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ABSTRACT 

Hydrogen is a promising energy carrier that could be an alternative to the traditional carbon 

based fuels. Hydrogen storage in the Ni/graphene and Pd/graphene systems was investigated in 

the present work using Thermogravimetric Analysis (TGA). 

A laboratory apparatus was designed, built and applied for hydrogenation under pressure. Novel 

synthesis methods were developed to synthesize the graphene-based composites. Multiple 

characterizations have been performed to understand the sorbent structures, including the 

component determination and distribution, chemical state, electronic structure and metal-

graphene interfaces. The hydrogen storage behavior was determined, and a hypothesis was 

proposed to explain the hydrogen performance in the sorbents.    

The Ni/graphene (5 at.% Ni, atomic percentage; 100 at.% : Ni + C) composite, charged with H2 

pressure under 1 and 60 bar desorbed 0.14 wt.% H2 and 1.18 wt.%, respectively, in a TGA 

apparatus under a flow of argon, at room temperature. The hydrogen release could occur at an 

operating temperature below 150°C and was completed at 250°C.  

The Pd/graphene (1 at.% Pd, 100 at.% : Pd + C) composite, charged under H2 pressure of 50 and 

60 bar released 6.7 and 8.67 wt.% H2, respectively, in a TGA apparatus under a flow of argon, at 

room temperature. The 5%Pd/graphene (5 at.% Pd, 100 at.% : Pd + C) composite charged under 

60 bar H2 and dehydrogenated under the same conditions in a TGA apparatus, released 7.16 wt.%  

H2. The composites could discharge hydrogen below 100°C and complete the process up to 

200°C. The Pd/graphene system releases relatively high hydrogen storage capacity in TGA.  
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   CHAPTER 1 

1 INTRODUCTION 

Overview of Chapter 1 

This introductory chapter briefly outlines the background of the research: the criteria of 

hydrogen storage, proposed storage materials, and problems to be solved for the storage 

applications. In addition, the research objectives of this thesis are presented. It also gives a 

summary of the content of subsequent chapters.  

1.1 Overview 

Hydrogen as an energy carrier has received considerable attention. The hydrogen-based fuel cells 

have become commercially available, and these fuel cells could provide a solution to the ongoing 

depletion of fossil fuel reserves and would contribute to creating a cleaner environment. The fuel 

cells typically combine hydrogen and oxygen to generate electricity, with heat and water as the 

byproduct. As the conversion of the hydrogen fuel to energy occurs without combustion, the 

zero-emission power generation is a highly efficient process1. The hydrogen-based fuel cell 

enables a transition to a safe and renewable energy future2. Therefore, the production, storage, 

and delivery of hydrogen are of great importance to the widespread use of hydrogen. Developing 

secure, close-packed, dependable, and cost-effective hydrogen storage technologies turns into 

one of the most technical challenges in the fundamental and applied research for hydrogen 

economy2.  

The hydrogen used for the fuel cell could be stored as compressed or liquefied gas, a chemical 

hydride, a metal hydride or in other solid adsorbent materials1. Among them, hydrogen storage in 

solids is the most promising approach to meet the targets, with potential materials of 

microporous sorbents and metal hydrides being considered3. The atomic or molecular hydrogen 
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bound firmly with other elements in a solid material may enable the storage of hydrogen in larger 

quantities and smaller volumes at practical conditions1. 

Carbon materials can have diversified forms for the applications. For example, carbon nanotubes 

(CNTs) are lightweight and have a theoretical surface area of 1315 m2g-1 for single-walled 

CNTs4. However, they contain harmful metallic impurities such as Fe56, Ni, Co, Mo6, and require 

a high cost of manufacturing4. In comparison, graphene has many favorable features, such as 

high chemical stability, low manufacturing cost and also can be produced in large quantities7. In 

spite of that, pure graphene cannot secure hydrogen at ambient conditions8. 

To overcome these problems, efforts have been made to combine metals and graphene for 

hydrogen storage. Such combined system should enable the dispersion of metal and allow 

functionalization of the graphene and, as a result, should enhance the gravimetric and volumetric 

storage densities to achieve the similar performance and cost with the gasoline fuel systems. 

Nevertheless, the relevant critical challenges have not been overcome yet: experimental work on 

the synthesis of metal/graphene systems has been barely performed; the properties of storage 

capacity at operational conditions have not been met; the influence of the microstructure of 

sorbents on the hydrogen storage capacities has not been completely investigated; and the mecha-

nism of hydrogen storage in the sorbents has not been understood.  

Among the metals, the Ni particles could stabilize the sorbent structure by altering the geometry 

of graphene9,10, catalytically facilitate the hydrogen absorption/desorption performance in 

nanocomposites11, and anchor hydrogen as dissociative sites12,13. Similarly, Pd particles favorably 

attract hydrogen at ambient conditions14–17 and produce a low activation energy barrier to 

dissociate hydrogen molecules14,18, thus Pd could greatly improve the hydrogen storage 

capability3,19,20. Therefore, the present work aims at identifying the new materials of Ni/graphene 

and Pd/graphene nanocomposites with hydrogen storage abilities. 

Simple and scalable approaches were developed to synthesize the nanocomposites that allow the 

industrial productions. As hydrogen sorption is highly correlated with the structure of a sorbent, 

one can expect to facilitate hydrogen uptake through the adjustment of microstructural 
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characteristics of the sorbent. By increasing the distributions of metal particles over the graphene 

surface and strengthening the interaction between the particles and graphene, the microstructures 

of the sorbents were optimized and stabilized. The local chemistry and electronic structure of the 

two types of nanocomposites were probed in order to investigate the component interaction within 

the sorbents. In addition, a custom-made pressure apparatus was designed and constructed for 

hydrogenation. The impact of pressure on the hydrogen uptake was determined. The conditions of 

hydrogen uptake and release were thoroughly explored. The properties of the materials were 

compared to obtain the most favorable candidate for hydrogen storage application, and a 

mechanism was proposed to explain the hydrogen uptake in these sorbents.  

1.2 Research objectives  

The main goal of this research was to develop Ni and Pd-decorated graphene systems for 

hydrogen storage application. The specific research objectives pursued to realize this goal were to: 

1. Design, construct and test an apparatus for the evaluation of hydrogen storage. 

2. Develop methods to optimize the Ni/graphene and Pd/graphene composite systems for the 

evaluation of hydrogen uptake capacities in these systems under TGA dehydrogenation 

conditions. 

3. Analyze the composition, morphology, chemical state and electronic structure of the 

Ni/graphene and Pd/graphene systems.  

4. Analyze the Ni/graphene and Pd/graphene systems under TGA dehydrogenation conditions. 

5. Determine the mechanism of dehydrogenation in the Ni/graphene and Pd/graphene composites.  

1.3 Thesis outline 

The relevant work related to the realization of the objectives of this research is described in 

Chapter 2 to 6. Chapter 2 provides a detailed literature review of the research, including the 

technological barrier to develop an onboard reversible system for hydrogen storage, the potential 

storage systems and materials, experimental findings on properties of the storage systems, 

investigation of the metal-graphene interface, and theory of the hydrogen uptake behavior in 

sorbents.  
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Chapter 3 presents the design and construction of a system with controlled operating temperature 

and pressure for hydrogenation measurements. In addition, the preparation of graphene and 

metal/graphene composites is discussed. The characterization techniques used in this work are 

also discussed.  

Chapter 4 and 5 discuss the work outlined in the objectives 2 to 5. The synthesis of Ni/graphene 

composite, the Ni-graphene interaction, and the dehydrogenation characteristics of the prepared 

composites are discussed.  

Chapter 5 describes the chemical state and electronic structure of the Ni/graphene composite that 

was synthesized by an in-situ chemical method, which was different from that presented in 

Chapter 4.  

Chapter 6 describes the structural characterization, the dehydrogenation characteristics of 

Pd/graphene composites and a proposed hydrogen uptake mechanism in the composite.  

Chapter 7 presents the summary of the results obtained, the conclusions and recommendations for 

future work.         
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CHAPTER 2 

2 LITUREATURE REVIEW 

Overview of Chapter 2 

The evaluation of hydrogen storage is the key factor that determines the success of this research. 

But, in this process, many important factors need to be considered. This chapter presents a 

literature review regarding the technologies, and materials used for the determination of 

hydrogen storage. Graphene as a material used for our composite synthesis is introduced. History 

of graphene discovery, its preparation methods, various properties and potential applications are 

discussed. The metal/graphene composite is also discussed, and this involves the property 

determination, experimental findings, metal-graphene interfaces and hydrogen storage 

mechanism.  

2.1 Hydrogen storage 

2.1.1 Technological barriers  

Hydrogen carries a high amount of energy per unit mass (142 MJ kg-1). However, this energy 

carrier has an extremely low density at room temperature and atmospheric pressure21. The 

onboard hydrogen storage is recognized as the main technological subject to automobile 

applications. The US National Research Council (NRC) and National Academy of Engineering 

(NAE) identified six technological challenges for the use of hydrogen in the automotive 

transportation3,22,23, including hydrogen capture with desirable gravimetric and volumetric 

densities; commercialization of a cost-effective system. A high cost could result from a complex 

design, the usage of precious metal, and considerable energy required for the system operation; 

safety of the system usage; development of an environment-friendly energy-carrier system. 

Hydrogen is collected as a “fuel” for fuel cell and burned to power vehicles with water as the 

only end product; development of a high-efficiency energy transition system. It requires a 
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reversible hydrogen storage unit, and fast release of hydrogen at an operating temperature; and 

durability for the cycling performance. Some working conditions like the loading cycles, 

temperatures and impurities may cause system degradation.       

2.1.2 Storage technology  

Hydrogen can be stored as a compressed gas, cryogenic liquid, non-reversible hydrogen-rich 

solids and liquids, and by absorption/adsorption in solid state3,24. A comparison of types of 

materials used for storage of hydrogen is shown in Table 2.13. 

Table 2.1 A comparison of types of materials used for storage of hydrogen3. 
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Compressed gas. The recently developed system of compressing hydrogen can satisfy the 

practical storage capacities. For example, the storage of 6 kg of H2, held in a 260 L vessel at 70 

MPa, can be used for the Chevrolet Sequel within a driving range of 160 km. However, this form 

of storage is unlikely to be commercialized3. The considerable weight of the tank is a huge 

burden to the vehicle, also the tank occupies a large space. Besides, a highly pressurized tank 

creates an unsafe environment for consumers. Moreover, this form of storage demands a 

specialized construction material and significant energy to enable the gas compression. 

Cryogenic liquid. The liquefaction of hydrogen requires a critical temperature below 20 K-32.9 

K (-240.2°C). This form of storage consumes a considerable energy and results in cost-

inefficiency3,24. Similar to the compressed gas, the cryogenic liquid requires a large-size vessel 

that is very heavy. Besides, in this method of storage, there are significant hydrogen losses due to 

the evaporation, which may cause an increased pressure in the container and that leads to safety 

hazards3.  

Non-reversible hydrogen-rich solids and liquids. Some solid compounds carry a high density of 

hydrogen. For example, ammonia borane (NH3BH) contains 19.6 wt.% and 0.145 kg/L of 

hydrogen. Some hydrogen-rich organic liquids like benzene/cyclohexane (C6H6/C6H12) and 

toluene/methylcyclohexane (C7H8/C7H14) also have high gravimetric and volumetric densities of 

hydrogen23. However, these non-reversible sorbents require significant energy and efficient 

catalysts for the hydrogenation and dehydrogenation processes, which are impractical for 

commercialization. 

Absorption/adsorption in solid state. Solid state materials have been proposed as the most 

promising sorbents for hydrogen storage. This form of storage is defined as the reversible 

absorption/adsorption of atomic/molecular hydrogen, in which the hydrogen is 

chemically/physically accumulated with great gravimetric and volumetric densities25. 

Nevertheless, some metal hydrides have low hydrogen capacities, their structures are often 

degrading, and they require special processing for practical hydrogen storage. The next section 

will introduce more details on the solid storage materials. 
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2.1.3 Storage materials 

The storage materials are mainly divided into three categories: complex hydrides, interstitial 

hydrides, and microporous systems. Hydrogen can be stored as bulk metal hydrides. In the case 

of complex hydrides, atomic hydrogen forms ionic or covalent bonds with the bulk metal, and 

becomes a part of the host material, such as in alanates (NaAlH4), borohydrides and complex 

transition metal hydrides (NiH4 tetrahedra)23,26. This system releases hydrogen at temperatures of 

100-300°C or sometimes higher3.  

In the interstitial hydrides, molecular hydrogen attaches to the metal surface, and the dissociated 

hydrogen atoms diffuse into the metal lattice forming a metal hydride3. These interstitial metals 

include some compounds (LaNi5H6)27, and binary hydrides (PdHx
27, MgH2

28).  Some interstitial 

hydrides have favorable features for reversible storage, such as low activation energy, low 

operating temperatures and pressures. However, both types of metal hydrides are rather heavy 

and that lower the storage densities. Besides, the solid state of metal prevents the penetration of 

hydrogen. Some hydrides suffer from the high cost of metals.  

In the case of microporous materials, hydrogen storage at a temperature as low as the nitrogen 

boiling point acquires desirable capacities, and this form of storage is known as the physisorption 

of molecular hydrogen in the porous materials. These materials include some carbon materials 

(such as activated carbon29,30, carbon nanotube and graphene30, templated carbons), zeolites 

(such as sodalite Na8(Al6Si6O24)Cl2)31, metal-organic frameworks32 and organic polymers3,33. The 

materials in this category are light, but impractical because of high temperatures and pressures.  

As highlighted in section 1.1, graphene is an attractive host material for hydrogen with favorable 

features. In particular, it has a low molar mass and high specific surface area. Besides, it shows 

great chemical stability and is easily functionalized into various forms, which facilitates the 

development of graphene-based materials for hydrogen storage. 
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2.2 Graphene  

2.2.1 Graphene nanomaterials  

Carbon exists as the most captivating element in the periodic table. It serves as the base of all 

known life on Earth34. The carbon atoms can be arranged into diverse allotropes, mainly 

including the well-known forms of graphite, diamond, fullerene, amorphous carbon, carbon 

nanotube and graphene (Fig. 2.1)35. Among them, graphene has been extensively studied for over 

one decade. By definition, the term “graphene” was named by Hanns-Peter Boehm in 1962 as a 

combination of graphite and postfixene36, and represents a single sheet of graphite37.  

 

Fig. 2.1 Allotropes of carbon materials35. 

A single sheet of graphene is an atomic layer of sp2-hybridized carbon densely packed into a 

honeycomb pattern (hexagonal lattice), in which each atom forms a vertex with a C-C distance of 

0.142 nm in a fluctuated plane3,34,38. It represents a two-dimensional allotrope of carbon and is 

recognized as the first two-dimensional crystalline material. This benzene-ring structure is a 

basic building component for the other dimensional graphitic materials like 0D fullerenes, 1D 

carbon nanotubes and 3D graphite (Fig. 2.2)39.  
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Fig. 2.2 Single layered graphene is the basic component to form the fullerene, carbon nanotubes, and 

graphite39. 

The research on graphene has been carried out for over one century. It was theoretically explored 

in 194740 and originally observed by using electron microscope in 196141. In 2004 at the 

University of Manchester, Andre Geim and Kostya Novoselov’ team successfully fabricated an 

isolated mono-layered graphene by simply peeling the thin layers off a graphite crystal with a 

Scotch tape. This method is called mechanical exfoliation42. The high-quality of the two-

dimensional material instantly attracted widespread attention. That finding even brought the two 

discoverers the Nobel Prize in Physics 201034. Up to date, the graphene has been developed into 
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diverse forms, including monolayer sheets43, bilayer44, multilayers45, nanoribbons46, oxides47, 

ligand/complexes48, fibers49, 3D materials50, reinforced materials51, aerogels52, and nano-coils53. 

Due to the variability of state (shape, form, and structure), berthollide characters and insufficient 

analytical techniques, the chemical structure of this material has been debated for years. To date, 

the ambiguous modeling still continues54. However, the most popular and commonly recognized 

structural model is the “Lerf-Klinowski model”, which was proposed to explain the chemical 

structure of graphite oxide layer by Heyong He in 199855 (Fig. 2.3). Some localized defects 

could exist in the plane of the graphitic structure caused primarily by the chemical oxidation 

method54. The complex composition makes it extremely challenging to elucidate the detailed 

reaction mechanism.  

 

Fig. 2.3 Lerf-Klinowski model of the graphene oxide platelets55. 
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2.2.2 Preparation 

Various laboratories have been developing preparation methods for graphene manufacturing. 

The adopted methods include exfoliation56. This approach includes adhesive tape split42, wedge-

based exfoliation57, graphite oxide reduction58, shearing, molten salts59 and electrochemical 

synthesis60, all these methods could chemically or mechanically split graphite into separate 

layers. Another method of hydrothermal self-assembly61, allowing synthesis of graphene by 

using sugar. The method of chemical vapor deposition (CVD)62 usually requires a metal catalyst 

to facilitate the growth of graphene. Other methods like carbon dioxide reduction63, spin 

coating64, supersonic spray65, microwave-assisted oxidation66 and ion implementation67 are less-

often used.  

Each method has its own advantages and disadvantages. For example, although the “Scotch tape” 

or peel-off method yields high quality of graphene films42, it is inefficient for large-scale 

production. Likewise, the CVD approach requires high temperature and critical gas environment, 

resulting in cost-inefficiency, and also needs a substrate to grow graphene on it68.  

In this work, a combined approach of the chemical oxidation and mechanical exfoliation was 

adopted to prepare graphene, which was developed from the modified Hummers’ method69. It 

enables the large-scale and cost-efficient synthesis of graphene. Unavoidably, the products 

contain some irregular shape of sheets and multiple layers of graphene due to the complex 

processing. Additionally, the oxygen-containing groups are hardly eliminated from the planes of 

graphene by using the chemical reduction method. Thus in this work, both the reduced graphene 

oxide and the graphene oxide are considered as “graphene”.  

2.2.3 Properties and applications  

Researchers, especially from the areas of physics, chemistry and materials science, have been 

exploring many potential properties of graphene. In particular, graphene is a good electrical 

conductor42. The electrical conductivity makes it rather promising for the design of electronic 

devices. The potential products include the field effect transistors, sensors, transparent 

conductive films and clean energy devices70. Additionally, graphene is harder than diamond. 
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Especially the defect-free and processed graphene has remarkable fracture strength and tensile 

strength70,71. These mechanical properties may greatly facilitate the fabrication of a new 

generation of super-strong materials. Further, the optical transitions of graphene are layer-

dependent, and can be adjusted via the electrical gating70,71. The optical properties may enable its 

usage on the infrared optics and optoelectronics72. Moreover, graphene also shows a super 

thermal conductivity that is dominated by phonons73. The thermal conductivity of single-layer 

isolated graphene at ambient temperature could reach 3000-5000 W m-1 K-1 with the value 

varying based on the size of sheet74. This property can be applied to the electronics for thermal 

management. Besides, graphene can also be utilized to the areas of membranes, biomedical fields, 

composites and coatings, energy and many other areas. In the field of energy storage, the 

graphene-based nanomaterials can be fabricated to store hydrogen physically and chemically. 

For example, the material can electrochemically store energy in rechargeable batteries as 

supercapacitors8,38.    

2.3 Hydrogen storage in metal/graphene 

2.3.1 Methods for hydrogen storage  

The measurement techniques can be divided into three categories: gravimetric, volumetric and 

temperature-programmed (or thermal desorption) approaches3. Fig. 2.4 displays the typical 

schematic diagrams of these techniques75–77. The gravimetric systems are mainly assembled with 

a microbalance that is mounted in a pressure-rated, vacuum-rated and hydrogen-compatible 

chamber. These gravimetric approaches determine the amount of hydrogen uptake and hydrogen 

release by monitoring the change of sample weight75. The volumetric systems are installed with 

fixed, known-volume vessels. These methods determine the hydrogen storage capacities by 

determining the variation of the hydrogen pressure or volumetric flow rate. These two categories 

of techniques plot the hydrogen sorption isotherm versus hydrogen pressure at fixed 

temperatures. The temperature-programmed techniques determine the amount of hydrogen 

release at elevated temperatures, and the hydrogen desorption amount is plotted as a function of 

temperature. Other techniques, such as thermal analysis and calorimetry, surface area and pore 

volume determination, powder diffraction, can be used as complementary analysis3.   
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Fig. 2.4 Typical schematic diagrams of the gravimetric75, volumetric76 and thermal desorption systems77.  
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However, each technique has flaws in design, which may lead to inaccurate calculation3. The 

gravimetric measurements limit the sample mass to milligram scale, and the buoyancy effect and 

disturbance of balance affect the measured weight. While the volumetric techniques largely rely 

on the thermal gradients between two cells, the ratio of sample size to cell volume, the dead 

space of the cell and the accumulative errors at the isotherm multipoint. Likewise, the thermal 

desorption systems are limited by the sample size, the temperature ramp rate and signal 

calibration. Besides these experimental considerations, some other objective factors also play 

roles in the measurement, including the properties of gas-phase hydrogen (purity, compressibility 

and thermal conductions of hydrogen), material characteristics (volume, mass, density, purity, 

sensitivity to air and moisture), and general instrumentation issues (vacuum and pressure 

capability, thermal stability and homogeneity). Efforts still continue to optimize the techniques 

for the accurate data collection.   

2.3.2 Theoretical and experimental findings 

Some metals have been used for the decorations of pristine graphene and boron78,79, nitrogen80-

doped graphene, mainly including Li79,81, Al82,83, Ca84,85, Ni78,86–88, Pd19,80,89,90 and Pt89. Both 

theoretical and experimental work has been done to evaluate hydrogen uptake performance in the 

metal/graphene. For example, T. Hussain	et	al.,	theoretically predicted that the Ca/graphene with 

a Ca concentration of 11.11% could achieve a hydrogen storage capacity at ambient conditions 

as high as 6 wt.%85. They also reported that Li/graphene with a 25 % doping concentration of Li 

could reach a theoretical hydrogen capacity as high as 12.12 wt.%81. By the density functional 

theory calculations, Fair	et	al.,	predicted that Ca atoms, other than form clusters on graphene 

plane, could become stabilized on the double carbon vacancies91. One Ca atom could bind six 

hydrogen molecules91. The adsorption energies of hydrogen on the composite is below 0.20 eV, 

the practical level for onboard storage81,85. Moreover, Wong et al. applied the simulation of 

generalized gradient approximation (GGA) functional and VDW-DF2 functional, and selected 

Ni as the decoration material. The Ni/graphene system has many attractive features, such as low 

mass, high chemical stability and practical hydrogen binding energies (0.2-0.6 eV)86. Moreover, 

Cristian I. Contescu designed a first principle modeling and proposed that, on the flat graphene, 

each Pd atom could bind three hydrogen molecules at room temperature and pressure of 20 bar92.		
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In comparison, the experimental work obtains less attractive values. For example, by using the 

volumetric technique, Chen determined that the Pd-decorated graphene/superactivated carbon 

has a hydrogen uptake capacity of 0.82 wt.% at room temperature and 8 MPa90. Wang 

synthesized a Ni-B nanoalloy/graphene composite (Ni 0.83 wt.% and B 1.09 wt.%) by a 

chemical reduction method, and measured an hydrogen capacity of 4.4 wt.% at 77 K and 106 

kPa by using a pore and surface analyzer78. These experimental studies have not achieved the 

U.S. DOE target yet.  

2.3.3 Metal-graphene interface 

Researchers have applied the first-principles calculations (density functional theory, DFT) to 

investigate the metal-graphene interfaces, and predicted that Ni and Pd could chemically bind93,94 

or diffuse95 to the graphene plane. At the Ni-graphene and Pd-graphene interfaces, the graphene 

intrinsic π-band electronic structure can be altered: The wave functions overlap between the Ni 

or Pd d electrons and graphene π-electrons93. That is, these interfaces correlate with the 

hybridization of graphene p states and metal d states, which results in a band gap in graphene and 

significantly decreases the work function of graphene94. Hussain claimed that graphene sheet 

could stabilize Ca and prevent the aggregation of Ca due to the binding energy higher than the 

cohesive energy96. Pumera experimentally characterized that the noble metal nanoparticles on 

graphene could facilitate the heterogeneous electron transfer of graphene97.  

Lee et al. explored the metal-graphene interaction by observing the Raman G band splitting, ratio 

of I2D/IG and band position, and they suggested that metal could be chemically doped to graphene 

sheet, specially to single-layer graphene via n-doping (upshift of the G band and the downshift of 

the 2D band) or p-doping modes (both upshift of the G band and the 2D band)98.  Wang et al. 

also confirmed that electrons can transfer between Ni and graphene based on the Raman study, 

and identified a p-doping of Ni to the graphene structure99. The close interaction at the Ni-

graphene interface probably results from the strong coupling of Ni open d orbitals and graphene 

p electrons100.  The metal atoms bind to graphene plane most likely at the sites of the hollow 

centers of C hexagon (H1) and C-H hexagon (H2), the bridges of the C-C bond type 1 (B1) and 

type 2 (B2), the tops of C atom type 1 (T1) and type 2 (T2), as shown in Fig. 2.5101.  
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Fig. 2.5 Schematic diagram of atomic geometry of graphene with the sites of decorated metal atoms: C 

(brown), H (pink)101. 

2.3.4 Mechanism of hydrogen storage  

Extensive research has proposed the spillover theory as the hydrogen storage mechanism in 

metal/carbon nanomaterials102–108. The spillover theory is defined as a process during which 

diatomic molecule primarily attaches and dissociates on an active surface, then migrates to 

another surface that individually and originally cannot adsorb or absorb the diatomic molecule 

under the same conditions109. Fig. 2.6 illustrates the spillover process in a supported metal 

catalyst system for hydrogen uptake104.  

Fig. 2.6a depicts a supported metal and an adhered molecular hydrogen. Fig. 2.6b schematically 

presents the low-capacity receptor of hydrogen that is an adsorbent with the spacious inner area.  

Fig. 2.6c, d schematically demonstrates the primary and secondary spillover process of hydrogen. 

The close interaction between the metal particles and supporting material may form a catalytic 

bridge that facilitates the primary spillover process, as shown in Fig. 2.6e.  
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Fig. 2.6 Hydrogen spillover process in a supported metal catalyst system: (a) adsorption of hydrogen on a 

supported metal particle, (b) low-capacity receptor, (c) primary spillover of hydrogen, (d) secondary 

spillover via a bridge and (e) enhanced primary and secondary spillover process by the improved metal-

support interface104. 
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In the case of the metal/graphene system, the active metal particles serve as a catalytic medium 

that attracts and dissociate molecular hydrogen. The metal-graphene interface acts as a catalytic 

bridge and diffuses the atomic hydrogen to the graphene receptor. When heated properly, 

hydrogen tends to diffuse to interlayers rather than escaping from the host materials104. 

Compared to the individual components, the metal/carbon system could greatly enhance the 

hydrogen storage capacity3. 

2.4 Summary 

In this chapter, many technological barriers for hydrogen storage application were described. 

Four main categories of storage technologies were discussed and compared. Among the potential 

storage materials, the metal/graphene system is a very promising system for hydrogen storage 

application. As graphene is the raw material for the synthesis of metal/graphene composites, the 

chapter introduced the structure, preparation methods, properties, and applications of this 

material.  

Three main techniques have been applied to determining the hydrogen storage capacity. 

However, all of them have some experimental errors, and the optimization of measurements is 

still in progress. Besides, although theoretical models and calculations have proposed some 

attractive systems, the experimental work has not yielded yet desirable results. 

Further, both theoretical and experimental works have indicated that the metal could bind to 

graphene sheets. Composite systems should have substantially enhanced hydrogen storage 

capacities when compared to the individual components. This chapter also covered a description 

of spillover mechanism that is currently the most popular theory of hydrogen uptake mechanism 

in the metal/carbon materials.  
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   CHAPTER 3 

3 METHODOLOGY  

Overview of Chapter 3 

This chapter introduces the work on the first objective of the project: designing and building a 

system with operating temperature and pressure for hydrogen storage measurement. The 

apparatus was originally designed to combine a volumetric technique and a mass spectrometer as 

described in appendix A. The system enables the in-situ determination of hydrogen charging and 

discharging performances.  

Because of the safety concerns and various limitation of testing facilitates, the actual apparatus 

was different from the original design. The safety concerns include the potential explosion 

hazard of hydrogen that might result from the high operating pressure and temperature. Besides, 

a possible leakage of hydrogen may accumulate rapidly in a room and could be harmful to 

people. There was very restricted lab space for the installation of a hydrogen cylinder; limited 

space to locate the whole system; and limited usage of the fume hood for the outlet of hydrogen.  

Therefore, we had to abandon the preexisting vacuum system, not use a mass spectrometer and 

relevant components, but instead assembled an apparatus simply for hydrogen charging process. 

After hydrogen charging, the specimens were transferred to a TGA apparatus for the 

determination of hydrogen storage properties, as descrbied in details in Chapter 4. Nevertheless, 

due to the complexity, accuracy and effectiveness of the original design, and considerable effort 

that had been devoted to this work, the original design is described in Appendix A. In order to 

guarantee a safe and reliable operation, detailed descriptions have been provided regarding the 

system functions, component specifications, operation procedures and safety concerns. Only a 

simple system is introduced in this chapter.  
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Besides, in this chapter, the preparation of graphene and synthesis of composites are described, 

and the characterization techniques applied in this project are introduced.  

Contributions 

My contributions to the apparatus include collecting information from the experts about the 

measurement techniques, optimizing the design, selecting component specifications, fitting and 

purchasing the components, assembling component, setting place for the apparatus, solving 

potential safety issues, preparing the standard operating procedure (SOP), testing the apparatus 

conditions for usage, and conducting safety inspection.  

Dr. J. A. Szpunar supervised the design and offered advice to the installation and measurement. 

T. Soh, one of our research group members, participated in the design, selection of components 

and apparatus assembly.  
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3.1 Apparatus for hydrogen charging  

Fig. 3.1 displays the custom-made apparatus for hydrogen charging process. The instrument is 

mainly equipped with a hydrogen cylinder (HY 5.0UH-T, UHP Grade 99.999%, Praxair), a 

pressure regulator (KPP1RSH422P2A030, Swagelok), a sample vessel (250 mL, 453HC-316-

0719842151, Parr Instrument), a rupture disc (Parr Instrument), a heater (854HC, Parr 

Instrument), a pressure gauge (PPC5352, Winters Instrument), a temperature controller (room 

temperature to 1200°C, 210/TIMER-K mode, J-KEM Scientific) with a ceramic insulated 

thermocouple (870°C, XC-20-K-24, Omega) and a filter (pore size of 2 µm, SS-4FW-VCR-2). 

All tubes (SS-T2-S-028-20), valves (SS-4UG-V51-VS), connectors and fittings (gasket, 457HC2) 

were purchased from Swagelok. Due to the high operating pressure and potential corrosion, the 

components including all reactors, valves, connectors, and fittings are made of 316 stainless steel. 

All valves are bellows-sealed with a maximum working temperature of 343°C and pressure of 

240 bar. 

 

Fig. 3.1 Custom-made instrument for hydrogen charging. 
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For practical applications, the hydrogen charging tests were conducted at room temperature with 

pressures ranging from atmospheric pressure to 60 bar. After hydrogen charging process, the 

specimens were transferred to a TGA apparatus for the determination of hydrogen uptake. The 

detailed determination procedures will be presented in the experimental sections of Chapter 4 

and Chapter 6. Consequently, to avoid repetition, this chapter does not contain the detailed 

description of the operation process. 

3.2 Preparation  

3.2.1 Preparation of graphene 

Graphite oxide was prepared by using the modified Hummers method69,110,111 and then exfoliated 

to graphene oxide112 in distilled water by mechanical stirring for seven days113. Fig. 3.2 shows 

the scheme of the preparation process of graphene sheets. To prepare a concentration of 5 

mg/mL of graphene oxide gel, the graphite (~44 µm, 1 g), potassium permanganate (4 g), 

concentrate sulfuric acid (98%, 45 mL) and a beaker (80 mL) were placed in a stainless steel 

vessel and cooled to 0°C. Then the graphite and potassium permanganate were added into the 

concentrated sulfuric acid in the beaker. Next, the vessel was covered, tightly fastened, and kept 

at 0°C for 1.5 h, followed by maintaining at 100°C in an oven for 1.5 h. After heating, the 

resulting dark purple mud was diluted with deionized water (500 mL). With magnetic stirring, a 

diluted hydrogen peroxide solution (3%, 250 mL) was slowly added to the diluted suspension 

with stirring till the color turned to be golden yellow, which was then followed by ultrasonic 

treatment (600 w) for 20min. After that, the mixture was repeatedly washed by using a vacuum 

filtration with hydrochloric acid (3%, 50 mL) and then washed multiple times with deionized 

water until the suspension (200 mL distilled water) became neutral. With seven days of vigorous 

agitation, the graphene oxide gel (5mg/mL) was finally obtained by a complete exfoliation of 

graphite oxide.  
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Fig. 3.2 Schematic process of preparation of graphene from graphite. 

Fig. 3.3 displays the digital images of the resultant graphene oxide gel, and Fig. 3.4 exhibits the 

morphology observations of graphene oxide by scanning electron microscopy (SEM) and 

transmission electron microscope (TEM). The graphene sheet (Fig. 3.4a) could be paper-like 

(Fig. 3.4b), crumpled (Fig. 3.4b), porous (a diameter of ~6μm, Fig. 3.4c), wrinkled (Fig. 3.4d) 

and folded (Fig. 3.4e).  
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Fig. 3.3 Digital images of the prepared graphene oxide with increasing concentration from left to right. 

 

 

Fig. 3.4 Morphology observations: (a-e) SEM images and (f) TEM image of graphene sheets. 
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3.2.2 Synthesis of Ni/graphene composite 

Fig. 3.5 schematic illustration depicts the in-situ synthesis flow of the Ni/graphene composite by 

using a simple chemical treatment.  

 

Fig. 3.5 Schematic synthesis flow of Ni/graphene composite. 
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This graphene oxide gel and nickel acetate [Ni(OAc)2]  were used as the starting material to 

synthesize the Ni/graphene composite, and the process flow of the synthesis is displayed in Fig. 

3.6. The atomic ratio of Ni to C was further designed to be 0.053 (5 at.% : 95 at.%) in the 

composite. Accordingly, the corresponding amounts of the raw materials [Ni(OAc)2 and 

graphene oxide] were calculated and used for the synthesis.  

Basically, 1.86 g Ni(OAc)2  was dissolved in 50 mL deionized water, and then the solution was 

added into a beaker with 97.20 mL, 20 mg/mL graphene oxide gel. The dark brown mixture was 

vigorously stirred for 10 min and sonicated for 10 min at room temperature to obtain a uniform 

dispersion. Then 10 mL of hydrazine hydrate was dropwise added to the blend. After an agitation 

of 10 min, 1 mol/L NaOH solution was slowly added with the pH value controlled within 10-12. 

After another agitation for 10 min, the beaker was placed into a pressure vessel, which was then 

tightly covered, fastened, and heated in an oven at 50-70°C for 1 h. Subsequently, a pressurized 

multiplex reduction was further carried out at 85-95°C for 1 h.  Next, the homogeneous mixture 

was centrifuged and washed repeatedly with deionized water by centrifugation, in order to 

remove water and residual impurities in the mixture. Afterward, the precipitate mud was 

collected and transferred to a freeze dryer, and the final dried powder was denoted as precursor 

Ni(OH)2/graphene. By applying hydrogen thermal treatment with hydrogen (99.999%, purity), 

the precursor was finally converted to Ni/graphene composite during heating at 350°C for 3 h. 
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Fig. 3.6 Process flow of synthesis of Ni/graphene composite. 

Fig. 3.7 illustrates the stages of formation of the Ni/graphene material. By controlling the 

reaction conditions (temperature, pH value and aging time), the nano-sized Ni(OH)2 particles 

were formed by the reduction of Ni-complex that obtained from the reaction of nickel acetate 

and a hydrazine solution. Simultaneously, graphene oxide was reduced to graphene. During these 

reaction processes, Ni-based particles were deposited onto the surface of graphene. The 

precursor Ni(OH)2/graphene was further reduced to Ni/graphene by hydrogen thermal reduction, 

with the Ni-C and Ni-O-C bonds formed on the Ni-graphene interface.   
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Fig. 3.7 Schematic illustration of the formation of Ni/graphene composite. 

3.2.3 Synthesis of Pd/graphene composite 

The Pd nanoparticle-decorated graphene nanocomposite was synthesized by a simple and 

scalable method. A schematic illustration of this process is presented in Fig. 3.8, and the 

synthesis flow is shown in Fig. 3.9. To synthesize the 5%Pd/graphene, palladium acetate 

[Pd(OAc)2, 0.6713 g] was dissolved in ethanol (EtOH, 30 mL). The resulting Pd(OAc)2 solution 

was slowly added into graphene gel (34.2 mL, 20 mg/mL). The dark brown blend was then 

vigorously agitated for 1 h and sonicated for 0.5 h at room temperature for a uniform mixture. 

Subsequently, this mixture was centrifuged and extensively washed with deionized water 

multiple times by centrifugation to eliminate the ethanol and remaining impurities. Afterward, 

the precipitate was dried to yield an ultrafine powder of Pd(OAc)2/graphene precursor by a 

freeze dryer. Finally, the precursor was reduced to the Pd/graphene nanocomposite in a hydrogen 

atmosphere at 300°C for 1 h. The resultant atomic ratio of Pd to C was 5:95 in the final product. 

For the synthesis of 1%Pd/graphene, the atomic ratio of Pd to C was adjusted to 1:99 by altering 

the amounts of the palladium acetate and graphene gel, and the same procedures were repeated.  
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Fig. 3.8 Organization of the synthesis flow of Pd/graphene composite and Pd. 

 

Fig. 3.9 Schematic process of synthesis of Pd/graphene composite. 
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3.3 Characterization techniques  

3.3.1 XRD analysis of crystal structure 

X-ray powder diffraction (XRD) is a common analytical technique that can be applied for the 

phase identification of Ni and Pd crystals (crystal structure and lattice parameters) in the 

composites. It was used to determine the interplanar spacing dhkl of graphene and calculate the 

size of Ni, Pd nanocrystals based on the peak broadening. The Bragg's Law (nλ=2dhkl sin θ) 

involves the wavelength of electromagnetic radiation, diffraction angle and lattice spacing in the 

crystalline samples. As each crystalline sample has unique d-spacing parameters, the phase 

composition of metals can be identified by comparing the diffraction peaks to the standard 

reference patterns.   

An X-ray diffractometer (Bruker D8) equipped with a Cr Kα source (λ=0.229 nm) was used for 

the determinations of graphite, Ni/graphene, and Pd/graphene. A Cu Kα radiation (λ=0.154 nm) 

was used to measure the graphene oxide and graphene. The ω angles of the normal scan were set 

at 30, 60, and 90° with a scanning rate of 2°/min.  

3.3.2 BET analysis of surface area, pore size and porosity  

Brunauer-Emmett-Teller (BET, ASAP 2020 V3.01 H) analysis can be applied to determine the 

specific surface area and porosity of graphene. BET analysis evaluates the specific surface area 

by using non-corrosive gas (such as nitrogen, argon, carbon dioxide), determining the multilayer 

adsorption as a function of relative pressure. Based on the external and internal areas, this 

technique determined the entire specific surface area in m2/g and further yielded the porosity of 

graphene.  

3.3.3 Microscopy analysis of morphology  

3.3.3.1 SEM  

Scanning electron microscopy (SEM) primarily utilizes secondary electrons or backscattered 

electrons to investigate the morphological structure of a sample. It is a rapid technique to detect 
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the surface morphologies of graphene and Ni, Pd/graphene composites (shape, size and particle 

arrangement). The SEM (HITACHI SU6600) observations were carried out at 5 kV-25 kV with 

approximate working distances of 5-10 mm, 

3.3.3.2 TEM 

Compared to SEM, the transmission electron microscopy (TEM) has a higher resolution, and can 

be used to determine the detailed topographies of graphene and metal/graphene composites. To 

prepare the sample, a tiny amount graphene gel was diluted in ethanol with particles in the 

suspension invisible to the naked eye, which was then deposited on a copper grid and naturally 

dried for the TEM (Philips CM10) observations at 100 kV. 

3.3.3.3 STXM 

Scanning transmission X-ray microscopy (STXM) is an X-ray microscopy technique for the 

chemical imaging and component identification of Ni/graphene in this study. Besides, a 

combined technique of the STXM and X-ray absorption spectroscopy (XAS) could provide high 

spatial resolution images with elemental spectra (C, O, and Ni) that were collected from some 

interesting small spots on the surface of Ni/graphene. 

 STXM with a spatial resolution of 30 nm was performed on the soft X-ray spectromicroscopy 

beamline 10ID-1 at the Canadian Light Source (CLS). XANES at the C, O K-edges, and Ni L-

edge were extracted from STXM image stacks scanned over a range of photon energies. 

3.3.4 Spectroscopy analysis of chemical and electronic structure 

3.3.4.1 EDS  

Energy dispersive X-ray spectrometry (EDS) was utilized for a localized chemical analysis of the 

graphene and composites. It was applied for the qualitative analysis of elements, and quantitative 

determination of the elemental concentrations and distributions on the sample surfaces. The 

elemental signals and mapping of the surface of Ni/graphene were collected by using the EDS 
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(HITACHI SU6600) at a voltage of 20 kV, while a voltage of 30 kV was used to characterize the 

surface of Pd/graphene. 

3.3.4.2 XPS 

X-ray photoelectron spectroscopy (XPS) was used to analyze the elemental composition on the 

surface114 of the graphene and composites. The peak position and separation can be used for the 

qualitative analysis of elemental identification and chemical states of the Ni, Pd on graphene, 

while the peak heights and areas were used for the elemental quantitative analysis on the top few 

atomic layers of the materials. To examine the chemical state of the Ni, O, and C, an XPS test 

was conducted by using a Kratos Axis Ultra Al-α (1.4866 keV) spectrometer. 

3.3.4.3 XAS 

X-ray absorption spectroscopy (XAS) was used to investigate the local chemistry and electronic 

structure of Ni, Pd/graphene composites. The XAS spectra are sensitive to the oxidation state, 

coordination chemistry, and the distances, coordination number of the species that surround the 

selected elements of Ni and Pd. This characterization investigated the interaction between the 

metals and graphene, and indirectly revealed the hydrogen evolution in the sorbents during the 

hydrogen charging process.   

The Ni K-edge X-ray absorption measurements were performed at an energy range of 8.32-8.38 

keV under an ambient atmosphere on the soft X-ray microcharacterization beamline (SXRMB, 

06B1-1) at the CLS.  

Pd L3-edge XAS in situ measurements were also performed on the SXRMB (06B1-1) at the CLS. 

The in situ measurement was conducted using an energy scan range for the Pd L3-edge of 3,150 

to 3,190 eV and 3,140 to 3,200 eV. The hydrogen thermal reaction was conducted with the 

conditions of a gas mixture of 2 % hydrogen and 98 % nitrogen at a gas flow rate of 100 ml/min, 

300°C for 1 h.  
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3.3.4.4 Raman Spectroscopy 

Raman spectroscopy provided the information of vibrational, rotational transitions115 in the 

graphene and composites, which identified the type of sp hybridizations of carbon upon the 

metal decoration of graphene.  To characterize the structure and type of bonding, the Raman 

spectra were collected by using a Renishaw 2000 Raman microscope with the 514 nm 

wavelength of the laser source and the scattered light dispersed with an 1800 L/mm grating. 

3.3.5 TGA test of weight change  

Thermogravimetric analysis (TGA) provides the information about the physical phenomena of 

vaporization, sublimation, and physisorption. It also determines the chemical phenomena 

involving chemisorption, decomposition and solid-gas reactions (such as oxidation or reduction). 

In this study, the thermal analysis determined the amount of hydrogen desorption from the 

composites by measuring the weight changes of composites as a function of temperature at a 

constant heating rate, or as a function of time with a constant temperature.  

In the case of Ni/graphene, a 5-10 mg portion of the hydrogen-charged sample was used for each 

desorption test. The TGA analyzer (SDT Q600) can be used to release hydrogen from the 

sorbents upon heating. The tests were carried out under an argon atmosphere at a flow rate of 

100 mL/min from ambient temperature to 250°C with a heating rate of 20°C/min.  In addition, 

the stability of the hydrogen storage was assessed by testing the amount of hydrogen that was 

released from the sorbents at 25°C during 100 min. 

In the case of Pd/graphene, the TGA analyzer (SDT Q600) was used to measure hydrogen 

release from the hydrogen-charged sorbents. A 5-10 mg portion was placed in a crucible at room 

temperature and stay there under argon flow (100 mL/min) for 15 min for stabilizing the 

experimental conditions. Then the temperature was started to increase and the hydrogen release 

was measured. The measurements were carried out under argon flow (100 mL/min) from 

ambient temperature to 200°C with a heating rate of 20°C/min. In addition, the hydrogenated 

samples (0 bar and 60 bar) were tested for both 1%Pd/graphene and 5%Pd/graphene 
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nanocomposites at 25°C for 100 min in order to evaluate the unstable amount of hydrogen 

uptake.  

3.4 Summary 

This chapter has introduced the custom-made apparatus for hydrogen charging. Methods were 

developed to prepare graphene and synthesize the Ni/graphene and Pd/graphene composites by 

simple and scalable approaches. The characterization techniques have been described for the 

analysis of crystal structure, surface area and porosity, chemical and electronic structure, and the 

hydrogen storage determination.  
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CHAPTER 4  

4  NI/GRAPHENE NANOCOMPOSITE  

Overview of Chapter 4 

This chapter presents the manuscript titled “Ni/graphene nanocomposite”. The work includes 

optimization of the synthesis of Ni/graphene composite, investigation of the interaction between 

the Ni particles and graphene substrate, determination of the storage characteristics and 

suggestion of a hydrogen uptake mechanism of the composite.  

Modifications 

The manuscript presented in this chapter is different from the published version in that:  

1. The title was changed from “Synthesis of Ni/graphene nanocomposite for hydrogen 

storage” to “Ni/graphene nanocomposite”. 

2. The sentence “This system exhibits attractive features like high gravimetric density, 

ambient conditions and low activation temperature for hydrogen release” was removed 

from abstract. 

3. The expression “hydrogen storage” was changed to “hydrogen release”. 

4. Fig. 3.1 in Chapter 3 shows the custom-made apparatus in the Supporting Information. 

To avoid repetition, this figure was removed from the Supporting Information of Chapter 

4 in Appendix B.  

5. The detailed experimental procedures of synthesis were moved to the section 3.2.2 of 

Chapter 3.   

6. The digital images and microstructural observations of graphene were moved from the 

Supporting Information of Chapter 4 to the Fig. 3.3 and Fig. 3.4 in Chapter 3.  

7. The pore volume of graphene was added to the section 4.4.1. 
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8.  An influencing factor of hydrogen storage capacity was added to the section 4.4.3: (6) 

partial removal of the sorbent material under a constant flow of argon. 

9. The section 4.4.5“Violation of the Van’t Hoff Law in TGA” was added. 

Manuscript status 

The manuscript was published in journal ACS Applied Materials & Interfaces: 

C. Zhou, J. A. Szpunar, and X. Cui. Synthesis of Ni/Graphene Nanocomposite for Hydrogen 

Storage. ACS Appl. Mater. Interfaces, 2016, 8, 15232−15241. 

Copyright  

Reproduced with permission from [DOI: 10.1021/acsami.6b02607] Copyright [2016] American 

Chemical Society. 

The copyright permission to use the manuscript in the thesis was obtained and provided in 
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provided at the end of the thesis. 
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4.1 Abstract  

A Ni-graphene composite was designed with Ni nanoparticles of ~ 10 nm in size, uniformly 

dispersed over a graphene substrate. When charged at room temperature and an atmospheric 

hydrogen pressure of 1 bar, it could yield a hydrogen capacity of 0.14 wt.%. When hydrogen 

pressure increased to 60 bar, the sorbent released 1.18 wt.%. The hydrogen release could occur at 

an operating temperature below 150°C and complete at 250°C.  

KEYWORDS: hydrogen storage, Ni/graphene, interface, composite, gravimetric density 

4.2 Introduction  

Hydrogen-based fuel is a promising solution for the steady depletion of traditional energy 

resources because of its environmental cleanliness and remarkable energy efficiency116,117. 

However, it is technically challenging to store hydrogen effectively and safely in a compact way 

for practical applications. Recently, nanostructured graphene has attracted much attention as a 

promising hydrogen storage media. This graphene network has excellent features of lightweight, 

high specific surface area, significantly chemical stability, and great onboard reversibility14,118. 

Aside from graphene, some metal catalysts can actively trap hydrogen3,15,119. In spite of that, 

some issues could arise when storing hydrogen in bare graphene or in metal120. Hydrogen 

molecules attach weakly to carbon via van der Waals forces7,121, which restricts the hydrogen 

uptake. In addition, due to a high cohesive energy101, the easy aggregation of metal particles 
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could limit the number of anchoring sites for hydrogen. Further, slow kinetics of metal-hydrogen 

interaction and its poor reversibility lead to an inactive system for hydrogen loading20.  

Lately, researchers have suggested that the decoration of the surface of graphene by metal could 

greatly facilitate the hydrogen uptake3. Among the metals, the existence of Ni particles stabilizes 

the sorbent structure by tailoring the geometry of graphene9,10. They could catalytically facilitate 

the hydrogen absorption/desorption performance in nanocomposites11, and also anchor hydrogen 

as dissociative sites12,13. Besides, NiO/Ni/graphene122 and reduced graphene oxide (r-GO)/Ni 

foam composites123 show remarkable cycling performance. 

The combination of graphene and Ni system should greatly enhance the hydrogen storage 

capacity when compared to the capacity in the independent components of bare graphene and 

metal14,124: that composite may achieve high gravimetric and volumetric densities of hydrogen 

storage. In this work, a Ni/graphene composite was synthesized. The system allows a hydrogen 

capture at ambient conditions and, with a low temperature below 150°C, could activate the 

hydrogen discharging process. The amount of hydrogen uptake is roughly proportional to the 

pressure of hydrogen; specifically, with a hydrogen charging pressure of 60 bar, the composite 

system reaches a hydrogen storage capacity of 1.18 wt.%.  

4.3 Experimental procedures 

4.3.1 Synthesis of Ni/graphene nanocomposite 

The detailed experimental procedures were described in the section 3.2.2 of Chapter 3.   

4.3.2 Characterization techniques  

To determine the crystal structure and phase composition of the samples, an X-ray diffractometer 

(XRD, Bruker D8) equipped with a Cr Kα source (λ=0.229 nm) was used for graphite, and a Cu 

Kα radiation (λ=0.154 nm) for graphene oxide and graphene, and the ω angles of normal scan 

were set at 30, 60, and 90° with a scanning rate of 2°/min. The specific surface areas and pore 

size of graphene were measured by using the Brunauer-Emmett-Teller (BET, ASAP 2020 V3.01 

H) equipment. The elemental signals and mapping of the sample surface were collected by using 
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the energy-dispersive spectroscopy (EDS) at a voltage of 20.0 kV. To acquire electron 

micrographs, Scanning electron microscopy (SEM, HITACHI SU6600) observations were 

carried out at 25 kV with approximate working distances of 9.8 and 5.9 mm, and transmission 

electron microscope (TEM, Philips CM10) observations at 100 kV with the magnifications of 92 

and 125 k. To characterize the structure and type of bonding, the Raman spectra were collected 

by a Renishaw 2000 Raman microscope with the 514 nm wavelength of the laser source and the 

scattered light dispersed with an 1800 L/mm grating. To examine the chemical state of the Ni, O, 

and C, an X-ray photoelectron spectroscopy (XPS) test was conducted by using a Kratos Axis 

Ultra Al-α (1.4866 keV) spectrometer. In order to investigate the local chemistry and electronic 

structure of the system, the Ni K-edge X-ray absorption measurements were performed under an 

ambient atmosphere on the Soft X-ray Microcharacterization Beamline (SXRMB, 06B1-1) at the 

Canadian Light Source (CLS), operating at an energy range of 8.32-8.38 keV, and processed the 

data using the Athena software (0.9.25)125. 

4.3.3 Hydrogen charging and discharging 

To test the hydrogen charging, a custom-made apparatus was designed as described in Fig. 3.1 

and used to charge samples at different hydrogen pressures. After hydrogen charging, the amount 

of hydrogen uptake in the sorbents was measured using thermogravimetric analysis equipment 

(TGA, SDT Q600). Before the sorption experiment, the tightness of the custom-made apparatus 

was tested with hydrogen at room temperature and 100 bar for 12 h. Prior to hydrogen charging, 

a degassing treatment was performed to remove remaining gases and moisture impurities from 

the composite. The dry and fine composite powder was placed in the sample vessel, heated to 

300°C and maintained at that temperature for 1 h. The sample was then placed in a glass 

container and preserved in a vacuum desiccator.  

For each hydrogen sorption test, ~100 mg of the degassed sample was used as a sorbent. This 

sorbent was placed in the vessel. Hydrogen (99.999%, purity) was then introduced into the vessel 

at 10 bar and immediately released. This gas exchange was repeated five times to further remove 

the moisture and air from both the sample and the vessel. Afterward, hydrogen was purged into 

the vessel again at pressure values (0.5, 1, 10, 20, 30, 40, 50 and 60 bar). Then the hydrogen 
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sorption process began, and the sample was charged for 30 min. After hydrogen sorption, the 

sample was placed in a glass container that was then firmly sealed and transferred to the TGA 

instrument within 5 min for the desorption test.  

A 5-10 mg portion of the hydrogen-charged sample was used for each desorption test. The TGA 

analyzer can be used to release hydrogen from the sorbents upon heating. The changes in the 

weight of samples were recorded as a function of temperature along with the amount of 

hydrogen release. The tests were carried out under an argon atmosphere at a flow rate of 100 

mL/min from ambient temperature to 250°C with a heating rate of 20°C/min.  Nine samples 

were measured in total: One sample was not charged with hydrogen (Ni/graphene_0 bar) and one 

sample was hydrogen-charged at 0.5 bar (Ni/graphene_0.5 bar), and they served as references. 

The other seven samples were charged at different pressures (Ni/graphene from 1, 10, 20, 30, 40, 

50 and 60 bar). In addition, the stability of the hydrogen storage was assessed by testing the 

amount of hydrogen that was released from the sorbents at 25°C during 100 min. 

4.4 Results and discussion  

4.4.1 Phase composition and morphology 

The X-ray diffractometer (XRD) pattern characterizes the crystal structures and phase 

composition of the samples. Fig. 4.1a displays the XRD patterns of graphite, as-prepared 

graphene oxide, and graphene. The diffraction peak at 2θ = 39.92° represents the presence of 

graphite (green line). After oxidation, the graphite peak completely disappears from the spectra 

and only graphene oxide (blue line) and graphene (red line) are observed. When zoomed in, two 

spectra show weak broad peaks that are located at 2θ = 17.81° and 23.54° (inset spectra): these 

two peaks are characteristics for the graphene oxide126 and graphene127. The interlayer distance 

of the graphene (23.54°, d-spacing ~0.38 nm) becomes smaller compare to that of graphene 

oxide (17.81°, d-spacing ~0.99 nm).  
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Fig. 4.1 XRD patterns: (a) graphite (green line), graphene oxide (blue line), and graphene (red line) and (b) 

metallic Ni (green line), Ni/graphene composite with Ni 5 at.% (blue line), and precursor 

Ni(OH)2/graphene (red line). 
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Fig. 4.1b depicts the XRD pattern of Ni/graphene composite. For comparison, the XRD patterns 

of Ni(OH)2/graphene and metallic Ni were also collected. After reduction, the complete absence 

of the Ni(OH)2 pattern in the Ni/graphene (blue line) suggests that it was converted to Ni in the 

graphene matrix. Two characteristic peaks appear in the diffraction spectrum of Ni/graphene 

(blue line) at 2θ = 68.61° (111) and 80.92° (200), which coincided well with those positions in 

the diffraction pattern of Ni. This result further confirms the successful transformation of 

Ni(OH)2 to Ni in the graphene matrix. In addition, the broadening of the peaks in the composite 

as compared to peaks in the metallic Ni indicates a decrease of crystallite size, and the average 

crystal size of Ni in graphene surrounding medium was calculated to be 7-9 nm by using the 

Scherrer equation (details are described in Supporting Discussion)128. 

The SEM observation in Fig. 4.2a displays a relatively fluffy structure formed by a 3D 

interconnected graphene network with pores having a size of 5-20 µm. Nitrogen isothermal 

adsorption-desorption analysis further measured the Brunauer-Emmett-Teller (BET) specific 

surface areas of the loose graphene to be 751.9 m2/g with the average pore width of 3.3 nm and 

the pore volume of 0.6 cm³/g. A corresponding energy dispersive spectroscopy (EDS) spectrum 

(Fig. 4.2b) of the area squared in Fig. 4.2a reveals the presence of C and O on the graphene 

surface with a C/O atomic ratio of 5.85 (86 at.% : 14 at.%), and the EDS elemental mapping 

exhibits a homogeneous distribution of these elements on the graphene surface (Fig. 4.2c). 

Moreover, SEM observation of Ni/graphene illustrates the fluffy structure of the composite (Fig. 

4.2d), and the EDS spectrum (Fig. 4.2e) of the area squared in Fig. 4.2d shows C, O and Ni with 

a C/O/Ni atomic ratio of composition to be 83.8 at.% : 11 at.% : 5.3 at.%, which is in good 

agreement with the component ratio used for the synthesis (Ni : C = 0.053; 5 at.% : 95 at.%).  
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Fig. 4.2 Morphology and surface composition analysis: (a) SEM image of graphene oxide, the 

corresponding (b) EDS spectrum and (c) elemental mapping (squared area in (a)), (d) SEM image of 

Ni/graphene, the corresponding (e) EDS spectrum, and (f) elemental mapping (squared area in (d)). 
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It should be noted that some residual oxygen still exists in the composite after reduction, which 

could be typical for the redox produced graphene112. The EDS elemental maps in Fig. 4.2f 

further confirm the uniform distribution of C, O, and Ni in the composite. This uniform 

distribution of Ni particles could be attributed to defects20, vacancy sites129, and oxygen-

containing functional groups on the graphene surface130, which facilitates the attachment of Ni 

atoms on the surface of graphene network. This close interaction between Ni particles and 

graphene substrate may have prevented the Ni nanoparticles from aggregation. 

The improved dispersion state of Ni particles in the graphene substrate correlates with higher 

hydrogen storage in the Ni/graphene composite. Fig. 4.3a (SEM) and Fig. 4.3c (TEM) display 

the morphologies of the precursor Ni(OH)2/graphene as a reference, while Fig. 4.3b (SEM) and 

Fig. 4.3d (TEM) illustrate the surface morphologies of the Ni/graphene. The Ni(OH)2 particles 

deposited on the graphene surface have particle sizes in the range of 20-65 nm (Fig. 4.3e). After 

hydrogen thermal treatment, graphene sheets remains fuzzy and have crinkled structure (Fig. 

4.3b, d). Compared to the pure Ni particles after hydrogen thermal reduction of Ni(OAc)2 (~250 

nm, Fig. B.1, Supporting Information); the Ni particles in the Ni/graphene composite are 

uniformly spread over the graphene substrate (Fig. 4.3b, d) and have a grain size of ~10 nm (Fig. 

4.3f), this size is similar to that determined from the XRD measurements (Fig. 4.1b, average 

crystal size of Ni as 7-9 nm). This considerable diminishing of Ni particle size can be attributed 

to the improved distribution of Ni particles in the graphene matrix, which is consistent with the 

EDS results (Fig. 4.2).   
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Fig. 4.3 Electron images: SEM images of (a) Ni(OH)2/graphene and (b) Ni/graphene, TEM images of (c) 

Ni(OH)2/graphene and (d) Ni/graphene, and particle size distributions of (e) Ni(OH)2 particles in 

Ni(OH)2/graphene and (f) Ni particles in Ni/graphene.  
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4.4.2 Electronic structure  

Raman spectra detect the vibrations of structure and interatomic bonding that arise from the 

structural change from pure graphene to Ni/graphene (Fig. 4.4a). The D and G bands are the 

predominant features of the spectrum of the graphene structure: particularly the D band 

represents sp3-bonded carbon as the disordered or defected band, and the G band involves sp2 

hybridized carbon being in-plane vibrational mode131. They are located respectively at the 

positions of 1356.15 and 1593.84 cm-1. The Raman spectrum of Ni/graphene shows no shift in 

peak position; however, a significant increase in the D/G intensity ratio is observed, reflecting a 

weakened sp2 hybridization and a comparatively strengthened sp3-bonded carbon131, probably 

due to hybridization of Ni d orbitals with carbon π orbitals on the graphene surface. 

The X-ray photoelectron spectroscopy (XPS) spectrum reveals the chemical state of the elements 

on the composite surface and determines the possible bonds at the Ni-graphene interface. In Fig. 

4.4b, the survey spectra detect the presence of O and C in graphene, and Ni, O, and C in the 

composite. The corresponding Ni 2p spectrum of Ni/graphene (Fig. 4.4c) displays the Ni 2p3/2 

and Ni 2p1/2 core levels132: the peaks at 852.8 eV (Ni 2p3/2) and 870.46 eV (Ni 2p1/2) are typically 

featured as Ni(0), while the peaks at 855.84 eV (Ni 2p3/2) and 874 eV (Ni 2p1/2) represent Ni-O-C 

bond in the composite, and the Ni-C peaks are observed at 860.83 eV (Ni 2p3/2) and 879.5 eV (Ni 

2p1/2).  

The split peaks of C 1s spectrum in graphene, located at ~283.62 eV, ~285.52 eV, ~287.92 eV 

and ~291.39 eV, are mainly attributed to the carbon-containing groups, including the carbon ring 

C-C/C=C, C-O, C=O, and O-C=O bonds, respectively133,134 (Fig. 4.4d). In comparison, a peak 

appears at 286.52-286.57 eV in the Ni/graphene C 1s spectrum, indicating an interaction between 

Ni and graphene probably via Ni-C bond135 (Fig. 4.4d). Similarly, the split peaks of the O 1s 

spectrum in graphene can be assigned to the C-O (~532.58 eV), C=O (~534.98 eV) and O-C=O 

(~538.03 eV) bonds133,134, while a peak at ~531.01 eV in Ni/graphene suggests a possible Ni-O-

C bond at the Ni-graphene interface135 (Fig. 4.4e).  
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After the loading of Ni, the peaks of these functional groups become more intense and narrower, 

implying that the presence of Ni could help in preserving oxygen in the composite, probably 

through the formation of Ni-O-C bond formed during the synthesis process. The existence of 

these bonds (Ni-O-C and Ni-C) are assumed to improve the affinity of the Ni to graphene 

substrate. This attachment may further enhance the structural stability of the composite and its 

efficiency for hydrogen storage. 

To further probe the local coordination environment and electronic structure of the system, Ni K-

edge X-ray absorption spectroscopy (XAS) spectra were collected (Fig. 4.4f), and conducted 

blank tests on the precursor Ni(OH)2/graphene and used a standard Ni foil as a reference. The 

standard spectrum of metallic Ni was used to evaluate the extent of reduction of Ni (II) in the 

composite. The peak area and edge position reflect the specific oxidation state of Ni136, and the 

peak area is related to the density of unoccupied states137. Fig. 4.4g illustrates that the peak area 

significantly decreased after the reduction (from green line to blue line). This weaker absorption 

implies a reduction of Ni (II). In addition, the derivative of the spectrum signifies the absorption 

position. The weak pre-edge structure prior to K-edge results from the 1s→3d bound state 

transition138. In the Fig. 4.4g on the inset spectrum, the pre-edge absorption of Ni/graphene and 

Ni foil are located at the same position (8.3321 keV) and this suggests that Ni is reduced in the 

Ni/graphene, as the 3d orbitals become partially unoccupied after reduction, and this enables the 

excitation of 1s core electron to the d state. 

Moreover, the strong Ni K-edge absorption correlates with the excitation of 1s → 3d-4p mixing 

states that hybridized with O 2p orbitals. At the bottom of Fig. 4.4g, the derivative of spectra 

illustrates that the white line is downshifted from the energy of the Ni (II) precursor (green line) 

toward the final reduced Ni (blue line) in Ni/graphene, implying a reduction of hybridization of 

the Ni 3d-4p and O 2p states139: as the empty state with Ni 3d-4p character is occupied, a smaller 

energy band emerges between the 1s and 3d-4p states; thus a lower energy is required to excite 

1s electrons to another unfilled d, p state. Hence, this absorption edge is shifted towards lower 

energies and this further verifies the reduction of Ni (II).  
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Fig. 4.4 Electronic structure analysis: (a) Raman spectra and (b) XPS survey spectra of graphene and 

Ni/graphene, and the corresponding XPS spectra of (c) Ni 2p, (d) C 1s, and (e) O 1s. (f) Ni K-edge XAS 

spectra of Ni foil, precursor Ni(OH)2/graphene and Ni/graphene, and (g) the corresponding magnified 

energy ranging from 8.32-8.38 keV with a derivative of the pre-edge spectra (inset) and the shifts in 

respective absorption edges at the bottom of the spectra. (h) Ni K-edge FT-EXAFS spectra of the Ni 

nanoparticles.  
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Nevertheless, one still can see that the absorption energy of the Ni K-edge in the Ni/graphene is 

slightly different from that of the metallic Ni foil. This spectral difference is presumably due to a 

difference in electronic structure between the Ni and graphene in the Ni/graphene composite; 

electron density was probably dragged towards defects in the graphene136.  

A similar finding was obtained from the k-weight Fourier transform of Ni K-edge extended X-

ray absorption fine structure (EXAFS) spectra as shown in Fig. 4.4h. The intense peaks centered 

at 1.52 Å and 2.66 Å in the precursor Ni(OH)2/graphene FT-EXAFS spectrum typically 

represent Ni-O shell and Ni-O-Ni higher coordination shell, respectively140,141. In the 

Ni/graphene FT-EXAFS spectrum, the main peak at 2.16 Å corresponds to Ni-Ni bond, while 

two weak peaks that present at the same positions (3.29 Å and 4.28 Å) but are slightly more 

intense compared to those in the Ni foil FT-EXAFS spectrum, are presumably related to the Ni-

M bond which is a mixture of Ni-Ni higher shell and Ni-O-C/Ni-C shells at the interface of Ni-

graphene. In addition, the absence of Ni-O shells in Ni/graphene spectrum further verifies that Ni 

(II) was indeed converted to the metallic Ni (0) during the hydrogen thermal treatment. All these 

results demonstrate the interaction of Ni-graphene via Ni-O-C and Ni-C bonding. The presence 

of these bonds can prevent Ni diffusion and aggregation in the graphene network, as depicted by 

the morphology and distribution of nanoparticles (Fig. 4.2f and Fig. 4.3d). 

4.4.3 Hydrogen release measurement 

TGA was applied to determine the hydrogen release from the Ni/graphene upon the conditions of 

flowing argon at a heating rate of 20°C/min, and Fig. 4.5 shows the experimental results. Blank 

tests were performed on the non-charged composite (Ni/graphene_0 bar) and hydrogen-charged 

composite at 0.5 bar (Ni/graphene_0.5 bar) as references to determine the hydrogen uptake and 

the storage capacity in the hydrogen-charged sorbents.  

The Ni/graphene_0 bar sample had a mild mass loss (Fig. 4.5a). As graphene structure remains 

chemically inert at the ambient environment39, it is hardly oxidized in air at room temperature142. 

The possibility of the formation of chemical products in graphene during the transfer process 

may be precluded. Thus, the slight weight loss in the Ni/graphene_0 bar presumably arises from 
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the elimination of adsorbed moisture and gas impurities143,144. The hydrogen-charged samples 

had a continuously declining weight for sorbents that at hydrogen charging pressures from 1 to 

60 bar (Fig. 4.5a), revealing an increasing amount of hydrogen uptake in the specimens. Notably, 

the Ni/graphene_1 bar had a larger weight loss than the non-hydrogen charged sample. This 

indicates that the sorbent can anchor hydrogen at atmospheric pressure.  

Five factors are assumed to contribute to the weight changes of hydrogen-charged samples by 

using TGA: (1) hydrogen release; (2) removal of the adsorbed water and gas impurities during 

the transfer process3; (3) hydrogen reduction of NiOx. The XRD measurements indicate metallic 

Ni in the composite (Fig. 4.1b), which is in agreement with the experimental results reported by 

Yang et. al123. The XRD results detected no pattern of the oxidized Ni, however, the oxidation 

might occur during the transfer process in air which could be reduced by thermal hydrogen 

reaction in TGA; (4) an elimination of water that generated from a possible oxidation of 

hydrogen at the presence of Ni during the transfer process145; (5) an irreversible interaction 

between hydrogen and composite upon heating; (6) partial removal of the sorbent material under 

a constant flow of argon. To accurately calculate the hydrogen storage capacity in the composites, 

the weight changes that resulted from the factor (2), (3), (4), (5) and (6) are needed to be 

precluded by using the weight loss of the Ni/graphene_0.5 bar as a reference. Therefore the 

amount of hydrogen release is calculated by deducting the mass loss of the Ni/graphene_0.5 bar 

from the weight loss of each hydrogen-charged specimen at a higher pressure from 1 bar to 60 

bar.   
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Fig. 4.5 Thermogravimetric analysis: (a) hydrogen storage capacities in the Ni/graphene composites with 

a loading amount of Ni 5 at.% that charged at hydrogen charging pressures from 0.5 to 60 bar, (b) mass 

changes of non-hydrogen charged sorbents and 60 bar hydrogen-charged sorbents at 25°C in 100 min, (c) 

hydrogen capacity that is stably stored in the sorbents after hydrogen charging at pressures from 1 to 60 

bar. 
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To investigate the stability of the hydrogen storage in the composite, the weights of the 

hydrogen-charged samples (0 and 60 bar) were measured at 25°C for 100 min as shown in Fig. 

4.5b. The specimen weights tended to stabilize after 80 min with a slight release of hydrogen 

(0.26 wt.%). The hydrogen uptake capacities were then calculated with different pressures by 

deducting the weight loss of the Ni/graphene_0.5 bar (Fig. 4.5a) and the quantity of unstable 

hydrogen uptake of 0.26 wt.% at ambient conditions (Fig. 4.5b) from the weight loss of each 

hydrogen-charged specimen (Fig. 4.5a). Subsequently, the final hydrogen uptake capacity was 

plotted as a function of the hydrogen charging pressures in Fig. 4.5c. Remarkably, the composite 

traps hydrogen with a capacity of 0.14 wt.% at room temperature and an atmospheric pressure of 

hydrogen. When the hydrogen charging pressure rose to 60 bar, the gravimetric uptake of 

hydrogen reached 1.18 wt.% in the composite.  

Further, the hydrogen-charged samples tended to lose weight quickly from room temperature to 

150°C, whereas, there was a slow hydrogen release from 150 to 250°C. The fast hydrogen 

discharge implies that a quick desorption process could occur at a temperature below 150°C. It 

has been reported that the hydrogen desorption from some bare metal hydride like MgH2 and 

CaH2 requires high heat (> 300°C)146,147, while hydrogen charging of carbon material demands a 

super low temperature (77 K)148. It is highly advantageous that the hydrogen storage in the 

present Ni/graphene sorbent discharges hydrogen below 150°C, suggesting that a physisorption 

or weak chemisorption could dominate the hydrogen uptake in our composites.  

It has been reported that Chen et al. determined that Pd-decorated graphene/carbon had a 

hydrogen storage capacity of 0.82 wt.% at room temperature and 8 MPa90 by using a volumetric 

technique. Wang et al. synthesized a Ni-B nanoalloy/graphene composite (Ni 0.83 wt.% and B 

1.09 wt.%) by a chemical reduction method. They applied a pore and surface analyzer and 

determined that the composite could achieve a hydrogen uptake capacity as high as 4.4 wt.% at 

77 K and 106 kPa78. These two materials either require an extremely high charging pressure or 

need a superlow temperature for the storage. The most recent work on the graphene/Mg that was 

reported by Cho et al. in 2016149 shows an attractive gravimetric density of hydrogen storage of 

6.5 wt.% with the hydrogen charging conditions of 250°C and 15 bar and a discharging 

temperature of 300°C. Despite that, the material demands high temperatures for the hydrogen 
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charging/discharging processes. In comparison, the Ni/graphene nanomaterial in this work 

exhibits many attractive features. The Ni/graphene composite can trap hydrogen with a capacity 

of 0.14 wt.% at room temperature and an atmospheric pressure of hydrogen. The gravimetric 

density of hydrogen reached 1.18 wt.% at room temperature and a hydrogen charging pressure of 

60 bar. Additionally, the composite released hydrogen below 150°C and completed the 

desorption at 250°C.  

4.4.4 Hydrogen release mechanism 

After hydrogen uptake, the composite well retains the fluffy morphologies (Fig. B.2, see 

Supporting Information). The XRD patterns exhibit newly formed peaks at 66.21°and 78.65° of 

the Ni/graphene_60 bar, which involves a formation of a new crystalline phase in the composite 

(Fig. 4.6a). Raman spectroscopy investigates the structural evolution of graphene in the 

composite upon hydrogen charging (Fig. 4.6b). When comparing the Ni/graphene to the 

Ni/graphene_H2, the D band shifts from 1356.15 to 1349.34 cm-1. This downshift implies a 

relatively weaker vibration of the sp3-bonded carbon in the hydrogen-charged sample, suggesting 

that the uptake hydrogen could interact with the defects in graphene. In addition, no observable 

variation of the I(D)/I(G) ratios was detected before and after hydrogen charging (Ni/graphene of 

1.01 and Ni/graphene_H2 of 1.07). It suggests that the defects in the graphene structure are well 

maintained and possibly contribute to the hydrogen transport during the charging process149. 
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Fig. 4.6. Hydrogen uptake performance in the Ni/graphene sorbent: (a) XRD patterns, (b) Raman spectra 

of the Ni/graphene_0 bar and Ni/graphene_60 bar (right), (c) hypothesis of the hydrogen storage 

mechanism in the composite. Green: 3D graphene sheet, blue: H, pink: Ni. 

On the basis of the hydrogen storage properties and the structural characterization of the 

hydrogen-charged composite, four categories of hydrogen uptake behaviors are hypothesized 

that occur during the catalytic storage at high pressure, as the schematic illustrates in Fig. 4.6c: 

(1) Adherence of molecular hydrogen onto the surface of Ni nanoparticles150: The Ni 

nanoparticles could adhere multiple hydrogen molecules on the surface, and some of these 
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anchored hydrogen molecules dissociate into atomic hydrogen at the presence of Ni102,151. (2) 

Storage in Ni lattice. A part of the dissociated hydrogen atoms penetrates into Ni lattices that is 

stored in Ni147; (3) Hydrogenation of graphene. Some dissociated hydrogen atoms migrate into 

graphene support via the Ni-graphene interface which serves as a linker (Ni-O-C/Ni-C) and 

facilitates the hydrogen spillover process102. These hydrogen atoms could trap at the unsaturated 

sites in the graphene matrix151,152. (4) Adsorption of hydrogen in the 3D porous graphene 

matrix92: As Fig. 4.5 shows, an increasing hydrogen charging pressure contributes to a 

continuously raised amount of hydrogen uptake, thus, the elevated pressure is presumed to help 

compress the molecular hydrogen and squeeze them into graphene. These hydrogen molecules 

should have been trapped in the inner layers, and delocalized through the graphene planes8,19,150. 

These proposed hydrogen uptake behaviors allow the reversible hydrogen charging and easy 

hydrogen discharging at a comparatively low temperature.  

4.4.5 Violation of the Van’t Hoff Law in TGA  

The usage of TGA is not a typical methodology for the determination of hydrogen storage 

capacities. The experiment was carried out at a constant flow of argon from room temperature to 

250°C, which could violate the Van’t Hoff Law3,153 in four aspects: (1) the measurement is not 

performed in a continuous pressure of hydrogen. Hence, it cannot be used for an in situ analysis 

of hydrogen sorption process; (2) the argon atmosphere might eliminate the thermodynamic 

barriers that should have existed at a desorption pressure no less than one atmospheric hydrogen 

for a desorption process; (3) the argon flow may cause a partial loss of sample, which could 

result in an inaccurate determination of hydrogen storage capacities in the sorbent; and (4) the 

increasing temperature cannot be used for the evaluation of isothermal hydrogen sorption process. 

Furthermore, the limitation of the hydrogen storage measurements in this work and the typical 

methodology for the hydrogen storage determination are described in details in sections 7.4 and 

7.5, Chapter 7, respectively.   
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4.5 Conclusions 

The Ni/graphene composite system was developed with the goal of stable and efficient hydrogen 

storage. The Ni nanoparticles of 10 nm size are well dispersed within the graphene matrix, and 

they presumably are attached to graphene via Ni-O-C and Ni-C bonding. As the composites were 

charged with hydrogen, they yielded a hydrogen capacity of 0.14 wt.% at room temperature and 

an atmospheric hydrogen charging pressure of 1 bar. The amount of hydrogen uptake is 

proportional to the hydrogen charging pressure. When charged with 60 bar of hydrogen, the 

sorbent had a hydrogen gravimetric density of 1.18 wt.%. Furthermore, hydrogen release 

occurred at an operating temperature below 150°C and completed at 250°C.  
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CHAPTER 5 

5 X-RAY CHEMICAL IMAGING AND ELECTRONIC STRUCTURE OF 

A SINGLE NANOPLATELET NI/GRAPHENE COMPOSITE 

Overview of Chapter 5 

This chapter presents the manuscript titled “X-ray Chemical Imaging and Electronic Structure of 

a Single Nanoplatelet Ni/graphene Composite”. It introduces the work on the synthesis of 

Ni/graphene composite and the investigation of the interaction between the Ni particles and 

graphene substrate.  

Modifications 

The manuscript presented in this chapter is different from the published version in two parts:  

1. The experimental section is added with the content of synthesis and characterization 

techniques that moved from the introduction section.  

2. Fig. B.4 is added, which shows the whole STXM image and selected spot; and Fig. B.5 is 

added, which is the STXM XANES C 1s, O 1s and Ni 2p spectra of the single Ni/graphene 

nanoplatelet.  

Manuscript status 

The manuscript was published in RSC Chemical Communications:  

C. Zhou, J. Wang, and J. A. Szpunar, “X-ray chemical imaging and the electronic structure of a 

single nanoplatelet Ni/graphene composite.,” Chem. Commun. (Camb)., vol. 50, no. 18, pp. 

2282-5, 2014. 
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The copyright permission to use the manuscript in the thesis was obtained and provided in 

Appendix B. The references for this chapter along with the references of other chapters are 

provided at the end of the thesis. 
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5.1 Abstract  

Chemical imaging and quantitative analysis of a single graphene nanoplatelet grown with Ni 

nanoparticles (Ni/graphene) have been performed by scanning transmission X-ray microscopy 

(STXM). Local electronic and chemical structure of Ni/graphene has been investigated by 

spatially resolved C, O K-edges and Ni L-edge X-ray absorption using near edge structure 

(XANES) spectroscopy, revealing the covalent anchoring of Ni(0) on graphene. This study 

facilitates understanding of the structure modification of host material for hydrogen storage and 

offers a better understanding of the interaction between Ni particles and graphene. 

5.2 Introduction  

Growing demands for sustainable and clean energy are a huge challenge for the world economy 

as conventional energy sources are being steadily depleted154,155. Among various energy sources, 

hydrogen is becoming attractive due to its lightweight, and environmentally friendly 

features116,117,154. The development of this alternative energy source for future economy requires 

not only inexpensive production of hydrogen, but also the safety and efficiency of storage and 

delivery for practical applications. Hydrogen storage has been commonly studied in the forms of 

compressed gas156, liquid hydrogen157, condensed state158. However, if one has concerned with 

the weight, safety, environmental protection, durability and cost efficiency, the optimum choice 
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would be some solid state materials in a compact form. Various nanostructured materials have 

been considered for this application.  

Graphene recently emerges as a promising hydrogen storage medium with attractive features, 

such as low weight, high chemical stability and extremely high specific surface area (up to 2600 

cm2/g)39,118. Nevertheless, as a non-polar molecule, hydrogen is very weakly bonded to pristine 

graphene via van der Waals’s forces8,159, which result in a low hydrogen sorption. Although 

metal catalyst or metallic compounds are active materials and have strong interactions with 

hydrogen via chemical bonds147, the bare metal particles easily aggregate to clusters160 providing 

insufficient “anchoring sites”, leading to a chemically inert system for gaseous hydrogen uptake. 

To overcome these drawbacks, doping metal particles, especially transition metal (TM) on 

graphene should significantly strengthen the interaction among hydrogen, metal and 

graphene3,101,159–161, i.e. TM particles, if uniformly dispersed on the surface of graphene, can 

serve as spacers of layered graphene structure and are hydrogen receptors, thus, they further 

promote a dissociative chemisorption via hydrogen spillover process162.  

This surface modification of graphene by TM nanoparticles should greatly enhance hydrogen 

capacity for storage and discharge because of both physisorption in pristine graphene and 

chemisorption in metal. Among the TMs, the presence of Ni not only alters the geometry of 

graphene network, resulting in enhanced structure stability9,10,163,164 of the hydrogen host material, 

but also actively serves as dissociative sites for hydrogen chemisorption78,165,166.  

So far detailed analysis of the mechanism of TM/graphene interaction is still missing. A 

combination of X-ray absorption near edge structure (XANES) spectroscopy and scanning 

transmission X-ray microscopy (STXM) has been widely applied to investigate the chemical 

interaction and speciation in pristine graphene167 and various graphene-based hybrid 

nanostructures. Problems like layered structure in r-GO167, dopant distribution in N-CNT168, the 

state of charge (SOC) in LiMnxFe1-xPO4/graphene169 as well as interaction within nanostructures 

consisting of graphene and metallic compounds or alloy hybrids168–170 have already been 

investigated.  
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This work reports STXM characterization of Ni/graphene as a potential hydrogen storage 

medium. Specifically, chemical imaging and component identification were performed on a 

single Ni/graphene nanoplatelet. Furthermore, spatially resolved XANES spectroscopy was 

obtained at the C, O K-edges and Ni L-edge to investigate the local chemistry and electronic 

structure, particularly Ni valence state and chemical interactions involved in Ni/graphene. 

TM/graphene has been synthesized through thermal reduction171–174, CVD approach163,164,171,175 

and so forth, yet the scalability and cost efficiency of synthesis still remain challenging.  

5.3 Experimental section 

The Ni/graphene was produced in a simple and scalable way by pressurized multiplex 

solvothermal reduction58 and followed by thermal processing. The preparation details and 

laboratory-based characterizations are briefly described in the supplementary information and the 

thermal treatment system is schematically presented in Fig. B.3, Supporting Information. STXM 

with a spatial resolution of 30 nm was performed on the soft X-ray spectromicroscopy beamline 

10ID-1 at the Canadian Light Source (CLS). XANES at the C, O K-edges, and Ni L-edge were 

extracted from STXM image stacks scanned over a range of photon energies. For more details of 

STXM experimental and data analysis, refer to other publications by the author168–171. 

5.4 Results and discussion 

5.4.1 Ni-graphene interface analysis 

5.4.1.1 STXM observations 

A high resolution STXM transmission (absorption) image at the Ni L3-edge (853.3 eV) of a 

randomly selected Ni/graphene nanoplatelet is shown in Fig. 5.1a (See the Supporting 

Information, the whole STXM image and the selected spot in Fig. B.4; the STXM XANES C 

1s,O 1s and Ni 2p spectra of the single Ni/graphene nanoplatelet in Fig. B.5). Ni particles can be 

clearly seen on the graphene nanoplatelet as dark spots and patches, which is consistent with the 

XRD results (Fig. B.6, Supporting Information) and SEM observations (Fig. B.7, Supporting 

Information), confirming the growth of Ni on graphene substrate in the nanostructured composite. 
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Even with some degree of Ni aggregation, Fig. 5.1a still shows the majority of Ni particles on the 

graphene nanoplatelet are nanoscaled/sub-micron scaled size, and they are more widely and 

evenly distributed than the localized aggregation. Then medium resolution STXM image stacks 

were acquired on the same nanoplatelet at C, O K-edges and Ni L-edge in order to derive 

quantitative chemical maps of the components.  

Fig. 5.1b and Fig. 5.1c present the thickness map of graphene and Ni respectively, derived by 

fitting the C 1s and Ni 2p STXM stacks with the quantitatively scaled reference spectra of pure 

graphene and Ni. Fig. 5.1d displays the colour composite map of the Ni/graphene nanoplatelet. 

The graphene thickness map shows the lateral size and thickness of the layered graphene from 

thermal reduction as ~10 µm and ~25 nm, respectively.  

In addition, the thickness variation of Ni particles (up to 75 nm due to partially aggregation) 

displayed in Fig. 5.1c suggests that a high loading of Ni on graphene was successfully achieved.  

Interestingly, few aggregated Ni particles attached to the edge of the graphene nanoplatelet 

without support were also observed, probably due to particle migration during high temperature 

thermal processing or coordination of Ni particles to the dangling bonds within the edge 

structure9,44,51.  
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Fig. 5.1 STXM chemical imaging of a single Ni/graphene nanoplatelet: (a) high resolution STXM 

transmission (absorption) image at the Ni L3-edge (853.3 eV), in which the morphology of the metallic Ni 

particles and the substrate graphene nanoplatelet are clearly resolved, (b) Graphene and (c) Ni thickness 

maps derived by medium resolution STXM image stack scans, all vertical grey scales represent the 

materials thickness in nm, (d) colour composite map, red: graphene, green: Ni. 
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5.4.1.2 XANES analysis 

To further investigate the local chemistry and electronic structure of the composite, selected 

regions on the sample were used to extract XANES absolute absorbance (i.e. optical density) 

spectra from STXM stacks at the C, O K-edges and Ni L-edge in Fig. 5.2. These carefully 

selected regions as displayed in Fig. 5.2a include almost pure graphene (red regions), pure Ni 

particles off the nanoplatelet (green regions), and Ni/graphene (blue regions). The extracted C K-

edge XANES spectra from the selected regions in Fig. 5.2b confirm that the green spectrum is 

barely featured with carbon, i.e. unsupported Ni appears along or off the edge of graphene 

nanoplatelet, which is in good agreement with the chemical imaging in Fig. 5.1. However, the 

main peaks of Ni/graphene (blue spectrum) are located at the same positions as those of almost 

pure graphene (red spectrum).  

To make a more quantitative analysis, a linear combination of the pure Ni and graphene spectra 

(i.e. 0.45*Ni + 1.0*Graphene, orange lines in Fig. 5.2) matching the pre- and post-edges of 

Ni/graphene is included for comparison. This linear combination fit removes the sample 

thickness and other experimental effects and serves as a reference spectrum to quantitatively 

compare Ni/graphene and pure Ni + Graphene. Since XANES spectrum probes the projected 

unoccupied density of states (UDOS) near each elemental edge, the spectral difference between 

Ni/graphene and pure Ni + Graphene clearly shows the electronic structure change and subtle 

chemical composition difference between them.  

In general, XANES peak position is sensitive to the chemical environment of the X-ray 

absorbing atoms, such as functional group, oxidation state/valence, bonding type etc., while 

XANES peak intensity is proportional to the amount of the absorbing atoms and related to the 

bonding orientation or chemical interactions between the absorbing atoms and the surrounding 

atoms, such as charge transfer, π-π interaction etc. It is commonly known that the spectral 

features at ~285 eV and ~292 eV are corresponding to the transitions from C 1s to graphitic 

states of π* and σ* respectively167,169. These features confirm the preservation of graphitic 

framework in Ni/graphene.  
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Fig. 5.2 STXM XANES spectra of a single Ni/graphene nanoplatelet: (a) selected regions on the sample 

to exact XANES spectra by STXM stacks, red regions: almost pure graphene, green regions: almost pure 

metallic Ni particles off the nanoplatelet, and blue regions: Ni/graphene; (b) C 1s, (c) O 1s, and (d) Ni 2p 

XANES spectra of the selected color coded regions in (a), a linear combination of the pure Ni and 

graphene spectra (i.e. 0.45*Ni + 1.0*Graphene, orange lines) is included to compare with Ni/graphene. 

All vertical dashed lines in the spectra indicate the spectral regions of interest and are labeled with 

electronic structure assignments. 
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The much stronger and broader π* peak (285.3 eV) in Ni/graphene than in almost pure graphene 

suggests a higher degree of wrinkling and folding within the graphene nanoplatelet after Ni 

nanoparticle deposition170, suggesting a strong interaction between them, presumably that the Ni 

nanoparticles are favorably adsorbed on the hollow of the graphene hexagons, bridge of C-C 

bonds and are placed on top of C atoms176, resulting in deformation of the graphene nanoplatelet. 

The less intense peak at 287.5 eV is due to ϭ*C-H or aromatic hydroxyl ϭ*C-OH or epoxyl ϭ*C-O-C 

band, while the peak at 288.5 eV is dominated by carboxyl groups π*O-C=O. The most sharpest 

and intense peaks at 291.7 and 292.7 eV are featured as a resolved double-peak via ϭ*C-C 

resonance164.  

Among these localized features, when compared to those of graphene, the Ni/graphene spectrum 

exhibits enhanced intensity between 287-290 eV due to additional carbon-oxygen functional 

groups (most likely the interface oxygen bridge between Ni and Graphene), and reduced 

intensity in the intensity-flipped double-peak ϭ* (291.7 and 292.7 eV) probably because of a 

significant charge transfer effect (more details to follow at the Ni 2p edge) and a weak 

polarization effect associated with a slightly higher degree of wrinkling and folding for the 

graphene substrate. These spectroscopic changes suggest that the graphene framework was 

strongly interacted/functionalized with Ni nanoparticles via Ni-C and Ni-O-C (including nickel 

carbonate Ni-O-C=O) covalent bonding structures.  

At the O 1s in Fig. 5.2c, compared to almost pure graphene (red line) and Ni (green line) and 

their linear combination, O 1s spectrum of Ni/graphene (blue line) displays an overall enhanced 

π* and ϭ* intensity, strongly suggesting additional bonding/carbon-oxygen functional groups in 

Ni/graphene via Ni-O-C bonding structure to anchor Ni nanoparticles onto the graphene 

substrate, which is consistent with the C K-edge result. The correlated peaks at 532.3 and 539.9 

eV are the characteristics of carboxyl groups (π*O-C=O) and ϭ*C-O band164, respectively. Another 

pronounced peak in both Ni/graphene and Ni at ~538 eV is attributed to the ϭ*O-Ni band and it is 

absent in the almost pure graphene region. 

Fig. 5.2d presents the Ni 2p XANES spectra from the three regions. Two main peaks at ~853.0 

eV and 870.1 eV are located at the same energies of the elemental Ni 2p3/2 (L3-edge) and Ni 2p1/2 
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(L2-edge) levels177, respectively. In addition, there is no evident peak splitting in the Ni 2p peaks 

for both Ni and Ni/graphene, indicating that the oxidation state for both is Ni(0). The Ni 2p edge 

jump of the Ni spectrum is about double of that of Ni/graphene, suggesting the Ni thickness in 

the former is about twice of the latter, which is in good agreement with the spectrum fitting 

coefficients in Fig. 5.2. This also implies that Ni nanoparticles off the graphene nanoplatelet tend 

to aggregate significantly. Compared to Ni+Graphene (orange line), the Ni 2p spectrum of 

Ni/graphene (blue line) shows significantly enhanced L3 and L2 edges (i.e. unoccupied states), 

suggesting a significant net charge transfer from Ni to graphene since the Ni(0) oxidation state 

was essentially reserved. This is considered as a result of covalent bonding of Ni-C and Ni-O-C, 

and the other striking observation of the charge transfer is that in the C 1s edge the ϭ*C-C 

intensities (291.7 and 292.7 eV sharp features and other broad features from 295 to 310 eV) of 

graphene were significantly reduced, confirming the charge transferred to the graphene 

framework as XANES probes the UDOS at the carbon sites. 

5.4.2 Schematic configuration of Ni-graphene interface 

The schematic configuration of Ni attachment upon graphene framework in Ni/graphene is 

displayed in Fig. 5.3, showing the Ni adsorbed, functionalized sites, as well as the charge transfer 

from Ni to graphene. Although trace amount of oxygen was detected at both regions, it was most 

likely due to surface oxidation of the Ni(0) nanoparticles. Based on above information, the 

covalent interactions between Ni and graphene significantly help stabilize the nanostructure, 

which is expected to substantially extend the lifecycle of the host material for hydrogen uptake. 

Further hydrogen storage test of this material is underway. 
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Fig. 5.3 Schematic configuration of Ni attachment upon graphene framework in Ni/graphene: Ni atoms 

adsorb on the hollow of the graphene hexagons, bridge of C-C bonds, top of C atoms, and Ni attached to 

oxygen functional groups via Ni-O-C covalent bonding. The gray, red and blue balls represent C, O and 

Ni atoms, respectively. The purple curved arrows indicate charge transfer from Ni to graphene.  
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5.5 Conclusions 

STXM was performed to obtain chemical mapping and XANES of Ni/graphene nanocomposite. 

It was found that Ni nanoparticles prepared from the thermal reduction of nickel acetate deposit 

mainly on the graphene substrate with a small portion of the aggregated Ni particles attached to 

the edge of graphene nanoplatelet or depleted completely. The spatially resolved XANES at 

multiple elemental edges allowed for the determination the Ni (0) state, and the local chemistry 

and electronic structure, revealing the anchoring of Ni(0) nanoparticles onto the graphene 

substrate via Ni-C and Ni-O-C covalent bonding. These results have advanced our understanding 

of the electronic and chemical structure of Ni/graphene, and other similar TM/Graphene systems, 

and will help to optimize the tailoring of TM/Graphene host materials for hydrogen storage.  
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CHAPTER 6 

6 PD/GRAPHENE NANOCOMPOSITES  

Overview of Chapter 6 

This chapter presents the manuscript titled “Pd/Graphene Nanocomposites”. It describes the 

work on the synthesis of the composites and characterization of structures. The properties of 

hydrogenation/dehydrogenation are discussed and a mechanism for determining hydrogen uptake 

behaviors is suggested.  

Modifications 

The manuscript presented in this chapter is different from the submitted version in the following 

parts:  

1. The title was changed from “Hydrogen Storage Performance in Pd/Graphene 

Nanocomposites” to “Pd/Graphene Nanocomposites”. 

2. The description “This new hydrogen storage system has favorable features like desirable 

hydrogen storage capacity, ambient conditions of hydrogen uptake, and low temperature 

of hydrogen release.” was removed from the abstract. 

3. The description “This system allows storage of hydrogen in amounts that exceed the 

capacity of the gravimetric target announced by the U.S. Department of Energy (DOE).” 

was removed from the abstract.   

4. The description “Hydrogen is an attractive fuel because of the important features of 

energy efficiency and environmental cleanliness116,117; nevertheless, it is crucial to store 

hydrogen in an efficient and safe way for various practical applications. The U.S. 

Department of Energy (DOE) has announced the goals of volume energy density and 

gravimetric capacity of an on-board hydrogen storage system at the levels of 0.04 kg·L-1 
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and 5.5 wt.%3. Up to now, these goals have not been reached.” was removed from the 

introduction. 

5. The expression “hydrogen storage” was changed to “hydrogen release”. 

6. The expression “hydrogen-charged samples” was changed to “hydrogenated samples”. 

7. Fig. 3.1 in Chapter 3 shows the custom-made apparatus in the Supporting Information. 

To avoid repetition, the relevant figure is removed from the Supporting Information in 

Appendix B.  

8. The detailed process flow of the preparation of graphene was moved from this 

manuscript to the section 3.2.1 of Chapter 3. 

9. The detailed experimental procedures of synthesis of Pd/graphene nanocomposites were 

described in the section 3.2.3 of Chapter 3. The original Fig. B.8 (Process flow of the 

preparation of graphene) was moved from the Supporting Information of Chapter 6 to the 

section 3.2.1 of Chapter 3.  

10. The Fig. B.10 (Morphology observations of Pd(OAc)2/graphene), Fig. B.12 (EDS 

mapping of graphene and 5%Pd/graphene), Fig. B.15 (XAS instrument) were added to 

the Supporting Information. 

11. The pore volume of graphene was added to the section 6.4.2.  

12. The SEM and TEM micrographs of 5%Pd/graphene nanocomposite were added to Fig. 

6.2, and the corresponding morphologies were analyzed. 

13. An influencing factor of hydrogen storage capacity was added to the section 6.4.3: (4) 

exclude the amount of sorbent material that is carried away by a constant flow of argon. 

14. The reason of “The 1%Pd/graphene nanocomposites have a higher gravimetric density of 

hydrogen compared to that in the 5%Pd/graphene nanocomposites at each pressure value.” 

was given in the section 6.4.3: It is probably due to a revolution of thermodynamics 

properties of the sorbents as the particle sizes decrease. Alternatively, a smaller particle 

sizes could facilitate the spillover of hydrogen, which increases the hydrogen uptake 

amount in the sorbents.  

Manuscript status 

The manuscript was published in journal ACS Applied Materials & Interfaces: 
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Pd/graphene nanocomposites 

Chunyu Zhou* and Jerzy A. Szpunar 
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Canada.  

 

6.1 Abstract 

A Pd-graphene nanocomposite was developed for hydrogen storage. The spherically shaped Pd 

nanoparticles of 5-45 nm in size are homogeneously distributed over the graphene matrix. After 

hydrogen charging at a pressure of 50 bar, the material released 6.7 wt.% H2 from the 

1%Pd/graphene nanocomposite in TGA. As the applied pressure increased to 60 bar, the released 

hydrogen in TGA reached 8.67 wt.% in the 1%Pd/graphene nanocomposite and 7.16 wt.% in the 

5%Pd/graphene nanocomposite.  

6.2 Introduction  

Among the potential candidates for high density of hydrogen storage media is nanostructured 

graphene because it is lightweight and has a high specific surface area, rather porous frameworks, 

great chemical stability, on-board reversibility14,118,178. It is also possible to use some metal 

catalysts to actively anchor hydrogen3,15. However, hydrogen storage in the pure graphene or in 

metal hydrides has severe drawbacks120: the nonpolar hydrogen molecule is weakly bonded to 

carbon through van der Waals forces7,121, and this limits the amount of hydrogen uptake; also the 

metal particles could easily aggregate to form clusters because of high cohesive energy 101, 

which leads to deficient binding sites and results in a chemically inert system for hydrogen 

sorption.  

Researchers have recently proposed that the deposition of metal on the graphene surface could 

offer many attractive characteristics122,179,180, like stable Pd clusters, or interconnected Pd 

nanodendrite should significantly improve the hydrogen storage capability3,19,20. Research 
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literature already documents that Pd particles favorably anchor H2 at ambient conditions14–17. 

The particles produce a low activation energy barrier to dissociate hydrogen molecules14,18. If 

homogeneously distributed over the graphene surface, the Pd particles could perform as efficient 

hydrogen receptors8. Besides, these particles can be incorporated into the substrate and change 

the local ionic structure of the substrate181. This system will further facilitate a dissociation and 

diffusion of hydrogen and storage in graphene via a spillover process102,103. The hydrogen 

storage capacity in such a combined metal-graphene system could be significantly increased 

compared to what is possible in the individual constituents (graphene and bare metal)14,124, and 

this makes Pd/graphene a possible candidate to reach the desirable volumetric and gravimetric 

densities. 

In this work, a simple method was reported to produce the Pd/graphene nanocomposites with Pd 

loading amounts of 1 at.% (1%Pd/graphene) and 5 at.% (5%Pd/graphene). The synthesized 

Pd/graphene nanocomposites enable a hydrogen uptake at ambient conditions and a hydrogen 

release at low temperature. In particular, when charged at a hydrogen pressure of 60 bar, the 

1%Pd/graphene nanocomposite system captures 8.67 wt.% of hydrogen.  

6.3 Experimental section 

6.3.1 Preparation of graphene gel 

The detailed procedures of preparation were described in the section 3.2.1 of Chapter 3. Fig. B.8 

shows the various morphologies of the as-prepared graphene sample.  

6.3.2 Synthesis of Pd/graphene composite 

The detailed experimental procedures of the synthesis of Pd/graphene nanocomposites were 

described in the section 3.2.3 of Chapter 3. 

6.3.3 Material characterization 

To evaluate the crystal structure and determine the phase composition of the metallic Pd and 

Pd/graphene nanocomposite, an X-ray diffractometer (XRD, Bruker D8) installed with a Cr Kα 



 78  

 

source (λ = 0.229 nm) was used, and the ω angles were set to at 30, 60, and 90° for normal scans 

with a scanning rate of 2°/min. The pore size distribution and specific surface areas of graphene 

were determined by applying a nitrogen isothermal adsorption-desorption of 

Brunauer−Emmett−Teller (BET, ASAP 2020 V3.01 H) technique. Energy-dispersive 

spectroscopy (EDS) equipment was used to collect the mapping of the Pd/graphene surface at a 

voltage of 30 kV. The morphologies of graphene and nanocomposite system were analyzed by 

using a scanning electron microscope (SEM, FEI XL30) at 5 and 20 kV with a working distance 

of approximately 10 mm and a transmission electron microscope (TEM, Philips CM10) at an 

acceleration voltage of 100 kV with magnifications of 92 k and 125 k. The Raman spectra were 

collected by using a Renishaw 2000 Raman microscope, and a laser with an excitation λ of 514 

nm was used with the scattered light dispersed by an 1800 L/mm grating. The Pd L3-edge X-ray 

absorption near-edge spectroscopy (XANES, SXRMB, 06B1-1 at the Canadian Light Source) 

measurements were performed to analyze the local chemistry and electronic structure with Pd L3-

edge energy scan ranging from 3140 eV to 3200 eV.  

6.3.4 Hydrogen release measurement 

The hydrogen release capacities of the Pd/graphene system were tested by using a custom-made 

instrument (Fig. 3.1) and thermogravimetric analysis (TGA, SDT Q600). The samples were 

charged with hydrogen at room temperature with different pressures by using the custom-made 

apparatus. The temperature of the hydrogen charging process was monitored by using a 

thermocouple-connected temperature controller, and the temperature was displayed with a 

constant temperature of 23-25°C.  Each sample was charged with hydrogen for 30 min and then 

taken out and immediately within 5 min transferred to the TGA equipment at ambient conditions. 

The TGA analyzer was used to measure hydrogen release from the hydrogen charged sorbents. 

Then the sample was placed in a crucible at room temperature with an argon flow of 100 mL/min 

for 15 min in order to stabilize the experimental conditions. Then the temperature started to 

increase and the hydrogen release was measured. The sample weight was recorded as a function 

of temperature for the calculation of hydrogen storage capacities in the sorbents. The 

measurements were performed under an argon flow of 100 mL/min from ambient temperature to 

200°C at a heating rate of 20°C/min. The Pd/graphene specimens that were not charged with 
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hydrogen and the specimens that were charged at 1 bar of hydrogen were further tested. The 

measurement results were used as references to subtract any possible water adsorption, 

impurities, and oxidation products that might have been attached to the sorbents during the 

transfer process. In addition, the hydrogenated samples (0 and 60 bar) for both 1%Pd/graphene 

and 5%Pd/graphene nanocomposites were tested at 25°C for 100 min in order to evaluate the 

unstable amount of hydrogen uptake. These corrections were applied to calculate the hydrogen 

storage capacities in the sorbents. 

6.4 Results and discussion  

6.4.1 Decoration of graphene 

Fig. 6.1 displays the schematic flow of the synthesis process. The precursor Pd(OAc)2/graphene 

[Pd(CH3COO)2/r-GO] was prepared from the homogeneous mixing of palladium acetate solution 

with graphene oxide gel [Pd(CH3COO)2/GO], while the graphene oxide was reduced to reduced 

graphene oxide. Then the precursor was converted to the Pd/graphene nanocomposite with the 

Pd particle bonded to graphene at the interface. 
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Fig. 6.1 Schematic illustration of synthesis process of Pd/graphene nanocomposite. 

6.4.2 Morphology and structure  

The quality of dispersion of Pd particles in the graphene matrix significantly influences the 

hydrogen storage in the nanocomposite. The distribution of particles was optimized, and Fig. 6.2 

exhibits the morphologies of the Pd/graphene nanocomposites. For reference, Fig. 6.2 displays 

the morphology of an as-prepared pure graphene sheet and also shows the bare metallic Pd 

particles prepared by hydrogen thermal reduction. The pure graphene (Fig. 6.2a) has a wrinkled, 

crumpled and folded structure with a microscale lateral dimension (Fig. 6.2a, inset). The BET 

analysis previously had been carried out and determined the specific surface areas and average 

pore width of graphene to be 751.9 m2/g and 3.3 nm, respectively179, and the pore volume were 

tested to be 0.6 cm³/g. The Pd particles have a spherical shape with a mean diameter of ~300 nm 

(Fig. 6.2b).  
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In comparison, after the reduction of Pd(OAc)2/graphene (SEM images of Pd(OAc)2/graphene 

are shown in Supporting Information, Fig. B.10), the SEM observation shows that the Pd 

particles in the 1%Pd/graphene and 5%Pd/graphene nanocomposites appear to have been 

uniformly dispersed throughout the graphene matrix (Fig. 6.2c) with a mean particle size of ~45 

nm (Supporting Information, Fig. B.9). Besides, the TEM observations reveal a uniform 

distribution of the Pd nanoparticles in the graphene substrate. The particle nanoparticles in 

5%Pd/graphene have a slightly larger size than those in 1%Pd/graphene with a mean particle size 

of ~5 nm in 1%Pd/graphene (Fig. 6.2d, right top) and 5-10 nm in 5%Pd/graphene (Fig. 6.2d, 

right bottom). In comparison, a larger average particle size by the SEM observation could be 

attributed to a slight aggregation of Pd during the freeze-drying process. Overall, the sizes of Pd 

nanoparticles in these two nanaocomposites were assumed in a range of 5-45 nm.  

The significant decrease of the Pd particle size in the nanocomposite could be related to an 

enhanced dispersion and lower mobility of Pd particles in the graphene substrate (see the EDS 

mappings of the 1%Pd/graphene and 5%Pd/graphene in Supporting Information, Fig. B.11 and 

Fig. B.12). The particles could have bonded to the edges, defects, and functional groups on the 

surface of graphene182,183. This interaction may have further stabilized the Pd nanoparticles and 

effectively prevented the particle aggregation on the graphene surface178. 
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Fig. 6.2 SEM micrographs of (a) as-prepared graphene sheet (inset, low magnification image), (b) as-

prepared Pd particles, (c) Pd/graphene nanocomposites of 1%Pd (left) and 1%Pd (right), (d) TEM 

observations of graphene sheet (left); Pd/graphene nanocomposites of 1%Pd (right top) and 5%Pd (right 

bottom). 

Raman spectroscopy detects the vibrations that result from the changes in geometric structure 

and chemical bonding of molecules131. In Fig. 6.3, the D and G bands predominate the spectral 

features of graphene structure: especially the D band at ~1355.38 cm-1 is a disorder/defect band 

involving the ring breathing sp3 carbon, while the G band at ~1588.46 cm-1 corresponds to a sp2-

hybridized graphitic structure131. The Raman spectra show no prominent shift in peak position 

from the graphene (red line) to the Pd/graphene nanocomposites (green and blue lines, see 

Supporting Information, Table B.1). The intensity ratio of D/G bands determines the defects 

existing in the graphene structure.  Compared to that of graphene (ID/IG=0.89), the D/G intensity 

ratio in the spectrum of the Pd/graphene nanocomposite significantly increases in the 
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1%Pd/graphene (ID/IG=1.17) and slightly increases in the 5%Pd/graphene (ID/IG=0.91), 

suggesting a strengthened sp3-bonded structure and a softened sp2-hybridized carbon in the 

composites. This structural change may arise from the charge transfer184 between the Pd and 

graphene structure, probably resulting in a formation of Pd-C and Pd-O-C bonds178. Further, the 

difference in the D/G intensity ratio of these two composites reflects that the 1%Pd/graphene has 

more defects than the 5%Pd/graphene173. This indicates that the loading amount of 1 at.% Pd 

could alter the structure of graphene with a higher quantity of structural defects. That is, a certain 

amount of Pd may result in a small size of particles, which could expose more nanoparticles to 

the hexagonal network of carbon atoms and modify the graphene substrate more efficiently.  

 

Fig. 6.3 Raman spectra of graphene and Pd/graphene nanocomposites with the Pd amounts of 1 at.% and 

5 at.%. 

6.4.3 Hydrogen release  

The hydrogen release in the 1%Pd/graphene and 5%Pd/graphene were investigated by using 

TGA in an inert atmosphere of argon with a heating rate of 20°C/min. Fig. 6.4 presents the 
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results of experiments. The reference measurements were conducted on the non-hydrogenated 

nanocomposites (Pd/graphene_0 bar, Fig. 6.4a and Fig. 6.4b) and hydrogen-charged 

nanocomposite at 1 bar (Pd/graphene_1 bar, Fig. 6.4c) to determine the hydrogen storage 

capacity in the hydrogenated samples. The non-hydrogenated nanocomposites (Pd/graphene_0 

bar) slightly lost weight in both 1%Pd/graphene (Fig. 6.4a) and 5%Pd/graphene (Fig. 6.4b) 

nanocomposites. Since graphene is chemically stable at ambient environment39, it cannot be 

oxidized/reduced in air at room temperature and atmospheric pressure142. Thus, the probability of 

the structure variation of graphene during the transfer process in air may be ruled out. Therefore, 

the weight variation of the Pd/graphene_0 bar sample is probably caused by a removal of 

adsorbed water.  

In addition, as shown in the Supporting Information Fig. B.13, XRD measurements show that the 

Pd remains metallic, which is in agreement with the experimental results that were collected by 

Y Li et. al142. However, there might be a slight oxidation of Pd when exposed to air185 that was 

hardly detected by XRD, and this influencing factor needs to be precluded for the calculation of 

hydrogen uptake.  

Compared to that in the Pd/graphene_0 bar (Fig. 6.4a and Fig. 6.4b), an extra weight loss 

occurred in the Pd/graphene_1 bar, suggesting a hydrogen uptake in the nanocomposite at 

ambient conditions (Fig. 6.4c), which has been documented in the literature186. Besides the 

desorption of adsorbed water and any other residual impurities3, this extra weight loss in the 

nanocomposite is very likely due to a hydrogen release and a possible removal of water that 

results from the atmospheric oxidation of the hydrogen in Pd during the transfer process in air145. 

Furthermore, the hydrogenated samples gradually decrease the mass for specimens charged at 

pressures from 10 to 60 bar (Fig. 6.4a and Fig. 6.4b), indicating the hydrogen release from the 

sorbents. As increasing hydrogen uptake on Pd results in a decrease of hydrogen oxidation rate in 

air145, during the transfer process, the impact of hydrogen charging pressure on the amount of 

hydrogen oxidation on Pd may be neglected. In the 1%Pd/graphene nanocomposites (Fig. 6.4a), 

the hydrogen-charged samples had a rapid loss of weight between 60 and 100°C, and a slight 

weight loss between 100 and 200°C. In the 5%Pd/graphene nanocomposites (Fig. 6.4b), a fast 
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release of hydrogen occurred at a temperature lower than 80°C with a slow release of hydrogen 

from 80 to 200°C (See Supporting Information, Fig. B.14). In either case, the probability of an 

elimination of any oxygen-containing groups from the graphene structure within 200°C may be 

excluded143. The fast desorption at a temperature no higher than 100°C in both 1%Pd/graphene 

and 5%Pd/graphene samples indicates a dominant physisorption or a weak chemisorption of 

hydrogen in the sorbents. In addition, the lower discharging temperature in the 5%Pd/graphene 

nanocomposites was presumably due to an increased number of Pd particles that led to an 

increased Pd-H2 interaction, which then allowed a fast hydrogen desorption at lower 

temperatures186.  

To evaluate the stability of hydrogen storage in the sorbents, the hydrogen-charged samples were 

tested at 0 and 60 bar for both 1%Pd/graphene and 5%Pd/graphene nanocomposites at 25°C, 100 

min. Fig. 6.4d shows that the sample masses gradually stabilized after 80 min with a mild 

hydrogen release of 1.34 wt.% in the 1%Pd/graphene and 0.18 wt.% in the 5%Pd/graphene 

nanocomposites. The remaining hydrogen was stored without any additional release at ambient 

conditions. 

In short, when calculating the storage of hydrogen in the Pd-graphene system, four corrections 

were introduced to the measured data using additional experimental tests:  (1) correct for the 

adsorbed water and gas impurities; (2) exclude the influence of the Pd oxidation; (3) eliminate 

possible production of water from oxidation of hydrogen gas; (4) exclude the amount of sorbent 

material that is carried away by a constant flow of argon; and (5) remove an unstable hydrogen 

uptake from the calculated amount of hydrogen storage.  

In 1%Pd/graphene, the trapped hydrogen uptake under various pressures was calculated by 

subtracting the weight loss of 6.38 wt.% [corrections of (1), (2), (3), and (4) in Fig. 6.4c] and the 

amount of easily released hydrogen of 1.34 wt.% at ambient conditions [correction of (5) in Fig. 

6.4d] from the total weight loss of each hydrogen charged sorbents (Fig. 6.4a). While in 

5%Pd/graphene, the trapped hydrogen uptake under various pressures was calculated by 

subtracting the weight loss of 3.8 wt.% [corrections of (1), (2), (3), and (4) in Fig. 6.4c] and the 

amount of easily released hydrogen uptake of 0.18 wt.% [correction of (5) in Fig. 6.4d] from the 
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total weight loss of each hydrogen-charged sample (Fig. 6.4b). These corrections were 

implemented for the weight losses of the hydrogen-charged samples (Fig. 6.4a and Fig. 6.4b). 

Then the hydrogen storage capacities were plotted as a function of the applied hydrogen charging 

pressures from 10 to 60 bar in Fig. 6.4e.  

From 10 to 60 bar of hydrogen charge, the 1%Pd/graphene nanocomposites have a higher 

gravimetric density of hydrogen compared to that in the 5%Pd/graphene nanocomposites at each 

pressure value. It is probably due to a revolution of thermodynamics properties of the sorbents as 

the particle sizes decrease (Fig. 6.2)187. Alternatively, a smaller particle sizes could facilitate the 

spillover of hydrogen, which increases the hydrogen uptake amount in the sorbents188. Notably, 

the nanocomposites were displayed with a hydrogen capacity of 6.7 wt.% in the 1%Pd/graphene 

nanocomposite with hydrogen charging pressure of 50 bar. When the pressure increased to 60 

bar, the hydrogen storage capacities were as high as 8.67 wt.% in the 1%Pd/graphene 

nanocomposite and 7.16 wt.% in the 5%Pd/graphene nanocomposite. The measurement results 

identified that the hydrogen storage capacity increases under elevated pressures of hydrogen 

charging, indicating that the hydrogen uptake is pressure sensitive. 
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Fig. 6.4 Thermogravimetric analysis of the hydrogen storage capacities in the Pd/graphene 

nanocomposites with a loading amount of (a) Pd 1 at.% and (b) Pd 5 at.% that charged with hydrogen at 

pressures from 10 to 60 bar. (c) Weight changes of the hydrogen-charged samples (1%Pd/graphene and 

5%Pd/graphene) at atmospheric pressure of hydrogen. (d) Weight changes of the Pd/graphene_0 bar and 

Pd/graphene_60 bar at room temperature within 100 min. (e) Stable hydrogen storage capacities as a 

function of the applied hydrogen charging pressures from 10 to 60 bar. 
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Li et al. reported that the Pd nanocrystals/MOF has a double hydrogen uptake capacity compared 

to that in the bare Pd nanocrystals124. They suggested that the MOF coated with Pd has greatly 

facilitated the surface/bulk reactivity between the Pd nanocrystals and hydrogen at 303 K and an 

atmospheric hydrogen charging pressure124. This material could be a promising hydrogen storage 

medium for practical applications. Wang et al. determined that a Ni (0.83 wt.%)-B (1.09 wt.%) 

nanoalloy/graphene system could achieve a hydrogen uptake amount of 4.4 wt.% at 77 K and a 

hydrogen charging pressure of 106 kPa78. Despite that, the material requires an extremely low 

temperature for the hydrogen uptake. Besides, a Ni (5 at.%)/graphene system was previously 

synthesized, which achieves a hydrogen storage capacity of 1.18 wt.% at 25°C and 60 bar179. 

Eun Seon Cho et al. synthesized a graphene/Mg composite that reached an attractive gravimetric 

density of 6.5 wt.% at a hydrogen pressure of 15 bar149. However, this system requires 

impractical temperatures for the hydrogen charging process (250°C) and the discharging process 

(300°C)149. 

By contrast, the Pd/graphene nanomaterials in this project show multiple desirable characteristics. 

The 1%Pd/graphene composites can store hydrogen up to 6.7 wt.% at room temperature and 50 

bar. Further, at room temperature and 60 bar, the hydrogen storage capacities could reach 8.67 

wt.% in the 1%Pd/graphene nanocomposite and 7.16 wt.% in the 5%Pd/graphene nanocomposite. 

In addition, the composites could favorably discharge hydrogen below 100°C and the process 

completes within 200°C. 

6.4.4 Electronic structure analysis  

To further investigate the mechanism of hydrogen storage performance in the 1%Pd/graphene  

nanocomposite system, Pd L3-edge XANES spectra were collected on the specimens charged 

with hydrogen at 0, 20, 40, and 60 bar to characterize the local chemistry and electronic structure 

as shown in Fig. 6.5. The instrument diagram is described in the Supporting Information, Fig. 

B.15. The XANES analysis was also performed on the precursor Pd(OAc)2/graphene and a 

standard Pd foil as blank tests, and the standard Pd spectrum was used to examine the reduction 

extent of Pd (II) in the nanocomposite. The oxidation state of Pd corresponded to the edge 

position and peak area136. Since the Pd L-edge is mainly correlated with the excitation of the 2p 
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core electrons to the unfilled Pd 4d states, the peak area directly reflects the density of 

unoccupied states137,189,190.  

From the green line to blue line in Fig. 6.5a, the peak area was severely reduced after the 

reduction. The corresponding weaker absorption then indicates the reduction of Pd (II). The 

derivative of the spectrum can directly reflect the absorption position, and the bottom of Fig. 6.5a 

displays the absorption edges of spectra. The edge shifted from the energy of the Pd (II) 

precursor (green line) to lower energies for the final reduced Pd (blue line) and the metal foil 

(red dashed line). Once the unfilled d states become occupied, it results in a smaller energy 

bandgap of the 2p-4d states; thus the energy needed to excite 2p electrons to another unfilled d 

state decreases190. Consequently, the absorption edge’s shift toward lower energies and this 

confirms that the Pd (II) became reduced. Additionally, the similar spectral features of the 

Pd/graphene with the Pd foil are also an indication of Pd reduction, which is consistent with the 

XRD data (see Supporting Information, Fig. B.13).  

The Pd/graphene has a slightly higher absorption energy than the metallic Pd foil. It can be 

attributed to the variation of the electronic structure of Pd and graphene in the nanocomposite; 

that is, electron density could be presumably pulled to the defects in the graphene136 since there 

is an interaction between Pd and graphene191. This interaction can stabilize the Pd nanoparticles 

against diffusion and aggregation in the graphene matrix, represented by the nanoparticle size 

distribution and morphology (Fig. 6.2c and Fig. 6.2d). In comparison, if the Pd/graphene 

nanocomposites were charged at different hydrogen pressures, they exhibited no detectable edge 

shift (Fig. 6.5a). When zoomed in (Fig. 6.5b), the spectra showed a slight decrease in the peak 

area after the hydrogen charging, and the peak area tended to decline gradually with increasing 

hydrogen charging pressure. It indicates a slight reduction of Pd in the nanocomposites, which 

could result from an increased amount of PdHx due to an increased hydrogen uptake in the 

sorbents92. 
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Fig. 6.5 Pd L3-edge XANES spectra: (a) Pd(OAc)2/graphene, Pd foil  reference, 1%Pd/graphene 

nanocomposites before and after hydrogen charging at pressures of 0, 20, 40, and 60 bar, and (b) 

1%Pd/graphene at pressures of 0, 20, 40, and 60 bar at the photon energy ranging from 3168 to 3188 eV. 
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6.4.5 Hydrogen release mechanism   

On the basis of the structural characterization and hydrogen storage properties, four types of 

hydrogen performances in the Pd/graphene sorbents are hypothesized during the high pressure of 

catalytic reaction: (1) binding of hydrogen molecules to the Pd atoms92; (2) hydrogen atom 

attached to Pd nanoparticles as PdHx147; (3) atomic hydrogen at the unsaturated sites of graphene 

(hydrogenation of graphene)151,152; and (4) molecular hydrogen trapped in the porous graphene 

support92,192. To illustrate the hydrogen uptake performance in the Pd/graphene nanocomposite, a 

schematic diagram of the storage system is proposed as depicted in Fig. 6.6.  

On one hand, the well-dispersed Pd nanoparticles attract multiple hydrogen molecules in an 

activated state150. The presence of Pd could increase the binding energy and facilitate the 

adsorption of H2 because of the polarization of the molecular H2 probably through a 

hybridization of H2 σ/σ* orbitals with the Pd d orbitals150. On the other hand, due to a slow 

hydrogenation kinetics of Pd and a low energy barrier, some of the adsorbed molecular hydrogen 

may dissociate into atomic hydrogen on the surface of Pd catalyst102,151. One part of these 

hydrogen atoms diffuses into Pd lattices and contributes to the formation of hydride147. The rest 

of the dissociated hydrogen atoms could be ejected from the metal nanoparticles to the gas-

phase151. Because of the dissociation of H–H bond, the ejected H atoms obtain some kinetic 

energy and then migrate to the Pd-graphene interfacial zone from the Pd catalytic sites via 

surface diffusion151,193, spread further to the layered graphene edges and other uncapped end, and 

subsequently have access to the layered space and porous nanostructures by surface 

diffusion151,152. These atoms likely interact with graphene through covalent C-H bonds151,152 at 

unsaturated sites in the graphene matrix. Due to the polarization of hydrogen, the presence of Pd 

catalytically facilitates the mobility of hydrogen while providing a desired binding energy of 

hydrogen with graphene due to the polarization of hydrogen. This catalytic gas-phase 

hydrogenation of graphene would enable the reversible storage at moderate temperature150,194. 

This hypothesis of hydrogen storage in the Pd/graphene system is mainly consistent with the 

spillover theory, which has been reported frequently102,151,193.  
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Furthermore, as the nanocomposites have gradually enhanced hydrogen storage capacities with 

increasing charging pressures from 10 to 60 bar, the molecular hydrogen is assumed to be 

compressed, squeezed into graphene, secured in the interlayer space, and probably delocalized 

on the graphene planes at an elevated pressure as was demonstrated earlier8,19,150. When the high 

pressure is released, the adsorbed hydrogen could remain partially trapped in the graphene 

structure at ambient conditions. Consequently, a combination of these various mechanisms of 

hydrogen uptake contributes to the high capacity of hydrogen storage in the Pd/graphene 

sorbents.  

 

Fig. 6.6 Hydrogen storage mechanism of the Pd/graphene sorbent. 

Nevertheless, the usage of TGA is not a commonly used methodology to determine the hydrogen 

storage capacities, and the experiment could violate the Van’t Hoff Law as described in the 

section 4.4.5.  
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6.5 Conclusions  

The Pd/graphene nanocomposites were developed for hydrogen storage. The spherical shaped Pd 

nanoparticles have an average size of 5-45 nm and are homogeneously distributed within the 

graphene matrix. The Pd nanoparticles are bound to the graphene structure through the Pd-C and 

Pd-O-C bonds. The nanocomposites were charged with hydrogen and at a hydrogen charging 

pressure of 50 bar, they could achieve a hydrogen storage density of 6.7 wt.% in the 

1%Pd/graphene. As increased the pressure to 60 bar, the hydrogen uptake capacity was as high 

as 8.67 wt.% in the 1%Pd/graphene nanocomposite and 7.16 wt.% in the 5%Pd/graphene 

nanocomposite.  
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CHAPTER 7 

7 CONCLUSIONS AND FUTURE RESEARCH  

7.1 Summary  

1. A laboratory apparatus has been designed, built and applied for the hydrogen charging 

process with a maximum operating temperature of 300°C and the pressure of 2000/137.9 

(psi/bar). Each test allows a specimen with volume up to 166 mL. After hydrogen charging, 

the specimens are transferred to a TGA apparatus for the determination of hydrogen storage.  

2. The transfer process exposes the specimens to air at ambient conditions. This process could 

cause errors in the amount of storage. The relevant factors include the adsorption of water 

and gas impurities, slight oxidation of hydrogen and metal, escape of hydrogen from sorbents 

at ambient conditions. Therefore, a series of blank tests were conducted by using TGA to 

eliminate the possible errors.  

3. The modified Hummers method was developed to prepare graphene oxide that was 

subsequently reduced to graphene during the synthesis of metal/graphene. The graphene fine 

powder can be described by a 3D interconnected network with microscale lateral sized sheets. 

It has a specific average surface area of ~751.9 m²/g with an average pore width of ~3.3 nm, 

a pore volume of 0.6 cm3/g and an interlayer distance of ~0.38 nm. The loose sheets are 

fluffy, paper-like, wrinkled, folded with the elements C and O homogeneously distributed 

over the surface and a C/O atomic ratio of 6.14 (86 at.% :14 at.%). The graphene reveals the 

presence of carbon containing groups, including carbon ring C-C/C=C, C-O, C=O, and O-

C=O bonds. This chemically prepared graphene shows a sp2 hybridized graphitic structure 

with disorders/defects on the planes.  

4.  Two approaches were applied to synthesize the Ni/graphene composites. The first method 

was in situ chemical reduction of Ni(OAc)2 in graphene gel, and the resultant precursor was 

freeze-dried and further converted to Ni/graphene by hydrogen thermal treatment. In the 
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second method, the Ni(OAc)2-graphene solid powder was reduced by hydrogen thermal 

treatment.  

5. In the Ni/graphene with a Ni loading amount of 5 at.%, the Ni has average crystal sizes of 7 - 

9 nm. The elements C, O and Ni uniformly spread over the composites with an atomic ratio 

of 83.8 at.% : 11 at.% : 5.3 at.%, respectively. Moreover, Ni particles were well distributed in 

the graphene matrix and have a grain size of ~10 nm. Compared to the pure Ni particles of 

~250 nm, the size of Ni particles in the composite was significantly diminished, suggesting 

that the formation of Ni clusters was prevented.  

6. With the loading of Ni, graphene still remains the fluffy sheet network, but has a weakened 

sp2 hybridization and a comparatively strengthened sp3-bonded carbon. The Ni d orbitals 

could have hybridized with C π orbitals or O p orbitals on the graphene surface via the 

formation Ni-C and Ni-O-C bonds.  

7. When charged at room temperature and atmospheric hydrogen pressure, the Ni/graphene (at.% 

Ni) yielded a hydrogen capacity of 0.14 wt.%. When increased to 60 bar, the sorbent reached 

a hydrogen gravimetric density of 1.18 wt.%. The sorbent released hydrogen at an operating 

temperature below 150°C and completed the release at 250°C. This system exhibits attractive 

features like storage of hydrogen at room temperature and low activated temperature for 

hydrogen release.    

8. Pd/graphene (1 at.% Pd and 5 at.% Pd) were synthesized by hydrogen thermal treatment of 

the precursor Pd(OAc)2/graphene obtained from the mixture of Pd(OAc)2 ethanol solution 

with graphene gel.  

9. In the Pd/graphene with a Pd loading amount of 5 at.%, the elements C, O and Pd are 

consistently dispersed over the composites with atomic ratios of 81.9 at.%, 13.8 at.%, 4.2 

at.%, respectively. The spherical shaped Pd nanoparticles of 5~45 nm were homogeneously 

distributed over the graphene matrix. Compared to the pure Pd particles of ~300 nm, the Pd 

particles in the composite were significantly decreased in size, reflecting that graphene could 

effectively improve the dispersion of Pd particles and prevent the particle aggregation.  

10. With the loading of Pd, the graphene also has the fluffy sheet network, while the Pd chemical 

state indicates a modification of electronic structure between the Pd and graphene, in which 
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electron density was presumably pulled towards the defects and oxygen-containing groups in 

the graphene via Pd-C and Pd-O-C bonds. 

11. The Pd/graphene system shows attractive features like high gravimetric density, ambient 

conditions of hydrogen uptake and low temperature of hydrogen release. When charged with 

hydrogen at 50 bar, the material yielded a hydrogen capacity of 6.7 wt.% in the 

1%Pd/graphene composite. When increased to 60 bar, the gravimetric density of hydrogen 

reached 8.67 wt.% in the 1%Pd/graphene and 7.16 wt.% in the 5%Pd/graphene.  

12. Based on the structural characterizations and property determinations, four categories of 

hydrogen uptake were proposed: (1) Hydrogen molecules bound to the metal atoms. (2) The 

hydrogen atom attached to metal nanoparticles as a metal hydride. (3) Atomic hydrogen 

trapped at the unsaturated sites of graphene (hydrogenation of graphene). (4) Molecular 

hydrogen trapped in the porous graphene support.  

7.2 Conclusions 

Ni/graphene and Pd/graphene nanocomposites were synthesized and optimized for the usage of 

hydrogen storage. The Ni/graphene (5 at.% Ni) was determined to have a hydrogen capacity of 

0.14 wt.% at room temperature and 1 bar of hydrogen. It had a hydrogen uptake density of 1.18 

wt.% at 60 bar of hydrogen. The hydrogen release could take place at an operating temperature 

below 150°C, and the process completes within 250°C.  

Especially, at room temperature, the Pd/graphene (1 at.% Pd) could yield a hydrogen gravimetric 

density of 6.7 wt.% at 50 bar of hydrogen. At the hydrogen charging pressure of 60 bar, the 

capacities reached 8.67 wt.% in the 1%Pd/graphene (1 at.% Pd) composite and 7.16 wt.% in the 

5%Pd/graphene (5 at.% Pd). The composites could discharge hydrogen below 100°C and 

complete the process within 200°C.  

7.3 Contribution to original knowledge  

1. Design and construction of an apparatus for hydrogen storage determination 

It is the first time a custom-made apparatus was combined with a TGA technique to 

determine the hydrogen uptake capacities in materials. The self-constructed apparatus allows 
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a high operating temperature of 300°C and pressure of 2000/137.9 (psi/bar) and enables a 

sample volume as high as 166 mL for each test.  

2. Development and optimization of the synthesis of composites 

Novel synthesis methods were developed to homogenously deposit the metal nanoparticles 

(Ni, Pd) into the graphene matrix. These approaches could effectively disperse the nano-size 

metal particles. They are affordable and can be simply applied for the production of large 

quantity of metal/graphene. 

3. Investigation of the electronic structure of composites 

The electronic structures of composites were explored by using synchrotron techniques for 

the first time. They reveal an interaction between metal and graphene, and that facilitates the 

optimization of synthesis and the investigation of hydrogen storage performance.  

4. Determination of the hydrogen storage property of Pd/graphene composite 

The composite allows ambient conditions of hydrogen uptake and low temperature of 

hydrogen release. In particular, this system shows attractive gravimetric densities of 

hydrogen capacities of 6.7 wt.% in the Pd/graphene (1 at.% Pd) at a hydrogen pressure of 50 

bar, and 8.67 wt.% at 60 bar.  

5. Suggestion of a hydrogen uptake mechanism 

Based on the properties and structural characterizations, this research experimentally 

suggested the hydrogen uptake behaviors in the composites that both metal and graphene 

play roles in the hydrogen uptake. 

7.4 Limitations of the hydrogen storage measurements 

In this project, the combination of hydrogen charging equipment with TGA apparatus is not a 

typical methodology for the determination of hydrogen storage properties as it violated the 

fundamental Van’t Hoff Law for hydrogen desorption. After hydrogen charging process, the 

hydrogen charging pressure was released, which could desorb a certain amount of hydrogen from 

the sorbents. Besides, the hydrogen charged samples were took out and transferred to TGA for 

the measurement of hydrogen storage capacities. During the transfer process, the hydrogen 

charged samples were exposed to air, and it might result in a contamination of the samples. The 



 98  

 

TGA measurement process could also cause a weight loss of the sorbents due to the argon flow 

or the reactions that take place within the hydrogen-charged samples.  

7.5 Sieverts technique 

In comparison to the methodology in this project, the gas sorption of Sieverts technique is a 

classic volumetric method to determine the Pressure–Composition Temperature (PCT) or 

Pressure–Composition Isotherm (PCI) properties of a solid state material3,153. The PCT/PCI 

curves are presented in Fig. 7.1a153,195, in which the natural log of hydrogen pressure is versus 

the corresponding hydrogen concentration in a sorbent at a particular temperature. The Sieverts 

technique allows an in situ determination that directly estimates the isothermal hydrogen sorption 

process. The reversible storage capacity at a specific temperature can be determined by the width 

plateau in the PCT/PCI curves3.  

Moreover, the dehydrogenation in a Sieverts-type apparatus under 1 bar (or higher) H2 pressure 

conforms to the Van’t Hoff Law. The relevant plot could be used to evaluate the thermodynamic 

properties of a solid state system for practical storage purposes, including the enthalpy of hydride 

formation/decomposition (ΔH) and the entropy of hydriding/dehydriding process (ΔS)3,153. The 

Van’t Hoff plot is a figure that depicts the natural log of plateau pressure as a function of inverse 

temperature as shown in Fig. 7.1b153,195. 
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!!
= ∆!
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!
                                                                   (7.1) 

 

where,  

P is the midplateau pressure, 

P0 is the atmospheric pressure 

Δ H and Δ S are the enthalpy and entropy of formation/decomposition of hydride, respectively, 
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R is the universal gas constant (8.314472 J·K-1·mol-1), 

T is the absolute temperature. 

 

 

Fig. 7.1 (a) Pressure–Concentration–Temperature curves and (b) Van’t Hoff plot153,195. 

Following Eq. 7.1, the intercept provides the entropy and the slope of the line yields the 

enthalpy3. ΔS determines the feasibility of hydrogen sorption process, while ΔH determines the 

operating temperature and pressure for a hydrogen storage system3. Therefore, these 

thermodynamic parameters can be used to assess the suitability of a material for hydrogen 

storage purpose. Consequently, the Sieverts technique provides a system for the in situ studies of 

hydrogen sorption process, which can be applied in the future work to accurately determinate the 

hydrogen storage properties of a metal-decorated graphene system regarding the PCT/PCI curves 

and thermodynamic parameters.  

7.6 Suggestions for future work 

1. To optimize the method for hydrogen storage determination 

A Sieverts type apparatus can be adopted for the in situ measurements of hydrogen storage 

properties and thermodynamic properties of the sorbents.  



 100  

 

2. To perform cycling and isotherm tests, thermodynamic research and measurement of the 

times required for refueling  

The hydrogen charging/discharging cycles are crucial to the determination of the minimum 

life of sorbents. Isotherms are the plots of hydrogen uptake versus pressure at a fixed 

temperature. The ad/absorption and desorption isotherms show the reversibility of storage in 

the sample and correlate highly with thermodynamic properties. The future practical 

application requires a rapid refueling and release of hydrogen, thus, the hydrogen 

charging/discharging tests determine how fast a system can be refueled/powered.  

3. To investigate various other metal/graphene systems 

The present work has focused on Ni/graphene and Pd/graphene composites. Some other 

metal/graphene systems, like Pt/graphene, Ti/graphene, and other theoretically predicted 

favorable systems can be investigated and used for hydrogen storage. 

4. To experimentally explore the hydrogen storage mechanism  

The explanation of hydrogen uptake/release performances enables the optimization of 

sorbents. Synchrotron-based techniques can be used for in situ uptake/release processes, and 

should allow exploration of the further evolution of the electronic structure, and contribute to 

better understanding of the hydrogen storage in graphene composites.  
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APPENDIX A. CUSTOM-MADE APPARATUS FOR HYDROGEN 

STORAGE DETERMINATION 

A.1 Equipment and components  

The designed custom-made apparatus is equipped with a pressure regulator, a sample vessel, a 

rupture disc, a heater, a pumping system with a vacuum gauge, a pressure gauge, a temperature 

controller with a ceramic insulated thermocouple, a filter, and a mass spectrometer. All tubes, 

valves, connectors and fittings were purchased from Swagelok. The high operating pressure and 

temperature as well as the potential corrosion exposure requires that all the reactors, valves, 

connectors and fittings should be made of 316 stainless steel; and all the valves are bellows-

sealed with the maximum working temperature of 343°C and pressure of 240 bar. The main 

components and their characteristics are listed in Table A.1 and Table A.2.   

Table A.1 Main components of the custom-made apparatus. 

No Item Part number Company Description 

1 hydrogen tank 
HY 5.0UH-T, UHP 

Grade 99.999% 
Praxair 

research grade, 50 L, 2400/183 

(psi/bar) 

2 helium tank HE 6.0 RS-T50 Praxair 
research grade, 50 L, 2640/183 

(psi/bar) 

3 tube SS-T2-S-028-20 Swagelok 

316 SS seamless tubing, 1/8 in. OD x 

0.028 in. wall x 20 feet 

8500/586 (psi/bar) 

4 pressure regulator 
KPP1RSH422P2A0

30 
Swagelok 

316 SS, 3600/248 (psi/bar), 

maximum inlet pressure 4000/275 

(psi/bar), gauge designator with inlet 

and outlet pressure 

    Continued on next page 
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Table A.2 Continued from previous page. 

No Item Part number Company Description 

5 
bellows-sealed 

Valve 
SS-4UG-V51-VS Swagelok 

316 SS, secondary packed bellows-

sealed valve, silver-plated gasket, 

spherical stem tip, 1/4 in. female 

VCR fitting, polyimide insert, -20/-

28 to 650/343 (°F/°C), 2500/172 

(psi/bar) 

6 
pressure reactor 

(Vessel heater) 
854HC Parr instrument 115/400 (volt, max/watts) 

7 sample vessel 
453HC-316-

0719842151 
Parr instrument 

316 SS, 662/350 (F/°C), 

3000/206 (psi/bar), 250 mL 

8 gasket 457HC2 Parr instrument 350°C 

9 filter SS-4FW-VCR-2 Swagelok 

stainless steel all-welded in-line 

filter, 1/4 in. male VCR, 2 μm 

482°C, 3280/225 (psi/bar) 

10 
mass 

spectrometer 

RGA100 (Residual 

Gas Analyzers) 

Stanford 

Research 

System (SRS) 

___ 

11 
temperature 

controller 

210/TIMER-K 

 

J-KEM 

Scientific 

50-1200°C 

 

12 thermocouple XC-20-K-24 Omega 980°C 

13 vacuum pump ___ ___ 10-7 Torr 

14 rupture disc 526HCPG Parr instrument 3000/206.8 (psi/bar) 

15 pressure gauge PPC5352 
Winters 

Instrument 
-40-93°C, 2000/137.9 (psi/bar) 
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Fig. A.1 (top) schematically displays the system. Fig. A.1 (bottom) shows the picture of the 

system. The function of each component is described:  

1. Valves A and B control the hydrogen inlet and outlet, respectively, allowing the 

introduction/removal of gas.  

2. Valve C controls the connection between the mass spectrometer and the vessel. Valves D 

and E control the vacuum outlets.  

3. The fine powder sample sits in the sample vessel with a filter preventing the sample from 

escape.  

4. Extremely tight bellow-valves are carefully polished allowing tight connections of 

components. 

5.  The vacuum unit consists of a primary pump and a turbo-molecular pump. This vacuum 

unit eliminates the impurities and contamination in the system.  

6. The temperature of vessel is controlled by a temperature controller unit. In case when the 

real temperature of the sample differs from that of the heater, a thermocouple is fixed to 

the reactor wall and used to monitor the temperature of the sample vessel.  

7. The sand is placed surrounding the sample vessel to cover the gap between the vessel and 

the heater, which further minimizes the temperature gradients and keeps a steady 

temperature. 
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Fig. A.1 Custom-made apparatus for the hydrogen storage determination: (top) schematic view and 

(bottom) digital image. 
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Pressure and temperature limits 

On the basis of the pressure limit of each component and the temperature limit of the sample cell, 

the maximum operating pressure is restricted below 2000/137.9 (psi/bar) and temperature below 

300°C. For practical application, the parameters in this project are set to the operating values as 

shown in Table A.3. 

Table A.3 Limits of the operating pressure and temperature in this project. 

Pressure and Temperature Limits 

maximum working pressure maximum working temperature 

60 bar 300°C 

Operation procedures  

To perform a single sorption experiment, the following protocol is applied. 

1. Prior to a hydrogen adsorption experiment, the whole apparatus is evacuated to a pressure 

level of 10-2 Pa by using the primary pump and turbomolecular pump. The sample vessel 

with a dry and empty sample (~2 g, fine powder) is heated up to a degassing temperature 

of 300°C for 1 h. The evacuation and heating are conducted simultaneously to remove 

any remaining gases and impurities from the vessel.  

2. After that, the evacuation and heating are switched off, and the enclosure is cooled down 

to a constant activation temperature (RT to 300°C).  

3. The valve A remains open with the valves B-E closed, allowing the sample vessel filled 

with hydrogen. At the stabilized temperature, hydrogen is introduced to the sample until 

the pressure reaches an initial steady pressure P0.  

4. The valve A is then closed to isolate the sample vessel. Then the experiment begins.  

5. The temperature and pressure are constantly monitored and accurately measured.  

6. At each constant operating temperature and initial pressure, any drop in pressure over 



 126  

 

time is read, which is related to the amount of hydrogen uptake by the sample. 

7. When the pressure reaches stable with no detectable variation, the hydrogen charging 

process stops.  

8. To determine a full pressure-composition sorption isotherm, the above-described 

procedures are repeated by pressurizing the sample vessel with various initial pressures 

and at a constant temperature.  

9. To determine the most favorable charging temperature, the above-described procedures 

are repeated by varying the operating temperature (RT to 300°C) at a constant initial 

pressure.  

10. For desorption, the desorbed hydrogen from the hydrogen-charged sample leads to an 

increase of pressure in the vessel. The amount of hydrogen release is then determined as a 

function of pressure.  

This volumetric measurement tool can measure in situ full isotherms, and that will enable the 

determination of reversibility and perform various cycling test.  

The hydrogen uptake capacity is calculated using the real gas law with precise H2 

compressibility factor, Z (P, T)1,196–199,  

   PV = nZRT                                                           (A.1) 

where P is the pressure, V is the volume, n is the number of moles, Z is the gas compressibility 

corresponding to the particular pressure and temperature of each measurement, R is the universal 

gas constant and T is the temperature. For each test, the amount of moles stored is given by 

∆n = !!!
!!!"

− !!!
!!!"

                                                    (A.2) 

Where T is assumed to be the constant measurement temperature, P0 and Pt are the initial and 

final pressures at isotherm point, and Z0 and Zt are the hydrogen compressibilities at the 

temperature T and the pressures P0 and Pt, respectively. The values of T and P0 are the starting 

points in the measurement. V is the dead space volume and equals to the volume of sample cell 
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minus the volume occupied by the sample196,198,200. V can be calibrated and directly measured by 

using non-interacting helium. The hydrogen uptake amount is calculated and converted to the 

weight percent, the ratio of the hydrogen uptake amount to the hydrogen-charged sorbent mass.  

During the measurement process, some errors may result from some experimental issues, mainly 

including leakage196, sample pre-treatment147, degassing, gas purity (99.999%)196, equilibrium147, 

temperature measurement and control147,199,201, measurement sensitivity202, dead space203, 

venting system204. Therefore, the corresponding corrections should be made to avoid these errors 

for an accurate data collection. 

Besides, the mass spectrometer can be used as a complementary technique, and further confirms 

the desorption process141,205–207. Basically, after hydrogen charge, the vessel is evacuated to 

remove the free hydrogen from the dead space. The thermally desorbed hydrogen from the 

sample is continuously transported to the mass spectrometer in a constant helium flow147,197. The 

flux of desorbed hydrogen is then monitored as a function of temperature. This thermal 

desorption can be used for the quantitative determination of hydrogen discharge, and also to 

determine the desorption temperature.  

Safety concerns 

1. Powder and gas control 

Power and gas supplies should be disconnected before maintenance or cleaning. 

2. Moving cylinder  

The pressure regulator should be uninstalled from the gas cylinder. Then the cylinder is 

tightly closed before moving to the fume hood. 

3. Sample amount 

The sample volume in the sample cell should be less than two third volume of the cell 

(<166 mL). 

4. Cleaning and maintenance 

            Regular cleaning is required.  

5. Sample degassing 
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Turbomolecular pump and baking can be used to ensure a clean system, and avoid any 

contaminations of the adsorbent during hydrogen uptake process147. That is, prior to each 

measurement, the setup is evacuated to a pressure level of 10-2 Pa; and the sample is 

heated up to 300°C for 1 h.  

6. Gas purity 

The hydrogen and helium supplies are of  high purity grades (99.999%)196. 

7. Leakage-free detection 

Hydrogen leakage is the main problem for the system196. The accumulative leakage could 

be undetectable over time and incorrectly counted into the calculation of hydrogen uptake 

amount196. Therefore, low leakage rate valves are used to prevent a fast leakage. 

Regarding the slow leakage, the connections are tightly polished before every 

measurement with the tightness checked by using a liquid leakage detector. Further 

before each experiment, a leakage test is performed by verifying the stability of pressure: 

Blank tests are performed by pressurizing the system either with hydrogen or with helium 

for a period of 6 h at 60 bar. Any leakage can be detected by the gas pressure 

measurement, and the leakage can be sealed. 

8. Leakage vent  

The sample vessel along with the heater is placed in a fume hood. To avoid the hazards to 

human beings and lab environment, any minor or unexpected leakage of hydrogen should 

be directed outside of the room through fume hood204.  

9. Safety rupture disc  

A safety rupture disc is installed to the setup in case when the dangerous pressure 

exceeds the pressure limit of the sample vessel.  

10. Temperature control 

Hydrogen release from the host material is an exoergic process. To avoid an extremely 

high temperature, a thermocouple is attached to monitor the temperature of the sample 

cell. Thus, the experiment can be terminated once the temperature approaches a 

dangerous level.  
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Fig. B.1 SEM micrograph of the bare metallic Ni that was prepared from hydrogen thermal treatment. 
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Fig. B.2 SEM micrograph of Ni/graphene composites before and after hydrogen charge: (a) 

Ni/graphene_0 bar and (b) Ni/graphene_60 bar. 

Supporting Discussion 

The Scherrer analysis of the XRD broadened peaks allows the determination of the crystal size 

of nanocrystals in solid powder with the domain size smaller than 100 nm122,208–210. Using the 

spectrum of Ni/graphene, the crystallite size of Ni nanoparticles was measured by evaluating the 

Scherrer relation 𝜏 = Kλ/βcosθ to be 7-9 nm. 

where: 

τ is the mean size of the crystallites, which may be smaller or equal to the grain size;  

K is a crystallite shape factor, with a value close to unity and the typical value of about 0.9; 

 λ is the X-ray radiation wavelength of radiation [λ(Cr)=0.229 nm];  

β is the line broadening of full width at half maximum (FWHM) of Ni(111) or Ni (200) in 

radians; θ is the Bragg angle and the peak position in degrees.  
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Synthesis of Ni/graphene precursor 

The precursor of Ni/graphene composite was synthesized by a pressurized multiplex reduction of 

graphene oxide58 and simultaneously a reduction of Ni compounds by hydrazine hydrate. Briefly, 

graphene oxide (2 g) was dispersed in deionized water (50 mL) that was put in a beaker Teflon 

reactor (80 mL). By magnetic stirring, nickel acetate hydrate (200 mg) was added. 10 min later, 

hydrazine hydrate (2.5 mL) was dropwise added to the blend. Then the autoclave with the beaker 

Teflon reactor was tightly covered, fastened, and placed in an oven. The pressurized multiplex 

reduction was carried out at 110°C for 1 h.	Subsequently, the mixture was washed with diluted 

hydrochloric acid for three times and then washed with deionized water for multiple times. A 

vacuum filtration was used for the filtration in order to remove the residual impurities. The 

precursor of Ni/graphene composite was finally obtained from the freeze-drying of filtrate for 12 

h.  

Thermal treatment of precursor  

The precursor was thermally treated and converted to the Ni/graphene composite. The schematic 

reactor part of the furnace is shown in Fig. B.3.  Prior to thermal processing, the instrument was 

tested to be leakage free with a liquid leak detector for 10 min. Then the quartz tube was purged 

with argon (99.99%, purity) at 50 mL/min to remove the impurities in the tube173. 10 min later, 

the system was heated to 800°C for the exfoliation of graphite oxide and decomposition of 

Ni(OAc)2 in argon atmosphere174,210. When the temperature reached 800°C, the temperature 

control was switched to 500°C, and the test remained at this temperature for 1 h. Meanwhile, the 

gas input was switched from argon to hydrogen (99.99%, purity) with a flow rate of 50 mL/min. 

Hydrogen served as a reductant agent and converted the NiO to Ni particles that deposited on the 

graphene nanoplatelets.  
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Fig. B.3 Digital image (top) and schematic diagram (bottom) of the reactor part for the thermal treatment. 

The thermal treatment involved a series of reactions, including the decomposition and reduction 

of Ni(OAc)2·xH2O and the exfoliation and reduction of graphite oxide. In particular, 

Ni(OAc)2·xH2O was initially dehydrated at 160 °C, then decomposed at 500 °C, and eventually 

converted to Ni and NiO211. Meanwhile, graphite oxide powder was thermally exfoliated to 

graphene oxide nanoplatelets; and the oxygen-containing groups on the nanoplatelets were 

thermally removed, resulting in the reduced graphene oxide. During this process, the Ni particles 



 135  

 

were attached to the graphene nanoplatelets, yielding the Ni/graphene composite in powder. The 

following chemical equations demonstrate the processes of the decomposition and hydrogen 

reduction of Ni(OAc)2·xH2O. The reactions occurred at 160°C, 363°C and 500°C, respectively211. 

Ni(OAc)2·xH2O (s) → Ni(CH3COO)2 (s)+ xH2O                                     (B.1) 

Ni(CH3COO)2 (s) → CH3COCH3 (g) + NiCO3 (s) → CO2 (g) + NiO (s)                 (B.2) 

NiO (s) + H2 (g) → Ni (g) + H2O (s)                                               (B.3) 

Electronic structure  

 

Fig. B.4 STXM chemical imaging of the Ni/graphene sample. 
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Fig. B.5 STXM XANES C 1s, O 1s and Ni 2p spectra of the single Ni/graphene nanoplatelet. 

Characterizations of phase and morphologies  

An X-ray diffractometer (XRD, Bruker D8) equipped with a Cu Kα tube (λ=0.1542 nm) was 

used to determine the crystal structures and composition of the samples, including the as-

purchased Ni(OAc)2, Ni obtained from the thermal treatment of Ni(OAc)2 (500°C in H2 for 1 h), 

Ni/graphene precursor, and the as-prepared Ni/graphene composite from the thermal treatment of 

precursor (RT to 800°C in Ar, then 500°C in H2 for 1 h).  

The XRD patterns in Fig. B.6a show that all peaks in the spectrum of as-purchased Ni(OAc)2 

disappeared after the thermal treatment at 500°C in H2 atmosphere for 1 h. It suggests that the as-

purchased Ni(OAc)2 was successfully converted to the Ni particles during the thermal processing. 

The XRD patterns in Fig. B.6b illustrate that the Ni/graphene composite was obtained from the 
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thermal processing of the precursor. Compared to the spectrum of pure Ni in Fig. B.6a, an 

additional weak peak of the carbon (002) plane appeared in Fig. B.6b, confirming the existence 

of graphite-like structure.   

 

Fig. B.6 XRD patterns of samples before and after thermal processing: (a) as-purchased Ni(OAc)2 and Ni; 

(b) Ni/graphene precursor and Ni/graphene from thermal processing (RT to 800°C in Ar, 500°C in H2 for 

1 h). 
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A scanning electron microscopy (SEM, FEI XL30) was performed to characterize the 

modification of graphene by Ni. The morphologies of graphene, Ni(OAc)2, Ni, and Ni/graphene 

composite is shown in Fig. B.7. After the thermal treatment of the as-purchased Ni(OAc)2 in 

hydrogen at 500°C for 1 h, Ni was obtained with significant decrease in particle size (Fig. B.7b 

and Ni(OAc)2, inset).  

Compared to the pure graphene sheet in Fig. B.7a, we observe that the Ni particles were 

homogeneously distributed over the graphene nanoplatelets, as shown in Fig. B.7c. The modified 

graphene system still remains structurally stable after the thermal treatment, which enables a 

high specific surface area of the composite that allows sufficient anchoring sites for the Ni 

particles. A higher magnification image (Fig. B.7d) further suggests a uniform distribution of the 

nano-sized Ni particles over the surface of graphene. This nanostructured composite can 

accommodate active sites for both atomic and molecular hydrogen, which should further 

contribute to an enhancement of hydrogen uptake capacities compared to the storage in pure 

graphene and bare metal. 
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Fig. B.7 SEM images of graphene oxide, Ni and Ni/graphene composite: (a) graphene; (b) Ni (inset, 

Ni(OAc)2); (c) and (d) low and high magnification of Ni/graphene composite from thermal processing 

(RT to 800°C in Ar, 500°C in H2 for 1 h).  
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Fig. B.8 SEM micrographs of the as-prepared graphene. 
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Fig. B.9 Particle size distribution of Pd nanoparticles on graphene sheets by SEM observation. 

One can see in Fig. B.10a left, the pure graphene has significantly wrinkled, crumpled and folded 

structure with a microscale lateral dimension, indicating a high specific surface area. In Fig. 

B.10a right, the Pd compound had a bulk strip shape with a particle size of tens of microns. In 

Fig. B.10b, the Pd(OAc)2 appeared to be well dispersed in the graphene matrix. The mechanical 

treatments and the usage of ethanol could disperse the Pd particles in graphene during the mixing 

step of the synthesis, and the freeze drying was also crucial to prevent the graphene sheets from 

agglomeration212,213. Consequently, the surface of the graphene sheet was entirely loaded with 

homogeneously dispersed Pd(OAc)2 particles that were starfish shaped (Fig. B.10b) with a 

smaller particle size of less than 1 micron. Compared to the as-received sample, the significantly 
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decreased size of Pd(OAc)2 particles implied that graphene substrate likely contributes to the 

dispersion of the compound. In addition, the starfish shaped Pd(OAc)2 particles were partially 

attached to the graphene surface, as marked in the red square, while the rest evenly penetrated 

into the crumpled, wrinkled and folded graphene structure, as marked in the blue circle. 

 

 

Fig. B.10 Morphology observations. SEM images of (a) as-prepared graphene (left), Pd(OAc)2 (right), 

and (b) precursor Pd(OAc)2/graphene. 

After the thermal reduction at 300°C, the oxygen groups could be partially removed from the 

graphene sheets in the sorbents. To determine the amount of the remaining oxygen in the sorbent, 

we have conducted the EDS test on the 1%Pd/graphene composite as displayed in Fig. B.11. The 

yellow square area has the atomic percentages of oxygen and palladium of ~11.5 at.% and 0.8 

at.%, respectively. This residual oxygen in the oxygen-containing groups could anchor the metal 

nanoparticles onto the graphene substrate214 perhaps via the formation of Pd-O-C bond178, which 

could further facilitate the stability of the Pd nanoparticles/clusters in the sorbents for a stable 

cycling of hydrogen storage.   
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Fig. B.11 EDS mapping of the 1%Pd/graphene nanocomposite. 

The SEM image in Fig. B.12a shows a fluffy structure of graphene with microscale lateral size. 

A corresponding EDS spectrum shows the C and O on the graphene surface with a C/O atomic 

ratio of 6.14 (86 at.%; 14 at.%). The EDS elemental mapping illustrates that these elements are 

homogeneously distributed on the surface of graphene flakes. In Fig. B.12b, SEM observation 

displays the fluffy structure of Pd/graphene nanocomposite, and EDS spectrum reveals the 

elements of C, O and Pd with a C/O/Pd atomic ratio to be 81.9 at.% : 13.8 at.% : 4.2 at.%. This 

result is consistent with the component atomic ratio used for the synthesis (Pd : C = 0.053; 5 

at.% ; 95 at.%). In addition, the EDS elemental mapping implies that the C, O, and Pd, are 

uniformly spread over the nanocomposite.  
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Fig. B.12 Elemental distribution of graphene and Pd/graphene nanocomposite. EDS spectrum and 

elemental mapping of (a) graphene and (b) 5%Pd/graphene nanocomposite.   

Table B.1 Raman spectroscopy of the graphene and Pd/graphene nanocomposites (Gaussian function 

fitting). 

Material D band  G band ID (a.u.) IG (a.u.) ID/IG 

Position (cm-1) 

1%Pd/graphene 1353.08 1586.15 615.47 524.02 1.17 

5%Pd/graphene 1356.54 1592.50 146.43 160.65 0.91 

Graphene 1362.88 1595.38 298.92 335.84 0.89 

We used XRD to detect the crystal phases in the samples. Fig. B.13 displays the XRD pattern of 

the as-prepared Pd/graphene nanocomposite (blue line). For comparison, we collected the XRD 

patterns of Pd(OAc)2/graphene (red line), and metallic Pd (green line) that was prepared by 

following the same thermal reduction procedures as the reference samples.  
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Two characteristic diffraction peaks appear in both spectra of Pd/graphene nanocomposite (blue 

line) and metallic Pd (green line), i.e., diffraction planes of (111) and (200) located at 2θ = 61.3° 

and 72.1° respectively, representing the presence of metallic Pd in the sample. In Pd/graphene 

XRD pattern (blue line), the complete absence of Pd(OAc)2 pattern suggests a successful 

conversion of the Pd compound to the metallic Pd in the graphene matrix. In addition, the 

broadening of diffraction peaks in the nanocomposite, compared to those in metallic Pd, 

indicates a decreased Pd crystallite size, the average crystal size of Pd is calculated to be in the 

range of 9.8 ~13.5 nm using the Scherrer equation128 based on the broadening of (111) peak.  

  

Fig. B.13 XRD (Cr Kα tube, λ=0.229 nm) patterns of metallic Pd, the as-prepared precursor 

Pd(OAc)2/graphene and Pd/graphene nanocomposite. 
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Fig. B.14 Thermogravimetric analysis. Hydrogen storage capacities in the Pd/graphene nanocomposites 

with a loading amount of (a) Pd 1 at.% and (b) Pd 5 at.% that were charged with hydrogen at pressures 

from 10 to 60 bar. 
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Fig. B.15 In-situ hydrogen reduction and X-ray absorption spectroscopy (XAS) characterization of 

Pd/graphene on SXRMB 06B1-1 beamline at the Canadian Light Source (CLS). 
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