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ABSTRACT 

 

 

 

RUTHENIUM(0) NANOPARTICLES SUPPORTED ON GRAPHENE: 

PREPARATION, CHARACTERIZATION AND CATALYTIC USE IN 

HYDROGEN GENERATION FROM HYDROLYSIS OF AMMONIA BORANE 

 

 

 

Acar, Fatma Asiye 

M. S., Department of Chemistry 

Supervisor: Prof. Dr. Saim Özkâr 

January 2015, 96 pages 

 

 

 

The development of new storage materials will facilitate the use of hydrogen as a major 

energy carrier in near future. In hydrogen economy, chemical hydrides have been tested 

as hydrogen storage materials for supplying hydrogen at ambient temperature. Among 

these chemical materials, ammonia borane having a high content of hydrogen (19.6 

wt.%) seems to be an ideal hydrogen storage material since it is stable under ordinary 

conditions and releases hydrogen gas in a safe and controllable way in aqueous 

solutions. However, hydrolysis of ammonia borane requires a suitable catalyst. In this 

thesis, the preparation, characterization and investigation of the catalytic activity of the 

ruthenium(0) nanoparticles supported on graphene were reported. 
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In order to obtain ruthenium(0) nanoparticles supported on graphene, first graphene 

oxide was prepared from graphite by using modified Hummers’ method. Then Ru
3+

 ions 

were impregnated onto graphene oxide. Finally, ammonia borane was used to reduce 

ruthenium(III) ions to ruthenium(0) nanoparticles supported on graphene. The 

ruthenium(0) nanoparticles were characterized by ICP-OES, XRD, SEM, SEM/EDX 

and TEM. Ruthenium(0) nanoparticles supported on graphene were used to catalyze the 

hydrolysis of ammonia borane releasing 3 equivalent of hydrogen per mole of ammonia 

borane. They are highly active catalyst providing 200,000 turnovers in hydrogen 

generation from the hydrolysis of ammonia borane at 25.0 ± 0.1 °C with an initial 

turnover frequency value of 150 min
-1

. The kinetics of the catalytic hydrolysis of 

ammonia borane was studied depending on the catalyst concentration, substrate 

concentration, and temperature. The kinetic study shows that the ruthenium(0) 

nanoparticles-catalyzed hydrolysis of ammonia borane is first order with respect to 

catalyst concentration and zero order with respect to substrate concentration. The 

activation parameters of this reaction were determined from the evaluation of the kinetic 

data. 

 

 

 

Keywords: Ruthenium(0) nanoparticles; Hydrolysis; Ammonia borane; Heterogeneous 

catalyst; Graphene; Hydrogen generation. 
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ÖZ 

 

 

 

GRAFEN ÜZERİNDE DESTEKLENDİRİLMİŞ RUTENYUM(0) 

NANOPARÇACIKLARI: 

HAZIRLANMASI, KARAKTERİZASYONU VE AMONYAK BORAN 

HİDROLİZİNDEN HİDROJEN ÜRETİMİNDE KATALİTİK OLARAK 

KULLANILMASI 

 

 

 

Acar, Fatma Asiye 

Y. Lisans, Kimya Bölümü 

Tez Yöneticisi: Prof. Dr. Saim Özkâr 

Ocak 2015, 96 sayfa 

 

 

 

Yakın gelecekte, depolama tekniklerinin gelişimi ile hidrojenin enerji taşıyıcı olarak 

kullanılması büyük ölçüde kolaylaşacaktır. Hidrojen ekonomisinde, istenilen sıcaklıkta 

hidrojen eldesi için, kimyasal hidrürler hidrojen depolama malzemesi olarak test 

edilmektedir. Bu kimyasallar arasında, normal koşullarda kararlı yapıda olması, sulu 

çözeltisinde güvenli ve kontrollü bir şekilde hidrojen gazı elde edilmesi sebebiyle 

yüksek bir hidrojen konsantrasyonuna (%19.6) sahip olan amonyak boranı ideal bir 

hidrojen depolama malzemesi haline getirmektedir. Fakat amonyak borandan hidrojen 

eldesi uygun bir katalizör kullanımı gerektirmektedir. Bu çalışmada, grafen üzerinde 
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desteklendirilmiş rutenyum(0) nanoparçacıklarının hazırlanması, karakterizasyonu ve 

amonyak boran hidrolizinden hidrojen üretiminde katalitik olarak kullanılması 

açıklanılmıştır.  

 

Grafen üzerinde desteklendirilmiş rutenyum(0) nanoparçacıklarının elde edilebilmesi 

amacıyla ilk basamakta grafitten uyarlanmış Hummers yöntemi ile grafen oksit elde 

edildi. Daha sonra Ru
3+

 iyonları grafen oksitin içine yedirilmiş ve bu amonyak boran 

yardımıyla grafen üzerinde desteklendirilmiş rutenyum(0) nanoparçacıklarına 

indirgendi. Rutenyum(0) nanoparçacıklarının karakterisyonu Toz XRD, SEM, TEM, 

EDX ve ICP-OES spektroskopik yöntemleri ile elde edildi. Amonyak boranın 

rutenyum(0) nanoparçacıkları ile katalitik hidrolizi sulu çözelti içerisinde 

gerçekleştirildi ve tepkime kinetiği, katalizör derişimine, substrat derişimine, sıcaklığa 

bağlı olarak incelendi. Kinetik çalışmalar sonucunda rutenyum(0) nanoparçacıkları ile 

katalizlenen amonyak boranın hidrolizi tepkimesinin katalizör derişimine göre birinci 

dereceden ve substrat derişimine göre sıfırıncı dereceden olduğu bulundu. Kinetik 

verilerin değerlendirilmesi ile rutenyum(0) nanoparçacıkları ile katalizlenen amonyak 

boranın hidrolizi tepkimesinin aktivasyon parametreleri de belirlendi. 

 

 

 

Anahtar Kelimeler: Rutenyum(0) nanoparçacıkları, amonyak boranın hidrolizi, 

heterojen katalizör, grafen. 
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CHAPTER 1 

 

 

1. INTRODUCTION 

 

 

 

Natural processes led to spontaneous accumulation of carbon based energy sources, so 

called fossil fuels, which have been used to meet around 80% of the world energy 

demand [1]. However, fossil fuels (i.e., petroleum, natural gas, and coal) are projected to 

be overused due to the increasing worldwide energy requirement which spells shortage 

of these resources in the next few decades [2]. The use of renewable energy sources 

namely, solar energy, wind power, hydro power, biomass energy, geothermal energy, 

tidal energy and wave power technologies are sought because of increasing concern 

about the environmental problems, including global warming caused by the emission of 

gases from the combustion of fossil fuels which is correlated with a number of 

casualties in warm climate countries, increasing levels of sea water worldwide which 

threatens seaside cities, and numerous other natural disasters such as floods, hurricanes, 

forest fires, and so on. [3,4]. The renewable energy sources, however, carry 

disadvantages such as relatively high cost, low efficiency, discontinuity, storage and 

transportation such as in solar and wind energy which are not always available. 

Significant amount of energy is lost while being stored or moved long distances. 

Therefore there is a need of an energy carrier for all of these energy sources, of which 

one is hydrogen. Alternatively being a clean and renewable energy carrier, hydrogen is 

widely available from diverse sources, such as clean-coal technology, biomass, water 

electrolysis, photoelectrochemical and photochemical water splitting and nuclear energy 

[3,5]. Hydrogen has found an increasing demand in industrial applications in the last 
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decades since the combination of molecular hydrogen and oxygen in a fuel cell 

generates electricity and heat whose only by-product is water while burning of fossil 

fuels generates CO2 and a variety of pollutants [3,6,7]. In most part, hydrogen is used as 

a feedstock in the chemical and petrochemical industry, to produce principally 

ammonia, refined fossil fuels by hydrocracking, and a variety of chemicals. Hydrogen 

can also be used as a propellant for rockets and space shuttles and it is considered as a 

fuel for many hydrogen powered vehicles including more than 70 types of cars and 

trucks as well as dozens of buses [3]. Since hydrogen is gaseous up to extreme 

conditions, has very low gas density and high flammability, the storage proves to be a 

problem [3,8]. In this context, safe, reliable, compact, and cost-effective storage 

becomes a primary challenge for hydrogen storage technologies [9]. Current on-board 

hydrogen storage approaches include compressed hydrogen gas, cryogenic and liquid 

hydrogen, metal hydrides, high surface area sorbents (such as carbon based 

nanostructured materials), and chemical hydrogen storage [9,10]. Chemical hydrogen 

storage has been of particular interest, especially owing to the high hydrogen contents of 

the materials considered. Hydrogen containing compounds, especially boron hydrides, 

have been investigated for solid state hydrogen storage materials because of their 

relatively high volumetric and gravimetric hydrogen density [8,9]. Among boron 

hydrides, ammonia borane (H3NBH3, AB) has recently been attracting a great deal of 

attention as a hydrogen storage material due to its high hydrogen content (19.6 wt %), 

stability and safety under fuel cell operating conditions [11,12]. Only in the presence of 

suitable catalysts, ammonia borane releases hydrogen upon hydrolysis in aqueous 

solution according to Eq. 1.1. The reaction is exothermic with a standard enthalpy 

change of −156 kJ/mol at 25 °C [13]. 

 

𝑁𝐻3𝐵𝐻3(𝑎𝑞) + 𝐻2𝑂(𝑙)
   𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡   
→        𝑁𝐻4𝐵𝑂2(𝑎𝑞) + 3𝐻2(𝑔)                (1.1) 
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Many catalyst systems including transition metals and their alloys have been tested for 

hydrogen generation from the hydrolysis of ammonia borane; however, the idea of using 

such a process with the clear aim of releasing hydrogen was first introduced by Chandra 

and Xu in 2006 [14,15]. Their studies have shown that adding catalytic amount of a 

suitable metal catalyst into the solutions with various concentrations leads to a release of 

hydrogen gas with an H2 to NH3BH3 mole ratio up to 3.0, corresponding to 8.9 wt% of 

the starting materials NH3BH3 and H2O [16]. Then, the same group has also reported the 

catalytic activities of non-noble metal catalyst (Co, Cu, Fe, Ni) supported on γ-Al2O3, 

SiO2 and C in hydrogen generation from the hydrolysis of ammonia borane where the 

highest activity has been observed with Co/C while Fe containing catalyst showed no 

activity [17]. Relatively faster hydrogen generation was achieved in the presence of 

noble metal catalysts such as Pt, Rh and Ru at room temperature [18,19]. However, the 

high reactivity of nanoparticles causes the tendency toward the aggregation of 

nanoparticles and consequent decline in catalytic activity. The aggregation between 

nanoparticles can be prevented by using a stabilizer. A variety of stabilizers have been 

reported for catalysts providing electrostatic, steric, and electrosteric stabilization [20]. 

Another way is to use supporting materials which temporarily acquires stability upon 

aggregation between nanoparticles. Unique electrical and chemical properties of 

graphene, a Nobel Prize winning discovery, make it a valuable supporting material for 

the stabilization of metal nanoparticles [21]. 

 

Herein, the synthesis and characterization of ruthenium(0) nanoparticles supported on 

graphene as a catalyst in hydrogen generation from the hydrolysis of ammonia borane is 

presented. The ruthenium(0) nanoparticles supported on graphene were characterized by 

ICP-OES, XRD, SEM, SEM/EDX and TEM. The results reveal the formation of well-

dispersed ruthenium(0) nanoparticles supported on graphene. The kinetics of the 

reaction was studied depending on the catalyst concentration, substrate concentration 



4 

and the temperature. The rate law of the catalytic reaction, activation energy and 

activation parameters of catalytic hydrolysis reaction were acquired through a kinetic 

study of the ruthenium(0) nanoparticles supported on graphene catalyzed hydrolysis of 

ammonia borane. 

 

The synthesis of ruthenium nanoparticles supported on graphene and the kinetic studies 

concerning hydrogen generation from catalytic hydrolysis of ammonia borane has been 

the subject of a publication during this thesis [22]. While it covers the synthesis of 

ruthenium nanoparticles supported on graphene via a one-step procedure using 

methylamine borane as reducing agent and the kinetics of the catalytic reaction, herein 

the synthesis of ruthenium nanoparticles supported on graphene by using ammonia 

borane, the kinetic studies and the catalytic lifetime of the catalyst were further 

elaborated; therefore the literature is remedied for points that are missing explanation. 
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CHAPTER 2 

 

 

2. LITERATURE REVIEW 

 

 

 

2.1. Hydrogen 

 

2.1.1. Global Energy Problems 

 

As a consequence of excessive fossil fuel consumption, large amounts of greenhouse 

gases, along with other toxic products, are released to the atmosphere causing global 

climate change and planet wide pollution [3]. Decrease of fossil fuel sources also has the 

potential to trigger a chain of events that will eventually incite world conflict, which are 

listed in Figure 2.1: 
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Figure 2.1. Possible global problems from increasing use of fossil fuels and the 

consequent need for hydrogen energy systems [2]. 
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For centuries, fossil energy sources have met energy demands; however, due to the rapid 

increase in world population and finite amount of fossil energy sources, they will not be 

able to hold their place as primary energy sources [2,4]. The usage of fossil fuel types 

has shifted significantly over the last 90 years. In 1925, 80% of the required energy was 

supplied from coal while in the past few decades, 45% came from petroleum, 25% from 

natural gas and 30% from coal. Energy experts point out that reserves are less than 40 

years for petroleum, 60 years for natural gas and 250 years for coal [10]. This will result 

in an increase of fossil fuels costs leading to obligatory pursuit of alternative fuels such 

as solar, wind, hydrogen related sources. As an example, observed and projected 

quantities of world energy production and consumption from 1971 to 2040 are displayed 

in Figure 2.2. [1]: 
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Figure 2.2. Variation of world energy production and consumption [1]. 

 

 

 

2.1.2. Hydrogen as an Energy Carrier 

 

Hydrogen is expected to play an important role in future energy scenarios. The foremost 

factor that will determine the specific role of hydrogen will likely be energy demand. In 

the future, hydrogen is expected to replace fossil fuels to some degree and to become the 

preferred portable energy carrier for vehicles [6]. 

 

Hydrogen is a non-toxic, clean energy carrier that has a high specific energy on a mass 

basis. It can be produced from various processes [5] including use of solar and 
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renewable energy sources, fossil fuels (e.g., steam reforming of natural gas or other light 

hydrocarbons, gasification of coal and other heavy hydrocarbons), electrolysis of water, 

direct and indirect thermochemical decomposition. It can be stored over relatively long 

periods of time and has more usage area compared to electricity as shown in the Figure 

2.3. It does not produce toxic exhaust emissions, except at some equivalence ratios 

(where its high flame temperature can result in significant levels of NOx in the exhaust 

products) when combusted [23]. 
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Figure 2.3. Relationship of production techniques and types of utilization of hydrogen 

[2]. 
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However, as it is illustrated in the Table 2.1, hydrogen is highly inflammable when 

mixed with air, it can burn in lower concentrations which may cause safety concerns and 

storage of hydrogen in liquid form is difficult, as very low temperatures are required to 

liquefy hydrogen. 

 

 

 

Table 2.1. The properties of hydrogen compared to the other fuels [3,24]. 

 

 Hydrogen Gasoline Methanol Methane Propane Ammonia 

Boiling Point 

[K] 
20.3 350-400 337 112 231 240 

       

Liquid density 

[kg m
-3

] 
71 702 797 425 507 771 

       

Gas density 

[kg m
-3

] 
0.08 4.68 - 0.66 1.87 0.69 

       

Lower heating 

value (mass) 

[MJ kg-1] 

120.0 44.4 20.1 50.0 46.4 18.6 

       

Lower heating 

value (liquid) 

[MJ m
-3

] 

8960 31170 16020 21250 23520 14350 

       

Lower 

Flammability 

limit 

[vol, % in air] 

4 1 7 5 2 15 

       

Lower 

Flammability 

limit 

(at 0 °C, 1 atm) 

[vol, % in air] 

75 6 36 15 10 28 
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2.1.3. Hydrogen Storage 

 

Hydrogen exhibits the highest heating value per mass of all chemical fuels. 

Furthermore, hydrogen is regenerative and environmentally friendly. There are two 

reasons why hydrogen is not the major fuel of today’s energy consumption. First of all, 

hydrogen is not an energy source but indeed an energy carrier. Although it is the most 

abundant element in the universe, it only occurs in the form of water and hydrocarbons 

on Earth. The necessity to extract hydrogen first results in a difficult economic dilemma. 

The second difficulty with hydrogen as an energy carrier is its low critical temperature 

of 33 K (i.e. hydrogen is a gas at ambient temperature) [8]. For mobile and stationary 

applications the volumetric and gravimetric density of hydrogen in a storage material is 

crucial. Hydrogen can be stored using six different methods as listed in the Table 2.2: 
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Table 2.2. The six basic hydrogen storage methods [8]. 

 

Storage Method 
ρm 

[mass %]
a
 

ρv 

[kg H2 m
-3

]
b
 

T 

[°C]
c
 

P 

[bar]
d
 

High pressure gas cylinders 13 <40 RT
e
 800 

Liquid hydrogen in cryogenic 

tanks 

size 

dependent 
70.8 -252 1 

Adsorbed hydrogen ≈ 2 20 -80 100 

Absorbed on interstitial sites in a 

host metal 
≈ 2 150 RT 1 

Complex compounds <18 150 >100 1 

Metals and complexes together 

with water 
<40 >150 RT 1 

a
Gravimetric density, 

b
Volumetric density, 

c
Operational temperature for storage method, and 

d
Operational pressure for the storage method. 

e
Room temperature (25°C). 

 

 

 

Alongside well-established, high-pressure cylinders for laboratory applications and 

liquid hydrogen storage methods for air and space applications, metal hydrides and 

complex hydrides offer a safe and efficient way to store hydrogen. Further research and 

technical development will lead to higher volumetric and gravimetric hydrogen density 

[9,25]. Figure 2.4 shows the volumetric versus gravimetric hydrogen density for the 

various materials, in which it can be deduced that ammonia borane has a higher 

gravimetric density than most other reported chemical systems. 

 

Ammonia borane (NH3BH3, AB), isoelectronic with ethane, is solid at room 

temperature, stable in air and water and has a high hydrogen storage capacity up to 19.6 
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wt.% (100–140 g/L) for release of three hydrogen molecules. There is an increasing 

demand on ammonia borane research as a hydrogen storage material, since it is stable 

and commercially available [26]. 

 

 

 

 

 

Figure 2.4. Representation of gravimetric and volumetric densities of different 

hydrogen storage materials [10]. 

 

 

 

At ambient temperature the structure of ammonia borane is tetragonal with a B–N 

distance as 1.56–1.58 Å which is unusually short for this type of electron donor–
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acceptor compound [27]. A particularly important feature of AB materials is the 

existence of the so-called dihydrogen bond. Guided by the relatively short distance of 

2.02 Å compared to the sum of the van der Waals radius of 2.4 Å between the nearest 

hydridic and protic hydrogen atoms located at the boron and nitrogen atom of different 

AB molecules, an unknown type of bond, the dihydrogen bond, was postulated [28,29]. 

The existence of the dihydrogen bond largely explains the very different melting points 

of BH3NH3 (110 °C) and the isoelectronic compound ethane (-182.77 °C) [29,30,31], as 

well as the higher volumetric hydrogen storage density of AB compared to ethane. 

 

There are many different methods to obtain hydrogen from ammonia borane including 

dehydrogenation [32,33], thermolysis [34,35], and solvolysis (hydrolysis and 

methanolysis) [15,36]. Among them, the catalytic hydrolysis of AB appears to be the 

most convenient one for the storage of hydrogen [15,36]. As shown in the equation, it is 

suggested that hydrogen will be released a maximum of 9 wt.% with respect to the AB 

and to the consumed water weight [37]. Hydrolysis of AB in aqueous solution, results in 

producing gaseous hydrogen and ammonium metaborate (NH4BO2) with strong B–O 

bonds: 

 

𝑁𝐻3𝐵𝐻3(𝑎𝑞) + 𝐻2𝑂(𝑙)
   𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡   
→        𝑁𝐻4𝐵𝑂2(𝑎𝑞) + 3𝐻2(𝑔)                (2.1) 

 

2.2. Transition Metal(0) Nanoclusters 

 

2.2.1. Colloidal Metal Nanoclusters 

 

Over the last decade there has been increased interest in “nanochemistry” [38]. 

Nanoscience is the technology development and research at the atomic, molecular or 

macromolecular levels, in the length scale of approximately 1 – 100 nanometer range, to 
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provide a fundamental understanding of phenomena and materials at the nanoscale and 

to create and use structures, devices and systems that have novel properties and 

functions because of their small and/or intermediate size. The novel and differentiating 

properties and functions are developed at a critical length scale of matter typically under 

100 nm [39]. 

 

The term nanotechnology was introduced to describe physicist Richard Feynman’s 

vision of factories using nanomachines to build complex products, including other 

nanomachines [40]. Engineering analysis indicates that this will be an extremely 

powerful capability, able to make large products with atomic precision, building them 

with superior materials, cleanly, and at low cost [41]. 

 

It is important to distinguish modern nanoclusters from at least traditional colloids or 

nanoparticles [42]. Nanoclusters are mono dispersed particles constituting an 

intermediate state of matter between molecules and solids about 1–10 nm (10–100 Å) in 

size [20] They are of considerable current interest, both fundamentally and for their 

possible applications in catalysis, in nano based chemical sensors [43], as light-emitting 

diodes [44], in “quantum computers” [45], or other molecular electronic devices 

[46,47],. Nanoclusters have been found to catalyze a range of reactions, spanning 

hydrogenations [48]; enantioselective hydrogenations [49]; hydrosilylations [50]; 

hydropyrolysis and hydrogenolysis [51]; oxidation of CO and CO/H2 [52]; oxidative 

acetoxylation [53]; McMurry [54], Suzuki [55], and Heck-Type [56] couplings; and, 

most recently cycloaddition reactions [57]. Additional possible applications of 

nanoclusters are in ferrofluids for cell separations or in optical, electronic, or magnetic 

devices constructed via a building block, “bottom-up” approach [58,59,60]. 

Nanoparticles instead consist of up to a couple of hundred atoms, and larger aggregates 

containing 103 or more atoms [61]. 
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Nanoclusters, have properties and structures which are very sensitive to their 

composition and size, which can lead to new and interesting properties not realized in 

the corresponding bulk material. Their physical and chemical properties gradually 

change from solid state to molecular behaviour with decreasing particle size [62]. When 

no other molecules are adsorbed onto the nanocrystallites, the surface atoms are highly 

unsaturated and their electronic contribution to the behaviour of the particles is totally 

different from that of the inner atoms. These effects may be even more marked when the 

surface atoms are ligated [63]. This leads to different mechanical and electronic 

transport properties, which account for the catalytic properties of the nanocrystalline 

particles [64]. As indicated in Table 2.3, the decrease in particle size results in the 

increase in the number of the atoms on surface thus enhancing the surface area while 

keeping the volume same. 
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Table 2.3. The effect of particle size on the ratio of the number of surface atoms to the 

total number of atoms. 

 

 
 

  
Total surface area 6 150 750 

    

Total volume 1 125 125 

    

Surface to volume ratio 6 1.2 6 

 

 

 

Especially for metal and semiconductor nanoparticles, the band structure gradually 

evolves with increasing particle size, i.e., molecular orbitals convert into delocalized 

band states. Figure 2.5 shows the size quantization effect responsible for the transition 

between a bulk metal or semiconductor, and cluster species. In a metal, the “quasi-

continuous” density of states in the valence and the conduction bands splits into discrete 

electronic levels, the spacing between these levels and the band gap increasing with 

decreasing particle size [65, 66]. 
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Figure 2.5. Size quantization effect. Electronic state transition from bulk 

metal/semiconductor to small cluster. 

 

 

 

To investigate the physical and chemical properties of transition metal nanoparticles, a 

great degree of control over size, structure, and surface composition is essentially 

required. 

 

2.2.2. Preparation of Transition Metal(0) Nanoparticles 

 

Nanoparticles have been synthesized by a variety of methods [67]. Common synthetic 

techniques for semiconductor nanoparticles employ the use of constrained 

environments, such as inverse micelles [51,68,69]; capping agents, which arrest the 

growth of particles when they reach a certain size [70]; zeolites, ionomers, porous glass 
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[71] and gels [70]; solid polymer environments [72]; or dendrimers [73]. For transition 

metal nanoclusters; however, there are five general synthetic methods which are: (i) 

transition metal salt reduction, (ii) Thermal decomposition and photochemical methods, 

(iii) ligand reduction and displacement from organometallics, (iv) metal vapor synthesis 

[62], and (v) electrochemical synthesis [54]. 

 

2.2.3. Stabilization of Transition Metal(0) Nanoparticles 

 

Nanoparticles are only kinetically stable; they must be stabilized against aggregation 

into larger particles and, eventually, bulk material, their thermodynamic minimum. 

Stabilization can be accomplished in three ways: electrostatic charge, or ‘inorganic’ 

stabilization, steric ‘organic’ stabilization or electrosteric stabilization combining both 

electrostatic and steric stabilization [20]. 

 

2.2.3.1. Electrostatic Stabilization 

 

The classic theory of electrostatic colloidal stabilization was developed by Derjaugin, 

Landau, Verwey, and Overbeek, in the 1940s and is commonly referred to as DLVO 

theory [74]. DLVO theory predicts that nanocluster stabilization is based on a delicate 

balance in interparticle forces between repulsive Coulombic forces opposing attractive 

van der Waals forces. This theory is the most commonly used for the prediction of the 

so-called lyophobic colloid stability which is defined as having weak or no interactions 

between the colloid and the solvent [74]. Indeed, it was recently stated that “For colloid 

science the theory of DLVO stands at the same level of importance as does Darwin’s 

theory of the origin of the species in Biology” [75]. 
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Figure 2.6. A schematic illustration for an electrostatically stabilized metal (M) particle 

(i.e., one stabilized by the adsorption of ions and the resultant electrical 

double layer) [20]. 

 

 

 

In DLVO-type electrostatic stabilization, the stabilizer of initial interest is the anion 

(Figure 2.6) [20]. Anions, whether added to the solution separately or present from 

reduction of a metal salt precursor, will be bound to any previously coordinatively 

unsaturated, electrophilic nanocluster surface [41]. Hence, anions form a layer 
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immediately adjacent to the nanocluster, providing the Columbic repulsion component 

of DLVO-type stabilization between two, now anionically charged particles. Counter 

cations are also present, to provide charge balance and complete the electronic 

multilayer. DLVO theory treats counterions as point charges, so small monoanions such 

as halides are among the closest “real-life”, albeit still imperfect, examples of DLVO-

type stabilization [76]. 

 

2.2.3.2. Steric Stabilization 

 

Colloidal particles can be prevented from aggregating by the adsorption of molecules 

such as polymers, surfactants or ligands at the surface of the particles, thus providing a 

protective layer (Figure 2.7). Polymers are widely used, and the protectant must not only 

coordinate to the particle surface in order to function effectively, but must also be 

adequately solvated by the dispersing fluid-such polymers are termed amphiphilic. The 

choice of polymer is determined by consideration of the solubility of the metal colloid 

precursor, the solvent of choice, and the ability of the polymer to stabilize the reduced 

metal particles in the colloidal state [77]. 

 

 

 



23 

 

 

Figure 2.7. A schematic illustration for a sterically stabilized metal particle [78]. 

 

 

 

2.2.3.3. Electrosteric Stabilization 

 

In the literature, many authors have combined the two well precedented modes of 

nanocluster stabilization into so-called “electrosteric” stabilization [79]. Tracking down 

the origin and a clear definition of this term proved difficult. As the term “electrosteric” 

implies, this mode of stabilization is a combination of electrostatic stabilization (as 

described in DLVO theory) and steric stabilization. Electrosteric stabilizers have the 

potential to be superior for catalytic applications, as the combination of electrostatic and 

steric stabilization may mean that fewer equivalents of stabilizer per nanocluster are 

necessary for stabilization, possibly leaving more coordinatively unsaturated surface 

atoms available for catalysis.  

 

The first report on polyoxoanion-stabilized nanoclusters noted that the P2W15Nb3O62
9−

 

and associated (Bu4N)9
9+

 stabilization of Ir(0)∼300 nanoclusters was of a novel type, a 
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“combined high charge plus significant steric bulk present intrinsically” [48] within the 

(ca. 15 Å by 12 Å [41]) polyoxoanion and nine Bu4N
+
 countercations. Since then, 

P2W15Nb3O62
9−

 has been used to stabilize both Ir and Rh nanoclusters. Hence, it would 

be tempting to term these highly charged, sterically massive stabilizers as prototype 

“electrosteric” stabilizers. 

 

 

 

 

 

Figure 2.8. Idealized, roughly to scale representation of a P2W15Nb3O62
9−

 polyoxoanion 

and Bu4N
+
 stabilized Ir(0)∼300 nanocluster [67]. 
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2.2.4. Characterization of Transition Metal(0) Nanoparticles 

 

Transmission Electron Microscopy (TEM), UV–Visible Spectroscopy (UV–Vis), 

Nuclear Magnetic Resonance Spectroscopy (NMR), Infrared Spectroscopy (IR), 

elemental analysis, and Energy Dispersive Spectroscopy (EDS), analytical 

ultracentrifugation–sedimentation, Extended X-Ray Absorption Fine Structure 

(EXAFS), Scanning Tunneling Microscopy (STM), Atomic Force Microscopy (AFM), 

High Performance Liquid Chromatography (HPLC), light scattering, time-of-flight 

mass spectrometry, magnetic susceptibility, and electrophoresis or ion-exchange 

chromatography are among the commonly preferred techniques for structural, 

compositional and topographic characterization of nanoparticles [20] (Figure 2.9). 

 

 

 

 

 

Figure 2.9. General view of methods available for the characterization of nanoparticles 

[80]. 
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Transmission Electron Microscopy (TEM) and High Resolution TEM (HR-TEM) are 

widely used imaging methods, where interactions of an electron beam transmitted 

through an ultrathin surface characterize the size, shape, dispersity, structure, and 

morphology of nanoclusters [81]. 

 

In Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy 

(SEM/EDX), when inner shell electrons are ejected by an incident electron beam the 

atom becomes unstable and the resulting hole then is filled by an outer shell electron by 

emitting a photon. The energy difference between the shells usually falls into KeV 

region yielding X-rays [82]. 

 

In order to characterize semiconductor-type nanoparticles or metal particles whose 

plasmon resonance lies in the visible range, UV–Vis spectroscopy proves an effective 

method, which allows for determination of particle size along with aggregate analysis 

[83]. 

 

Infrared spectroscopy (IR) is often utilized as a surface probe in nanoparticle systems. 

Carbon monoxide adsorption onto the surface of a metal nanoparticle produces 

characteristic vibrational frequencies around 1800–2100 cm
-1

 thereby rendering CO a 

practical ligand in detection of surface properties of a nanoparticle [77]. 

 

Nuclear Magnetic Resonance (NMR) spectroscopy in nanoparticle studies, deals either 

with intra-core metallic atoms or the ligands that surround the metal core [84]. 

 

Scanning Tunneling Microscopy (STM) [61] makes possible the determination of the 

total diameter of a nanoparticle, including the stabilizing ligand shell. STM is also an 

effective probe of the electronic properties of such nanoparticles. 
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Atomic Force Microscopy (AFM) to image nanoparticles [85]. This technique, contrary 

to STM, is purely mechanical: a cantilevered tip attached to a spring is dragged across a 

sample. The increase or decrease in the height of the tip is measured, yielding a surface 

height profile as a function of distance. 

 

2.3. Catalysis 

 

2.3.1. General Principles of Catalysts 

 

Almost all biochemical processes in nature, which are essential to life, such as the 

oxidation of sugar or DNA sequencing, are initiated and carried out by enzymes [86]. 

Enzymes can be defined as amino acid chains act as highly selective biological catalysts 

[87]. With the help of enzymes, the rates of most biochemical reactions which are 

inactive under the mild conditions of temperature and pressure, increases drastically by 

almost over a million-fold so reactions that would take years can be achieved in 

seconds. Biological systems have long inspired design principles of synthetic materials. 

Today up to 90% of chemical and refinery processes utilize the catalytic systems of 

biomimetic origin [88]. A catalyst is a substance that increases the rate of a chemical 

reaction without modifying the overall standard Gibbs energy change in the reaction. 

However, it can be recovered chemically unchanged at the end of the reaction since it is 

not consumed by the reaction. The phenomenon where a catalyst is used to speed or 

activate the system is called catalysis [89]. 

 

If only one phase is involved the catalysis can be classified as homogeneous catalysis; 

on the other hand if the reaction occurs at or near an interface between phases it is 

classified as heterogeneous catalysis [90]. 
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Figure 2.10. Classification of catalysts [91]. 

 

 

 

In any chemical reaction there is a need of rearrangement of chemical bonds. In  

collision theory, it is stated that the molecules react only if a collision occurs at energy 

equal to or greater than a certain critical value which is defined as the energy of 

activation, Ea [92]. In the transition state theory; however, products of the reaction can 

be formed if the molecules achieve a specific arrangement. The slowest step in the bond 

rearrangement having the highest enthalpy which is the enthalpy of activation, ΔH
‡
, 

along the reaction coordinate is known as transition state [93]. The alternative route 

provided by the catalyst has a lower activation barrier than that of uncatalyzed reaction, 

allowing huge proportion of the reactants to attain needed energy to pass through the 

transition state and become products. 
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2.3.2. Energetics 

 

When catalyst is used in a process, it affects the activation barriers of both forward and 

reverse reactions keeping the equilibrium position the same. In the case of synthesis of 

ammonia by Haber process, for instance; 

 

𝑁2(𝑔) + 3𝐻2(𝑔) ⇄ 2𝑁𝐻3(𝑔)                                            (2.2) 

 

when catalyst not used, its activation energy is ca. 325 kJ mol
-1

 in the forward direction 

and 370 kJ mol
-1

 in the reverse direction. With addition of iron catalyst, the hydrogen 

and nitrogen molecules lose their translational degrees of freedom by attaching to the 

catalyst surface which reduces the activation energy dramatically and thus makes the 

energy of activation 103 kJ mol
-1

 for forward reaction [94]. The energy profiles for 

ammonia synthesis in the absence and presence of the catalyst is represented in Figure 

2.11. 
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Figure 2.11. Effect of catalyst on the activation energy of the ammonia synthesis. 

 

 

 

A catalyst alters the activation barrier in two ways either by binding to one or more of 

the reactants which reduces the energy needed by the reactant molecules in order to 

complete the reaction or bringing the reactants together and holding them tight so that 

the possibility of the reaction increases. 
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2.3.3. Properties of Catalysts 

 

2.3.3.1. Catalytic Efficiency 

 

In a catalytic process, first the catalyst should be in its active form in order to initiate or 

accelerate the reaction. Despite the numerous transformations a catalyst undergoes 

throughout a catalytic cycle, it prevails unchanged. An efficient catalyst can enter the 

cycle of states multiple times which can be named as the turnover number. The turnover 

number (TON) is the total number of reactant molecules that a catalyst converts into 

product molecules [91].  

 

𝑇𝑂𝑁 =
𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑛𝑡𝑒𝑟𝑠/𝑣𝑜𝑙𝑢𝑚𝑒
. 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡          (2.3) 

 

The turnover frequency (TOF) quantifies the specific activity of a catalytic per unit 

time. 

 

𝑇𝑂𝐹 =
𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑛𝑡𝑒𝑟𝑠/𝑣𝑜𝑙𝑢𝑚𝑒
=

𝑚𝑜𝑙𝑒𝑠

𝑣𝑜𝑙𝑢𝑚𝑒. 𝑡𝑖𝑚𝑒
 
𝑣𝑜𝑙𝑢𝑚𝑒

𝑚𝑜𝑙𝑒𝑠
= 𝑡𝑖𝑚𝑒−1  (2.4) 

 

2.3.3.2. Selectivity 

 

The selectivity of a reaction is defined as the ratio of the starting material that is 

converted into the desired product. Therefore, a selective catalyst yields a high 

proportion of the desired product with minimum amount of the side products coming 

from parallel or sequential reactions [95]. Depending on the catalyst, same reactants 

yield different products, which have a large bearing in industrial catalysis. 
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Figure 2.12. Various catalyst dependent routes for the reaction of CO and H2 [95]. 

 

 

 

2.3.3.3. Importance of Size Reduction of Catalysts 

 

The catalytic activity is a function of the surface area of a catalyst. Breaking down a 

bulky catalyst to smaller pieces increases its surface area, ensuring more active sites to 

react. As shown in Table 2.4 smaller particle size provides higher percentage of surface 

atoms which is directly proportional the activity of the catalyst [77,96]. 
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Table 2.4. The relation between the total number of atoms in full-shell “magic number” 

clusters and the percentage of surface atoms. 

 

Full-Shell 

“Magic Number” 

Clusters 
   

  

Number of Shells 1 2 3 4 5 

Number of Atoms 

in Cluster 
M13 M55 M147 M309 M661 

Percentage of 

Surface Atoms 
92% 76% 63% 52% 45% 

 

 

 

2.4. Graphene 

 

Graphene is a flat monolayer of sp
2
 hybridized carbon atoms tightly packed into a two-

dimensional (2D) honeycomb lattice layer of the graphite structure with a C–C distance 

of 0.142 nm, having a nature of a polycyclic aromatic hydrocarbon of quasi infinite size 

[97]. For the graphite-like materials of all different dimensionalities (Figure 2.13), 

graphene can be used as a fundamental starting material by wrapping up into 0D 

fullerenes, rolling into 1D nanotubes or stacking into 3D graphite [98]. 
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Figure 2.13. C60 fullerene molecules, carbon nanotubes, and graphite can all be thought 

of as being formed from graphene sheets [98]. 

 

 

 

The concept of graphene has been around for more than 170 years and there have been 

many studies to obtain graphene chemically [99,100]. The earliest reports for this field 

can be traced back to the 1840s, when the intercalation which can be described as the 

insertion of a small-molecule species, such as an acid or alkali metal, in between the 

carbon layers and exfoliation of graphite with sulfuric and nitric acids was discussed by 

Schafhaeutl [100,101]. In 1859, B. C. Brodie made some modifications to characterize 

the molecular weight of graphite, where the graphite was treated with a mixture of 
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KClO3 and nitric acid [102,103]. P.R. Wallace conducted theoretical studies on the 

electronic structure of graphene and noted the linear dispersion relation in 1947 [104]. 

In 1958, graphene was synthesized by Hummers and Offeman by using a mixture of 

sulfuric acid, sodium nitrate, and potassium permanganate to oxidize graphite [105]. In 

1956, the wave equation for excitations of graphene was studied by J.W. McClure [106], 

and in 1984, G.W. Semenoff discussed the similarity to the Dirac equation [107]. In 

1997, IUPAC formalized the definition of graphene: “The term graphene should be used 

only when the reactions, structural relations or other properties of individual layers are 

discussed.” [108] Although it was stated by Landau and Peierls more than 70 years ago 

this material was thermodynamically unstable and could not exist [109,110], first 

evidence of single layer graphene was explored by Geim and Novoselov in 2004 [111] 

who later on won the Nobel Prize in Physics 2010 for their studies on graphene [21]. 

 

2.4.1. Synthesis of Graphene 

 

Graphene can either be prepared in a bottom up fashion by assembling smaller 

molecules together or by a top down approach, such as exfoliation of graphene [112]. 

Graphene synthesis methods include exfoliation and cleavage [111,113], Chemical 

Vapor Deposition (CVD) techniques [114,115] and other processing routes 

[116,117,118,119]. 

 

2.4.2. Properties of Graphene 

 

Graphene, being only one atom thick (i.e. having an height of 0.33 nm), is the thinnest 

material ever known [98]. It is a transparent conductor [120] and mechanically lighter, 

stronger, harder and more flexible than steel. In addition, graphene and its bilayer form 

behave as zero-gap semiconductors or in other words as zero-overlap semimetals [111]. 
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Free-standing monolayer graphene has second-order elastic stiffness of 340 Nm
-1

 and 

breaking strength of 42 Nm
-1

 which indicates that the graphene is one of the strongest 

materials ever observed [121]. 

 

Graphene’s thermal conductivity is ten times better than copper (ca. 5000 Wm
-1

K
-1

) 

[122]; and it has unique electronic properties including an unusual quantum Hall effect 

which describes the electron transport in graphene by a Dirac-like equation [111]. Its 

electrical conductivity (ca. 10
6
 Ω

-1
cm

-1
 at room temperature) is much higher than that of 

silver; and it has extraordinary breakdown current density exceeding 10
8
 A/cm

2
 [123]; 

and very high charge carrier mobilities (up to 200000 cm
2
/Vs at room temperature, more 

than hundred times larger than bulk silicon) [98,124,125]. 

 

Moreover, with a negative thermal coefficient [126,127] graphene can extend elastically 

up to 20% while cooling and shrink while heating unlike any other crystal without 

breaking [128]. It is also thermally stable up to 2300 K (ca. 500 °C in air) [129]. 
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CHAPTER 3 

 

 

3. EXPERIMENTAL 

 

 

 

3.1. Materials 

 

Ammonia borane (NH3BH3, AB, Aldrich, 97%), ruthenium(III) chloride trihydrate 

(RuCl3.3H2O, Sigma Aldrich, 99.9%), potassium permanganate (KMnO4, Merck, 

99.5%), hydrogen peroxide (H2O2, Merck 30%), sodium nitrate (NaNO3, Aldrich, 99%), 

sulfuric acid (H2SO4, Merck, 96%), graphite powder (99.85%) were purchased and used 

as received. Distilled water was used as the reaction solvent. All glassware and Teflon 

coated stirrer bars were washed with acetone, followed by copious rinsing with distilled 

water before drying in oven at 150 °C. 

 

3.2. Experimental Procedure 

 

3.2.1. Preparation of Graphene Oxide 

 

Graphene oxide was prepared by Hummers method [105] modified by Zhou et al [130] 

from graphite powder following a previously described procedure. Briefly i) 2.0 g of 

graphite powder and 1.5 g of NaNO3 were added into 150 mL of 98% H2SO4 solution in 

a round-bottom flask (500 mL) immersed in an ice bath. ii) While stirring, 9.0 g of 

KMnO4 was added slowly and allowed to dissolve. iii) The mixture was stirred for 3 

days at room temperature. iv) 20 mL of 30% H2O2 was added into the solution and the 
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solution was stirred for one more hour in order to completely react with the remaining 

KMnO4 after three days. The resulting precipitate was collected on a funnel with 

sintered glass filter (medium frit) and washed by 3% H2SO4 (500 mL), 10% HCl (500 

mL) and then H2O until the pH value of the filtrate solution reached at 7.00. 500 mg of 

graphene oxide was obtained after drying the remnant in an oven at 120 ºC for 12 h. 

 

3.2.2. Preparation of Ruthenium(0) Nanoparticles Supported on Graphene 

 

The dried graphene powder (500 mg) was stirred in 100 mL of an aqueous solution of 

42.1 mg of RuCl3.3H2O (0.16 mmol = 1.6 mM) for 72 h at room temperature. In order 

to obtain a uniform dispersion ultrasonification was applied. Ammonia borane (90 mg = 

2.92 mmol) was added to the suspension under stirring. Hydrogen evolution started 

immediately and the color of the solution turned to black. When the hydrogen evolution 

was completed ruthenium(0) nanoparticles supported on graphene was left to 

precipitate. The supernatant solution was removed and the solid was washed with 100 

mL of distilled water and the remnant was dried in an oven at 120 ºC for 12 h. 

 

3.3. Characterization of Ruthenium(0) Nanoparticles Supported on Graphene 

 

3.3.1. Powder XRD (X-Ray Diffraction) 

 

X-Ray Diffraction (XRD) pattern was recorded on a Rigaku Miniflex diffractometer 

with CuKα (30 kV, 15 mA, λ= 1.54051 Å), over a 2θ range from 5 to 90° at room 

temperature. 
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3.3.2. Scanning Electron Microscope (SEM) and Electron Diffraction X-Ray 

(EDX) 

 

Scanning electron microscope (SEM) and electron diffraction X-ray (EDX) data were 

acquired using a Zeiss EVO40 environmental SEM that is equipped with a LaB6 

electron gun, a vacuum SE detector, an elevated pressure SE detector, a backscattering 

electron detector (BSD), and a Bruker AXS XFlash 4010 detector. Samples for SEM 

and EDX analysis were prepared by grinding the powder samples into fine particles and 

mechanically dispersing them on an electrically conductive carbon film which was 

placed on an aluminum sample holder. No additional coatings or dispersive liquids were 

used for the SEM and EDX sample preparation. SEM images were obtained using a 

vacuum SE detector where electron acceleration voltage of the incident beam was varied 

within 10-20 kV and the samples were kept typically at ≤ 5 × 10-5 Torr inside the SEM. 

All of the EDX data were collected using an electron acceleration voltage of 20 kV and 

a working distance of 15 mm. 

 

3.3.3. Transmission Electron Microscope (TEM) 

 

Transmission electron microscope (TEM) images were obtained using a JEM-2100 

(JEOL) instrument operating at 200 kV. The nanoparticles solution prepared as 

described in the section 4.2 was centrifuged at 6000 rpm for 10 min. Then, the 

nanoparticles sample was redispersed in 5 mL distilled water. One drop of the diluted 

colloidal solution was deposited on the silicon oxide coated copper grid and evaporated 

under inert atmosphere. Samples were examined at magnifications between 100 and 

800k. Particle size of the nanoparticles is calculated by using NIH image software from 

the TEM image by counting non-touching particles. Size distributions are quoted as the 

mean diameter ± the standard deviation. 
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3.3.4. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

 

The ruthenium contents of the ruthenium(0) nanoparticles supported on graphene 

samples after centrifugation were determined by ICP-OES (Inductively Coupled Plasma 

Optical Emission Spectroscopy, Leeman-Direct Reading Echelle) after each sample was 

completely dissolved in the mixture of HNO3/HCl (1/3 ratio). For ICP-OES analysis, a 

calibration curve was prepared by measuring the absorption of 0, 1, 2, 5, 10 and 20 ppm 

of standard solution of Ru. Then, the absorption of the samples of ruthenium(0) 

nanoparticles supported on graphene was measured and the Ru content of the samples 

was determined from the calibration curve. 

 

3.4. Testing the Catalytic Activity of Ruthenium(0) Nanoparticles Supported on 

Graphene in the Hydrolysis of Ammonia Borane 

 

The catalytic activity of ruthenium(0) nanoparticles supported on graphene were tested 

in hydrogen generation from the hydrolysis of ammonia borane, by measuring the rate 

of hydrogen generation. To determine the rate of hydrogen generation, a jacketed 

reaction flask (50 mL) containing a Teflon-coated stir bar was placed on a magnetic 

stirrer (WiseStir MSH-20A) and thermostated to 25.0 ± 0.1 °C by circulating water 

through its jacket from constant temperature bath. In order to be able to observe the 

hydrogen gas evolved from the reaction, a graduated glass tube filled with water was 

connected to the jacketed flask. After that, portions of ruthenium(0) nanoparticles 

supported on graphene in 10 mL water were transferred into the jacketed reaction flask 

and stirred until it reached the thermal equilibrium. Then 1.0 mmol (31.8 mg) of 

ammonia borane, NH3BH3, (corresponding to maximum amount of hydrogen, H2, gas of 

3.0 mmol (80.7 mL at 25.0 ± 0.1 °C temperature and 0.908 atm pressure) was added to 

the solution containing the catalyst. The jacketed reaction flask was sealed by a septum 
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to prevent the loss of gaseous components and stirred at 800 rpm while the reaction was 

followed until there was no release of H2 gas. 

 

 

 

 

 

Figure 3.1. The experimental setup used in performing the catalytic hydrolysis of 

ammonia borane and measuring the hydrogen generation rate. 

1: Water Bath Circulator, 2: Magnetic Stirrer, 3: Jacketed Schlenk Tube,  

4: Water in, 5: Water out, 6: Plastic Hose, 7: Burette Filled with Water. 
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3.5. Kinetics of the Hydrolysis of Ammonia Borane Catalyzed by Ruthenium(0) 

Nanoparticles Supported on Graphene 

 

In order to establish the rate law for catalytic hydrolysis of NH3BH3 using ruthenium(0) 

nanoparticles supported on graphene, three different sets of experiments were performed 

in the same way as described in the section “testing the catalytic activity of 

ruthenium(0) nanoparticles supported on graphene in the hydrolysis of ammonia 

borane”. In the first set of experiments, the hydrolysis reaction was performed starting 

with different initial concentration of ruthenium(0) (0.057, 0.115, 0.172, 0.230, 0.287 

mM) were performed at room temperature (25.0 ± 0.1 °C) while the initial ammonia 

borane concentration was kept constant at 100 mM (31.8 mg = 1.00 mmol). The second 

set of experiments were performed at room temperature (25.0 ± 0.1 °C) by keeping the 

initial concentration of ruthenium(0) constant at 0.287 mM and varying the NH3BH3 

concentration (50, 100, 150, 200, 250 mM). Finally, the hydrolysis of ammonia borane 

was performed in the presence of ruthenium(0) nanoparticles at constant catalyst (0.12 

mM) and substrate (100 mM) concentrations and various temperatures in between 20 

and 40 °C in order to obtain the activation energy (Ea), enthalpy (ΔH
‡
), and entropy 

(ΔS
‡
) of activation. 

 

3.6. Determination of the Catalytic Lifetime of Ruthenium(0) Nanoparticles 

Supported on Graphene in the Hydrolysis of Ammonia Borane 

 

Catalytic lifetime of ruthenium(0) nanoparticles supported on graphene in the hydrolysis 

of ammonia borane was determined by measuring the total turnover number, TTON, of 

the reaction. The experiment was conducted by starting with 50 mL aqueous solution of 

graphene supported ruthenium(0) nanoparticles catalyst containing 15 mg Ru (0.0017 

mmol) and adding 200 mg AB (6.29 mmol) at 25.0 ± 0.1 °C where the evolution of H2 
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gas was monitored. When the stoichiometric H2 gas (3.0 mol H2/mol AB) generation 

was achieved, a new batch of ammonia borane was added into the solution.  The 

procedure was repeated until H2 gas was no longer released. 

 

3.7. Reusability of Ruthenium(0) Nanoparticles Supported on Graphene Catalyst 

in the Hydrolysis of Ammonia Borane 

 

Reusability of ruthenium(0) nanoparticles supported on graphene catalyst in the 

hydrolysis of ammonia borane was tested by measuring the rate of hydrogen generation 

in successive runs of the experiment. The experiment was started with 10 mL aqueous 

solution of graphene supported ruthenium(0) nanoparticles catalyst containing 40 mg Ru 

(0.0046 mmol = 0.46 mM) and 31.8 mg AB (1.00 mmol = 100 mM) at 25.0 ± 0.1 °C. 

After the release of stoichiometric H2 gas (3.0 mol H2/mol AB), the catalyst was isolated 

from the reaction solution by centrifugation and washed with 3×30 mL water. The 

isolated catalyst was redispersed in 10 mL water and 31.8 mg AB (1.00 mmol = 100 

mM) was added. The hydrolysis was started and the hydrogen release was monitored at 

25.0 ± 0.1 °C. This procedure was repeated throughout 9 more experiments and results 

were expressed as the percentage of initial catalytic activity of Ru(0)/Graphene in the 

successive hydrolysis of ammonia borane. 
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CHAPTER 4 

 

 

4. RESULTS AND DISCUSSION 

 

 

 

4.1. Preparation and Characterization of Graphene Oxide 

 

The first step of this study was the preparation of graphene oxide. Graphene oxide was 

prepared from graphite powder by Hummers method [105] modified by Zhou et al 

[130]. After the addition of graphite powder and NaNO3 into H2SO4 solution in an ice 

bath, KMnO4 was added slowly to prevent the sudden accumulation of heat evolved. 

After 3 days stirring at room temperature H2O2 was added into the solution to remove 

the unreacted KMnO4. The solid materials was then isolated by filtration and washed 

with H2SO4, HCl and H2O until the filtrate reached neutral pH. Graphene oxide was 

obtained after drying the precipitate. 

 

Graphene oxide was characterized by using SEM which gives information about the 

surface of the material. As illustrated in Figure 4.1. (a) graphite has a rock like structure, 

while in (b) graphene oxide has a silky texture which indicates that the graphite is 

reduced to a few layers. 
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Figure 4.1. SEM images of (a) commercially available graphite (purchased from Sigma 

Aldrich) with a scale bar of 20 μm and (b) synthesized graphene oxide with 

a scale bar of 10 μm. 
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4.2. Preparation and Characterization of Ruthenium(0) Nanoparticles Supported 

on Graphene 

 

After the preparation of the graphene oxide by modified Hummers’ method, the dried 

graphene oxide powder (500 mg) was dispersed in 100 mL of an aqueous solution of 

42.1 mg of RuCl3.3H2O (0.16 mmol = 1.6 mM) by ultrasonification. Then, the 

suspention was stirred for 72 h at room temperature. The reduction of ruthenium(III) 

ions to ruthenium(0) nanoparticles supported on graphene was achieved by using 

ammonia borane as reducing agent. Cheng et al used methylamine borane, CH3NH2BH3 

for the same reduction [22]. Then ruthenium(0) nanoparticles supported on graphene 

was isolated from the reaction medium by filtration on a medium glass frit and 

characterized by using a combination of advanced analytical methods including ICP-

OES, XRD, SEM, SEM/EDX, and TEM. Figure 4.2 shows powder XRD patterns of 

graphene oxide and ruthenium(0) nanoparticles supported on graphene. On passing from 

graphene oxide to the ruthenium(0) nanoparticles supported on graphene, the intense 

peak of graphene oxide disappears while  new peaks at around 25.2° and 42.5° appear 

which are attributed to graphene indicating that the graphene oxide is successfully 

reduced to graphene [131]. Although no Bragg peak is observable for ruthenium due to 

the low loading (1.16 % wt), one has to keep in mind that a weak ruthenium peak might 

be hidden under the broad band of graphene [131]. 
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Figure 4.2. Powder X-Ray Diffraction (P-XRD) patterns of graphene oxide and 

ruthenium(0) nanoparticles supported on graphene. 

 

 

 

The ruthenium content of the materials prepared, Ru(0)/graphene, was determined by 

the inductively coupled plasma – optical emission spectroscopy, ICP-OES, and was 

found to be 1.16 % wt. 

 

The next technique used to characterize the prepared Ru(0)/graphene was SEM (Figure 

4.3. (a), (b)), which exhibits that no bulk ruthenium metal was formed. However, the 
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SEM/EDX analysis (Figure 4.3. (c)) clearly indicates the presence of ruthenium, likely 

in the form of nanoparticles supported on the graphene [132]. 

 

The SEM/EDX spectrum exhibits Kα line at 3.30 KeV and Kβ line at 3.60 KeV for 

potassium and Kα line at around 5.90 KeV for manganese, which can be attributed to the 

KMnO4 still present in the sample. 

 

There is also Kα line at 2.30 KeV for sulfur which might indicate that H2SO4 could not 

be removed from the sample in the washing process. The residues of both KMnO4 and 

H2SO4 may cause a negative effect on the activity of the catalyst by attaching on the 

surface of graphene and preventing the ruthenium atoms to support on it. 
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Figure 4.3. SEM images of Ru(0)/Graphene (a) with a scale bar of 10 μm, (b) with a 

scale bar of 4 μm and (c) SEM-EDX spectrum of Ru(0)/Graphene with a 

1.16 % wt Ru loading. 
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One of the most efficient methods in characterization of the metal nanoparticles is the 

Transmission Electron Microscopy (TEM) which gives information about size, shape 

and size distribution of nanoparticles. Figure 4.4 shows the TEM images of ruthenium 

nanoparticles supported on graphene. It can be seen from the images and histogram that 

the well dispersed ruthenium(0) nanoparticles were formed on the surface of graphene 

support. NIH image was used to get the mapping [133] and count the number of 

particles on the catalyst from the TEM image and the mean particle size of ruthenium(0) 

nanoparticles was found to be as 1.9 ± 0.8 nm while the recent paper has reported a 

particle size of 1.7 nm for the ruthenium(0) nanoparticles supported on graphene [22]. 

The observation of a tail at right side of histogram indicates that the formation of 

ruthenium(0) nanoparticles has not been completed yet. The ruthenium(0) nanoparticles 

must have been harvested when they were still growing. 
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Figure 4.4. TEM images of Ru(0)/Graphene with a scale bar of (a) 50 nm, (b) 20 nm 

and (c) corresponding particle size histogram. 
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4.3. Kinetics of the Hydrolysis of Ammonia Borane Catalyzed by Ruthenium(0) 

Nanoparticles Supported on Graphene 

 

After the preparation and characterization of the well dispersed ruthenium(0) 

nanoparticles supported on graphene, they were tested as catalyst in hydrogen 

generation from the hydrolysis of ammonia borane. The ruthenium(0) nanoparticles 

supported on graphene were found to be highly active catalyst in hydrogen generation 

from the hydrolysis of ammonia borane at low concentrations and room temperature 

releasing 3.0 equivalent H2 gas per mole of NH3BH3 as shown in Figure 4.5. The plot of 

equivalent H2 per mole of ammonia borane in Figure 4.5 shows the release of 3.0 

equivalent hydrogen in the hydrolysis of 100 mM NH3BH3 started with Ru(0)/Graphene 

as catalyst in 0.287 mM ruthenium concentration at 25.0 ± 0.1 °C. The curve exhibits a 

sigmoidal shape (~
1

1+𝑒−𝑘𝑥
) where the k value is directly proportional to the ruthenium 

concentration. A short induction period, during which the precursor ruthenium species 

are converted into their active forms, is followed by a rapid hydrogen generation. Then, 

the hydrogen release continues almost linearly until the complete consumption of all 

ammonia borane. 
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Figure 4.5. Plot of mol H2/mol NH3BH3 versus time for the hydrolysis of ammonia 

borane. Ru concentration [Ru] = 0.287 mM, the substrate concentration 

[NH3BH3] = 100 mM at 25 ± 0.1 °C. 

 

 

 

Figure 4.6 shows the evolution of equivalent hydrogen per mole of ammonia borane 

during the hydrolysis of 100 mM NH3BH3 started with Ru(0)/Graphene as catalyst in 

different ruthenium concentration at 25.0 ± 0.1 °C. All the plots exhibit sigmoidal shape 

with a short induction period. The unreactive species are converted to their active forms 

during the induction period. Then, a rapid hydrogen generation starts and continues 

almost linearly until the consumption of all ammonia borane present in the solution. The 

hydrogen generation rate was found to be directly proportional to the ruthenium 
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concentration. For all tests a complete hydrogen release (mol H2/mol H3 NBH3 = 3) was 

observed. 

 

 

 

 

 

Figure 4.6. Plot of mol H2/mol NH3BH3 versus time for the hydrolysis of ammonia 

borane starting with Ru(0)/Graphene (with a ruthenium content of 1.16 

wt.%) in different Ru concentrations [Ru] = 0.057, 0.115, 0.172, 0.230, 

0.287 mM, the substrate concentration [NH3BH3] = 100 mM at 25.0 ± 0.1 

°C. 
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The hydrogen generation rate was determined from the slope measured in the nearly 

linear portion of the plot for each concentration of ruthenium(0) nanoparticles. Figure 

4.7 shows the plot of hydrogen generation rate versus initial concentration of ruthenium, 

both in logarithmic scale, which gives a straight line with a slope of 1.08 indicating that 

hydrolysis of ammonia borane is first order with respect to the ruthenium concentration. 

 

 

 

 

 

Figure 4.7. Plot of hydrogen generation rate versus the concentration of ruthenium in 

logarithmic scale for the hydrolysis of ammonia borane in different Ru 

concentrations [Ru] = 0.057, 0.115, 0.172, 0.230, 0.287 mM, the substrate 

concentration [NH3BH3] = 100 mM at 25.0 ± 0.1 °C. 
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The effect of NH3BH3 substrate concentration on the hydrogenation rate was also 

studied by performing a series of experiments starting with different initial 

concentration of NH3BH3 while keeping the ruthenium concentration constant at 0.287 

mM. Figure 4.8 illustrates the hydrogen generation plots for the hydrolysis of ammonia 

borane in various initial ammonia borane concentrations. It can be seen that slopes of 

the rate curves do not linearly accommodate to ammonia borane concentration in the 

reaction medium which has negligible effect on the rate of hydrogen generation. 

 

The rate of hydrogen generation from catalytic hydrolysis of ammonia borane is 

independent of AB concentration as evidenced by almost matching slopes of near-linear 

sigmoidal curves. The hydrogen generation rate was determined from the linear portion 

of each plot. For all tests a complete hydrogen release (mol H2/mol H3 NBH3 = 3) was 

observed. 
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Figure 4.8. Plot of mol H2/mol NH3BH3 versus time for the hydrolysis of ammonia 

borane in various ammonia borane concentrations [NH3BH3] = 50, 100, 

150, 200, 250 mM, the catalyst concentration [Ru] = 0.287 mM at 25.0 ± 

0.1 °C. 

 

 

 

The slope of the line fitted to the experimental data shown in Figure 4.9 is very small 

indicating that the hydrolysis reaction can be assumed to be zero order with respect to 

the concentration of NH3BH3. 
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Figure 4.9. Plot of hydrogen generation rate versus the concentration of ammonia 

borane in logarithmic scale for the hydrolysis of ammonia borane in 

various ammonia borane concentrations [NH3BH3] = 50, 100, 150, 200, 

250 mM, the catalyst concentration [Ru] = 0.287 mM at 25.0 ± 0.1 °C. 

 

 

 

Thus, the rate law for the catalytic hydrolysis of ammonia borane can be given as; 

 

−3
𝑑[𝑁𝐻3𝐵𝐻3]

𝑑𝑡
=
𝑑[𝐻2]

𝑑𝑡
= 𝑘[𝑅𝑢]                                       (4.1) 

 

Both ruthenium(0) nanoparticles catalyzed and hydrolysis of ammonia borane were 

carried out at various temperature in the range of 20-40 °C starting with the initial 
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substrate concentration of 100 mM NH3BH3 and an initial catalyst concentration of 

0.115 mM ruthenium. 

 

 

 

 

 

Figure 4.10. Plot of mol H2/mol NH3BH3 versus time for the hydrolysis of ammonia 

borane in various temperatures, T = 20, 25, 30, 35, 40 °C, the catalyst 

concentration [Ru] = 0.115 mM, the substrate concentration [NH3BH3] = 

100 mM. 
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The rate of hydrogen generation from hydrolysis of ammonia borane by using 

ruthenium(0) nanoparticles supported on graphene increases with increasing 

temperature. The induction period is inversely proportional to the temperature since 

slopes of the curves are observed to increase more rapidly at higher temperatures. For all 

tests a complete hydrogen release (mol H2/mol H3 NBH3 = 3) was observed. 

 

The values of rate constant were calculated from the slopes of the rate of ruthenium(0) 

nanoparticles catalyzed hydrolysis of ammonia borane. They are listed in Table 4.1. 

 

 

 

Table 4.1. Rate constants for the hydrolysis of ammonia borane catalyzed by Ru(0) 

nanoparticles. 

 

Temperature 

(°C) 

Rate Constant, k 

([NH3BH3].[mol Ru(0)]
-1

.s
-1

) 

20 0.115 

25 0.230 

30 0.236 

35 0.441 

40 0.544 

 

 

 

The rate constant/temperature data was evaluated according to the Arrhenius equation 

and Eyring equation to obtain the energy, enthalpy and entropy of activation. First, the 

Arrhenius equation was used for the evaluation: 
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𝑘 = 𝐴𝑒−
𝐸𝑎
𝑅𝑇                                                             (4.2) 

 

where A and Ea are constants characteristics of the reaction and R is the gas constant. Ea 

is the Arrhenius activation energy and A is the pre-exponential factor [87]. Taking the 

natural logarithm of Equation 4.2, gives Equation 4.3: 

 

ln 𝑘 = ln 𝐴 −
𝐸𝑎
𝑅𝑇
                                                       (4.3) 

 

Figure 4.11 shows the Arrhenius plot, ln k versus the reciprocal absolute temperature 

(1/T). Slope of the straight line gives an activation energy of 57 ± 1 kJ mol
-1

 for 

hydrogen generation from the hydrolysis of ammonia borane catalyzed by ruthenium(0) 

nanoparticles supported on graphene. 

 

Since k is proportional to the exponential of T
-1

, random fluctuations in temperature 

cause higher deviations in the rate at low temperatures therefore increasing the 

temperature decreases the standard deviation as observed in Figure 4.11. 
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Figure 4.11. The Arrhenius plot, lnk versus the reciprocal absolute temperature 1/T, for 

the hydrolysis of ammonia borane catalyzed by ruthenium(0) nanoparticles 

supported on graphene in the temperature range is 20 - 40 °C. 

 

 

 

The activation energy for the hydrolytic dehydrogenation of ammonia borane catalyzed 

by Ru(0)/Graphene is comparable to the literature values reported for the same reaction 

using other ruthenium catalysts: 28 kJ mol
−1

 for ruthenium nanoparticles stabilized by 

ZK-4 zeolite framework (RuNPs@ZK-4) [134], 33 kJ mol
−1

 for ruthenium(0) 

nanoparticles supported on multiwalled carbon nanotubes (Ru(0)@MWCNTs) [135], 

34.8 kJ mol
−1

 for ruthenium nanocluster catalyst supported on carbon black (Ru/C) 

[136], 47 kJ mol
−1

 for laurate stabilized Ru(0) nanoclusters [137], 48 kJ mol
−1

 for 

ruthenium nanoparticles supported on aluminum oxide nanopowder (Ru@Al2O3) [138], 
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54 kJ mol
−1

 for water-soluble poly(4-styrenesulfonic acid-co-maleic acid) stabilized 

ruthenium(0) nanoclusters (Ru(0)NP/PSSA-co-MA) [139], 58 kJ mol
−1

 for 

hydroxyapatite supported ruthenium(0) nanoparticles catalyst (Ru(0)@HAp) [140], 76 

kJ mol
−1

 for ruthenium supported on carbon (Ru/carbon) [141], 77 kJ mol
−1

 for 

ruthenium(0) nanoparticles supported on xonotlite nanowire (Ru(0)@X-NW) [142] 

(Figure 4.12). In a similar study conducted by using the Ru(0)/Graphene catalyst the 

apparent activation energy was determined to be approximately 11.7 kJ mol
-1

, which is 

the lowest value ever reported in the catalytic hydrolytic dehydrogenation of ammonia 

borane [22]. This discrepancy can be attributed to the differences in the pathways for 

synthesis of the catalyst hence its morphological nature. 
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Figure 4.12. Activation energy of reported ruthenium catalysts (Ea = kJ/mol) in 

hydrolytic dehydrogenation of ammonia borane [134-142]. 

 

 

 

The enthalpy of activation, ΔH
‡
 and the entropy of activation, ΔS

‡
 were calculated from 

the Eyring equation, Equation 4.4, by plotting the graph of ln k/T versus 1/T, 

 

ln
𝑘

𝑇
=
1

𝑇
(−

Δ𝐻‡

𝑅
) + ln

𝑘𝑏
ℎ
+

Δ𝑆‡

𝑅
                                       (4.4) 

 

Figure 4.13 shows the Erying plot, ln (k/T) versus reciprocal absolute temperature (1/T). 

The slope of the straight line gives an enthalpy of activation of 55 ± 1 kJ mol
-1

 and the 

intercept gives entropy of activation of -75 ± 3 J (mol.K)
-1

. The small value of activation 
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enthalpy and the large negative value of activation entropy are indicative of an 

associative mechanism for the ruthenium(0) nanoparticle catalyzed hydrolysis of 

ammonia borane, consistent with the mechanism suggested for the hydrolysis of 

ammonia borane given in the literature [143]. 

 

 

 

 

 

Figure 4.13. The Erying plot, ln (k/T) versus the reciprocal absolute temperature 1/T, 

for the hydrolysis of ammonia borane catalyzed by ruthenium(0) 

nanoparticles supported on graphene in the temperature range 20 - 40 °C. 
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4.4. Catalytic Lifetime of Ruthenium(0) Nanoparticles Supported on Graphene in 

the Hydrolysis of Ammonia Borane 

 

The catalytic lifetime of ruthenium(0) nanoparticles supported on graphene in the 

hydrolysis of ammonia-borane was determined by measuring the total turnover number 

(TTON). Such a catalyst lifetime experiment was performed starting with 0.086 mM 

ruthenium(0) nanoparticles and 630 mM ammonia borane in 50 mL aqueous solution at 

25.0 ± 0.1 °C. When the complete conversion is achieved, more ammonia borane was 

added and the reaction was continued in this way until no hydrogen gas evolution was 

observed. It was found that the ruthenium(0) nanoparticles supported on graphene 

provide 200000 turnovers of hydrogen gas generation from the hydrolysis of ammonia 

borane over 192 hours before deactivation. This corresponds to a turnover frequency of 

149.5 min
−1

. 

 

The observation that the TOF value decreases as the reaction proceeds indicates the 

deactivation of ruthenium(0) nanoparticles catalyst (Figure 4.14). The deactivation of 

Ru(0)/Graphene catalyst can be attributed to a decrease in accessibility of active sites of 

ruthenium nanoparticles due to the passivation of metal surface by metaborate ions 

which accumulate in solution as the reaction proceeds. 
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Figure 4.14. The variation in turnover number (TON, in circle) and turnover frequency 

(TOF, in square) during the catalytic lifetime experiment performed 

starting with 15 mg Ru(0)/Graphene (ruthenium loading = 1.16% wt Ru, 

and [Ru] = 0.0861 mM) in 50 mL solution of AB at 25.0 ± 0.1 °C. 

 

 

 

Among the ruthenium catalysts for the hydrolytic dehydrogenation of ammonia borane, 

Ru@Graphene exhibits the highest TTON, exceeding those of Ru(0)@X-NW (TTON = 

134100) [142], Ru(0)@HAp (TTON = 87000) [140], Ru(0)NP/PSSA-co-MA (TTON = 

51720) [139], Ru(0)@MWCNTs (TTON = 26400) [135], RuNPs@ZK-4 (TTON = 

36700) [134], Ru(0)NP/laurate (TTON = 5900) [137]. (Figure 4.15) It should be noted 

that in the study that uses graphene as a support was missing the lifetime measurements 

therefore no comparison to this catalyst was possible [22]. 
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Figure 4.15. Catalytic lifetime of reported ruthenium catalysts (TTON = mol H2/mol 

Ru) in the hydrolytic dehydrogenation of ammonia borane [134-142]. 

 

 

 

TOF values of the reported ruthenium catalysts used in hydrolytic dehydrogenation of 

ammonia-borane are shown in Figure 4.16. As it can be seen from the comparison of 

values shown in Figure 4.15, Ru(0)/Graphene having a turnover frequency of 149.5 min
-

1
 provided catalytic activity comparable to that of Ru(0)@HAp (TOF = 137 min

-1
) 

[140], Ru(0)@X-NW (TOF = 135 min
-1

) [142], Ru/Carbon (TOF = 113 min
-1

) [141], 

RuNPs@ZK-4 (TOF = 90.2 min
-1

) [134], Ru@Al2O3 (TOF = 83.3 min
-1

) [138], 

Ru(0)NP/laurate (TOF = 75 min
-1

) [137] in hydrolytic dehydrogenation of ammonia 

borane. 
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The catalytic activity of Ru(0)/Graphene; however, is lower than that of Ru/C (TOF = 

429.5 min
-1

) [136], Ru(0)@MWCNTs (TOF = 329 min
-1

) [135], Ru(0)NP/PSSA-co-MA 

(TOF = 172 min
-1

) [139]. This significant difference in between the Ru/C and 

Ru(0)/Graphene catalysts can be attributed to the surface area of the support material, 

since the carbon black has a larger surface area than that of graphene there will be more 

ruthenium(0) nanoparticles supported which increases the active sites of the catalyst. 

 

The catalytic activity of Ru(0)/Graphene (TOF = 149.5 min
-1

) was found to be larger 

than that of the similar study by Cheng et al. which was calculated as TOF = 100 min
-1

 

[22]. Since mean particle sizes of Ru(0)/Graphene catalysts having 1.9 and 1.7 nm (this 

study and Cheng et al.’s study, respectively) are comparable culprit behind the TOF 

difference may be the trace amount of manganese in the sample. 
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Figure 4.16. Catalytic activity of reported of ruthenium catalysts used for the hydrolysis 

of ammonia borane [134-142]. 

 

 

 

4.5. Reusability of Ruthenium(0) Nanoparticles Supported on Graphene Catalyst 

in the Hydrolysis of Ammonia Borane 

 

Ruthenium(0) nanoparticles supported on graphene were isolated by precipitation 

followed by drying in vacuum. These isolated ruthenium(0) nanoparticles were 

redispersed in water and tested for their catalytic activity in the hydrolysis of ammonia 

borane after being stored for 1 day. After a day of storage, the sample prepared by 

redispersing the isolated ruthenium(0) nanoparticles was still found to be active catalyst 

in the hydrolysis of ammonia borane. 
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The reusability of the catalyst is critical in the practical application. The reaction rates 

indicate that ruthenium(0) nanoparticles supported on graphene retain 60% of their 

catalytic activity up to sixth run in the hydrolysis of ammonia borane, when isolated and 

redispersed in water (Figure 4.17). 

 

Cheng et al. discusses the recyclability of ruthenium(0) nanoparticles supported on 

graphene up to fourth run for hydrolysis of ammonia borane where the catalysts retain 

72% of their initial catalytic activity [22]. 

 

 

 

 

 

Figure 4.17. The plot of %catalytic activity versus catalytic runs for hydrogen 

generation from dehydrogenation of AB catalyzed by Ru(0)/Graphene 

catalyst. 
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CHAPTER 5 

 

 

5. CONCLUSION 

 

 

 

This study, covering the synthesis and characterization of ruthenium(0) nanoparticles 

supported on graphene as catalyst in the hydrolysis of ammonia borane have led to the 

following conclusions and insights; 

 

 Ruthenium(0) nanoparticles supported on graphene were reproducibly prepared 

from the reduction of ruthenium(III) ions during the catalytic hydrolysis of AB. 

Ruthenium(III) ions were impregnated onto graphene oxide from the aqueous 

solution of ruthenium(III) chloride and then reduced by ammonia borane to 

ruthenium(0) nanoparticles supported on graphene during its hydrolysis at room 

temperature. 

 

 Well dispersed ruthenium(0) nanoparticles with an average particle size of 1.9 ± 

0.8 nm, supported on graphene, were isolated from the reaction solution by 

precipitation and characterized by advanced analytical techniques. 

 

 Water-dispersible ruthenium(0) nanoparticles supported on graphene are highly 

active catalysts in the hydrolysis of ammonia borane even at room temperature. 

 

𝑁𝐻3𝐵𝐻3(𝑎𝑞) + 𝐻2𝑂(𝑙)
   𝑅𝑢(0)𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠   
→                 𝑁𝐻4𝐵𝑂2(𝑎𝑞) + 𝐻2(𝑔)  (5.1) 
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 Ammonia borane can be used as hydrogen storage material since it provides a 

safe and practical means of producing hydrogen at ambient temperature with 

water dispersible ruthenium(0) nanoparticles supported on graphene as a 

catalyst. 

 

 The rate law of the hydrolysis of ammonia borane catalyzed by the ruthenium(0) 

nanoparticles supported on graphene can be given as; 

 

−3
𝑑[𝑁𝐻3𝐵𝐻3]

𝑑𝑡
=
𝑑[𝐻2]

𝑑𝑡
= 𝑘[𝑅𝑢]                                        (5.2) 

 

The catalytic hydrolysis of sodium borohydride is first order with respect to the 

catalyst concentration and zero order with respect to the substrate concentration. 

 

 The activation energy (Ea), enthalpy of activation (ΔH
‡
) and entropy of 

activation (ΔS
‡
) of ruthenium(0) nanoparticles supported on graphene catalyzed 

hydrolysis of ammonia borane were found to be 57 ± 1 kJ mol
-1

, 55 ± 1 kJ mol
-1

 

and -75 ± 3 J (mol.K)
-1

, respectively. These values imply on an associative 

mechanism for the hydrolysis of ammonia borane. 

 

 Ru(0)/Graphene showed high catalytic activity in hydrogen generation from the 

hydrolysis of AB providing a turnover frequency value up to 149.5 min
-1

 at 25.0 

± 0.1 °C. The high catalytic activity can be attributed to the dispersion of small 

nanoparticles on the large external surface of graphene layers. 
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 Ru(0)/Graphene was a long-lived catalyst providing 200000 turnovers in 

hydrogen generation from the hydrolysis of ammonia borane at 25.0 ± 0.1 °C, 

over 192 hours before deactivation. 

 

 Ru(0)/Graphene was a reusable catalyst as it provided the complete hydrolysis of 

AB generating 3 mol H2 per mole of AB in the sixth run retaining its significant 

amount of catalytic activity. 

 

 High catalytic activity, reusability, and simple preparation and isolation 

procedures make Ru(0)/Graphene very attractive catalysts for on-board 

hydrogen generation from the hydrolysis of ammonia borane. 
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