanks to maintain cryogenic temperature. Figure 2.6 demonstrates the layout of 

liquid hydrogen storage systems [43]. 

Xu et al. [44] made a liquid hydrogen tank using a Multi Layer Insulation with an 

embedded spiral pipe and a Vapor-Cooled Shield (VCS) at high vacuum to reduce the 

heat input (Figure 2.7a). A newly designed point-contact insulating support structure was 

applied to minimize the heat leakage (Figure 2.7b). As per their results, more than 85 % 

of the heat leakage can be reduced by the novel insulation supports. The evaporation rate 

of liquefied hydrogen is decreased to 1.2 % per day. Recently, Mito et al. [41] developed 

a magnetically levitated liquid hydrogen storage device by using High Temperature 

Superconducting (HTS) coils (Figure 2.8). Basically, the heat leakage conducted by 

support structure can be reduced to zero due to the magnetic levitation. By this method, 

the evaporation of liquid hydrogen can be suppressed to 0.05 % per day. 
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Figure 2.6: Liquefied hydrogen storage system [43]. 

 

Figure 2.7: Schematic diagram of (a) cryogenic liquid hydrogen tank; (b) newly designed insulating supports 

[44]. 

  

Figure 2.6 has been removed due to Copyright restrictions 

Figure 2.7 has been removed due to Copyright restrictions 
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Figure 2.8: Liquid hydrogen storage system with magnetic levitation [41]. 

In spite of many efforts denoted into this technology, the performance is still far away 

from practical applications. The energy loss is still an impediment to long-term energy 

storage. In addition, a cryogenic cooler and a delicate storage structure are needed to 

produce and keep liquid hydrogen under low temperature. These requirements may limit 

its feasibility in self-sufficient and automotive systems. More investigations are expected 

to develop better thermal insulation approaches and liquefaction processes. 

  

Figure 2.8 has been removed due to Copyright restrictions 
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2.3.3 Solid-state Hydrogen Storage 

The progress of solid-phase hydrogen storage is booming due to its safety and high 

volumetric energy density over gaseous and liquid hydrogen forms. Many researchers 

have attempted to develop new solid-state hydrogen storage media which can absorb and 

desorb hydrogen under atmospheric pressure and room temperature. These materials 

accumulate hydrogen mainly via physical adsorption (carbons) or chemical absorption 

(complex and chemical hydrides, and metals). 

Physical adsorption has a better charging/discharging rate than chemical absorption 

because of the absence of strong chemical bonds. By contrast, chemisorption is capable 

to gather more hydrogen in the materials and form stable hydrides. However, the stability 

is a double-edged sword for the thermodynamic properties. That is, chemisorption 

requires extra energy input to liberate hydrogen [45].  

Porous carbons are typical materials which have fantastic ability to physically adsorb 

gases. Due to this characteristic, intensive researches on carbon materials, including 

carbon nanotubes, graphite nanofibers and activated carbons, etc., have been extended to 

hydrogen storage. They have shown noticeable potentials to become promising hydrogen 

accumulators for automotive applications because of their light weight which results in 

very high gravimetric density. Dillon et al. [46] studied the hydrogen sorption behaviour 

of single-walled nanotubes (SWNTs) and found that SWNTs could store high contents of 

hydrogen by means of numerous micropores. However, the hydrogen capacities in carbon 

materials varied from 0.2 wt%~10 wt%, indicating the lack of reproducibility in different 

laboratories [47, 48]. In addition to the reproducibility, the temperature required for 

physisorption was very low (2.9 wt% at 77 K), and only minor hydrogen (0.5 wt%) could 

be stored at 298 K even under high pressure of 9 MPa [49]. In order to enhance the 
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hydrogen storage capacities of carbonaceous materials at room temperature, 

heterogeneous doping has been applied to create chemical bonding sites, leading to a 

increment of absorption heat. For example, the tubular carbon nitride selected in this 

present work is derived from carbon nanotubes doped by nitrogen atoms. More 

comprehensive literature review about hydrogen storage in carbons is elucidated in 

Chapter 4. 

Generally, solid-state hydrides are categorized into three primary types: (1) complex 

metal hydrides, (2) chemical hydrides, (3) classical metal hydrides. Complex metals were 

firstly discovered by B. Bogdanovic and M. Schwickardi [50]. The reversibility of 

complex hydride such as NaAlH4 was developed via adding transition metal catalysts. 

While complex hydrides have superior gravimetric density, they still remain some critical 

problems, e.g. relatively high working temperature and pressure, low sorption rate, and 

inferior durability. Chemical hydrides, such as ammonia (15.1 wt%) and methanol (8.9 

wt%), also possess excellent gravimetric capacities; however, chemical hydrides are 

generally irreversible and the reaction rate is rather sluggish [51]. In the present literature 

survey, classical metal hydrides are mainly discussed, including AB, AB2, AB3, AB5, A2B, 

A2B7, and solid-solution alloys, which are likely to become potential candidates in RAPS 

and MPS systems. Figure 2.9 shows the family tree of metal hydrides [52].  
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Figure 2.9: Family tree of metal hydrides [52]. 

Metal hydrides are the products from the chemical reaction between metal and hydrogen. 

The reasons that metal hydrides become such prospective are the safety as well as the 

high volumetric hydrogen capacity. For the former reason, metal hydrides form stable 

compounds by strong chemical bonds, which are far less perilous than explosive gaseous 

and cryogenic liquefied hydrogen. With respect to hydrogen capacity, metal hydrides own 

the hydrogen density of 6.5 H atoms/cm3 for MgH2 which is superior than hydrogen gas 

(0.99 H atoms/cm3) and liquid hydrogen (4.2 H atoms/cm3) [40]. Therefore, metal 

hydrides are more harmless and volume-advantageous to store hydrogen for hydrogen-

fuelled applications. One possible pathway for the formation of metal hydrides is 

dissociative chemisorption; the other route is the electrochemical separation of water. 

These two reactions are shown as the following equations: 

  

Figure 2.9 has been removed due to Copyright restrictions 
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Equation 2.1: Dissociative chemisorption 

M +
x

2
H2 ↔ MH2 

Equation 2.2: Electrochemical separation of water 

M +
x

2
H2O +

x

2
e− ↔ MHx +

x

2
OH− 

where M stands for the metal and x represents the value of valence. 

Metal hydrides comprise matrix lattice of metals/alloys and hydrogen atoms. The 

thermodynamic properties of metal hydrides can be clearly illustrated by Pressure-

Composition-Isotherms (PCI), where x-axis is the concentration of hydrogen and y-axis 

is the surrounding hydrogen pressure (Figure 2.10) [11]. Under a certain temperature, 

when high purity hydrogen gas is introduced into a container with hydrogen storage alloys 

loaded, the diatomic hydrogen molecules would dissociate into hydrogen atoms on the 

metal surface. Then the hydrogen atoms diffuse into the matrix and occupy the crystal 

lattices to form solid solution before the reaction with the metal atoms. This stage is 

usually referred as α-phase. With the increase of hydrogen pressure in the vessel, more 

hydrogen atoms permeate over the material. In this stage, hydrogen atoms start to react 

with metal atoms, and β-phase hydrides are partially formed. The hydrogen pressure 

drops correspondingly and a plateau is observed in the isotherm owing to the coexistence 

of α and β-phase. With the further formation of β-phase, the length of the plateau is 

extended, indicating the growth of usable hydrogen capacity. At the end of absorption, 

the solubility limit of hydrogen atoms in the metal is achieved. In this stage, α-phase 

completely transforms to β-phase, the pressure increases sharply with the hydrogen 

concentration. The plateau pressure is a function of temperature in Van't Hoff equation, 

and is relevant to the difference of enthalpy (∆H) and entropy (∆S). Van't Hoff equation 

is shown as below: 
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Equation 2.3: Van't Hoff equation. 

ln (
Peq

Peq
0
) =  

∆H

R
∙
1

T
-
∆S

R
  

where Peq and Peq
0 represent equilibrium pressure before and after hydrogenation, 

respectively. Because the change of entropy is mostly associated with the conversion 

from hydrogen molecules to solid solution, the standard value of ∆S is around -130 

J/K/mole H2 to all metal hydrides. The enthalpy change reflects the strength of the bond 

between metal and hydrogen. Given the equilibrium pressure of 0.1 MPa at 300 K, the 

value of ∆H should be 39.2 kJ/mole H2 which is the heat generated from hydrogen 

absorption based on ∆Q=T·∆S, a derivation of Equation 2.3. To desorb hydrogen from 

hydrides, the same amount of heat needs to be supplied. For room-temperature 

operational metal hydrides, the heat can be provided by the ambience, but for high-

temperature metal hydrides, such as MgH2, the heat must be provided by external heat 

sources as the decomposition temperature of MgH2 is around 300 °C at 0.1 MPa. This 

may consume around 25 % of the energy produced from hydrogen [11].  

The plateau pressure can be adjusted by heterogeneous element substitution due to the 

distortion of cell lattice. Figure 2.11 and Figure 2.12 illustrate that hydrogen storage 

alloys, such as AB5 [51] and Ti-V-Mn [53], have an inverse correlation between 

equilibrium pressure and lattice parameters . 
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Figure 2.10: Pressure-composition isotherms for the hydrogenation of intermetallic compound are 

demonstrated. The left end of isotherm is solid solution called α-phase, and the right end of 

isotherm is β-phase hydride. The region consisting of two different phases is designated. The Van't 

Hoff plot is shown on the right hand side. [11] 

 

Figure 2.11: LaNi5 with substitution of Ni by different elements with the effect on (a) cell volume and (b) 

equilibrium pressure [51]. 

 

Figure 2.10 has been removed due to Copyright restrictions 

Figure 2.11 has been removed due to Copyright restrictions 
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Figure 2.12: The correlation between equilibrium pressure and unit cell volume of the first plateau and second 

plateau in Ti–V–Mn BCC alloys [53]. 

AB5 type alloys 

AB5 alloys with CaCu5 hexagonal structure are one of the most widely studied and well 

known hydrogen storage materials in both academic and industrial fields [54, 55]. This 

type of alloys, such as LaNi5 and SmCo5, were firstly discovered in 1970 by Van Vucht 

et al. [56]. Many efforts have been dedicated to these alloys, especially LaNi5 family, 

over the last 40 years as they are able to work at ambient pressure (around 0.3 MPa for 

major absorption and 0.1 MPa for desorption) and room temperature. The gas-solid 

reversible hydrogen capacity readily achieved 1.4 wt% by forming LaNi5H6 [56] where 

H atoms prefer to occupy tetrahedral interstitial sites [55]. This gravimetric capacity is 

lower than that of ultrahigh-pressure gaseous and liquefied hydrogen, hence it is not 

enough for vehicle applications. Even so, it is still a promising candidate for stationary 

RAPS as the system weight is not a key concern. 

To improve the performance of LaNi5 alloy, researchers have started to alter the 

composition by elemental tuning. For example, rare earth metals, such as Nd, Pr, Ce, Ca 

Figure 2.12 has been removed due to Copyright restrictions 
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or Mm (misch metal, a cheaper mixture of La-rich rare earth metals), have been 

substituted or partially substituted for La at "A" site. The modification of lanthanum 

enhances the cycle life and also reduces the cost of raw materials [57]. Besides, nickel at 

"B" site can be replaced by various metals, including Al, Co, Cu, Fe, Sn, Mn and Ti, 

which serve as catalysts to lower the energy barrier and improve the hydrogen 

dissociation. Many studies have shown that these substitutions are able to ameliorate the 

alloy properties, such as hydrogen storage capacity and cycle stability [58-60]. In Ni-

metal hydride (NiMH) battery application, better low-temperature working capability, 

high-rate discharging and lower equilibrium pressure were obtained by substitution [61-

63]. Furthermore, the trend of inverse correlation between plateau pressure and cell 

volume allows people to adjust the operation pressure and temperature of the AB5 alloy 

for matching their particular needs.  

Because of the practical working condition, stable capacity, superior cycle life, higher 

tolerance of contamination, easy activation and flexibility of composition tuning, AB5-

type alloy is selected as one of the hydrogen storage candidates for immovable RAPS 

application [1]. However, the relatively high cost of rare earth metals should be prudently 

taken into account. 
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AB2 type alloys 

AB2 alloys are typically derived from two sorts of Laves phase crystal systems: C14 

(hexagonal) [64] and C15 (FCC) [65]. Among diversified AB2 type alloys, the alloys 

based on Ti and Zr have better hydrogen storage performance and cost efficiency than 

AB5 type alloys [52]. For instance, the maximum hydrogen storage capacity of 

(Ti0.65Zr0.35)1.1MnCr0.8Fe0.2 alloy is about 2.2 wt% at 3.5 MPa and 32 °C [66]. The H2 

capacities of AB2 alloys usually range from 1.5 to 3 wt% [67]. However, some BCC/C14 

mixed phase alloys may suffer from the reduced hydrogen capacity which is trapped by 

the ultral-low desorption pressure plateau [68]. With regard to the cost, less amount of 

AB2 alloys is required than that of AB5 due to the higher hydrogen uptake, leading to a 

lower cost.  

In order to tune the thermodynamic properties of AB2 alloys, the elements at A and B 

sites can be replaced by various elements, which is analogous to AB5 alloys [52]. For 

example, The Laves phase ZrCrMn alloys revealed an enhanced activation properties by 

substituting Zr by Sc [69]. Kumar et al. [70] found that the reversible hydrogen capacity 

of ZrMn2 was improved by partially replacing Mn with Ni. In addition to elemental 

substitution, Wu et al. [71] prepared Zr(V0.95Ni0.05)2/MWCNTs composites by ball 

milling and reported that the kinetics, hydrogen capacity and thermodynamics of 

Zr(V0.95Ni0.05)2 alloy were improved by the addition of multi-walled carbon nanotubes. 

Although AB2 alloys have higher hydrogen uptake, they are vulnerable to impurities, such 

as CO2, CO and O2. Hanada et al. [72] studied the CO2 tolerance of Ti-Zr-Mn-Cr based 

alloys, and found that the additives of Fe and Co enhanced the CO2 tolerance. On the 

other hand, Ni addition reduced the tolerance. In this case, the hydrogen purity plays a 

critical role on the cycle life of AB2 type alloys. 



 

29 
 

AB3 type alloys 

AB3 alloys, generally based on CeNi3 and PuNi3, have recently attracted much attention 

due to their interesting attributes of acting as a combination of long-developed AB5 and 

AB3 alloys. For instance, Dunlap et al. [73] indicated that the crystal structure of AB3 

alloys consisted of two third of AB2 alloys and one third of AB5 alloys with a long-range 

stacking arrangement. In addition to the crystal structure, PuNi3-type alloys, such as 

LaNi3 and CaNi3, were investigated to have a higher hydrogen storage capacity (1.8 wt%) 

than AB5 alloy and a better catalytic activity than AB2 alloys [74]. Previous works done 

by Takeshita et al. [75, 76] also suggested that RT3 alloys (R = Dy, Ho, Er, Tb, Gd; T = 

Fe or Co) had more surpassing hydrogen capacities than RCo5 phase and the 

commercialized LaNi5 alloys. Furthermore, Oesterreicher et al. [77, 78] reported that 

LaNi3 and CaNi3 alloys could absorb hydrogen rapidly at atmospheric conditions to form 

hydrides, LaNi3H5 and CaNi3H4.6, while a significantly tilted pressure plateau of LaNi3 

was observed between 20-40 °C at 3.3 MPa [74]. 

Since AB3 alloys contain both AB2 and AB5 units, they are expected to have high 

hydrogen storage capacities owing to the presence of AB2 units, and enhanced kinetics 

and durability due to the existence of AB5 units. Moreover, the special crystal structure 

of AB3 phase enables the elements at A sites to be replaced by rare earths, Ca, Ti and Mg. 

For example, Kadir et al. [79-81] performed an investigation of crystal structure on 

RMg2Ni9 (R = Ca, Y or rare earths) alloys, and the maximum reversible capacity of ~2 

wt% was achieved by (Y0.5Ca0.5)(MgCa)Ni9 at 263 K and 3.3 MPa. Lim et al. [82] studied 

the effect of partial substitution of both A and B sites by Ce and Al on the hydrogen 

storage properties of La(0.65-x)CexCa1.03Mg1.32Ni(9-y)Aly alloys. The authors found that the 

reversibility of H2 capacity was promoted, but the maximum capacity and kinetics were 

decreased by the additives. Xin et al. substituted Y for La in La(0.65-x)YxMg1.32Ca1.03Ni9 



 

30 
 

alloys and the results showed the Y substitution improved the available desorption 

capacity at 0.1 MPa below 80 °C. 

As for the durability, the cycle life of AB3 alloys is not remarkable enough for RAPS and 

MPS applications. According to Lim et al. [83, 84], the hydrogen capacity of La-Mg-Ni 

based alloys dropped by ~40 % after 500 cycles. However, the capacity retention could 

be enhanced by elemental substitution or composite method. 

Other types of alloys 

Besides AB5, AB2 and AB3 alloys, other established hydrogen absorber alloys include 

AB, A2B, A2B7 and solid solution. The typical AB type alloy is TiFe with a BCC CsCl 

crystal structure. This alloy is more weight- and cost-efficient than AB5 alloys; however 

the major disadvantage is the difficult and slow activation [85, 86]. A2B alloys, such as 

Mg2Ni [87] and Ti2Ni [88], have hydrogen absorption content up to 3.6 wt% and 1.9 wt%, 

respectively. However, the impractically high reaction temperature (above 250 °C) of 

Mg2Ni limits its applications, and Ti2Ni is not a satisfactory hydrogen carrier because of 

the poor cycle stability and reversibility. A2B7 alloys possess a super-stacking structure 

composed of AB5 and AB2 units, which has a different arrangement from AB3 alloys [89]. 

Thus, A2B7 alloys are always found to accompany with AB3 phase [90]. A solid solution 

alloy based on V, Ti and Cr is selected as the potential candidates in the MPS application 

due to its high effective hydrogen capacity, rapid kinetics and long cycle life. More 

literature surveys are described in Chapter 3. 
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 V-Ti-Cr based BCC Solid Solution 

3.1 Introduction 

One of the promising metal-based hydrogen storage materials is solid solution alloy 

mainly composed of vanadium, titanium and chromium, which are fused to form a BCC 

crystal structure. The alloy displays a high gravimetric hydrogen capacity and capability 

for the operation under ambient conditions, which makes it more suitable for on-land use. 

To achieve better performance, many researches have been studied on additive elements 

such as zinc, copper, nickel, cobalt, iron, manganese and zirconium. Other additives, 

including tungsten, hafnium, magnesium, yttrium, tantalum, molybdenum, boron, 

aluminium and rare earth elements, have been reported as well  [15-20, 53, 91-101]. The 

amount of the modifiers can significantly affect the properties of V-Ti-Cr alloys. In these 

studies, substitution elements could improve the kinetics of the alloys. However, an 

excess of additives led to the deterioration of capacity and durability. Thus, in order to 

maintain the advantageous hydrogen capacity of the solid solution alloys, the sum of the 

addition elements is limited to 15 at% [14]. 

The most attractive characteristic of V-Ti-Cr BCC alloys is the high gravimetric energy 

density far superior to AB5 and AB2 commercial products. The theoretical H2 capacity of 

this alloy group is about 3.85 wt%, but the reversible hydrogen capacity is only 1.8~2.4 

wt% [15, 18-20, 91, 102]. The capacity loss mainly originates from four parts: (1) the 

hydrogen trapped in the BCC structure at room temperature, (2) broad hysteresis between 

absorption and desorption PCI curves, (3) the oblique equilibrium pressure, (4) relatively 

low dissociation pressure (below 0.1 MPa). These four parameters greatly influencing the 

hydrogen storage capacity of V-Ti-Cr alloys would be later discussed, respectively. 



 

32 
 

The V-Ti-Cr based alloys usually have two pressure plateaus in the pressure-composition 

isotherms, indicating two different phase regions. The first one is related to a solid 

solution hydride with BCC structure, where the octahedral sites are occupied by hydrogen. 

The second pressure plateau corresponds to a hydride with FCC structure, where 

hydrogen dwells in the tetrahedral vacancies, as shown in Figure 3.1. The less bonding 

number of hydrogen (four) in the tetrahedral sites gives rise to an instability of FCC 

hydride, allowing hydrogen to escape from the interstitial sites more easily compared to 

the octahedral sites in BCC hydride, where hydrogen atoms have eight bonding numbers 

[14, 103].  

 

Figure 3.1: Illustration of phase transformation of V-Ti-Cr alloys in a PCI curve at 25 °C, where the hydride 

transformed from BCC to FCC structure [14, 103]. 

Figure 3.1 reveals that the region of the BCC type hydride is below 0.1 psia, far lower 

than atmospheric pressure. The hydrogen trapped in this structure cannot be discharged 

unless the matrix alloy is heated above 250 °C, namely, the hydrogen residing in 

Figure 3.1 has been removed due to Copyright restrictions 
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octahedral sites is not available at ambient conditions. Generally, it is evaluated that about 

1-1.3 wt% of hydrogen is irreversible under room temperature. The usable and reversible 

hydrogen at ambient temperature only exist in the FCC region, where the hydrogen atoms 

occupy the tetrahedral positions. In order to reduce the amount of hydrogen trapped in 

BCC interstitial sites, Okada et al. [95] studied the effect of vanadium content on the 

absorption behaviour at an ultra-low pressure. As illustrated in Figure 3.2, the stable 

vanadium mono-hydride (x=100) at an extremely low pressure could be destabilized by 

the introduction of Ti and Cr, and commenced to become reversible in a dissociation 

pressure range. As the decrease of the vanadium content, the first plateau in the low-

pressure region started to decline and disappeared, and the curve shifted to less protium 

concentration which permitted more hydrogen to be usable in ambient conditions.  

 
Figure 3.2: Schematic PCI curves of V-Ti-Cr alloys in the low-pressure range [95]. 

  

Figure 3.2 has been removed due to Copyright restrictions 
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The hysteresis of V-Ti-Cr BCC solid solution alloys is relatively broad compared to that 

of AB5. This characteristic enormously affects the parameters of charging and discharging. 

On one hand, for the purpose of accumulating hydrogen under room temperature, the 

pressure of several MPa is required for hydrogen absorption, where extra pressurizers are 

necessary for compressing the gaseous hydrogen. On the other hand, the reversible 

hydrogen capacity may be reduced as the desorption pressure plateau is in the low 

pressure range. Thus, the extent of hysteresis should be minimized in order to absorb and 

liberate hydrogen at a close operation pressure. Nakamura et al. [53] studied the influence 

of composition change on the hysteresis for V-Ti-Mn hydrogen storage alloys, as depicted 

in Figure 3.3. The augmentation of Ti content or the reduction of Mn content decreased 

the hysteresis. Figure 3.4 shows the effect of V content on the hysteresis factor in xV-Ti-

Cr alloys [104]. As the increment of vanadium, the hysteresis factor gradually rose and 

eventually kept stable. In addition, Aoki et al. [102] found that the milling treatment could 

effectively lower the hysteresis via the homogenization of the components and the 

refinement of the particle size. 

 
Figure 3.3: Correlation between Ti content and pressure plateau with different V contents: (a) TixVyMn1.9-x, (b) 

TixVyMn1.7-x [53] 

 

Figure 3.3 has been removed due to Copyright restrictions 
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Figure 3.4: Schematic trend of V content versus hysteresis factor in xV-Ti-Cr alloys [104]. 

The flatness of the pressure plateau is an indication of the sorption stability for hydrogen 

storage materials. Oblique slopes of the equilibrium pressure at ambient conditions result 

in a significant loss of hydrogen capacity due to the need of high pressure charge or high 

vacuum discharge. Therefore, a flat pressure plateau could improve the stability and 

hydrogen capacity of V-Ti-Cr alloys. Generally, the V-rich solid solution alloys (above 

50 at%) inherently have flatter equilibrium pressure than V-deficient alloys (Figure 3.5) 

[104]. For the alloys with vanadium content less than 50 at%, annealing treatment is a 

powerful method to flatten the pressure plateau. Akiba and Okada [16] discovered that 

Ti25Cr35V40 alloys with a heat treatment above 1573 K possessed flatter pressure plateau 

than as-cast parent alloys, as shown in Figure 3.6. Apart from heat treatment, some 

modifiers such as Al and Mn have been reported to ameliorate the flatness of V-Ti-Cr 

alloys [102]. 

Figure 3.4 has been removed due to Copyright restrictions 
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Figure 3.5: PCI curves of pure vanadium and Ti-Cr-xV alloys at 323 K [104]. 

 
Figure 3.6: PCI curves of as-cast and heat-treated Ti25Cr35V40 alloys [16]. 

  

Figure 3.5 has been removed due to Copyright restrictions 

Figure 3.6 has been removed due to Copyright restrictions 



 

37 
 

The relatively low dissociation pressure is one of the major drawbacks for V-Ti-Cr alloys. 

Similar to AB5 type alloys, the adjustment of lattice constants can control the dissociation 

pressure, allowing desorption to take place at desired conditions. To change the lattice 

parameters, tuning of the chemical composition is a viable way. By reducing the Ti or V 

content and increasing the Cr content, the plateau pressure would be raised due to the 

shrinkage of the crystal lattice [15, 53, 95, 96, 102]. Figure 3.7 reveals the correlation 

between the quantity of Cr and the desorption pressure in V55Ti22.5-xCr16.1+xFe6.4 alloys. 

As it can be seen, the dissociation pressure increased with the gain in Cr contents.  

 
Figure 3.7: PCI diagram of V55Ti22.5-xCr16.1+xFe6.4 alloys with different Cr quantities [15]. 

  

Figure 3.7 has been removed due to Copyright restrictions 



 

38 
 

Other properties such as durability and kinetics are also pretty critical to the applications 

based on V-Ti-Cr alloys. Generally, V-rich alloys are believed to have a better cycle life 

than V-scarce alloys [102, 105, 106]. For example, Kuriiwa et al. [106] compared the 

cycle stability of two alloys with the same Cr/Ti ratio of 1.5, but with different V content 

of 60 at% and 80 at%, respectively (Figure 3.8). Obviously, the alloy with higher V 

content had a greater initial hydrogen uptake and capacity retention. However, an 

argument proposed by Young et al. [18] showed that the cycle life of low vanadium 

content (10 at%) alloys was superior than that with medium vanadium content (26 at%) 

alloys, as illustrated in Figure 3.9. The sample marked as 16 was V10Ti40Cr50 alloy which 

performed better durability than V26Ti32.7Cr25.9Mn14.8Mo0.6 alloy (sample 10). The 

increment in the ratio of Cr/Ti and the addition of other elements such as Al, Si and Fe 

could be the reasons to improve the cycle life of V-Ti-Cr alloys. Besides, the authors 

suggested that oxygen-free environment during alloy preparation was an efficacious 

approach for obtaining better sustainability. Fast kinetics can be achieved by quenching 

process which produces a finer grain size, and by annealing treatment which removes the 

voids in the materials [18].  
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Figure 3.8: Cycle stability of V60Ti16Cr24 and V80Ti8Cr12 (Cr/Ti=1.5) [106]. 

 

Figure 3.9: Schematic view of cycle life for V10Ti40Cr50 (sample 16) and V26Ti32.7Cr25.9Mn14.8Mo0.6 alloy (sample 

10) [18]. 

Most of the current works for promoting the hydrogen storage properties of V-Ti-Cr 

alloys have concentrated on the chemical substitution. Only a few papers discussed about 

the influence of particle size on the H2 capacity of V-Ti-Cr alloys. Aoki et al. [102] 

suggested that the particle size of V-Ti-Cr alloys should be in the range from 0.1 mm to 

Figure 3.8 has been removed due to Copyright restrictions 

Figure 3.9 has been removed due to Copyright restrictions 
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10 mm. According to the statement, an immoderate reduction of the particle size for the 

alloy caused an increase of surface area, leading to the formation of oxide layers and the 

introduction of strain, which would decrease the hydrogen capacity. However, The 

explanations in this report were not distinct and the details were not specified. Luo et al. 

[107] studied the degradation behaviour of H2-embrittled V40(TiCr)51Fe8Mn alloy powder 

with particle size ranging from -60 to -400 mesh. It was found that the lattice micro-strain 

of V40(TiCr)51Fe8Mn alloy was lowered with the decrease of particle size, which led to a 

better hydrogen capacity and durability. Cho et al. [108] investigated the effect of ball 

milling and heat treatment on the microstructure and hydrogen storage performance of 

V25Ti32Cr43 and V50Ti22Cr28 alloys. The authors explored that the alloy after ball milled 

for 20 hours had a worse hydrogen capacity than the alloy without milling (particle size: 

100-200 μm) due to the higher lattice strain induced by milling. Kwon et al. [109] 

compared the hydrogen capacities of V-Ti-Cr nano-powder synthesized by electric 

explosion of wire (EEW) and micro-powder made by mechanical grinding. The exploded 

sample was found to have inferior performance as the increase of surface area, resulting 

in a decreased interstitial sites. Up to date, the optimum particle treatment and particle 

size of V-Ti-Cr alloy have not yet been clearly determined. In the present work, 

V80Ti8Cr12 alloys with different particle size from 7 mm to less than 100 μm would be 

studied regarding the hydrogen storage capacity, kinetics and cycle life. This research 

work is targeted to optimize the V80Ti8Cr12 alloys with a suitable particle size to 

ultimately satisfy the requirements of MPS system. 
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3.2 Alloy Design 

Itoh et al. have found that V-rich alloys have a better initial hydrogen capacity and 

durability than low V content alloys [105]. Kuriiwa et al. also obtained the analogous 

results where the alloys containing 75 at% and 80 at% of vanadium possessed a higher 

capacity than 60 at% alloys by 0.6 wt%, and a longer service life (200-500 cycles) [106]. 

Moreover, the enhancement of durability caused by high content of V was discovered by 

Aoki et al. in a disclosed patent [102]. Therefore, the V-Ti-Cr alloys consisting of 

vanadium above 75 at% may be one of the promising alloys designs.  

In addition to V contents, the ratio of Cr/Ti in this type of alloy plays a critical role in the 

performance. By tuning the ratio of Cr/Ti, the plateau pressure can be adjusted to a 

required range, 0.2 to 2 MPa, in MPS applications. Kuriiwa et al. [106] concluded a 

schematic correlation between V, Cr/Ti and the desorption pressure under 273 K, which 

is exhibited in Figure 3.10. This can be a basic doctrine to optimize the composition. 

However, this diagram only shows the relationship at 273 K, which is not applicable in 

MPS system. The required discharging temperature in MPS is 323 K (50°C). Therefore, 

besides V contents and Cr/Ti, operation temperature should be taken into account. As 

revealed in Figure 3.11, similar to most of hydrogen storage alloys, higher temperatures 

raise the plateau pressure of V-Ti-Cr alloys. To determine the best composition for the 

suitable desorption pressure at 323 K (50°C), published data regarding the interaction 

between composition, temperature and desorption pressure were collected, organized and 

established in Figure 3.12 [94, 95, 104-106, 110-114]. As shown in this chart, the Cr/Ti 

ratio affects more significantly than V content on the desorption pressure. With an 

increment of Cr/Ti, the hydrogen desorption pressure increases dramatically. To liberate 

hydrogen at desired conditions, 0.2 MPa and 323 K, the desorption pressure plateau of 
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the alloy must be higher than 0.2 MPa. Thus, according to Figure 3.12, the value of Cr/Ti 

should be determined as equal to or higher than 1.5. 

 

Figure 3.10: Correlation between hydrogen desorption pressure and different proportion of V, Cr and Ti [106]. 

 

Figure 3.11: Influence of temperature on the plateau pressure of V75Ti5Cr20 alloys [106]. 

  

Figure 3.10 has been removed due to Copyright restrictions 

Figure 3.11 has been removed due to Copyright restrictions 
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Figure 3.12: Relationship of composition, temperature and desorption pressure in V-Ti-Cr alloys. 

Absorption pressure is also a key factor for the maximum hydrogen capacity in V-Ti-Cr 

alloys. However, as in Figure 3.13, the absorption pressure shows irregularity in the data 

collected from literatures due to its steep slope and insufficient experiment results [95, 

104-106, 110, 112-117]. Although it is hard to precisely predict the absorption pressure, 

an approximate estimation should be achievable. Since the full scale of H2 pressure that 

electrolysers can supply is 2 MPa at room temperature, the absorption pressure plateau of 

V-Ti-Cr alloys must be lower than 2 MPa. In light of Figure 3.13, Cr/Ti=2 should be the 

top limit in order to control the absorption pressure within 2 MPa under 293 K (20 °C). 

Figure 3.12 has been removed due to Copyright restrictions 



 

44 
 

 

Figure 3.13: Relationship of composition, temperature and absorption pressure in V-Ti-Cr alloys. 

To ensure the rate of hydrogen discharge is fast enough to support the fuel cell in the MPS 

system, several researches were compared [18, 118, 119] and calculations were carried 

out to evaluate the desorption kinetics. It was found that, different from plateau pressure, 

kinetics of V-Ti-Cr alloy is greatly affected by V contents. The desorption rates of V75 

and V80 alloys were worked out as 0.078 (gH2/s)/kW, and 0.058 (gH2/s)/kW,, respectively. 

Both of them are higher than the requirement of kinetics, 0.014 (gH2/s)/kW, for the MPS 

application. 

In conclusion, V-rich alloys have superior H2 capacity and durability. To optimize the 

composition, the V content should be determined as 75 at% or 80 at%, together with 

Cr/Ti=1.5 or 2. The usable hydrogen capacity and cycle life are predicted to be around 2 

wt% and several hundreds of cycles, respectively. The sorption pressure should be in the 

range of 0.2 MPa to 2 MPa, which is the operation standard for the MPS system. In this 

Figure 3.13 has been removed due to Copyright restrictions 
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work, V80Ti8Cr12 was chosen as the parent alloy for this application as it has a lower 

absorption pressure plateau at room temperature, leading to a higher storage capacity. 
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3.3 Materials and Experimental Procedure 

3.3.1 Fabrication of Alloys 

The V80Ti8Cr12 alloys were prepared by arc melting under an Ar atmosphere to prevent 

serious oxidation. To improve the homogeneity and reduce the loss of alloying elements 

over casting, the melting process was repeated for two times. A combination of 

mechanical rolling, cutting and grinding was applied to control the size of the alloy. The 

dimension of as-cast V80Ti8Cr12 ingot was around 95 x 40 x 10 mm. In the process, the 

ingots were firstly rolled into 5-10 mm in thickness and then were crushed into lumps. 

The ingot fragments with 5 and 7 mm in three dimensions were selected as the samples 

ready for hydrogen storage and some of the fragments were further sectioned into 2 mm 

size. The rest of alloy pieces were crushed into particulates and then ground into fine 

powders. Following the pulverisation, the alloy powders with 3 ranges of particle size, 

300-500 μm, 100-300 μm, and less than 100 μm, were divided by stepwise sieving. Thus, 

in this study, the V80Ti8Cr12 alloy with six different sizes were obtained for hydrogen 

storage measurements and further characterizations. 

  



 

47 
 

3.3.2 Alloy Characterizations 

The hydrogen storage and kinetics properties of the V80Ti8Cr12 alloys with different 

sample sizes were characterized using volumetric approach by Sievert instrument of 

which the accuracy was ±1.7 %. In the measurements, ultra-high purity hydrogen gas 

source (99.999 %) was applied to minimise the influence of impurities. In order to break 

down the oxide on the alloy surface and expose fresh surface to hydrogen environment, 

all the samples were firstly activated by heat treatment at 400 °C under vacuum for two 

hours and naturally cooled to room temperature. Following the activation, the samples 

were charged by 3.6 MPa of hydrogen at room temperature and the absorption kinetics 

was recorded. After the first hydrogenation, the samples were discharged under vacuum 

at 50 °C for one hour. This is to obtain a stable hydrogen capacity at desired conditions. 

That is, in this work, the hydrogen content which cannot be liberated at 50 °C is not taken 

into account as available capacity because the operation temperature in the MPS system 

is no more than 50 °C. In this case, to meet the working requirements of MPS application, 

the hydrogen absorption was carried out at room temperature and 2 MPa, and the 

desorption was performed at 50°C and 0.2 MPa. The hydrogen capacity within this limit 

is regarded as usable capacity.  

Since the absorption rate is not a critical factor in this system (the electrolyser also takes 

time to build up the hydrogen pressure), except for the first cycle, the absorption 

behaviours of all the samples were measured based on the manner of pressure-

composition-isotherm instead of kinetics tests. On the contrary, the desorption rate plays 

a significant role in this system to supply sufficient hydrogen gas to fuel cells within a 

short time. Thus, the desorption kinetics was recorded at 2nd and 30th cycle under 50 °C 
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with a starting pressure of 0.2 MPa which is the required pressure input for fuel cells. The 

desorption kinetics of the sample with 5 mm size was further investigated at 500th cycle. 

Durability tests were accomplished by cyclically charging and discharging the V80Ti8Cr12 

alloys. In each cycle, the samples were charged with 2 MPa of hydrogen for 1 hour and 

discharged under vacuum for 1 hour. The usable hydrogen uptake of every sample was 

measured from 2nd to 30th cycle. To further study the performance of this alloy at higher 

cycle stage, the specimen with 5 mm size was selected to implement a long-term 

durability test for 500 cycles due to its highest hydrogen storage capacity among all the 

samples. 

The composition of V80Ti8Cr12 alloy was analysed by Inductively Coupled Plasma 

Optical Emission Spectroscopy (ICP-OES). The surface morphology and elemental 

distribution of the alloys were observed by using Hitachi 3400X scanning electron 

microscope (SEM) equipped with a secondary electron (SE) detector and an energy 

dispersive X-ray spectrometer (EDS). The lattice parameter and phase structure were 

investigated with a PANalytical Xpert Pro MPD X-ray diffractometer with Cu Kα 

radiation at 45 kV and 40 mA. The analysis and refinement of the diffraction pattern were 

processed by using X'pert HighScore Plus software.  
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3.4 Alloy Composition, Morphology and Crystal 

Structure 

3.4.1 Composition Analysis 

The V80Ti8Cr12 alloy ingot was prepared by arc melting as described in Section 3.3.1. To 

ascertain that the chemical composition of V80Ti8Cr12 alloy is consistent with designed 

composition, Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

was applied to analyse the alloy. The composition results are tabulated in the following 

Table 3.1. The required V80Ti8Cr12 alloy should consist of 80.2 % of vanadium, 7.5 % of 

titanium and 12.3 % of chromium in weight percentage. In ICP-OES result, the as-

received alloy have 79.3 wt% of vanadium, 7.4 wt% of titanium, 12.4 wt% of chromium 

and 0.09 wt% of iron, where Fe could be the impurity introduced by milling. If the iron 

impurity is excluded, the ratio of the elements turns out to be 80 wt% of vanadium, 7.5 

wt% of titanium and 12.5 wt% of chromium, which is similar to the desired composition. 

The chemical difference is mainly in vanadium and chromium, where the variation is 

approximately 0.2 wt%. 

Table 3.1: Composition analysis of as-received V80Ti8Cr12 alloy by ICP-OES. 

 V (wt%) Ti (wt%) Cr (wt%) Fe (wt%) 

Desired alloy 80.2 7.5 12.3 0 

As-received alloy 79.3 7.4 12.4 0.09 

As-received alloy 

(excluding Fe) 
80.0 7.5 12.5 N/A 
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3.4.2 Element Distribution in Alloy Ingot 

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectrometer (EDS) were 

utilized to examine the homogeneity of V80Ti8Cr12 alloy. An as-cast ingot, of which the 

dimensions were 95 x 40 x 10 mm, was sectioned into several parts, and three of them 

were used as the subjects, as illustrated in Figure 3.14. The SEM coupled with EDS 

images with 2000 times of magnifications are shown in Figure 3.15 (a)-(c). The three 

major elements, vanadium, titanium and chromium, are well distributed in the matrix, 

indicating a homogenous solid solution phase. 

 

Figure 3.14: Three characterized parts of as-cast V80Ti8Cr12 alloy. 

  

Figure 3.14 has been removed due to Copyright restrictions 
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Figure 3.15:  EDS patterns of (a) Part 1, (b) Part 2, (c) Part 3 of as-cast V80Ti8Cr12 alloy with 2000 times of 

magnifications. 

  

Figure 3.15 has been removed due to Copyright restrictions 
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3.4.3 Morphology 

The particle sizes of V80Ti8Cr12 samples were observed by SEM. Figure 3.16 (a) and (b) 

show the particle sizes of 5 mm and 2 mm samples, which were both embrittled by 30 

cycles of hydrogen charge and discharge. Figure 3.16 (c)-(e) reveal the initial particle 

sizes of 300-500 μm, 100-300 μm and <100 μm samples, which were all pulverized by 

mechanical grinding. Figure 3.16 (f) displays the morphology of 5 mm sample subjected 

to 500 cycles.  

As can be seen from Figure 3.16 (a) and (b), the particle size of 5 mm sample is smaller 

than that of 2 mm sample after 30 cycles, indicating a more difficult pulverization took 

place on 2 mm sample during hydrogen embrittlement. Both samples have dense cracks 

on the alloy surface, which allow hydrogen to diffuse into the internal matrices. Based on 

Figure 3.16 (c)-(e), sheet-like particle morphologies were observed for 300-500 μm, 100-

300 μm and <100 μm samples. The particle size of 5 mm after 500 cycles (Figure 3.16f) 

was reduced to around 100-200 μm, and similar to 5 mm and 2 mm samples, dense crack 

formed over the surface. 
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Figure 3.16: SEM images of V80Ti8Cr12 alloys with different particle size: (a) 5 mm, (b) 2 mm, (c) 300-500 μm, (d) 

100-300 μm, (e) <100 μm, (f) 5 mm alloy after 500 cycles. 

  

Figure 3.16 has been removed due to Copyright restrictions 
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3.4.4 Phase Identification and Crystal Structure 

The crystal structure and phase identification of V80Ti8Cr12 alloy with different particle 

sizes were studied by X-ray powder diffraction, as exhibited in Figure 3.17. Because the 

diffraction intensity for bulk samples is relatively weak, the alloy with powder form is 

required to obtain a higher intensity. To achieve this, prior to the X-ray scanning, the 

lumpish samples (5 mm and 2 mm) were pulverized by rehydrogenation at room 

temperature for 30 cycles. Following the pulverization, the samples were heat treated 

under vacuum at 400 °C for one hour to decompose the residual hydride. To avoid 

precipitate formation during cooling, the samples, which were loaded in a steel container 

for preventing contamination, were quenched to room temperature by water. After 

quenching, the samples were unloaded and then sieved by 500 μm of mesh. The powder 

with particle size less than 500 μm was collected and then measured by X-ray diffraction. 

To get rid of oxide, the samples with particle size of 300-500 μm, 100-300 μm and <100 

μm were all activated at 400 °C before X-ray diffraction measurement . 

As can be seen in Figure 3.17, all of the samples have diffraction peaks corresponding to 

V-Ti-Cr BCC structure. In addition, the presence of vanadium oxide is observed in four 

of the samples except the 5 mm one. The oxide may hinder hydrogen from penetrating 

into the alloy, leading to a deterioration of the hydrogen uptake. 

The refined crystal structure of V80Ti8Cr12 alloy with different particle sizes are presented 

in Table 3.2 and Figure 3.18. It is found that the lattice constants shrink with the reduction 

of particle size. The lattice parameters of 300-500 μm and 100-300 μm samples are 

similar as their particles sizes are not considerably different. 
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Figure 3.17: XRD patterns of V80Ti8Cr12 alloy with different particle sizes. 

The largest change of the lattice parameters between V80Ti8Cr12 samples is around 0.03%, 

which seems relatively small. This could be because the lattice contraction mostly 

occurred on the surface of alloy particles, leading to a small average lattice reduction. 

However, the lattice contraction on the surface could significantly restrict the hydrogen 

entry into the matrix. This inference could be further confirmed by Figure 3.16(a) and (b), 

where the particle size of 5 mm sample was smaller than that of 2 mm sample after 30 

cycle rehydrogenation. In addition, large sheet-like alloy particles were found in 2 mm 

sample, indicating that the alloy surface was subjected to a severe distortion. Hence, the 

more mechanical treatments had been applied, the more the surface lattices were distorted, 

resulting in a difficulty for hydrogen diffusion. 

  

Figure 3.17 has been removed due to Copyright restrictions 
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Table 3.2: Results of phase identification of V80Ti8Cr12 alloy with different particle sizes. 

 

 

Figure 3.18: Correlation between lattice constants and particle sizes of V80Ti8Cr12 alloys. 

  

Figure 3.18 has been removed due to Copyright restrictions 

Table 3.2 has been removed due to Copyright restrictions 
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3.5 Hydrogen Storage Properties 

3.5.1 Absorption Kinetics 

Figure 3.19 shows the absorption kinetics of V80Ti8Cr12 alloys with six different particle 

sizes, where all the samples were activated under 400 °C for 2 hours prior to the 

measurements at room temperature. As it can be seen, each kinetics curve consists of 

three steps of absorption as the reservoir volume of Sievert instrument was not large 

enough to fully charge the samples. This can be solved by applying a larger reservoir in 

the future. During the test, 3.6 MPa of H2 gas was introduced every 20 minutes to support 

the absorption, and the data points were dynamically recorded at intervals of one second. 

According to the kinetics curves plotted in Figure 3.19, the 7 mm sample gives very poor 

hydrogenation performance, which could be attributed to the insufficient reactive surface 

area and the difficult hydrogen diffusion into host alloys. To be fully activated, 7 mm 

sample might require multiple activation processes rather than one-off heat treatment to 

allow hydrogen to penetrate into the alloy lattices. The maximum hydrogen capacities of 

other five samples decline significantly with the reduction of sample size, suggesting that 

the mechanical cutting or milling may lead to a decrease of hydriding sites.  

Despite the reduced total H2 capacities of the finely milled samples, higher absorption 

rate is achieved as the particle size decreases. This is believed that the refinement of alloy 

accelerates the hydrogenating reaction due to the enlarged surface area. Something of 

interest is that the 300-500 μm and 100-300 μm samples have a similar hydrogen storage 

capacity, but the latter has faster absorption kinetics. This indicates the milling process 

may create more hydriding routes because of higher surface area and hence the kinetics 

is improved. However, the overall amount of available hydriding sites is nearly the same 



 

58 
 

between these two samples, leading to a similar hydrogen uptake. The sample with 

particle size less than 100 μm possesses the fastest absorption rate but the lowest hydrogen 

storage capacity, which is consistent with the previous trend. Compared to fine powder 

samples, the 5 mm and 2 mm specimens have 1-2 minutes of incubation time. After the 

incubation period, cracks form on the alloy surface owing to the lattice mismatch between 

alloys and hydrides, and hydrogen starts penetrating into the matrix. At this stage, the 

absorption rates become competitive with that of other mechanically pulverized samples. 

To briefly summarize, mechanical pulverization leads to a deterioration of hydrogen 

storage capacity, which could be attributed to the formation of oxidation layer and 

residual strain over grinding process, which were confirmed by XRD. Luo et al. [107] 

reported a sluggish absorption rate was detected when a V-Ti-Cr based alloy was 

contaminated by extraneous gases such as carbon monoxide, oxygen and moisture. 

However, in this present study, all the samples reveal swift hydrogen absorption, 

indicating the small amount of vanadium oxide may not have a distinguishable impact 

upon the hydrogen storage performance. In this case, the residual strain may be the major 

determinant to the H2 capacity.  

The absorption rates of milled samples are enhanced with the reduction of particle size. 

Surface area is believed to be the factor dominating this property. For the bulk samples 

(5 mm and 2 mm), their absorption rates, regardless of incubation period, are as good as 

the powder ones, supplying the cracks generated by hydrogen embrittlement also provide 

enormous surface area for hydriding reaction. When the sample size reaches 7 mm, which 

is expected to have less surface area, the hydrogenation is highly restrained because there 

are few pathways for hydrogen to diffuse into the alloy lattice. 
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Figure 3.19: Absorption kinetics for the V80Ti8Cr12 alloy with different particle sizes. 

3.5.2 Measurements for Usable Hydrogen Storage 

Capacity 

Figure 3.20 shows the Pressure-Composition-Isotherm (PCI) curves for V80Ti8Cr12 alloys 

with different particle sizes. Before the characterization, all the samples were charged 

with 3.6 MPa of H2 at room temperature and then evacuated under vacuum at 50 °C to 

obtain an identical starting status for the following hydrogenation. This is to serve the real 

working conditions of the MPS system. Different from conventional PCI patterns, each 

curve in Figure 3.20 consists of two types of isotherms. The first isotherm is absorption 

at room temperature and the maximum gas pressure is 2 MPa, where the equilibrium 

pressure spots were recorded. The second isotherm is desorption at 50 °C and the ending 

pressure is 0.2 MPa, where the kinetics was recorded. Thus, the absorption isotherm can 

reflect the pressure plateau of the alloy, but the desorption isotherm can just give the total 

usable capacity supplied to fuel cells, and roughly reveal the lower limit of pressure 

plateau. The slight pressure increase between the last point of absorption and the first 

Figure 3.19 has been removed due to Copyright restrictions 
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point of desorption is because the samples were heated up from room temperature to 50 

°C, leading to a volume expansion of hydrogen gas in a hermetic chamber. Furthermore, 

the elevated temperature made hydrogen atoms more active to escape out of the alloy, 

resulting in a partial dehydrogenation of hydride. 

As shown in Figure 3.20, the absorption capacity is lowered with the decrease of the 

particle size, which is compatible with the observation in Figure 3.19. The result is similar 

with the P-C isotherm reported by Kwon et al. [109], where the authors stated that the 

interstitial sites for hydrogen accommodation are reduced due to the nanostructured 

particles and the augmented boundary area.  

In addition to the absorption capacity, usable hydrogen capacity is a critical criterion to 

evaluate the feasibility of the alloy in the MPS system. Usable capacity represents the 

hydrogen amount which can be liberated at 50 °C until the chamber pressure is lower 

down to 0.2 MPa. This indicates a true capacity supplied to fuel cell systems. As depicted 

in Figure 3.21, the usable capacity declines with the reduction of particle size and lattice 

constants. The sample with 5 mm of particle size has the highest hydrogen uptake, 2.05 

wt%, which achieves the MPS project target.  

It is well known that the plateau pressure in P-C isotherm increases due to the contraction 

of interstitial sites in host hydrogen storage alloys [51, 53, 82, 109]. Because the 

maximum hydrogen pressure in the MPS system is limited to 2 MPa, the absorption 

capacity would be tremendously lowered if the alloy has a high plateau pressure induced 

by lattice shrinkage. Cho et al. [108] found that the hydrogen content of Ti0.22Cr0.28V0.5 

and Ti0.32Cr0.43V0.25 alloys decreased with the increase of lattice strain after long-term ball 

milling, which supports our study. However, the result given by Luo et al. [107] showed 

that the hydrogen capacity of H2-embrittled (VFe)48(TiCrMn)52 alloy was improved by 
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the reduced particle size with lowered lattice strain. Although these two different 

pulverization methods provided opposite outcomes regarding lattice strain, one thing can 

be confirmed is that the lattice strain or lattice contraction are detrimental to the hydrogen 

capacity of V-Ti-Cr based alloys. As we can realise, while mechanical milling can 

efficiently break down alloy chunks, it may introduce severe strain into the lattice and 

probably some undesired impurities from grinding balls. A better way for minimising the 

lattice strain and securing a higher hydrogen uptake may be to pulverize the alloy by 

hydrogen embrittlement.  

In this work, the crystal structures of V80Ti8Cr12 alloy pulverized by different means were 

investigated. The results confirm that the samples with fewer mechanical treatments have 

less cell contraction and hence possess a superior overall hydrogen storage performance 

to that of the samples subjected to more mechanical treatments. 
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Figure 3.20: Pressure-Composition-Isotherm (PCI) graph for the V80Ti8Cr12 alloy with different particle sizes. 

 
Figure 3.21: Correlation between lattice parameters and usable capacity of V80Ti8Cr12 alloy with different particle 

sizes. 

  

Figure 3.20 has been removed due to Copyright restrictions 

Figure 3.21 has been removed due to Copyright restrictions 
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3.5.3 Cycle Stability 

To confirm the reproducibility of the hydrogen capacities in Figure 3.20, the PCI 

measurement was repeated at 3rd, 4th, 5th, 10th, 20th and 30th cycles. The samples were 

evacuated at 50 °C under vacuum for 1 hour prior to PCI test to ensure the initial state of 

every measurement was the same. As shown in Figure 3.22, the usable hydrogen contents 

of all the samples within 30 cycles keep steady, indicating a good durability of V80Ti8Cr12 

alloy. Furthermore, the materials with particle size ranging from 300 to 500 μm and 100 

to 300 μm have an analogous hydrogen uptake. The mechanical milling appears to have 

unnoticeable effects on the performance of these two samples. 

 
Figure 3.22: Usable hydrogen storage capacity of V80Ti8Cr12 alloy with different particle sizes within 30 cycles . 

Since V80Ti8Cr12 alloy with 5 mm of particle size has been found to have predominant 

usable capacity among the specimens, it was selected to undergo a durability test for 500 

cycles. As shown in Figure 3.23, the initial usable capacity between 0.2-2 MPa is 2.11 

Figure 3.22 has been removed due to Copyright restrictions 
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wt%. The capacity after 200 cycles, which is 2.01 wt%, can still meet the requirement of 

the MPS project. After 500 cycles, the available capacity decreases to 1.87wt%, which is 

around 89% of the initial capacity. The degeneration pattern is linear with 0.05 wt% per 

100 cycles of dropping rate. This could be due to the accumulation of residual hydride, 

the formation of oxidation layer or the reduction of diffusion routes in fine powder. 

The cycle test was performed at room temperature, except for 100th, 200th, 300th and other 

complete 100th cycles where the alloy absorbed H2 at room temperature and desorbed H2 

at 50 °C. The results in actual working conditions are expected to be further improved as 

every desorption process in the MPS application is carried out at 50 °C, which helps to 

decompose more stable hydrides and thereby prolongs the cycle life. It is worth noting 

that the hydrogen capacity of 5 mm sample after 500 cycles is higher than that of 100-

300 μm sample, while their particle sizes are similar, implying the mechanical milling 

indeed has negative effect on the H2 capacity of V80Ti8Cr12 alloys. 

 
Figure 3.23: Durability test for V80Ti8Cr12 alloy with 5 mm particle size. 

  

Figure 3.23 has been removed due to Copyright restrictions 
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3.5.4 Desorption Kinetics 

Apart from hydrogen storage capacity and cycle life, discharging rate is another crucial 

property to supply sufficient hydrogen to fuel cells in a desired period. Because the 

volume of the measuring system in Sievert-type instrument was not large enough to 

accommodate all the desorbed H2 gas, the desorption kinetics measurement was carried 

out in steps. This can be amended by replacing the reservoir with a larger one in the future. 

Each step of desorption started from 0.2 MPa and lasted for 20 minutes. The data points 

were recorded at intervals of one second, and the collected data were modified 

accordingly if the desorption pressure achieved equilibrium within 20 minutes. For 

example, when the desorption only took 15 minutes to reach equilibrium, the rest of 5 

minutes of the data points were removed and not considered as valid desorption time. In 

this case, the rectified kinetics is able to demonstrate the desorption condition in the MPS 

system. 

Figure 3.24 shows the desorption kinetics of V80Ti8Cr12 alloy with different particle sizes 

at 2nd cycle. Obviously the 5 mm sample has the highest desorption capacity and a 

reasonable desorption speed. The capacities of all the selected samples degrade as the 

particle size decreases, which is consistent with the previous results. However, there is 

no regularity in the rate of full desorption between various particle sizes. The fastest rate 

is given by the 2 mm sample, followed by the 5 mm and <100 μm samples, while the 300-

500 μm and 100-300 μm offer the slowest desorption rate.  



 

66 
 

 
Figure 3.24: Desorption rates of V80Ti8Cr12 alloy with different particle sizes at 2nd cycle. 

The desorption kinetics at 30th cycle were measured to investigate the storage 

performance of the alloy after recharging, as graphed in Figure 3.25. It is found that there 

is not much change in the desorption capacities, compared with the results in Figure 3.24, 

indicating a stable discharging property. The correlation between particle size and full 

desorption time at 30th cycle is shown in Figure 3.26. According to the outcomes, one 

may infer that, for the mechanically milled samples, the reduction of particle size can 

accelerate the desorption, but lower the H2 capacity. For the bulk samples (5 and 2 mm), 

the pulverization induced by hydrogen embrittlement can highly enhance the desorption 

without a significant drop of hydrogen capacity. Specifically, the 2 mm sample is superior 

to the 5 mm sample in desorption rate. 

A calculation based on the data of 30th cycle shows that the hydrogen amount supplied 

by 5 mm, 2 mm, 300-500 μm, 100-300 μm and <100 μm samples are 0.119, 0.118, 0.093, 

0.089 and 0.092 (g/s)/kW, respectively. These are around 6-9 times faster than 0.014 

(g/s)/kW which is required by the project. It is worth noting that in real conditions the 

Figure 3.24 has been removed due to Copyright restrictions 
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kinetics should be further faster as the desorption doesn't take place stepwise and there is 

no need to wait for equilibrium. Thus, the V80Ti8Cr12 alloy, regardless of the particle size, 

is proved to be capable to offer plenty hydrogen for the MPS system. 

 
Figure 3.25: Desorption rates of V80Ti8Cr12 alloy with various particle sizes at 30th cycle. 

 
Figure 3.26: Full desorption time of V80Ti8Cr12 alloy with different particle sizes at 2nd and 30th cycle. 

  

Figure 3.25 has been removed due to Copyright restrictions 

Figure 3.26 has been removed due to Copyright restrictions 
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The desorption kinetics of the 5 mm sample at 2nd and 500th cycle are compared in Figure 

3.27. The desorption capacity after 500 cycles is around 10% lowered than the initial 

capacity. However, the desorption rate is enhanced from 0.129 (g/s)/kW to 0.167 

(g/s)/kW after long-term cycling, which could be associated with the particle refinement 

induced by hydrogen embrittlement. This occurs because the alloy cells are subjected to 

volume expansion and lattice mismatch during hydrogenation. The hydrogen 

embrittlement keeps decreasing the particle size and exposing more fresh surfaces to 

hydrogen environment, hence the kinetics is improved because of the amplified surface 

area.  

 
Figure 3.27: Desorption kinetics of V80Ti8Cr12 alloy with 5 mm of particle sizes at 2nd and 500th cycle. 

  

Figure 3.27 has been removed due to Copyright restrictions 
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3.6 Conclusion 

In this study, V80Ti8Cr12 alloy has been selected and designed as a potential hydrogen 

storage alloys to meet the requirements of the MPS system. The influence of particle size 

on the hydrogen storage properties of V80Ti8Cr12 alloy is investigated. The results show 

that the 7 mm sample cannot absorb hydrogen because of the insufficient surface area. 

Except for the 7 mm sample, the samples with particle sizes from 5 mm to less than 100 

μm have descending usable capacities as well as absorption capacities with the reduction 

of particle size. In addition to the capacities, the lattice constants are lowered as the 

decrease of particle size. A conclusion can be drawn accordingly that the more the lattice 

is distorted, the lower the effective hydrogen storage capacity is.  

The absorption kinetics can be improved by reducing the particle size, though it is not a 

vital factor to MPS system. The desorption kinetics is basically enhanced with the 

decrease of particle size; however, the mechanically milled samples have more extended 

desorption time and lowered total desorption rate than H2-embrittled samples. All of the 

V80Ti8Cr12 samples exhibit outstanding charge-discharge durability after 30 cycles. The 

5 mm sample has only 10 % of capacity loss after 500 cycles. 

In sum, the V80Ti8Cr12 alloy with 5 mm of particle size has around 2 wt% of usable 

hydrogen storage capacity under 20-50 °C and 0.2-2 MPa, which perfectly satisfies the 

capacity need of MPS application. Besides, the alloy is able to provide a rapid hydrogen 

supply rate which is 9 times faster than the requirement of MPS system. The alloy also 

has an excellent cycle life up to 500 cycles with a reasonable capacity retention. Therefore, 

the 5 mm V80Ti8Cr12 alloy shows a promising candidature for the hydrogen storage in 

MPS application. 
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 Synthesis of Tubular Carbon 

Nitrides 

4.1 Introduction 

Recently, nanostructural carbon materials have attracted a lot of attention to be an 

effective approach for the capture of greenhouse gases, such as CH4, CO2 [120-124]. The 

characteristics of the high surface area and porosity make carbon-based materials capable 

to adsorb gases via physisorption. Since hydrogen is recognized as one of the most 

potential energy carriers, the feasibility of storing hydrogen in various carbon materials, 

including activated carbons, carbon nanofibers, and single/multi-walled carbon nanotubes, 

etc., has been widely studied [125]. In these porous materials, hydrogen molecules are 

physisorbed on the pore surface, and the hydrogen uptake is primarily affected by the 

operating temperature, working pressure, surface area and pore volume. Generally, owing 

to the low binding energy and weak van der Waals forces between hydrogen and solid 

surface, most of the reasonable adsorption capacities can only be achieved under 

cryogenic temperature (77 K) and high pressure, while the capacities tremendously 

decline to less than 1 wt% at room temperature [126]. Nevertheless, rapid kinetics and 

superior reversibility are offered due to the low interaction energy during physisorption. 

Since there is no phase transformation or lattice distortion induced by physical adsorption, 

the material durability over repeated hydrogen recharging can be considerably enhanced 

[127]. Despite the foregoing merits of physisorption, the cryogenic working temperature 

is still a hindrance to its practicability as a large amount of liquid nitrogen may be required 

to maintain the extremely low temperature. There is therefore a need to devote more 

efforts to improving the hydrogen capacity under ambient conditions. In addition to 
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temperature and pressure, pore attributes, such as surface area, pore volume and pore size, 

are the crucial factors in the hydrogen storage capacity of carbon-based materials. 

Adeniran et al. reported that activated carbon nanotubes with mesopore structure, higher 

surface area and pore volume had better hydrogen uptake at 77 K than that of the sample 

with micropores, lower surface area and pore volume [128].  

Typically, it is an effective approach to improve the hydrogen storage content by tuning 

the pore structure to enlarge the surface area and pore volume [129, 130]. However, this 

could merely benefit the hydrogen capacity under cryogenic temperature and could have 

some limitations. Frost et al. [131] constructed Grand Canonical Monte Carlo (GCMC) 

simulations to investigate the influence of adsorption heat, surface area and free volume 

on the hydrogen uptake of metal-organic frameworks (MOFs), which is another porous 

material storing hydrogen majorly based on physisorption, under 77 K with different 

hydrogen loadings. The results gave three adsorption regions: the hydrogen capacity is 

associated with adsorption heat at low pressure, with surface area under intermediate 

pressure (up to 3 MPa), and with free volume at high pressure (12 MPa). The authors 

further studied the correlations at room temperature and found that the interdependence 

of each determinant at 77 K is not applicable at 298 K due to the poorer binding energy 

between H2 and MOFs [132]. Suh et al. [133] collected plenty experimental data of MOFs 

and discovered that the hydrogen uptake of MOFs at 77 K and low pressure (0.1 MPa) is 

directly proportional to the surface areas ranging from 100 to 2000 m2/g, but is no more 

related to surface areas exceeding 2000 m2/g. This is because at low pressure hydrogen 

molecules will selectively attach on the sites having strong affinity with H2 and hence are 

unable to reach a complete coverage on the surface areas above 2000 m2/g. At room 

temperature the material surface would be expected to have less coverage by hydrogen 

molecules than that under 77 K. Given a surface area beyond 2000 m2/g, a porous material 
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may have limited further improvement of hydrogen uptake which is gained from the 

surface area over 2000 m2/g. 

It is believed that high surface area and pore volume are preferable to make hydrogen 

saturate active sites under high pressure and low temperature so as to enhance the H2 

storage capacity [126]. However, to store hydrogen at ambient conditions, a potential 

solution may be the strengthening of binding energy (adsorption enthalpy) between 

hydrogen and the surface of carbonaceous materials. For physisorption-based materials, 

the enthalpy is too low (4-10 kJ/mole) to stabilize hydrogen molecules on the surface at 

ambient temperature and pressure, and thus inferior hydrogen uptake can be envisaged. 

On the other hand, if the adsorption enthalpy is too high to easily release hydrogen, as in 

some cases of chemisorption, the exothermic reaction will be very severe and externally 

supplied energy is required to liberate hydrogen, leading to a sluggish kinetics and 

unfavourable reversibility. Suh et al. [133] had collected reported data regarding the 

correlations of hydrogen capacity against adsorption enthalpy of MOFs. The data 

indicated that at 77 K the H2 storage contents were not markedly increased with the 

escalated adsorption enthalpy from 4 to 12 kJ/mole. In contrast, at 298 K and high 

pressure, it showed an uptrend of hydrogen uptake with the increment of adsorption heat. 

Hence it is indispensable to strengthen the binding energy of H2 to allow porous materials 

to absorb/desorb hydrogen at ambient temperature for the sake of real applications. 

According to the theoretical calculation done by Bhatia et al. [134], the optimum binding 

energy for porous materials could be obtained by Equation 4.1. 

Equation 4.1: Binding energy for porous materials 

∆𝐻𝑜𝑝𝑡
0 = 𝑇∆𝑆0 +

𝑅𝑇

2
ln (
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In Equation 4.1, the change of constant enthalpy ∆H° stands for the average or overall 

adsorption heat in the range of P1 and P2, where P1 and P2 represent the equilibrium 

storage pressure and desorption pressure, respectively. The absolute value of ∆H° is 

determined as the isosteric heat at the selected temperature (T). ∆S° means the entropy 

change, generally equal to -8R for diversified adsorbents for the purpose of hydrogen 

adsorption, and it is associated with the standard pressure P0 (0.1 MPa). R is the ideal gas 

constant. To simulate the practical hydrogen adsorption, P1, P2 and T could be set as 0.15 

MPa, 3 MPa and 298K, respectively. Then the optimum enthalpy change (∆H°opt) =-15.1 

kJ/mole can be derived from Equation 4.1 with the substitution of the parameters. 

Consequently, the binding enthalpy of 15.1 kJ/mole for porous hydrogen storage 

materials is favourable under 298 K between the pressure range of 0.15 MPa and 3 MPa. 

Some studies suggested that an ideal adsorption energy for a hydrogen storage application 

at ambient temperature is around 20-30 kJ/mole [135-137]. This can be supported by the 

experimental outcome performed by Muthukumar et al. [138], where the thermodynamic 

properties of several hydrogen storage alloys were analysed, as shown in Table 4.1. It is 

well known that La-based AB5 type and Ti-V-Cr-based alloys have the capability to store 

and release hydrogen under room temperature. As it is revealed in Table 4.1, the reaction 

enthalpies of these low-temperature alloys are between 20-50 kJ/mole, which is consistent 

with the ideal binding energy proposed in the aforementioned literatures. 
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Table 4.1: Reaction enthalpy of given hydrogen storage alloys at 298 K. 

Hydrogen storage alloys 
Absorption enthalpy 

(kJ/mole H2) 

Desorption enthalpy 

(kJ/mole H2) 

LaNi5 -29.43 30.12 

LaNi4.7Al0.3 -33.75 41.54 

LmNi4.91Sn0.15 -29.96 32.23 

Ti0.99Zr0.01V0.43Fe0.09Cr0.05Mn1.5 -21.41 26.15 

MmCo0.72Al0.87Fe0.04Ni3.91 -42.32 48.92 

 

To increase the binding energy, a renowned approach is to incorporate or decorate carbon 

frameworks with heterogeneous elements, such transition metals, oxygen functional 

groups, boron and nitrogen. The additives of transition metals can induce a mechanism 

called “spillover” by which hydrogen dissociation and migration will take place in porous 

materials. The phenomenon of hydrogen spillover has been discovered for decades and 

studied a lot in catalysis scope. Many researchers gave extensive reports about spillover 

in miscellaneous catalysis [139-143]. In hydrogen storage fields, the earliest idea of 

spillover for the improvement of H2 capacity was recorded in a patent done by Schwarz 

[144]. In this patent, the metal catalysts, Pt and Pd, were doped on activated carbon to 

generate spillover effect. Thereafter, comprehensive researches have been performed to 

investigate the hydrogen storage properties of different porous materials by applying the 

spillover concept. The doped materials include graphite [145-147], templated carbons 

[148], activated carbons [149-151], carbon fibres [152-155], carbon nanotubes [156-158], 

COFs [159], MOFs [160-162], metal oxide [163-165], silica [166-168] and polymer [169].  

Hydrogen spillover can be divided into three major steps. First, the dissociation of 

molecular hydrogen occurs due to the catalysis induced by transition metals, such as Ru, 



 

75 
 

Pd, Pt ad Ni, and then hydrogen atoms are created and bound to the surface of transition 

metals. Second, the dissociated hydrogen atoms migrate from metal catalysts onto the 

matrix materials. Third, the hydrogen atoms form chemical C-H bonds with matrix 

materials by surface diffusion [170]. The increased adsorption enthalpy, along with the 

formation of chemical bonding, is an attractive characteristics of hydrogen spillover to 

manipulate hydrogen storage devices at ambient temperature instead of unfavourable low 

temperature (77 K). However, it should be noted that molecular hydrogen were found to 

decompose swiftly on metal catalysts and diffuse sluggishly along the substrate materials 

[171]. Thus, more efforts are needed to enhance the charging kinetics. Pyle et al. [170] 

suggested that hexagonal carbons with high surface area could be the most promising 

candidates of which the π-conjugation is influenced by lattice dopants or oxygen 

functional groups. 

In contrast with transition metals, the doping of oxygen functional groups, boron and 

nitrogen can change the electronic structure of carbon or provide active sites for chemical 

bonding with hydrogen. It is relatively facile to add oxygen groups to the surface of 

carbon materials as this modification can be achieved by several methods, such as direct 

synthesis, acid oxidation, anodic oxidation, ozone oxidation, gas-phase air and oxygen 

plasma. Schwarz et al. [172] studied the hydrogen adsorption properties of activated 

carbons oxidized by gas-phase approach. The adsorption test was carried out at 78 K and 

4 MPa, and the result showed the hydrogen capacity was improved with the increment of 

oxygen content as well as the surface acidity. A similar result was obtained by Comisso 

et al. [173] who measured the H2 capacity of carbon nano-horns subjected to thermal 

oxidation and they found that the hydrogen capacity at 77 K was increased due to the 

enlarged surface area and pore volume. Wang et al. [174] utilized oxygen plasma to 

generate oxygen functional groups mainly in the form of semiquinone (C=O) while most 
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of the functional groups produced by air oxidation were hydroxyl (C-OH). After this 

treatment, the hydrogen uptake of Pt-doped templated carbon at 298 K under 10 MPa was 

enhanced from 1.17 wt % (pristine sample) to 1.74 wt % (treated by oxygen plasma). 

Due to the small atomic size of carbon, the carbon atoms in graphite materials are 

arranged in a compact lattice structure with a bond length of 1.42 Å . Since boron and 

nitrogen atoms have similar size as carbon, the substitution of B and N for C atom is able 

to change the electronic properties of host materials without a significant alteration to its 

lattice structure. However, the altered electronic structure can bring about different 

adsorption behaviours and hence influence the hydrogen storage capacity. For example, 

Jeong et al. [175] investigated the hydrogen storage performance of boron-doped super-

activated carbons which were synthesized from the polycondensation between phenyl 

diacetylene and BCl3. The hydrogen capacities of a BC6 product were enhanced to be 3.5 

wt% and 0.5 wt% per 500 m2/g of surface area at 77 K and 293 K, respectively, with the 

pressure below 10 MPa. These values were over three times better than the capacities in 

other corresponding carbon-based materials. This could be attributed to the increased 

adsorption energy, 10-20 kJ/mole, which is induced by the electron deficiency of an out-

of-planar boron moiety. While the surface area was decreased by boron doping, the 

hydrogen uptake was improved due to the high binding energy. Ariharan et al. [176] 

obtained an analogous result by preparing boron substituted carbons with resorcinol and 

triethylborate as carbon and boron sources, respectively. The hydrogen storage capacity 

at 298 K and 10 MPa pressure was remarkably enhanced by the introduction of boron 

heteroatom into carbon materials. More theoretical and experimental reports are the 

supportive evidence to the mechanism [177-181]. 
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Nitrogen doping in carbons has great impact on the hydrogen storage capacity, which has 

been confirmed by computational and experimental studies. The effects of nitrogen 

substitution on hydrogen adsorption for various carbonaceous materials, such as activated 

carbons [182], microporous carbons [183-187], templated carbons [188-192], graphite 

[193, 194], graphene [195-205], carbon nanotubes [23, 24, 206, 207], carbon xerogel 

[208], carbon spheres [209], have been comprehensively investigated. Among these 

nitrogen-containing carbons, the highest hydrogen uptake at room temperature was 

achieved as 4.3 wt% under 4 MPa on N-doped graphene with decorated palladium 

nanoparticle [201].  

Current studies show that doped nitrogen has several benefits to the hydrogen storage 

properties of carbon materials, as outlined in the followings. First, it can increase the 

binding energy between hydrogen and carbon frameworks by electronic modification or 

polarization [183, 184, 190, 194, 201, 208]. For instance, Jiang et al. [209] synthesized 

nitrogen-doped hollow carbon spheres via template method and found that the hydrogen 

capacity could reach 2.21 wt% under 298 K at 8 MPa. The nitrogen atoms doped in carbon 

spheres improved the adsorption heat up to 21.7 kJ/mole, which has fallen in the suitable 

range for operating hydrogen sorption at ambient conditions. The N-doping also 

generated more reaction sites to chemically absorb hydrogen, leading to a possible 

combined reaction of physisorption and chemisorption. Second, the theoretical 

calculation performed by Sankaran et al. [206] indicated that nitrogen atoms could be the 

activation centres initiating hydrogen adsorption/absorption due to the decreased 

dissociation energy of hydrogen molecules and the preferable formation of N–H bond 

over C–H bond. Similar calculation result done by Zhang et al. [207] also suggested 

nitrogen substitution enhanced the hydrogen dissociation and adsorption on CNTs. Third, 

Badzian et al. [193] claimed that graphitic carbons containing 1 at% of nitrogen had 0.7-
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0.8 wt% of hydrogen content at room temperature under 7 MPa. This could be ascribed 

to the implantation of nitrogen atoms into graphite, which creates binding sites for the 

adsorption of hydrogen molecules. Fourth, nitrogen doping can strengthen the adhesion 

between transition metals/catalysts and support carbon materials, and hence facilitate the 

spillover effect [190, 195, 196, 198, 203, 205]. Kong et al. [185] attributed this 

phenomenon to the elevated electrostatic attraction between the interface. By DFT 

calculation, Lee et al. [200] found that a well distribution of lithium atoms on two types 

of graphene layers was obtained without aggregation because the bonding of Li to these 

N-doped graphene sheets is stronger than that between the bulk Li. This could also 

enhance the spillover effect.  

Although nitrogen substitution is beneficial to the room-temperature hydrogen storage of 

carbon networks, under cryogenic temperature (77 K), the N-doping is less effective than 

the enhanced surface area and pore volume [187-189]. Some reports exhibited that, under 

77 K, the nitrogen incorporation could be advantageous to hydrogen storage at low 

hydrogen uptake (low hydrogen coverage) but be unfavourable at high hydrogen uptake 

(high hydrogen coverage) because of the reduced adsorption heat with the growing 

hydrogen capacity [24, 187, 189]. 

Due to the merits brought by nitrogen doping, another type of N-rich carbonaceous 

materials, so-called carbon nitride, has been intensively studied for hydrogen storage 

applications. Various configurations of carbon nitride, including graphitic [210-218], 

mesoporous [219], film [220-222], nanobell [223] and nanotube [21, 224, 225] carbon 

nitride, have been theoretically and experimentally investigated. Among these studies, 

the highest hydrogen uptake explored by experiments reached 8 wt% at 573 K and 0.1 
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MPa on carbon nitride nanobells, which was reported by Bai et al. [223]. However, this 

has not yet been ascertained by other literature. 

Up to date, few experimental researches regarding hydrogen storage properties on carbon 

nitride nanotubes have been reported. Most of the studies focus on theoretical calculations. 

Koh et al. [21] performed first-principles calculations using density functional theory to 

examine the hydrogen uptake of graphitic carbon nitride nanotubes. The authors stated 

that the well-distributed pores on carbon nitride nanotube walls enable hydrogen to easily 

diffuse into/out of the nanotube interior, and the substituted nitrogen atoms at the edges 

of pores offer reaction sites for both chemical and physical sorption of hydrogen. The 

calculations predicted that a single nanotube and a bundle of nanotubes can store 4.66 

wt% and 5.45 wt% of hydrogen amount respectively by simultaneous chemisorption and 

physisorption. The average overall adsorption energy was proposed to be around 0.29 eV 

per H atom (27.98 kJ/mole) as a function of tube diameter ranging from 9.5 to 18 Å . This 

moderate adsorption heat allows the nanotubes to work under room temperature. The 

theoretical findings disclosed a possibility that graphitic carbon nitride nanotubes could 

be a potential hydrogen storage medium due to its fast kinetics, high capacity and 

excellent operating capability at ambient conditions. Hence, in our work, tubular carbon 

nitride was synthesized and its hydrogen storage performance was studied via systematic 

experiments. 

Except for hydrogen storage, carbon nitride nanotubes have been developed in diversified 

applications, such as photocatalyst (hydrogen production and photocatalytic degradation) 

[226-230], electrochemical transducer [231], electrooxidation [232, 233], field emission 

device [234-236], nanoparticle or catalyst supporter [237-240], photoluminescence [241, 

242], lithium batteries [243] and solar cells [244]. However, many synthesis approaches 
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required sophisticated facilities (chemical vapor deposition and sputtering), catalysts, 

substrates/templates, strong acid/base, toxic solvent, etc. These requirements may lead to 

complex and costly production processes which are not applicable for commercialization. 

In order to simplify the production, reduce the harm upon the environment and increase 

the yield of carbon nitride nanotubes, syntheses without the employment of templates and 

hazardous chemicals have been intensively studied in the past five years. The methods 

include simple reaction between chemical mixtures [245-252] and the curliness of carbon 

nitride nanosheets [244, 253-256]. In our study, an environmentally friendly synthesis 

approach based on the condensation of sole melamine using hydrothermal treatment and 

calcination was applied to produce tubular carbon nitride. Similar methods were reported 

by some research groups for photocatalysis [257-260]. However, the carbon nitride tubes 

shown in those reports were somewhat morphologically different from the observation in 

the present work. Detailed characterizations were performed and the hydrogen storage 

properties of carbon nitride tubes were investigated for the first time in Chapter 4 and 5 

in this work. 
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4.2 Materials and Experimental Procedure 

4.2.1 Preparation of Carbon Nitride Micro/Nano Tubes 

The synthesis method of carbon nitride (C3N4) micro/nano tubes consists of the following 

two-step condensation process. The first step was a hydrothermal decomposition of 

melamine in an airtight autoclave. In a typical treatment [257, 259], 5 g of melamine was 

loaded into a container made of polyphenylene (PPL) with 50 mL of tank volume. Then 

50 mL of deionized water was added into the container. The solution was sonicated for 

15 minutes and stirred for 30 minutes to evenly disperse the melamine powder. Following 

the dispersion, the polyphenylene-made vessel containing the homogenized solution was 

transferred to a stainless steel autoclave and sealed. The autoclave was heated at 200 °C 

for 24 hours and cooled down naturally. During the hydrothermal treatment, the melamine 

sample was condensed at an autogenic pressure. The white product was filtered off from 

the solution and was washed for five times with deionized water. Then the obtained 

product was dried at 40 °C for 12 hours.  

The second step is the calcination of hydrothermally treated melamine. In this part, 

different parameters of calcination, such as sample amount, sample grinding, crucible 

airtightness, furnace type, protective gas, partition, heating rate, heating duration and 

heating temperature, were applied to investigate the influence of calcination conditions 

on the properties of final product. After calcination, a light yellowish material was 

collected and it was ascertained by X-ray diffraction to be C3N4. The parameters that gave 

the best yield and the highest surface area as measured by Brunauer-Emmett-Teller (BET) 

analysis, have been determined. These parameters were: 1.8 g of as-made hydrothermally 

treated melamine contained in a sealed crucible; with alumina balls as partition; 



 

82 
 

calcination in air at 560 °C for 4 hours with 5 °C/minute of heating rate. This specimen, 

denoted as H200-C560-C3N4 (Hx-Cy-C3N4: x: hydrothermal temperature; y: calcination 

temperature), was chosen as one of the candidates for hydrogen storage tests. To further 

increase the production of tube-like carbon nitride, a series of trials upon hydrothermal 

treatment was carried out to adjust the morphology of crystalline melamine. In these trials, 

a polyphenylene-lined autoclave with 70 mL of inner volume was used. The 

melamine/deionized water solution was prepared in different proportions, and the 

solutions were added into polyphenylene-lined autoclave with different filling ratios. The 

specimens were dispersed by sonication for 15 minutes and stirring for 30 minutes. Then 

the samples were hydrothermally treated with different temperatures ranging from 180 °C 

to 220 °C for 24 hours and cooled down naturally. The hydrothermally treated melamine 

was filtered, washed and dried before calcination. The shapes of these melamine samples 

were observed by SEM, which showed that the condensed samples possessed the 

optimum bar-like melamine cyanurate formation and highest yield when the weight ratio 

of melamine/deionized water was 10 %, the filling ratio was 85 % and the heating 

temperature was 205 °C. This melamine cyanurate sample was calcined in a sealed 

crucible with alumina balls as partition under 560 °C in air for 4 hours. As a comparison, 

another batch of this sample was loaded into a boat alumina crucible which was placed 

in a semi-closed quartz tube and was calcined at 600 °C under Ar atmosphere for 4 hours. 

These two carbon nitride tube materials were denoted as H205-C560-C3N4 and H205-C600-

C3N4, respectively. Bulk graphitic carbon nitride (g-C3N4) was synthesized by the 

calcination of pure melamine powder at 600 °C for 4 hours in a semi-closed quartz tube 

under Ar gas protected. 
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4.2.2 Characterizations 

The morphology of the carbon nitride materials were observed by using Hitachi 3400X 

scanning electron microscope (SEM) equipped with a secondary electron (SE) detector 

at an operating voltage of 20 kV. Detailed morphology was characterized by transmission 

electron microscope (TEM, Phillips CM200). The TEM specimens were prepared via 

dispersing the powder in ethanol and the dispersed samples were collected by copper 

grids. The specimens were then dried at 40 °C for a day prior to TEM characterization. 

The crystal structure and phase identification were investigated with a PANalytical Xpert 

Pro MPD X-ray diffractometer with Cu Kα radiation (λ=1.5406 Å) with an operating 

voltage at 45 kV and current at 40 mA. The analysis of the diffraction pattern was 

completed by using X'pert HighScore Plus software. Fourier transform infrared 

spectrometer (Spectrum 100, PerkinElmer) was employed to study the functional group 

vibrations, scanning from 600-4000 cm-1 in UATR mode. 

4.3. Results and Discussion 

4.3.1 Hydrothermal Treatment Studies 

The morphologies of melamine samples observed by SEM are shown in Figure 4.1. Pure 

melamine has an irregular structure (Figure 4.1a) and it transformed to different 

configurations after hydrothermal treatments (Figure 4.1b-r). A crystal-like structure 

intermingled with branch-like melamine was formed by means of a typical hydrothermal 

treatment, where 5 g of pure melamine plus 50 mL of deionized water were heated in an 

autoclave having 50 mL of volume at 200 °C for 24 hours (Figure 4.1b). The SEM images 

give a discrepant observation compared to the sheet-like melamine prepared by two-step 

condensation treatment reported by Jin et al [257].   
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The branch-like or bar-like melamine were expected to convert to carbon nitride tubes 

after subjected to calcination. Hence, a series of experiments in hydrothermal treatment 

were designed and performed to increase the amount of bar-like melamine, as tabulated 

in Table 4.2. Three dominant factors, including heating temperatures (top raw), weight 

ratio of melamine/deionized water (left column) and filling ratio (right column), were 

altered to shape the melamine samples. A polyphenylene-lined autoclave with 70 mL of 

volume was used in this study.  

To investigate the impact of these factors on the morphology of treated melamine, the 

microstructures of different samples were compared. As it can be seen from the samples 

synthesized at various heating temperatures with fixed solution concentration and filling 

ratio, the formation of bar-like melamine is enhanced as the temperature increases, while 

the yield of product is largely decreased. This could be attributed to the increased 

solubility of melamine in water with the elevated temperature [261, 262], leading to a 

more concentrated alkaline solution caused by the generation of ammonia from melamine 

condensation. The alkaline environment facilitates the hydrolysis of melamine and 

converts it to cyanuric acid by the substitution of hydroxyl functional groups for amino 

groups, as reported by Bann et al. [263]. Melamine and cyanuric acid can bind together 

via hydrogen bond to form melamine cyanurate [264], which has large molecule and is 

prone to precipitate because of the reduced solubility [265]. Son et al. and Nagai et al. 

have observed needle-like melamine cyanurate by mixing melamine with cyanuric acid 

[262, 266], which is analogous to our finding. Thus the white product obtained in our 

research is hypothesized as melamine cyanurate. The reduced amount of product could 

be related to the boosted autogenous pressure in hydrothermal process with the growing 

temperature, which may induce a more serious vessel deformation and force the dissolved 
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melamine cyanurate to escape through the pressurized vapor. This can be supported by 

the white solid residual stuck on the interior wall of stainless steel autoclave. 

By comparing Figure 4.1f and p, Figure 4.1k and q, Figure 4.1n and o, and Figure 4.1m 

and r, respectively, one can find that the lower the ratio of melamine to deionized water 

is, the more the bar-like melamine cyanurate are created. It is believed that a more 

completed hydrolysis and cross-binding reaction can be achieved as less melamine 

reactant is used at a low solution concentration.  

The effect of filling ratio is explored by checking the sample morphologies at 10 % of 

melamine/deionized water under 200 °C of heating temperature. A low filling ratio is 

found to have better gain in bar-like melamine cyanurate. This is because less melamine 

amount is loaded at a low filling ratio under a fixed solution concentration, and hence a 

more completed hydrothermal reaction is expected. Another reason could be the lower 

autogenic pressure generated under a low filling ratio, which results in a spontaneous 

reaction to produce more NH3 gas so as to improve the formation of cyanuric acid as well 

as the yield of melamine cyanurate.   

The samples with well conversion to bar-like melamine cyanurate are shown in the 

enlarged images: Figure 4.1d1, f1, i1, l1 and m1. The length and diameter of melamine 

cyanurate bars are listed in Table 4.3. The results show that the samples have reasonable 

dimensions, several tens μm of length and 1-3 μm of diameter, when they are synthesized 

under higher temperatures and lower filling ratios. However, the yield of the product is 

relatively low. Considering that a larger sample amount is required for calcination process 

and hydrogen storage measurement, the parameters applied to preparing the sample 

Figure 4.1l were chosen as the optimum method for the hydrothermal treatment in this 

study because it has a better production of bar-like melamine cyanurate. 
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Table 4.2: Experimental parameters and yields of product in hydrothermal treatment. 

 

Table 4.3: Dimension of bar-like melamine cyanurate with different synthesis conditions. 

 

 

Table 4.2 has been removed due to Copyright restrictions 

Table 4.3 has been removed due to Copyright restrictions 
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10% concentration and 30% filled: 

 

10% concentration and 50% filled: 
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10% concentration and 65% filled: 

 

 

10% concentration and 70% filled:      10% concentration and 85% filled: 
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10% concentration and 85% filled: 

 
10% concentration and 100% filled:    25% concentration and 100% filled: 

 

30% concentration and 50% filled:     34% concentration and 85% filled: 
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34% concentration and 85% filled: 

 
Figure 4.1: SEM images of (a) pure melamine and (b-r) hydrothermally treated melamine cyanurate under 

different synthesis conditions. 

To reconfirm whether the result can be reproduced with a larger vessel, a PPL-lined 

autoclave with 100 mL of volume was applied in an additional experiment. The 

parameters of preparing the sample 4.1l were implemented to synthesize bar-like 

melamine cyanurate. However, a large proportion of bulk melamine cyanurate with the 

dimension of several tens micron was found in the specimen, indicating a poor 

transformation, as shown in Figure 4.2a. A Teflon-made solid cylinder with 30 mL of 

volume was then placed in the vessel to occupy the inner volume so as to simulate the 

identical condition as used in the preparation of sample Figure 4.1l. As illustrated in 

Figure 4.2b, the treated sample still contained considerable bulk melamine cyanurate. The 

100 mL autoclave was then placed horizontally in the oven in order to increase the 

reaction surface of melamine with water. The SEM image (Figure 4.2c) exhibits a high 

transformation into bar-like melamine cyanurate with around 3 μm of diameter, 

suggesting the reactive surface area is very important for bar-like sample formation. This 

could be also beneficial to an upscale synthesis. 

  

Figure 4.1 has been removed due to Copyright restrictions 



 

91 
 

 
Figure 4.2: SEM images of melamine cyanurate treated hydrothermally with the autoclave which has (a) 100 

mL of volume, (b) the reduced volume from 100 mL to 70 mL and (c) 100mL of volume but 

horizontally placed in an oven. 

The crystal structures of as-received melamine and melamine cyanurate condensed at 

different hydrothermal processes are reflected in X-ray diffraction patterns (Figure 4.3). 

The samples denoted as (a) to (r) in Figure 4.3 correspond to the samples shown in Table 

4.2 and Figure 4.1. A change of peak distribution indicates a new arrangement in 

melamine structure after hydrothermal reaction. The appearance of three peaks at around 

Figure 4.2 has been removed due to Copyright restrictions 
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10.9o, 18.4o and 21.96o, indexed as (100), (110), and (200), is an evidence of in-planar 

packing in melamine-cyanuric acid complex. Moreover, an intense peak observed at 

around 28o, which can be indexed as (002), is an indicator of the lamellar stacking of 

melamine cyanurate [267, 268]. Owing to the variations of sample morphologies under 

different synthesis conditions, the intensity of the peaks is changed accordingly by 

distinct growth directions and preferred orientations. For example, the samples 

predominantly containing bulk or sheet-like melamine cyanurate have very high intensity 

in (002) peak, such as 4.3(b), (c), (e), (g), (n), (o), (p) and (r). On the contrary, the samples 

with highly transformation of bar-like melamine cyanurate reveal an enormous reduction 

of (002) peak. The absence of above-mentioned peaks in Figure 4.3(q) suggests an 

incomplete formation of melamine cyanurate. 

 
Figure 4.3: XRD patterns of (a) pure melamine and (b-r) hydrothermal treated melamine. 

  

Figure 4.3 has been removed due to Copyright restrictions 
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In addition to XRD, the formation of melamine cyanurate was further confirmed by 

conducting Fourier transform infrared (FT-IR) spectrum, as shown in Figure 4.4. The 

samples chosen for FT-IR analysis were pure melamine, typical HT melamine 

(hydrothermally treated by the typical method) and optimized HT melamine 

(hydrothermally treated with the optimized parameters: 4.1l in Table 4.2). The appearance 

of two new peaks at 1729 and 1780 cm-1 underpins the existence of C=O stretching 

vibration of melamine cyanurate [268]. Furthermore, due to the hydrogen bonding 

between cyanuric acid and melamine, the triazine ring vibration of melamine is moved to 

a lower frequency from 810 to 764 cm-1 [267].  

Based on the results of XRD and FT-IR, the hydrothermally treated samples in this study 

can be asserted to be melamine cyanurate compound. 

 
Figure 4.4: FT-IR spectrum of pure melamine and hydrothermally treated melamine. 

  

Figure 4.4 has been removed due to Copyright restrictions 
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4.3.2 Calcination Studies for Carbon Nitride Tubes 

The calcination parameters and results for the preparation of carbon nitride materials are 

enumerated in Table 4.4 and Table 4.5. Pure C3N4 was synthesized by loading pure 

melamine powder in a Al2O3 boat crucible, which was placed in the middle of a quartz 

tube, and being heated at 600 °C under Ar for 4 hours. To investigate the optimum 

calcination conditions for C3N4 tubes, the melamine cyanurate samples used in this 

pyrolysis study were prepared following the typical method (Figure 4.1b) as more yields 

per treatment could be obtained. According to the results, several factors can significantly 

influence the calcination outcome. First, if the amount of melamine is not plenty enough, 

the sample quantity will considerably reduce during calcination due to a severe 

sublimation. Second, a better result can be obtained by using tube furnace other than 

muffle furnace under the same heating conditions because of the system structure of tube 

furnace is relatively easy to keep the gas pressure within the chamber so as to suppress 

the sublimation of carbon nitride. The inert gas, Ar or N2, introduced in the tube furnace 

has imperceptible influence on the calcination results. However, the limited chamber size 

of tube furnace makes it unsuitable for mass production. Hence, a method is reported here 

to increase the product yield using muffle furnace. A cup crucible holding melamine 

samples was placed on a Al2O3 plate and covered with another inverted bigger cup 

crucible. The gap between the plate and the fringe of the bigger crucible was sealed by a 

high-temperature sealant, aluminium phosphate monobasic. In this case, the sublimation 

of carbon nitride was suppressed by the pressure generated from the condensation of 

carbon nitride. Third, the heating temperature below 600 °C is better for the synthesis of 

tubular carbon nitride. Excessively high temperature and long heating time brings about 

a substantial reduction of the product yield. However, a low temperature may lead to an 
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incomplete pyrolysis. For instance, the surface area of carbon nitride tubes obtained at 

500 °C is lower than that given under 560 °C, which will be discussed later in the section 

of BET surface area analysis in Chapter 5. On the other hand, the effect of heating rate 

on the result may be negligible.  

The Al2O3 balls partition can provide more space for gas diffusion and enhance the 

pyrolysis, increasing the surface area of C3N4 tubes. More details will be studied in the 

section of BET surface area analysis in Chapter 5. The grinding of melamine samples 

damaged the tubular structure of carbon nitride tubes. Thus it is not suggested to apply 

grinding to the preparation of bar-like melamine cyanurate. Evidence will be shown in 

the in SEM images. In short, the optimum pyrolysis parameters for synthesizing carbon 

nitride tubes are advised to be a large quantity of as-made melamine cyanurate contained 

in a sealed crucible; with alumina balls as partition; calcination in air at 560 °C for 4 hours 

with 5 °C/minute of heating rate.   
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Table 4.4: Calcination conditions for pure melamine and as-made melamine cyanurate. 

 

Table 4.4 has been removed due to Copyright restrictions 
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Table 4.5: Calcination conditions for ground melamine cyanurate. 

 

Table 4.5 has been removed due to Copyright restrictions 
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Table 4.5 has been removed due to Copyright restrictions 
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To study the effects of calcination conditions on the morphology of carbon nitride tubes, 

some selected samples prepared under various pyrolysis states (Table 4.6) were observed 

by Scanning Electron Microscope (SEM), as shown in Figure 4.5. The heating rates for 

the calcinations are not shown in Table 4.6 as they are all fixed at 5 °C/min.  

According to the observations based on Table 4.6 and Figure 4.5, some conclusions can 

be drawn as the followings. First, the pyrolysis using boat crucible and tube furnace is 

able to convert the as-made baculiform melamine cyanurate into tubular carbon nitride 

under air or inert gas (Figure 4.5g-j). While the heating period was doubly prolonged for 

the pyrolysis in tube furnace, the C3N4 tubes could still form (Figure 4.5h). Second, in 

contrast to the heat treatment with tube furnace, the approach using muffle furnace 

coupled with semi-closed cup crucible burns away C3N4 tubes and only sheet-like C3N4 

remains (Figure 4.5a). However, if the cup crucible is sealed to keep the sublimated C3N4 

within the crucible as protective surroundings, the same tube formation as given by tube 

furnace can be achieved by muffle furnace (Figure 4.5b-f). The advantages of this method 

over tube furnace are that the facility is easier to access and it can produce a larger 

quantity of the materials. Third, the influence of partitions on the morphology is hard to 

tell from the SEM images (Figure 4.5b and d), but some differences are revealed in 

surface area, which will be discussed in Chapter 5. Fourth, the rod structure of melamine 

cyanurate is destroyed by the grinding, and only some porous frameworks remain after 

calcination (Figure 4.5k).  
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Table 4.6: Pyrolysis conditions for C3N4 tubes preparation. 

 

 

Table 4.6 has been removed due to Copyright restrictions 
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Figure 4.5: SEM images of C3N4 prepared at different pyrolysis conditions corresponding to Table 4.6. 

Since the parameters for hydrothermal treatment and calcination have been 

comprehensively discussed, four carbon nitride candidates were selected for further 

characterizations and hydrogen storage measurements. Figure 4.6 shows the SEM images 

Figure 4.5 has been removed due to Copyright restrictions 
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of these four sample: (a) Bulk g-C3N4: pure carbon nitride synthesized by the calcination 

of pure melamine powder at 600 °C for 4 hours in a semi-closed quartz tube under Ar gas 

protected; (b) H200-C560-C3N4: typical hydrothermally treated melamine cyanurate was 

loaded in a sealed crucible, with alumina balls as partition, and pyrolyzed in air at 560 °C 

for 4 hours with 5 °C/minute of heating rate; (c) H205-C560-C3N4: optimum hydrothermally 

treated melamine cyanurate was calcined in a sealed crucible with alumina balls as 

partition under 560 °C in air for 4 hours. (d) H205-C600-C3N4: optimum hydrothermally 

treated melamine cyanurate was contained in a boat crucible, which was placed in a semi-

closed quartz tube and was calcined at 600 °C under Ar atmosphere for 4 hours.  

As clearly seen in Figure 4.6, Bulk g-C3N4 shows irregular structure which is quite 

dissimilar from other three specimens. H200-C560-C3N4, H205-C560-C3N4, and H205-C600-

C3N4 all have tubular structures with several microns of tube diameter, which are 

generally larger and less uniform than the carbon nitride nanotubes synthesized by 

chemical vapor deposition or other methods with the utilization of template and substrate 

for dimension control [229, 231, 234, 235, 237]. The sizes of carbon nitride tubes in this 

study are similar to that in prior arts based on the chemical reaction of C-N-constituted 

materials with various solvents and catalysts [233, 242, 245, 247, 249, 258].  

In addition to the tubular structure, H200-C560-C3N4 has cotton-like frameworks due to its 

relatively lower content of bar-like melamine cyanurate formed in the hydrothermal 

treatment. The cotton-like frameworks may be converted from bulk melamine cyanurate 

in the pristine samples. Both H205-C560-C3N4 and H205-C600-C3N4 were synthesized from 

optimum melamine cyanurate with a high proportion of rod structure. However, with 

different calcination methods, the morphologies of the carbon nitride products vary. H205-

C560-C3N4 possesses a high ratio of C3N4 tubes with several tens micron of length, but 



 

103 
 

H205-C600-C3N4 shows a shorter C3N4 tube length. This indicates that an excessively high 

calcination temperature may induce a serious destruction of the tubular texture in the H205-

C600-C3N4 sample, even though it was protectively heat treated under argon atmosphere. 

This may support that a thermal condensation carried out in an isolated chamber with the 

sublimated C3N4 as protective gas could be a feasible way for the synthesis of C3N4 tubes. 

 
Figure 4.6: SEM images of selected C3N4 materials: (a) Bulk g-C3N4; (b) H200-C560-C3N4; (c) H205-C560-C3N4; (d) H205-

C600-C3N4. 
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Figure 4.7 shows the TEM images of the (a) microtube and (b) nanotube of H205-C560-

C3N4. The outer tube diameter of nanotubes is around 200 nm and the thickness of tube 

wall is about 30 nm. In addition to the individual nanotubes (Figure 4.7b), nanotubes were 

also found along the interior wall of microtubes (Figure 4.7a).  

 
Figure 4.7: TEM images of H205-C560-C3N4: (a) microtube; (b) nanotube. 

4.4 Conclusion 

A facile synthesis approach comprising hydrothermal treatment and pyrolysis of sole 

melamine is investigated to prepare tubular carbon nitrides without any template, 

substrate, catalyst, acid and alkaline. Optimized parameters for preparing a large quantity 

of rod-like melamine cyanurate by hydrothermal treatment are determined as the 

concentration of melamine solution:10 %, the filling ratio: 85 %, the heating temperature: 

205 °C and the heating duration: 24 hours. Following the hydrothermal treatment, the 

optimum pyrolysis conditions are worked out to be as-made hydrothermally treated 

melamine contained in a sealed crucible; with alumina balls as partition; calcination in 

air at 560 °C for 4 hours with 5 °C/minute of heating rate. By these methods, a large 

amount of carbon nitride tubes with a long tube length and micro-/nano- scale of tube 

diameters can be obtained. 
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 Characterizations and Hydrogen 

Storage Properties of Tubular 

Carbon Nitrides 

5.1 Introduction 

Hydrogen storage is the bottleneck to the realization of hydrogen economy. Presently for 

fuel cell vehicles, hydrogen is stored in highly pressurized tanks of 70 MPa, which is a 

potential hazard to drivers. To reduce the storage pressure, in this work, carbon nitride 

(C3N4) micro- or nano-tubes are selected and designed to store hydrogen by a combination 

of physisorption and chemisorption. Compared with carbon nanotubes, C3N4 tube walls 

are highly porous caused by nitrogen doping to facilitate hydrogen access to the interior 

of the tubes, and the doubly bonded nitrogen provides active sites for chemisorption, 

leading to a higher absorption heat. This results in a higher hydrogen storage capacity of 

this material (5.45 wt% in theory) than that of carbon nanotubes at room temperature [21]. 

This theoretical hydrogen capacity is approaching the target of U.S. Department of 

Energy by 2025 (5.5 wt%) [13]. More comprehensive literature reviews about carbon 

materials and carbon nitrides have been elucidated in Chapter 4. 

Another benefit of tubular C3N4 is that the raw material is inexpensive and the fabrication 

method is simple. It is expected to have potential to replace the pressurized hydrogen 

storage as it is more economical, a lot safer with much lower storage pressure of 10 MPa 

or below. The total weight of the hydrogen storage system may be similar or lower. A 

fast hydrogen refueling and release speed are expected due to the physisorption 

characteristic– a distinct advantage over the battery driven electric vehicles.  



 

106 
 

5.2 Experimental Procedure 

5.2.1 Characterizations 

The elemental distribution was determined by an energy dispersive X-ray spectrometer 

(EDS) at 15 kV. The crystal structure and phase identification were investigated with a 

PANalytical Xpert Pro MPD X-ray diffractometer with Cu Kα radiation (λ=1.5406 Å) 

with an operating voltage at 45 kV and current at 40 mA. The analysis of the diffraction 

pattern was completed by using X'pert HighScore Plus software. The surface area and 

internal pore characteristics were measured at 77 K by Micromeritics TriStar 3000 

Analyzer applying Brunauer-Emmett-Teller (BET) manner and Barrett-Joyner-Halenda 

(BJH) desorption method, after degassing at 150 °C for 3 hours to remove moisture. 

Fourier transform infrared spectrometer (Spectrum 100, PerkinElmer) was employed to 

study the functional group vibrations, scanning from 600-4000 cm-1 in UATR mode. 

5.2.2 Hydrogen Storage Properties 

Hydrogen storage and kinetics measurements were conducted using volumetric method 

by Sievert instrument where ultra-high purity hydrogen gas (99.999%) was utilized to 

avoid undesired toxic gas. The dead volumes of the system chambers were precisely 

calibrated by introducing 0.1-0.5 MPa of hydrogen gas at different temperatures, which 

is on the basis of Japanese Industrial Standard H 7201 (JIS H 7201) [269]. Prior to the 

hydrogen storage investigation, the carbon nitride samples were degassed at 150 °C for 4 

hours under vacuum (10-3 torr) to eliminate moisture and residual gases, followed by a 

cooling down to room temperature.  
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The activated samples were stepwisely charged with pure hydrogen gas at room 

temperature and then the equilibrium values at different pressures were recorded. The 

desorption studies were established by reducing the hydrogen pressure in the system 

chamber isothermally. The operations were repeated to measure the hydrogen storage 

capacity of all the samples at 0, 50 °C and 100 °C, respectively. Before each measurement, 

the samples were evacuated at 150 °C under vacuum for 4 hours. Based on the calculation 

of pressure drops, the hydrogen storage capacities can be obtained in weight percentage 

and be plotted in the form of pressure-composition-isotherm (PCI).  

Because the sample was found to possess a low hydrogen absorption rate and very high 

desorption rate at/above 50 °C, the hydrogen absorption/desorption kinetics of the samples 

were studied at room temperature only. Here the absorption rate was measured under a 

sudden exposure to 3.6 MPa of pure hydrogen gas; while the desorption rate was 

measured under vacuum condition. The pressure decrease as a function of time was 

recorded over the reaction.  

The chemisorption of hydrogen was further measured by ChemiSorb 2750 (Micromeritics) 

from room temperature to 500 °C. Before chemisorption studies, the samples were 

charged with 10% H2+Ar flowing gas at 20 °C, 50 °C and 100 °C, respectively. 
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5.3 Surface Properties and Structure Analysis 

5.3.1 Composition Analysis  

The composition analysis of carbon nitride materials was done by using energy dispersive 

X-ray spectrometer (EDS). Figure 5.1 shows there are three dominant elements: carbon, 

nitrogen and oxygen in all the samples and the quantitative results are exhibited in Table 

5.1. As shown in the results, the samples are all nitrogen-enriched, while the C/N ratios 

are higher than the theoretical value of pristine C3N4 (0.75). Their nitrogen contents are 

beyond or close to 50 at%, which are much higher than the nitrogen contents reported in 

various N-doped carbonaceous materials prepared by different approaches, including 

chemical vapor deposition [24, 188-192], nitrogen plasma treatment [196, 198], chemical 

pyrolysis [23, 182, 201, 208, 209] and hydrothermal treatment [187, 204]. 
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Figure 5.1: EDS images of selected C3N4 materials: (a) Bulk g-C3N4; (b) H200-C560-C3N4; (c) H205-C560-C3N4; (d) H205-

C600-C3N4. 

Table 5.1: Composition distribution of selected C3N4 materials. 

 

  

Figure 5.1 has been removed due to Copyright restrictions 
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5.3.2 Surface Area Analysis  

Comprehensive reports about the pore texture of the chosen carbon nitride materials were 

conducted by nitrogen sorption measured under 77 K. The pore characteristics, such as 

surface area, pore volume and average pore size, are enumerated in Table 5.2 and the 

nitrogen adsorption-desorption isotherm is shown in Figure 5.2. In addition to the four 

candidate materials for hydrogen storage, two more samples were also examined by BET 

surface area analysis to investigate the effects of partition and pyrolysis temperature on 

the pore structure. The two samples are: (1) H200-C560-C3N4 without partition (Figure 

4.5b), which was synthesized by the same method as applied to H200-C560-C3N4, but no 

partition was loaded in the crucible, and (2) H200-C500-C3N4 (Figure 4.5c), where the same 

melamine cyanurate used for preparing H200-C560-C3N4 was thermally decomposed at 500 

°C. 

Based on IUPAC classification, all of the N2 adsorption-desorption isotherms can be 

identified as type IV isotherms and type H3 hysteresis loops, indicating the existence of 

mesopores and the occurrence of capillary condensation in the pores [270]. As it can be 

realized in Table 5.2, among the selected samples, H205-C560-C3N4 has the highest surface 

area, 148.69 m2/g, which is about 7 times higher than Bulk g-C3N4 (21.38 m2/g). This 

value is also the highest in the current researches of carbon nitride nanotubes with a 

similar nitrogen content. Further higher surface area was only achieved by chemical vapor 

deposition (CVD) method and the nitrogen amount of the C3N4 tubes was only around 3 

at% [240, 271]. The superior surface area could be ascribed to the high proportion of tube-

like C3N4 and its porous structure. It is of interest that H205-C600-C3N4 has relatively low 

surface area (51.54 m2/g) and a large average pore size (34.85 nm) despite the 

employment of the same melamine cyanurate used in H205-C560-C3N4 synthesis. This may 
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suggest that the excessively high pyrolysis temperature (600 °C) could result in a loss of 

C3N4 tubes because the high reaction surface of tubes is very vulnerable to sublimation, 

which is consistent with the SEM image displayed in Figure 4.6d. 

H200-C560-C3N4 has a reasonable surface area (105.98 m2/g) and a small pore size (5.88 

nm). However, if there is no partition (Al2O3 balls) loaded in the crucible during 

calcination, the surface area is significantly reduced by 24 % to 80.33 m2/g (H200-C560-

C3N4 without partition). If the pyrolysis temperature is lowered to 500 °C, the surface area 

is considerably decreased by 49 % to 54.27 m2/g (H200-C500-C3N4) and the pore volume 

(0.098 cm3/g) is even lower than that of Bulk g-C3N4 (0.176 cm3/g), indicating an 

unfulfilled conversion into porous texture.  

The pore size distribution of the selected C3N4 materials is shown in Figure 5.3. As it can 

be clearly observed, two samples, Bulk g-C3N4 and H205-C600-C3N4 which were both 

calcined at 600 °C under Ar, possess broad pore size regions above 30 nm due to the 

deficiency of tubular C3N4. On the contrary, other samples, which were calcined at 560 

°C in an isolated environment, have a narrow pore size range centred at 4 nm. This 

supports that the smaller diameter can lead to the higher surface area as more exposed 

surface is created in a given specimen weight. 

In conclusion, the unfavourably high or low heating temperature decreases the surface 

area of carbon nitride materials as a result of C3N4 tubes reduction or incomplete thermal 

decomposition, even though the pyrolysis is carried out under Ar protection. On the other 

hand, a moderate temperature (560 °C) is suitable for the preparation of carbon nitride 

tubes with a high surface area. In addition, the synthesis performed with a sealed and 

partitioned crucible in a muffle furnace is an ideal way to produce a large quantity of 

tubular C3N4 samples. 
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Figure 5.2: Nitrogen adsorption-desorption isotherms of selected C3N4 materials at 77 K. 

 

Figure 5.3: Pore size distribution of selected C3N4 materials. 
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Table 5.2: BET surface area characteristics of carbon nitride materials. 

 

5.3.3 Phase Identification and Crystal Structure  

The crystal structures of the selected carbon nitride materials were studied by X-ray 

diffraction (XRD), as plotted in Figure 5.4. All of the treated samples have two major 

diffraction peaks, which is in good accordance with bulk g-C3N4. This indicates the 

crystal structure of carbon nitride tubes remains unchanged as that of bulk g-C3N4 after 

subjected to different thermal condensation treatments. The peak at 12.76°, which has 

been indexed as the (210) plane in an orthorhombic geometry, corresponds to the 

intralayer of tri-s-triazine units [272]. The intensive peak at 27.7°, identified as the (002) 

plane, reflects the inter-planar distance between the graphitic layers of the stacking of the 

conjugated aromatic system [272, 273]. As observed in XRD of selected C3N4 materials: 

(a) Bulk g-C3N4; (b) H200-C560-C3N4; (c) H205-C560-C3N4; (d) H205-C600-C3N4., the low-

Table 5.2 has been removed due to Copyright restrictions 
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angle (210) peak intensity of the samples containing tubular C3N4 (Figure 5.4b-d) is less 

pronounced, compared with the intensity given by bulk g-C3N4. This could be due to the 

reduced planar size in carbon nitride tubes [274]. Furthermore, the weaker intensity of 

high-angle (002) peak provided by tube-like samples could be attributed to the smaller 

size and loose stacking of graphitic C3N4 layers [275-277]. The layer distance of these 

samples is around 0.321-0.323 nm, which is determined by the d-spacing of (002) plane. 

This layer spacing is smaller than that of multi-walled carbon nanotubes (MWCNTs), 

0.34 nm, demonstrating that the introduction of nitrogen atoms into graphite structure 

may induce the shrinkage of layer distance. This could be considered as the distortion 

caused by the substitution of smaller nitrogen (atomic radius: 65 pm) for carbon (atomic 

radius: 70 pm). 

 

Figure 5.4: XRD of selected C3N4 materials: (a) Bulk g-C3N4; (b) H200-C560-C3N4; (c) H205-C560-C3N4; (d) H205-C600-

C3N4. 
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5.3.4 Chemical Structure 

The structures of functional groups in four selected carbon nitride materials were further 

investigated by Fourier transform infrared (FTIR) spectroscopy, as shown in Figure 5.5. 

The features of IR spectrum for these four samples are nearly identical, indicating the 

chemical structures of carbon nitride tubes are almost the same as that of Bulk g-C3N4. 

That is, the hydrothermal treatment merely alters the physical structure of g-C3N4 other 

than the chemical structure. The band at 806 cm-1 represents the breathing mode of the 

tri-s-triazine ring units [278]. The peaks at 1230, 1313 and 1396 cm-1 correspond to 

aromatic C–N stretching, and the peaks at around 1568 and 1627 cm-1 could be assigned 

to the existence of CN double bonds [279]. The broad absorption band in the region of 

3000-3500 cm-1 could be related to the N–H stretching and O–H bonds of the adsorbed 

water molecules [278, 279]. 

 

Figure 5.5: FT-IR of selected C3N4 materials: (a) Bulk g-C3N4; (b) H200-C560-C3N4; (c) H205-C560-C3N4; (d) H205-C600-

C3N4. 
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5.4 Hydrogen Storage Properties 

5.4.1 Absorption Hydrogen Capacity 

The hydrogen storage capacities of four selected C3N4 materials were investigated 

through volumetric manner under room temperature and up to 3.6 MPa of H2 pressure, as 

depicted in Figure 5.6. This is the first time that C3N4 tubes were tested for hydrogen 

storage purpose. The maximum hydrogen uptake of Bulk g-C3N4, H200-C560-C3N4, H205-

C560-C3N4 and H205-C600-C3N4 were 0.19, 0.31, 0.62 and 0.28 wt%, respectively. Among 

these specimens, H205-C560-C3N4 provided the most superior hydrogen capacity of 0.62 

wt%, which may be due to its highest surface area. This can be supported by comparing 

the surface area and hydrogen capacity of different samples. As observed in Figure 5.7, 

the hydrogen storage capacities of the C3N4 samples are in good accordance with the 

variation of surface area. Since the results of EDS, XRD and FTIR didn’t show much 

contrast between the samples in the elemental distribution, crystal structure and chemical 

structure, the difference in the BET surface area could be a critical determinant for the 

hydrogen storage performance of the C3N4 materials. 

Based on the absorption capacity characterized at 20 °C, the H2 capacity of H205-C560-

C3N4 up to 10 MPa was estimated by extrapolation, as exhibited in Figure 5.8. The graph 

shows that tubular carbon nitride material is expected to absorb 2.62 wt% of hydrogen at 

10 MPa. This hypothetical capacity is about 48 % of the theoretical H2 capacity (5.45 

wt%) calculated by Koh et al [21]. In the future, the capacity may be further enhanced if 

a higher surface area is created by tube diameter reduction or a doping of catalyst is 

applied to facilitate the dissociation of H2 molecules into H atoms. 
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Figure 5.6: Pressure-composition-isotherms for the hydrogen absorption capacities of selected C3N4 materials 

at 20 °C. 

 

 
Figure 5.7: Correlation between surface area and H2 uptake of selected C3N4 materials. 
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Figure 5.8: Estimation of hydrogen storage capacity of H205-C560-C3N4 up to 10 MPa. 

5.4.2 Hydrogen Capacity at Various Temperatures 

In addition to the measurement under 20 °C, the hydrogen storage capacity of H205-C560-

C3N4 was further characterized at 0, 50 and 100 °C, as displayed in Figure 5.9. The 

hydrogen storage capacity under 0 °C is a bit less than under 20 °C, which may be due to 

the reduction of chemisorption at lower temperature. The absorption/desorption 

capacities of H205-C560-C3N4 are quite limited at 50 °C and 100 °C, indicating that at higher 

temperatures it is hard to physisorb hydrogen molecules on C3N4 surface and chemisorb 

hydrogen atoms to form chemical bonds. Moreover, most of the hydrogen absorbed at 20 

°C is able to be released at room temperature, which reveals an outstanding storage 

reversibility.  

Figure 5.8 has been removed due to Copyright restrictions 
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Figure 5.9: Pressure-composition-isotherms of H205-C560-C3N4 at 0, 20, 50 and 100 °C. 

5.4.3 Chemisorption Measurement 

The PCI outcome can be further confirmed by chemisorption test (Figure 5.10), where 

H205-C560-C3N4 was firstly charged with 10% H2+Ar at 20 °C, 50 °C and 100 °C and then 

dynamically discharged by heating from room temperature to 500 °C. The sample charged 

at 20 °C shows a significant desorption peak at around 25 °C and a lower peak at 60 °C, 

suggesting that the major desorption took place at room temperature and the complete 

desorption happened at 60 °C. The samples charged at 50 °C and 100 °C both give 

desorption peaks at about 40 °C, which are lower than their absorption temperatures, 

indicating that these desorption behaviours may originate from the residual hydrogen 

adsorbed on the material surface and the hydrogen is relatively easy to escape from the 

surface at near room temperature. The results of chemisorption are consistent with the 

hydrogen storage capacities measured by volumetric method in Figure 5.9, which 

evidences that H205-C560-C3N4 can be a promising room-temperature operational material. 

Figure 5.9 has been removed due to Copyright restrictions 
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Figure 5.10: Chemisorption measurements of H205-C560-C3N4 from 20 °C to 500 °C, where the sample was pre-

charged with 10% H2+Ar gas at 20, 50 and 100 °C. 

5.4.4 Absorption and Desorption Kinetics 

The absorption and desorption kinetics of H205-C560-C3N4 were performed by a sudden 

exposure of the sample to 3.6 MPa of pure hydrogen and a vacuum condition, respectively. 

As depicted in Figure 5.11, H205-C560-C3N4 can absorb and desorb hydrogen completely 

within 1 minute and 2.5 minutes, respectively, implying a swift kinetics. This could be 

ascribed to the porous structure of C3N4 tubes, where the reaction sites are saturated by 

H2 and vacated promptly as hydrogen molecules can easily diffuse through the C3N4 tube 

walls. The combination of physisorption and chemisorption also contribute to the rapid 

sorption. 

Figure 5.10 has been removed due to Copyright restrictions 
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Figure 5.11: Absorption and desorption kinetics of H205-C560-C3N4. 

5.5 Conclusion 

In this work, the hydrogen storage properties of N-rich C3N4 tubes have been measured 

for the first time. The EDS confirmed that the nitrogen content of tubular C3N4 is near or 

beyond 50 at%. The XRD and FTIR results indicate that the crystal and chemical structure 

of C3N4 tubes are not changed by the hydrothermal treatment. The hydrogen storage 

capacities of C3N4 vary with the alternation of surface area. Among all the samples, H205-

C560-C3N4 has the highest reversible H2 capacity (0.62 wt% at 20 °C) and the highest 

surface area (148.69 m2/g) which is reported as the highest in the up-to date N-rich C3N4 

tubes. Based on the extrapolation of absorption capacity at 20 °C, the H2 capacity can 

achieve 2.62 wt% under 10 MPa. The absorbed hydrogen can be mostly released at 25 °C 

and exhausted at 60 °C. The absorption and desorption processes of tubular C3N4 can be 

completed within several minutes, suggesting a fast refuelling rate which is competitive 

to that of petrol. 

Figure 5.11 has been removed due to Copyright restrictions 
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 Final Remarks and Future Work 

6.1 Conclusion 

This study aims to identify, design, fabricate and test two promising hydrogen storage 

materials, so as to fulfil different hydrogen storage requirements of Remote Area Power 

Supply (RAPS), Movable Power Supply (MPS) and automotive applications. V80Ti8Cr12 

alloy was designed as a hydrogen carrier for RAPS and MPS systems. In this work, the 

chemical compositions of the synthesized alloy were confirmed to be approximate to the 

design values by inductively coupled plasma spectroscopy, and the homogeneous 

elemental distribution was supported by energy dispersive X-ray spectroscopy. The 

hydrogen storage properties of V80Ti8Cr12 alloys with six different particle sizes were 

investigated. The alloys with the particle size below 7 mm exhibited descending hydrogen 

capacities with the reduction of particle sizes. This could be due to the lattice shrinkage 

and the increased boundary area caused by mechanical treatment, leading to a decreased 

number of interstitial sites. In addition, the absorption and desorption kinetics were 

improved with the particle refinement, while the hydrogen-embrittled samples have a 

better performance than the milled samples. All of the V80Ti8Cr12 samples have shown 

impressive stability in terms of cycle life, where only 10 % capacity loss was detected 

after 500 cycles of hydrogenation and dehydrogenation. Among the selected specimens, 

the alloy with 5 mm particle size has the highest usable hydrogen storage capacity of 2.05 

wt% (maximum capacity: 3.5 wt%), under the conditions: temperature = 20~50 °C, and 

pressure 0.2-2 MPa. These conditions satisfied the operation requirements of RAPS and 

MPS systems. Furthermore, the hydrogen desorption rate of 5 mm V80Ti8Cr12 alloy (0.129 

(g/s)/kW) is nine times faster than that required by the fuel cell (0.014 (g/s)/kW), and it 
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increases to 12 times faster after 500 cycles (0.167 (g/s)/kW) because of the particle 

pulverization.  

C3N4 tubes were selected as the hydrogen storage materials for automotive applications. 

They were synthesized by a facile method adopting the hydrothermal treatment and 

pyrolysis of sole melamine. In the hydrothermal process, the formation of rod-like 

melamine cyanurate was promoted by higher temperature and reaction surface, and lower 

solution concentration and filling ratio. The crystal and chemical structures of melamine 

cyanurate were confirmed by X-ray diffraction and Fourier transform infrared spectrum. 

With respect to the pyrolysis, it was affected by many factors, including sample amount, 

sample grinding, crucible airtightness, furnace type, partition, heating duration and 

heating temperature. The optimum parameters of hydrothermal treatment and pyrolysis 

are concluded as the followings. 10 % of melamine solution with 85 % of filling ratio was 

heated at 205 °C for 24 hours, followed by a pyrolysis in a sealed crucible with alumina 

partitions under 560 °C in air for 4 hours with 5 °C/minute of ramping rate. Under these 

conditions, the purity of C3N4 tubes was estimated to reach ~80% out of the total product. 

The hydrogen storage performance of C3N4 tubes was studied for the first time and other 

related properties were examined. The energy dispersive X-ray ascertained the tubular 

carbon nitrides were rich in nitrogen up to around 50 at%. The crystal and chemical 

structures of C3N4 tubes were characterized to be the same as graphitic carbon nitrides, 

suggesting the treatments only changed the morphology of the materials. The hydrogen 

storage capacities of tubular carbon nitrides were much improved with the increase of 

surface area. Even though the purity of C3N4 tubes still needed to be improve, the 

optimized hydrogen capacity achieved in this work was 0.62 wt% at 3.6 MPa. This value 

corresponded to a surface area of 148.69 m2/g, which is by far the highest record for N-
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rich C3N4 tubes. The hydrogen capacity was predicted to reach 2.62 wt% at 10 MPa. 

Moreover, C3N4 tubes have a swift charge and discharge speed, which allows the 

refuelling to be completed within 2-3 minutes. Last but not least, the special thermal 

dynamics enables C3N4 tubes to absorb and desorb hydrogen at ambient conditions. 

The outcomes of this work offer two highly promising hydrogen materials for used in 

different areas of hydrogen storage for fuel cells. In RAPS and MPS systems, V-based 

alloy can be an ideal hydrogen carrier because of its low operating pressure, which is easy 

to be charged by electrolysers, and reasonable capacity (2 wt%). As for the automotive 

field, a much higher H2 capacity (5.5 wt%) is required, so tubular C3N4 could be a 

promising candidate to achieve the H2 capacity target within a low pressure range(a few 

MPa) compared to that of high-pressure tank (70 MPa). In addition to the researches on 

the hydrogen storage materials, a novel approach was developed to precisely measure the 

hydrogen capacity at various absorption/desorption temperatures. It is more time-saving 

than the traditional pressure-composition-isotherm. 

6.2 Future Work 

Although V80Ti8Cr12 alloy has already met the requirements of RAPS and MPS in terms 

of hydrogen storage capacity and hydrogen supply rate, there are still rooms to improve 

its performance, as the followings. First, more charge-discharge cycles can be carried out 

to investigate the durability of V80Ti8Cr12 alloy under long-term cycles. Second, a 

working environment, which approximates to a real MPS system, should be constructed 

to study the cycle stability of V80Ti8Cr12 alloy under actual service conditions. Third, due 

to the soaring price of pure vanadium (500 US$/kg), ferro vanadium (40 US$/kg) may be 

applied as a parent alloy in an attempt to lower the cost of V80Ti8Cr12 alloy. The role of 

iron in the final product needs to be studied and efforts have to be made to maintain the 
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superior hydrogen storage performance obtained in this study. Additives and 

heat/mechanical treatments may be the solutions for maintaining the hydrogen capacity. 

Fourth, a systematic investigation could be carried out on the hydrogen storage properties 

of V80Ti8Cr12 alloy with sample sizes between 5 mm and 7 mm to elucidate the detail 

performance change in this range. This will include the application of multiple activation 

processes, surface area measurements and hydrogen absorption kinetic studies. Last but 

not least, the crystal structures of the V80Ti8Cr12 samples may be measured in a hydrogen-

charging condition using in-situ XRD or neutron diffraction, so as to study the lattice 

difference before and after hydrogen absorption. 

Since C3N4 tubes so far cannot perfectly satisfy the requirements of automotive 

applications (5.5 wt% of H2 capacity at 0.5-1.2 MPa), more efforts are needed for the 

development of this material, as suggested in the followings. First, instead of only 4 MPa 

at the moment, a higher H2 pressure, e.g. 10-20 MPa, should be implemented to study the 

hydrogenation behaviours of C3N4 tubes at this higher H2 loading. It could be expected 

that the hydrogen storage capacity could increase with increasing hydrogenation pressure. 

Second, the reduction of C3N4 tube diameter should be considered to enhance the surface 

area of tubes. Third, the doping of catalysts on C3N4 tubes could be a useful approach to 

induce spillover effect, and thereby improves the hydrogen capacity under ambient 

conditions. Fourth, the mass production of C3N4 tubes should be developed to fulfil the 

large material quantity required in automotive hydrogen tanks. Fifth, the cycle stability 

of C3N4 tubes should be tested to ensure it is capable to sustain the repeated hydrogen 

charge and discharge. Sixth, the sorption mechanism (chemisorption or physisorption) 

needs to be studied to determine the optimum operating conditions. 
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It is believed that these two hydrogen storage materials, V-Ti-Cr alloys and C3N4 tubes, 

are the promising hydrogen carriers to break the bottleneck of hydrogen economy as long 

as the restraints are all well resolved. 
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