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ABSTRACT 

 

 

RUTHENIUM NANOPARTICLES SUPPORTED ON 

NANOTUBES/NANOWIRES:  

HIGHLY ACTIVE AND LONG LIVED NANOCATALYSTS  

IN HYDROLYTIC DEHYDROGENATION OF AMMONIA BORANE  

 

 

Akbayrak, Serdar 

Ph.D., Department of Chemistry 

Supervisor: Prof. Dr. Saim Özkar 

 

 

October 2016, 117 pages 

 

 

Ammonia borane (NH3BH3, AB) is one of the most promising solid hydrogen 

storage materials due to its high hydrogen storage capacity (19.6% wt.), non-toxicity 

and high stability under ambient conditions. Ammonia borane can release hydrogen 

upon hydrolysis in the presence of suitable catalysts even at room temperature. 

Although a large variety of catalysts have been tested in hydrogen generation from 

the hydrolysis of ammonia borane, the development of efficient, long-lived, reusable 

catalysts is still an important issue. 

This dissertation reports the preparation, characterization and catalytic use of highly 

active, reusable and long-lived ruthenium catalysts for the hydrolysis of ammonia 

borane. Ruthenium(0) nanoparticles supported on multiwalled carbon nanotubes 

(Ru
0
/MWCNT) were prepared for the hydrolysis of AB and characterized by 

advanced analytical techniques including ICP-OES, XRD, TEM, SEM, EDX, and 

XPS. The results reveal that ruthenium(0) nanoparticles of size in the range 1.4−3.0 

nm are well-dispersed on multiwalled carbon nanotubes. Ru
0
/MWCNT were found 

to be highly active catalyst in hydrogen generation from the hydrolysis of AB with a 

turnover frequency value of 329 min
−1

 at 25.0 ± 0.1 ᵒC.  
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For comparison, ruhenium(0) nanoparticles were also formed on an inorganic 

nanowire, xonotlite (Ca6(Si6O17)(OH)2). Ruhenium(0) nanoparticles supported on 

xonotlite  (Ru
0
/X-NW) were prepared by the ion exchange of Ru

3+
 ions with Ca

2+ 

cations in the lattice of xonotlite nanowire followed by their reduction with sodium 

borohydride in aqueous solution at room temperature. Ru
0
/X-NW was also 

characterized by the same analytical methods. Ru
0
/X-NW are found to be a long 

lived catalyst with a TTO value of 134,100 in hydrolysis of ammonia borane 25.0 ± 

0.1ᵒC. The comparisons in terms of activity, life-time and reusability were also 

extended to the ruthenium(0) nanoparticles supported on hydroxyapatite (HAp) and 

silica coated cobalt ferrite (CoFe2O4) supported ruthenium catalysts. Ru
0
/HAp and 

Ru
0
/SiO2- CoFe2O4 catalysts were found to be highly active in hydrolysis of AB with 

a TOF value of 137 min
-1

 and 172.5 min
-1

, respectively. Ru
0
/HAp provides a TTO 

value of 87,000 in hydrolysis of ammonia borane at 25.0 ± 0.1ᵒC. Ru
0
/SiO2- 

CoFe2O4 catalyst was found to be highly reusable catalyst in hydrolysis of AB 

retaining 94% of its initial catalytic activity even after tenth use. 

 

 

 

  

 

Keywords: Catalyst, Ruthenium, Carbon Nanotube, Nanowire, Hydoxyapatite, 

Silica Coating, Magnetically Separable Catalyst, Hydrolysis of Ammonia Borane, 

Hydrogen Generation. 
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ÖZ 

 

 

NANOTÜPLERLE/NANOTELLERLE DESTEKLENMİŞ RUTENYUM 

NANOPARÇACIKLARI: AMONYAK BORANIN HİDROLİTİK 

DEHİDROJENLENMESİNDE YÜKSEK AKTİFLİKLİ VE UZUN ÖMÜRLÜ 

NANOKATALİZÖRLER 

 

 

 

Akbayrak, Serdar 
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Tez Yöneticisi: Prof. Dr. Saim Özkar 

 

 

Ekim 2016, 117 sayfa 

 

 

 

 

Amonyak boran (NH3BH3, AB) yüksek hidrojen taşıma kapasitesine (kütlece %19.6) 

sahip olmasından, zehirsiz olmasından ve ortam koşullarında yüksek dayanıklılık 

göstermesinden dolayı önemli katı hidrojen depolayıcı malzemelerden biridir. 

Amonyak boran uygun katalizörlerin varlığında oda sıcaklığında bile hidrolizle 

hidrojen salabilmektedir. Amonyak boranın hidrolizinden hidrojen eldesinde pek çok 

katalizörün test edilmesine rağmen, etkili, uzun ömürlü ve tekrar kullanılabilir 

katalizörlerin geliştirilmesi hala önemli bir konudur.  

Bu tezde amonyak boranın hidrolizi için oldukça aktif, tekrar kullanılabilir ve uzun 

ömürlü rutenyum katalizörlerinin hazırlanmasını ve tanımlanmasını sunuyoruz. Çok 

katmanlı karbon nanotüp destekli rutenyum nanaparçacıkları (Ru
0
/MWCNT) 

amonyak boranın (AB) hidrolizi için hazırlanmış ve  ICP-OES, XRD, TEM, SEM, 

EDX ve XPS içeren ileri analitik yöntemlerle tanımlanmıştır. Elde edilen sonuçlar 

1.4-3.0 nm boyut aralığına sahip rutenyum nanoparçacıklarının çok katmanlı karbon 

nanotüp yüzeyine iyice dağıldığını göstermektedir. Ru
0
/MWCNT amonyak boran 

hidrolizinden hidrojen eldesinde çok aktif bir katalizör olup 25.0 ± 0.1 ᵒC’de 329 

çevrim frekansına sahiptir.  
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Kıyaslama için rutenyum nanoparçacıkları inorganik bir nanotel olan xonotlit 

üzerinde de oluşturulmuştur (Ca6(Si6O17)(OH)2). Ru
0
/X-NW, Ru

3+
 iyonları ile 

xonotlit nanotellerindeki Ca
2+

 iyonlarının yer değiştirmesiyle ve oda sıcaklığında 

sodyum borhidrür ile indirgenmesiyle hazırlanmıştır. Ru
0
/X-NW de aynı analitik 

yöntemlerle tanımlanmıştır. Ru
0
/X-NW’nin 25.0 ± 0.1 ᵒC’de amonyak boranın 

hidrolizinde 134,100 çevrim sayısı ile uzun ömürlü bir katalizör olduğu 

bulunmuştur. Aktiflik, ömür ve tekrar kullanılabilirlik yönünden kıyaslamalar 

hidroksiapatit ve silika ile kaplanmış CoFe2O4 destekli rutenyum katalizörleri ile de 

genişletilmiştir. Ru
0
/HAp ve Ru

0
/SiO2-CoFe2O4 katalizörlerinin 137 ve 172.5 çevrim 

sayısı ile amonyak boran hidrolizinde oldukça aktif oldukları da bulunmuştur. 

Ru
0
/HAp 25.0 ± 0.1 ᵒC’de amonyak boranın hidrolizinde 87,000 çevrim sayısına 

sahiptir. Ru
0
/SiO2- CoFe2O4 katalizörünün amonyak boranın hidrolizinde on kez 

kullanımdan sonra bile ilk aktifliğinin % 94’ünü koruyarak tekrar kullanılabilir 

olduğu bulunmuştur.  

 

  

 

 

 

Anahtar Kelimeler: Katalizör, Rutenyum nanoparçacıkları, Karbon nanotüp, 

Nanotel, Hidroksiapatit, Silika kaplama, Manyetik Olarak Ayrılabilir Katalizörler,  

Amonyak Boran Hidrolizi, Hidrojen Üretimi. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1. Hydrogen 

The use of hydrogen as an energy carrier is anticipated to facilitate the transition 

from fossil fuels to the renewable energy sources, on the way towards a sustainable 

energy future [1]. Secure storage and effective release of hydrogen are very 

important in the application of hydrogen energy. Tremendous efforts have been 

devoted to research and development on materials that can hold sufficient hydrogen 

in terms of gravimetric and volumetric densities and have suitable thermodynamic 

and kinetic properties [2]. Long-term exploration shows that the most effective and 

safest way of storing hydrogen is to use solid media such as sorbent materials [3] or 

hydrides [4]. Chemical hydrides provide a higher energy density for H2 storage as 

compared to the gas or liquid H2 tank systems. Many chemical hydrides have been 

tested as hydrogen storage materials for onboard applications [5,6] to achieve the 

total system targets of DOE Center of Excellence [7,8]. Recent reports have shown 

that B–N adducts need to be considered as hydrogen storage materials because of 

their high content of hydrogen with multiple nature, the protic N–H and hydridic B–

H hydrogen [2]. Among B-N adducts, ammonia borane (H3N·BH3, AB) appears to 

be an appropriate hydrogen storage materials because of its high hydrogen content of 

19.6 wt %, high stability under ambient conditions, and nontoxicity [9]. 

Hydrogen stored in the AB complex can be released by either thermal 

dehydrogenation or solvolysis. Thermal dehydrogenation process has some 
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drawbacks: i) it requires long induction time (~3h) and high temperature (Eq.1-4) 

[10], ii) various byproducts, such as ammonia and borazine (B3N3H6) can be formed 

during reaction.  

NH3BH3(s) → NH3BH3(l)      Eq. 1  

NH3BH3(l) → 1/n [NH2-BH2]n(s) +H2(g)  T≈ 100 ºC Eq. 2 

1/n [NH2-BH2]n(s) → 1/n [NH-BH]n(s) +H2(g)  T≈ 150 ºC Eq. 3 

1/n [NH-BH]n(s) → BN(s) +H2(g)   T≈ 1200 ºC      Eq. 4 

 

Solvolysis (hydrolysis or methanolysis) [10] appears to be favorable for hydrogen 

generation from AB at ambient temperature. AB is relatively stable to hydrolysis in 

aqueous solution. Therefore, the hydrolytic dehydrogenation of AB occurs at an 

appreciable rate only in the presence of suitable catalyst at room temperature (Eq.5). 

Hydrolysis of ammonia borane can be monitored by 
11

B-NMR whereby NH3BH3 

exhibits a quartet around δ=-24.0 ppm while borate product (BO2
-
) exhibits a singlet 

around δ=10.0 ppm (Fig.1). Regarding the nature of boron containing product of 

hydrolysis, we adopted the use BO2
- 

(aq) ion as hydrolysis product [11]. When 

dissolved in aqueous solution, BO2
-
 ion [12] will be converted first to B(OH)4

-
  ion 

which can undergo condensation to polyborate species as confirmed by 
11

B NMR 

spectroscopy [13]. 

NH3BH3(aq) + 2H2O(l) → NH4
+
(aq) + BO2

-
(aq) +3H2(g)   Eq. 5 

 

 



3 
 

 

 

Figure 1. 
11

B-NMR spectra of (a) aqueous ammonia borane and (b) the reaction solution after the 

hydrolysis of AB. 

 

 

1.2. Catalysis and Metal Nanoparticles 

Catalysts can provide a selective route for the desired product by opening faster 

reaction pathways. In fact, they make the reaction go faster. Metal nanoparticles, 

having the particle size smaller than 100 nm, have been widely used in catalysis 

because they have large fraction of surface atoms which results in much higher 
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catalytic activity compared to the bulk metal. They provide high activity and 

selectivity in many chemical reactions such as hydrogenation of aromatics, oxidation 

of alcohols, amination, hydrolysilation, Heck-Suzuki coupling [14]. Metal 

nanoparticles are usually isolable, redispersible, and reusable catalysts and, thus, also 

meet some requirements of the modern concept of green catalysis [15,16]. 

Metal nanoparticles can be prepared by “top-down” and “bottom-up” approaches 

[17]. In the former approach bulk material is cut into pieces in nanoscale by using 

special techniques such as ball milling, electron beam lithography [18]. In the latter 

approach metal nanoparticles are obtained by assembling the atoms or molecules by 

various methods such as chemical reduction, chemical vapor deposition and atomic 

layer deposition techniques [19].  

However, the aggregation of nanoparticles to the bulk metal is still the most 

important problem that should be overcome in their catalytic application. In fact, it is 

well known that metal nanoparticles of high surface energy tend to aggregate into 

large particles in the absence of stabilizing agents [20]. 

 

Figure 2. Illustration of electrostatic stabilization 
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Figure 3. Illustration of steric stabilization 

Electrostatic stabilization and steric stabilization are the well known methods for 

stabilizing of metal nanoparticles. In the former one,  anions and cations from the 

starting materials remain in solution, and associate with the nanoparticles [21]. The 

particles are surrounded by an electrical double layer [22] (Fig. 2) and a Coulombic 

repulsive force between individual particles was achieved, which prevents the 

aggregation of particles [23] (Fig. 2).  

Steric stabilization of metal NPs is achieved by coating the nanoparticles with layers 

of protecting groups (amines, polymers, thiols etc., with long alkyl chains) which 

provide steric barrier and thus prevents close contact of metal nanoparticles to each 

other [24] (Fig 3). 

Activity and stability of nanoparticles catalysts can be improved by preventing the 

metal nanoparticles agglomeration using suitable stabilizing agents [24]. Metal NPs 

can also be stabilized by supporting on carbonecous materials (carbon, graphene, 

carbon nanotube), metal oxides or oxide surfaces (TiO2, CeO2, SiO2, Al2O3), porous 

materials (MOFs, zeolite). These materials may provide the preparation of metal 

nanoparticles with controllable size and size distribution. However, the choice of 

supporting material for a desired reaction is critical [25]. 

There has been growing interest on carbon based supporting materials such as carbon 

black, carbon nanotubes (CNTs), graphene. CNTs are cylindrical nanostructures 

composed of sheet(s) of carbon atoms. They can be divided into two categories 

javascript:popupOBO('CHEBI:36916','C0CP02680H','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=36916')
javascript:popupOBO('CHEBI:50803','C0CP02680H','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=50803')
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namely, single-wall carbon nanotubes (SWCNTs) and multi-wall carbon nanotubes 

(MWCNTs) (Fig.4).  

 

Figure 4.  Schematic representation of carbon nanotubes [27]. 

 

Carbon nanotubes have exceptional structural, electronic and mechanical properties 

[26], which makes them an ideal material to be used in many fields [27]. Carbon 

nanotubes appear to be very attractive materials as catalyst supports in liquid phase 

reactions as they provide high dispersion of nanoparticles, significantly increase 

contact surface between the reactants and active sites, and greatly minimize the 

diffusion limitations, compared with traditional catalyst supports [28]. Since 

graphene, a 2-D sheet of sp
2
-hybridized carbon, have the similar properties with the 

CNTs, much attention has been paid to graphene in the field of catalysis. However, 

difficulties in preparation of graphene from graphite using Hummers method [29] 

makes CNTs ideal candidate as a catalyst support among the members of carbon 

family.  

The morphology, shape, structure, size, arrangement of atoms, crystal structure and 

material composition of the catalysts can be investigated using advance analytical 

tools as shown in Fig. 5. Scanning electron microscopy (SEM), atomic force 
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microscopy (AFM), transmission electron microscopy (TEM), X-ray diffraction 

(XRD), X-ray photoelectron spectroscopy (XPS), energy dispersive spectroscopy 

(EDS), inductively coupled plasma (ICP), nuclear magnetic resonance spectroscopy 

(NMR), extended X-ray absorption fine structure (EXAFS), scanning tunneling 

microscopy (STM) are widely used techniques in catalysis field.  

 

 

Figure 5. Schematic presentation of characterization techniques for the catalysts. 

 

 

1.3. The Motivation of the Dissertation 

Among the transition metal nanoparticles ruthenium is one of the most active 

catalysts in many chemical reactions such as alcohol oxidations [30], hydrogenation 

of aromatics [31], hydrogen generation from sodium borohydride [32] and ammonia 

borane [33]. Therefore, ruthenium based catalysts were selected to be used in 

hydrogen generation from the hydrolysis of ammonia borane in this study. To the 

best of our knowledge commercial Ru/Carbon, published in 2009, was the first 

ruthenium containing carbon based catalyst used in hydrolysis of AB [34]. That 

report encouraged us to prepare ruthenium nanoparticles supported on multi-walled 

carbon nanotubes (Ru
0
/MWCNT) due to the unique properties of CNTs mentioned 

above. Ru
0
/MWCNTs show remarkable catalytic activity with a TOF value of 329 

(mol H2×(mol Ru)
-1
×min

-1
) in hydrolysis of AB at 25.0 ᵒC. The reusability and 

Characterization  

Techniques 

Morphology 

SEM AFM 

Crystal 
Structure 

TEM XRD 

Composition 

XPS EDS ICP 
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lifetime experiments show that Ru
0
/MWCNTs are still active catalyst in the 

hydrolysis of ammonia borane even after the fourth run preserving 41% of their 

initial catalytic activity and also providing 26400 turnovers in the hydrolysis of AB 

at room temperature before deactivation (Chapter 3). To achieve more stable 

catalysts in hydrolysis of AB as compared to the Ru
0
/MWCNTs we considered to 

develop various ruthenium catalysts on different supporting materials. In this respect, 

Ru NPs were supported on xonotlite nanowire (Ru
0
/X-NW) which is one 

dimensional inorganic counterparts of carbon nanotubes. Ru
0
/X-NW showed 

superior catalytic life time (TTO= 134,100 mol H2/mol Ru) (Chapter 4). All the 

results of Ru
0
/X-NW were also compared to the one obtained by ruthenium(0) 

nanoparticles supported on the surface of bulk hydroxyapatite (Ru
0
/HAp) (Chapter 

5). Ru
0
/HAp provide 87,000 turnovers and maintain 92% of their initial catalytic 

activity even after the fifth run of hydrolysis of ammonia borane at room 

temperature. However, isolation of these catalysts by filtration and centrifugation is 

difficult and material loss is inevitable during the isolation process. Therefore, 

magnetically separable and highly reusable Ru NPs were also developed in this 

dissertation (Chapter 6). Ruthenium(0) nanoparticles supported on magnetic silica-

coated cobalt ferrite (Ru
0
/SiO2-CoFe2O4) were prepared and used as catalyst for the 

hydrolysis of AB. Ru
0
/SiO2-CoFe2O4 are reusable catalysts in hydrogen generation 

from the hydrolysis of AB retaining 94 % of their original catalytic activity after the 

tenth use. 

Briefly, in this dissertation, various ruthenium based catalysts were successfully 

prepared and characterized by using advanced analytical tools including TEM, SEM, 

EDS, XRD, XPS, ICP-OES. The catalysts were tested in hydrogen generation from 

the hydrolysis of ammonia borane. Highly active, long-lived and reusable catalysts 

were developed for hydrogen generation from the hydrolysis of ammonia borane. 
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CHAPTER 2 

 

EXPERIMENTAL 

 

 

2.1. Materials 

Ruthenium(III) chloride trihydrate (RuCl3·3H2O) and ammonia borane (AB, 97%), 

hydroxyapatite (HAp, 99%), Ca(NO3)2·4H2O (98%), Na2SiO3·9H2O (99%), Iron(III) 

chloride (FeCl3), tetraethylorthosilicate (TEOS, 98%), ammonium hydroxide 

(NH4OH), sodium hydroxide (NaOH), cobalt(II) chloride (CoCl2), were purchased 

from Aldrich. Multiwalled carbon nanotubes (MWCNTs) with a diameter of 150 nm 

were purchased from Electrovac, Kalosterneuburg, Austria. 

2.2. Characterization 

Metal contents of the catalysts were determined by Inductively Coupled Plasma 

Optical Emission Spectroscopy (ICP-OES, Leeman-Direct Reading Echelle). 

Transmission electron microscopy (TEM) was performed on a JEM-2100F (JEOL) 

microscope operating at 200 kV. Samples were examined at magnification between 

400 and 700 K. The X-ray photoelectron spectroscopy (XPS) analysis was 

performed on a Physical Electronics 5800 spectrometer equipped with a 

hemispherical analyzer and using monochromatic Al Kα radiation of 1486.6 eV, the 

X-ray tube working at 15 kV, 350W and pass energy of 23.5 keV. 
11

B NMR spectra 

were recorded on a Bruker Avance DPX 400 with an operating frequency of 128.15 

MHz for 
11

B. X-Ray Diffraction pattern of the samples were characterized by Rigaku 

Mini-Flex XRD (2θ range= 10-80ᵒ, scanning rate= 1 degree/minute) with a radiation 

source of Cu-Kα line (λ=1,54056 Å). BET surface area of the samples was analyzed 

by using a Micromeritics ASAP2020. 
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2.3. Impregnation of Ru
3+

 ions on Multiwalled Carbon Nanotubes  

(Ru
3+

/MWCNT)  

Multiwalled carbon nanotubes were refluxed in a mixture of HNO3 (36 mL)/H2SO4 

(54 mL) at 80 °C for 6 h. The mixture was then filtered and washed with distilled 

water until the pH value of filtrate reached 7. The functionalized multiwalled carbon 

nanotubes were dried at 120 °C for 12 h in the oven. The dried MWCNTs (100 mg) 

were stirred in 100 mL of an aqueous solution of 6.56 mg of RuCl3·3H2O for 72 h at 

room temperature. The sample was then filtered using a funnel with sintered glass 

filter and washed with 100 mL of distilled water and the remnant was dried at 120 

°C for 12 h in the oven 

2.4. In situ formation of ruthenium(0) nanoparticles supported on multiwalled 

carbon nanotubes (Ru
0
/MWCNT) and concomitant hydrolytic dehydrogenation 

of AB 

Ruthenium(0) nanoparticles supported on multiwalled carbon nanotubes 

(Ru
0
/MWCNT) were in situ generated from the reduction of Ru

3+
/MWCNT during 

the catalytic hydrolysis of AB. Before starting the catalyst formation and 

concomitant catalytic hydrolysis of AB, a jacketed reaction flask (20 mL) containing 

a Teflon-coated stir bar was placed on a magnetic stirrer (Heidolph MR-301) and 

thermostatted to 25.0 ± 0.1°C by circulating water through its jacket from a constant 

temperature bath. Then, a graduated glass tube (60 cm in height and 3.0 cm in 

diameter) filled with water was connected to the reaction flask to measure the 

volume of the hydrogen gas to be evolved from the reaction (Fig.6).  
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Figure 6. Schematic diagram of the reaction setup used for AB hydrolysis. 

 

Next, 10 mg powder of Ru
3+

/MWCNT (1.91 wt % Ru) was dispersed in 10 mL of 

distilled water in the reaction flask thermostatted at 25.0 ± 0.1 °C. Then, 31.8 mg of 

AB (1.0 mmol H3N.BH3) was added into the flask and the reaction medium was 

stirred at 1000 rpm. After a short induction period of less than 1.0 min, ruthenium(0) 

nanoparticles were formed and the catalytic hydrolysis of AB started. The volume of 

hydrogen gas evolved was measured by recording the displacement of water level 

every 30 s at constant atmospheric pressure of 693 Torr. The reaction was stopped 

when no more hydrogen evolution was observed. In each experiment, the resulting 

solutions were filtered and the filtrates were analyzed by 
11

B NMR and conversion 

of AB to metaborate anion was confirmed by comparing the intensity of signals in 

the 
11

B NMR spectra of the filtrates.  

2.5. Determination of the most active ruthenium loading for Ru
0
/MWCNT used 

in hydrolytic dehydrogenation of AB 

 The catalytic activity of Ru
0
/MWCNT samples with various ruthenium loading in 

the range of 0.7−2.8% wt was tested in hydrogen generation from the hydrolysis of 

AB starting with 0.216 mM Ru and 100 mM AB in 10 mL solution at 25.0 ± 0.1 °C. 

The highest catalytic activity was achieved by using 1.91% wt  ruthenium-loaded 

multiwalled carbon nanotubes. For all the tests reported hereafter, ruthenium loading 

of 1.91%  wt. was used unless otherwise stated. 
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2.6. Determination of activation energy for hydrolytic dehydrogenation of AB 

catalyzed by Ru
0
/MWCNT 

 In a typical experiment, the hydrolysis reaction was performed starting with 10 mL 

of 100 mM (31.8 mg) AB solution and 10 mg of Ru
3+

/MWCNT (1.91% wt.  

ruthenium, [Ru] = 0.189 mM) at various temperatures (20, 25, 30, 35, 40 °C) in 

order to obtain the activation energy (Ea). 

2.7. Reusability of Ru
0
/MWCNT in hydrolytic dehydrogenation of AB 

After the complete hydrolysis of AB started with 10 mL of 100 mM AB (31.8 mg 

H3N.BH3), and 30 mg Ru
3+

/MWCNT (1.91% wt.  ruthenium, [Ru] = 0.567 mM) at 

25.0 ± 0.1 °C, the catalyst was filtered through a sintered glass funnel and washed 

with 100 mL water and dried in the oven at 120 °C. The isolated samples of 

Ru
0
/MWCNT were weighed and redispersed in 10 mL solution of 100 mM AB for a 

subsequent run of hydrolysis at 25.0 ± 0.1 °C. 

2.8. Determination of the catalytic lifetime of Ru
0
/MWCNT in hydrolytic 

dehydrogenation of AB  

The catalytic lifetime of Ru
0
/MWCNT in the hydrolysis of AB was determined by 

measuring the total turnover number (TTO). Such a lifetime experiment was started 

with a 100 mL solution containing 0.0189 mM Ru
3+

/MWCNT and 30 mM AB at 

25.0 ± 0.1°C. When all the AB present in the solution was completely hydrolyzed, 

more AB was added and the reaction was continued in this way until no hydrogen 

gas evolution was observed. 

2.9. Preparation of xonotlite nanowire [Ca6(Si6O17)(OH)2] 

Xonotlite nanowire (X-NW) was prepared by following the procedure described 

elsewhere [35]. The Ca(NO3)2·4H2O and Na2SiO3·9H2O were dissolved in distilled 

water, respectively to obtain 0.5 M solutions. The reactant molar ratio of Ca/Si was 

kept at 1.0. The Ca(NO3)2 solution was added dropwise into Na2SiO3 solution at 

room temperature under stirring to obtain a white suspension. Then the suspension 

was transferred into the Teflon-lined stainless-steel autoclaves and heated at 200 °C 

for 24 h, followed by cooling down to room temperature naturally. After the 

hydrothermal treatment, the suspension was filtrated and washed with distilled water 

and anhydrous ethanol for three times, respectively. After washing, the remaining 
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liquid was removed by vacuum filtration, and the obtained powders (xonotlite 

nanowires) were dried at 120 °C for 24 h.  

2.10. Preparation of ruthenium(0) nanoparticles supported on xonotlite 

nanowire (Ru
0
/X-NW) 

Ruthenium(III) cations were introduced onto the xonotlite nanowires by ion 

exchange of 400 mg xonotlite nanowires in 100 mL aqueous solution of 21.83 mg 

RuCl3·3H2O. This slurry was stirred at room temperature for three days. The Ru
3+

/X-

NW sample was isolated by centrifugation and washed with 100 mL of distilled 

water and the remnant was dried under vacuum (10
−3

 Torr) at 80 °C. Then, 200 mg 

Ru
3+

 exchanged xonotlite nanowires was added into 100 mL of 75 mg NaBH4 

solution. When the hydrogen generation from the reaction solution ended (∼1 h), the 

solid powders were isolated again by centrifugation and washed three times with 20 

mL of deionized water to remove metaborate anions and dried under vacuum. The 

samples of Ru
0
/X-NW were bottled as black powders. Ruthenium content of the 

Ru
0
/X-NW sample was found to be 1.37% wt by ICP-OES analysis.  

2.11. Determination of activation energy for hydrolytic dehydrogenation of AB 

catalyzed by Ru
0
/X-NW 

In a typical experiment, the hydrolysis reaction was performed starting with 10 mL 

of 100 mM (31.8 mg) AB solution and 20 mg Ru
0
/X-NW (1.37% wt. ruthenium, 

[Ru] = 0.271 mM) at various temperatures (20, 25, 30, 35, 40 °C) in order to obtain 

the activation energy.  

2.12. Determination of the catalytic lifetime of Ru
0
/X-NW in hydrolytic 

dehydrogenation of AB 

The catalytic lifetime of Ru
0
/X-NW in the hydrolysis of AB was determined by 

measuring the total turnover number (TTO). Such a lifetime experiment was started 

with a 50 mL solution containing 0.0542 mM Ru
0
/X-NW and 30 mM AB at 25.0 ± 

0.1 °C. When all the ammonia borane present in the solution was completely 

hydrolyzed, more AB was added and the reaction was continued in this way until no 

hydrogen gas evolution was observed. 
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2.13. Preparation of ruthenium(III) exchanged hydroxyapatite (Ru
3+

/HAp)  

Hydroxyapatite, Ca10(PO4)6(OH)2, (500 mg) was added to a solution of RuCl3.xH2O 

(57.7 mg) in 100 mL H2O in a 250 mL round bottom flask. This slurry was stirred at 

room temperature for three days. The Ru
3+

/HAp sample was filtered by using 

Whatman-1 filter paper, washed with 100 mL of distilled water and the remnant was 

dried under vacuum (10
-3

 torr)  at 80 C. 

2.14. Determination of the most active ruthenium loading for Ru
0
/HAp used in 

hydrolytic dehydrogenation of AB 

The catalytic activity of Ru
0
/HAp samples with various ruthenium loading in the 

range of 1.0–8.0% wt. was tested in hydrogen generation from the hydrolysis of AB 

starting with 0.784 mM Ru and 100 mM AB in 10 mL solution at 25.0 ± 0.1 °C. The 

highest catalytic activity was achieved by using 3.96% wt. ruthenium loaded 

hydroxyapatite. For all the tests reported hereafter, ruthenium loading of 3.96% wt. 

was used unless otherwise stated. 

2.15. Determination of activation energy for hydrolytic dehydrogenation of AB 

catalyzed by Ru
0
/HAp 

In a typical experiment, the hydrolysis reaction was performed starting with 10 mL 

of 100 mM (31.8 mg) AB solution and 10 mg Ru
3+

/HAp (3.96% wt. ruthenium, [Ru] 

= 0.392 mM) at various temperatures (20, 25, 30, 35, 40 °C) in order to obtain the 

activation energy. 

2.16. Reusability of Ru
0
/HAp in hydrolytic dehydrogenation of AB 

After the complete hydrolysis of AB started with 10 mL of 100 mM AB (31.8 mg 

H3NBH3), and 30 mg Ru
3+

/HAp (3.96% wt. ruthenium, [Ru] = 1.175 mM) at 25.0 ± 

0.1 °C, the catalyst was isolated as dark-grey powder by centrifugation and dried 

under vacuum (10
-3

 torr) at 80 °C after washing with 100 mL of water. The isolated 

samples of Ru
0
/HAp were weighed and redispersed in 10 mL solution of 100 mM 

AB for a subsequent run of hydrolysis at 25.0 ± 0.1 °C.  

2.17. Determination of the catalytic lifetime of Ru
0
/HAp in hydrolytic 

dehydrogenation of AB 

The catalytic lifetime of Ru
0
/HAp in the hydrolysis of AB was determined by 

measuring the total turnover number (TTO). Such a lifetime experiment was started 
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with a 100 mL solution containing 0.784 mM Ru
0
/HAp and 30 mM AB at 25.0 ± 0.1 

°C. When all the ammonia borane present in the solution was completely 

hydrolyzed, more AB was added and the reaction was continued in this way until no 

hydrogen gas evolution was observed. 

2.18. Preparation of magnetic silica-coated cobalt ferrite (SiO2-CoFe2O4) 

The preparation of magnetic cobalt ferrite nanoparticles was carried out by 

modification of previously established procedure [36]. The detailed information on 

the preparation and characterization of silica-coated cobalt ferrite can be found 

elsewhere [37]. In a typical experiment 25 mL of 0.4 M iron(III) chloride and 25 mL 

of 0.2 M of cobalt(II) chloride solutions were mixed at room temperature. Then, in a 

separate vessel 25 mL of 3.0 M sodium hydroxide solution was prepared and slowly 

added to the salt solution. After complete addition of NaOH solution, a black 

suspension was obtained. The mechanical stirring was continued for 1 h at 80 ᵒC. 

Then the solution was cooled to room temperature and the black precipitates were 

collected by using an external magnet. The supernatant was removed and the 

particles were washed 3 times with deionized water–ethanol solution and then the 

particles were dispersed in 50 mL of water. Silica coating was applied by using a 

modified version of Stober method [38]. For the preparation of silica coating, 200 

mL ethanol, 1 mL TEOS and 0.5 mL of NH4OH were added to the reaction mixture 

and subsequently 50 mL cobalt ferrite colloid was added to the mixture and the 

mixture was stirred for 4 h at room temperature. After the formation of the thick 

silica shell, particles were collected with a magnet and washed 3 times with 

deionized water. The resulting silica-coated cobalt ferrite nanoparticles (SiO2-

CoFe2O4) were separated by using a permanent magnet and washed with excess 

ethanol and dried at 120 ᵒC for 12 h in the oven. 

 2.19. Impregnation of ruthenium(III) ions on magnetic silica-coated cobalt 

ferrite [Ru
3+

/SiO2-CoFe2O4] 

SiO2-CoFe2O4 (100 mg) was added to a solution of RuCl3·3H2O (5.65 mg) in 20 mL 

H2O in a 50 mL beaker. This slurry was stirred at room temperature for 12 h and 

then, all supernatant solution was removed by using a permanent magnet. Next, the 

resulting particles Ru
3+

/SiO2-CoFe2O4 were washed with 20 mL of deionized water 
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and isolated by using a permanent magnet and the remnant was dried at 120 ᵒC for 

12 h in the oven. 

2.20. In situ formation of ruthenium(0) nanoparticles supported on magnetic 

silica-coated cobalt ferrite [Ru
0
/SiO2-CoFe2O4] and concomitant catalytic 

hydrolysis of AB  

Ruthenium(0) nanoparticles supported on magnetic silica-coated cobalt ferrite were 

in situ generated from the reduction of Ru
3+

/SiO2-CoFe2O4 during the catalytic 

hydrolysis of AB. 10 mg powder of Ru
3+

/SiO2-CoFe2O4 (1.96 wt.% Ru) was 

dispersed in 10 mL distilled water in the reaction flask thermostated at 25.0 ± 0.1ᵒC. 

Then, 31.8 mg AB (1.0 mmol H3NBH3) was added into the flask and the reaction 

medium was stirred at 1000 rpm. After adding ammonia borane, ruthenium(0) 

nanoparticles were formed and the catalytic hydrolysis of AB started immediately. 

2.21. Determination of activation energy for hydrolytic dehydrogenation of AB 

catalyzed by Ru
0
/SiO2-CoFe2O4 

In a typical experiment, the hydrolysis reaction was performed starting with 10 mL 

of 100 mM (31.8 mg) AB solution and 10 mg Ru
3+

/SiO2-CoFe2O4 (1.96% wt. 

ruthenium, [Ru] = 0.186 mM) at various temperatures (25, 30, 35, 40 ᵒC) in order to 

obtain the activation energy. 

2.22. Reusability of Ru
0
/SiO2-CoFe2O4 in hydrolytic dehydrogenation of AB 

After the complete hydrolysis of AB started with 10 mL of 100 mM AB (31.8 mg 

H3NBH3), and 60 mg Ru
3+

/SiO2-CoFe2O4 (1.96%  wt. ruthenium, [Ru] = 0.744 mM) 

at 25.0 ± 0.1ᵒC, the catalyst was isolated using a permanent magnet. Ru
0
/SiO2-

CoFe2O4 were magnetically attracted to the bottom of the reaction vessel by a 

magnet, and the upper solution was removed and the catalyst was washed with 10 

mL of water before every run in the reusability test. After washing, the catalyst was 

isolated again and the isolated sample of Ru
0
/SiO2-CoFe2O4 redispersed in 10 mL 

solution of 100 mM AB for a subsequent run of hydrolysis at 25.0 ± 0.1ᵒC. 
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CHAPTER 3 

 

Ruthenium(0) Nanoparticles Supported on Multiwalled Carbon 

Nanotubes 

 

 

Most of the transition metal catalysts are in the form of nanoparticles that suffer in 

long-term stability because of the aggregation into clumps and ultimately to the bulk 

metal, despite using the best stabilizers [24], which leads to a decrease in catalytic 

activity and lifetime. With high external surface area and aspect ratio [39,40], carbon 

nanotubes appear to be very attractive as catalyst supports in liquid phase reactions 

as they provide high dispersion of nanoparticles, significantly increase contact 

surface between the reactants and active sites, and greatly minimize the diffusion 

limitations, compared with traditional catalyst supports. In this dissertation, we 

aimed to develop highly active, reusable and long-lived ruthenium catalysts in 

hydrogen generation from hydrolysis of ammonia borane. Therefore, ruthenium(0) 

nanoparticles supported on multiwalled carbon nanotubes were prepared as catalysts 

used in hydrolysis of ammonia borane. 

3.1. Hydrolytic dehydrogenation of ammonia borane catalyzed by 

Ru
0
/MWCNTs 

 

Ruthenium(0) nanoparticles supported on multiwalled carbon nanotubes were in situ 

generated during the hydrolysis of ammonia borane. Ruthenium(III) ions were 

impregnated on the acid treated MWCNT from the aqueous solution of 

ruthenium(III) chloride and then reduced by AB at room temperature. When AB 

solution is added to the suspension of ruthenium(III) ions impregnated on carbon 

nanotubes, both reduction of ruthenium(III) to ruthenium(0) and hydrogen release 
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from the hydrolysis of AB occur concomitantly. The progress of ruthenium(0) 

nanoparticles formation and concomitant dehydrogenation of ammonia borane was 

followed by monitoring the changes in H2 pressure. Figure 7 shows the plot of 

equivalent H2 generated versus time for the hydrolysis of AB starting with 

Ru
3+

/MWCNT precatalyst (0.378 mM Ru) and 100 mM AB in 10 mL aqueous 

solution at 25.0 ± 0.1°C. After a short induction period of 1.0 min, the hydrogen 

generation starts and continues almost linearly until the release of 3 equiv. H2 per 

equivalent of AB.  

 

 

Figure 7. Plot of equivalent H2 generated versus time for the hydrogen generation from the hydrolysis 

of ammonia borane (AB) starting with 20 mg Ru
0
/MWCNT (with a loading of 1.91% wt.  Ru) as 

catalyst and 1.0 mmol AB in 10 mL of aqueous solution at 25.0 ± 0.1°C. The sigmoidal curve fits 

well to the two-step mechanism for the ruthenium(0) nanoparticle formation. 

The observation of an induction period and a sigmoidal shape of dehydrogenation 

curve indicates the formation of ruthenium(0) nanoparticles with a two-step, 

nucleation and autocatalytic growth mechanism [41,42]. The formation kinetics of 

the Ru(0)n nanoparticle catalyst can be obtained using the hydrogen release from AB 

as reporter reaction [43], given in Scheme 1, in which P is the added precursor 

Ru
3+

/MWCNT and Q is the growing Ru(0)n nanoparticles on the surface of 

MWCNT. The hydrogen generation from the hydrolysis of AB will accurately report 

on and amplifies the amount of Ru(0)n nanoparticle catalyst, Q, present if the 

dehydrogenation rate is fast in comparison to the rate of nanoparticles formation. It 
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was shown that the dehydrogenation is zero-order in [AB] when the substrate to 

catalyst ratio is large enough to ensure that the dehydrogenation reporter reaction is 

fast relative to the rate of slower nanoparticle formation k1 and k2 steps (Scheme 1).  

Sigmoidal kinetics can be seen in Figure 7 and fit well by the Finke- Watzky two-

step, nucleation, and autocatalytic growth mechanism of nanoparticle formation [41]. 

The observation of a sigmoidal dehydrogenation curve and its curve-fit to the slow, 

continuous nucleation, P → Q (rate constant k1) followed by autocatalytic surface 

growth, P + Q → 2Q (rate constant k2) kinetics are very strong evidence for the 

formation of metal(0) nanoparticles catalyst from a soluble transition-metal complex 

in the presence of reducing agent [41]. The rate constants determined from the 

nonlinear least-squares curve-fit function (given in Appendix) are k1 = 4.6 × 10
−2

 

min
−1

 and k2 = 5.0 × 10
2
 M

−1
 min

−1
. The mathematically required correction has been 

made to k2 for the stoichiometry factor of 1058 as described elsewhere [42], but not 

for the “scaling factor”; that is no correction has been made for the changing the 

number of Ru atoms on the growing metal surface. 

The ruthenium(0) nanoparticles supported on multiwalled carbon nanotubes 

(Ru
0
/MWCNT), in situ formed during the hydrolysis of AB, could be isolated from 

the reaction solution as powder by filtration and characterized by ICP-OES, XRD, 

SEM, EDX, TEM, and XPS techniques. Ruthenium content of Ru
0
/MWCNT was 

determined by ICP-OES.  

 

Scheme 1. Illustration of the hydrolysis of ammonia borane as reporter reaction for the formation of 

ruthenium(0) nanoparticles: P is the precursor ruthenium(III) ion impregnated on MWCNTs  and Q is the 

growing Ru(0)n nanoparticles. 

 

The XRD patterns of pristine MWCNT, acid-treated MWCNT and Ru
0
/MWCNT are 

given altogether in Figure 8 for comparison. A comparison of the XRD patterns of 
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pristine MWCNT and acid-treated MWCNT given in panels a and b in Figure 8, 

respectively, clearly shows that there is no change in the characteristic diffraction 

peaks of multiwalled carbon nanotubes after acid treatment indicating that MWCNTs 

were not severely damaged by refluxing in the mixture of HNO3/H2SO4 [44]. The 

diffraction peaks at 26.2°, 43.3°, and 54.5° could be well-indexed as (002), (100), 

and (004) diffractions of graphite structure, respectively [45]. XRD patterns of acid 

treated MWCNT (Figure 8b) and Ru
0
/MWCNT with a ruthenium loading of 1.91% 

wt.  Ru (Figure 8c) are almost identical. There is no observable peak attributable to 

ruthenium nanoparticles in Figure 8c, probably as a result of low ruthenium loading 

of materials [46].  

 

 

 

Figure 8.  XRD patterns of (a) pristine MWCNT, (b) acid-treated MWCNT, (c) Ru
0
/MWCNT with a 

1.91 %  wt. Ru loading. 

 

The BET nitrogen adsorption analysis gave the surface area of pristine MWCNT, 

acid treated MWCNT and Ru
0
/MWCNT as 13.2, 41 and 31 m

2
g
−1

, respectively. The 

noticeable decrease in the surface area of acid treated carbon nanotubes upon 

ruthenium loading may imply the existence of ruthenium(0) nanoparticles on the 

surface.  



21 
 

 

 

 

Figure 9. (a) SEM image (The scale bar is 3 μm), (b) SEM-EDX spectrum of Ru
0
/MWCNT with a 

1.91% wt. Ru loading. 

Figure 9 exhibits the SEM image and SEM-EDX spectrum of Ru
0
/MWCNT with a 

ruthenium loading of 1.91% wt. indicating that ruthenium is the only element 
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detected in the sample in addition to the surface elements of carbon nanotubes (N, C, 

O) because of functional groups formed after acid treatment. 

Figure 10 shows the TEM images of acid treated MWCNTs and Ru
0
/MWCNT taken 

with different magnifications. From the TEM images given in Figures 10b−e, one 

can see that (i) highly dispersed ruthenium(0) nanoparticles are formed on the 

surface of MWCNTs with particle size in the range 1.4−3.0 nm (mean diameter: 2.5 

± 0.8 nm, histogram in Figure 10f) and (ii) neither the acid treatment nor the 

impregnation of ruthenium(III) followed by reduction to ruthenium(0) causes any 

damage to the wall of carbon nanotubes in agreement with the XRD results.  
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Figure 10. TEM images of (a) the acid-treated MWCNTs (the scale bar is 100 nm) and Ru
0
/MWCNT 

with a 1.91%  wt. Ru loading in different magnifications with scale bars of (b) 100, (c) 50, (d) 20, (e) 

10 nm, and (f) the corresponding histogram for the particle size distribution. 
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Figure 11. Ru 3d XPS spectrum of Ru
0
/MWCNT with a 1.91% wt.  Ru loading. 

The composition of Ru
0
/MWCNT formed in situ during the hydrolysis of AB and 

the oxidation state of ruthenium were also studied by XPS technique. High-

resolution X-ray photoelectron spectrum of a Ru
0
/MWCNT sample with metal 

loading of 1.91% wt.  Ru given in Figure 11 shows two prominent bands at 284.4 

and 280.2 eV, which can readily be assigned of Ru(0) 3d3/2 and 3d5/2, respectively, in 

the nanoparticles by comparing with values of ruthenium metal 285 and 280 eV, 

respectively [47]. It is noteworthy that the Ru(0) 3d3/2 peak at 284.4 eV overlaps with 

the C 1s peak at 283.9 eV coming from multiwalled carbon nanotubes with a percent 

atomic ratio of 14.63 (C 1s/Ru 3d). Because of this overlap, only the peak at 280.2 

eV can with certainty be assigned to Ru(0) 3d5/2. The higher energy peaks might be 

of carbon or ruthenium. 

3.1.1. Catalytic activity of Ru
0
/MWCNT in hydrolytic dehydrogenation of 

ammonia borane 

 

Before starting with the investigation on the catalytic activity of Ru
0
/MWCNT in the 

hydrolysis of AB, a control experiment was performed to check whether the acid 

treated MWCNTs show any catalytic activity in the hydrolysis of AB at the same 

temperature. In a control experiment starting with 1.0 mmol of AB and 10 mg of 

powder of MWCNT (the same amount as the one used in catalytic activity tests) in 

10 mL of water at 25.0 ± 0.1°C or 40.0 ± 0.1°C, no hydrogen generation was 
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observed in 1 h at both temperatures. This observation indicates that the hydrolysis 

of AB does not occur in the presence of MWCNTs in the temperature range used in 

this study. Ru
0
/MWCNTs are found to be highly active catalyst in the hydrolysis of 

ammonia borane generating 3.0 equivalent H2 gas per mol of AB in the same 

temperature range.  

Expectedly, the catalytic activity depends on the ruthenium loading of catalyst 

materials. A series of experiments were performed starting with 10 mL solution of 

100 mM AB and 0.216 mM Ru using Ru
3+

/MWCNT sample with various ruthenium 

loading (0.73, 1.47, 1.91, 2.26, 2.83% wt.  Ru) in appropriate amount to provide the 

same ruthenium concentration in all of the experiments. The catalytic activity in the 

hydrolysis of AB at 25.0 ± 0.1 °C shows variation with the ruthenium loading as 

shown in Figure 12. The Ru
0
/MWCNT sample with ruthenium loading of 1.91%  wt. 

Ru provides the highest catalytic activity in hydrogen generation from the hydrolysis 

of AB at 25.0 ± 0.1°C. As the ruthenium loading further increases, the catalytic 

activity of Ru
0
/MWCNT decreases, most probably due to the agglomeration of 

nanoparticles, resulting in a decrease in the surface area and the accessibility of 

active sites [48]. For all the experiments performed in this study, ammonia test was 

applied following the procedure described elsewhere [42] and no ammonia 

generation was detected. 

 

Figure 12. Rate of hydrogen generation versus Ru loading in weight percentage for the hydrolysis of 

AB (100 mM) catalyzed by Ru
0
/MWCNT with various Ru loading (0.216 mM Ru) at 25.0 ± 0.1°C. 
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Figure 13. (a) mol H2/mol H3NBH3 versus time graph depending on the ruthenium concentration in 

Ru
0
/MWCNT for the hydrolysis of AB (100 mM) at 25.0 ± 0.1°C, (b) the plot of hydrogen generation 

rate versus the concentration of Ru, both in logarithmic scale. ln(rate) = 1.002 ln[Ru] + 0.88. 

Fig. 13a shows the evolution of equivalent hydrogen per mole of AB versus time 

plot for the hydrolysis of AB (100 mM) using Ru
0
/MWCNT with a loading of 1.91% 

wt. Ru as catalyst in different ruthenium concentration at 25.0 ± 0.1 °C. In each 

experiment, hydrogen evolution starts after a short induction period of less than 2 

minutes and continues almost linearly until complete conversion of the substrate 

generating 3.0 equivalents of H2 per mole of AB. All the experimental data fit well 

to the 2-step mechanism yielding the rate constants k1 of the slow, continuous 
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nucleation (P → Q) and k2 of the autocatalytic surface growth (P + Q → 2Q) for the 

formation of ruthenium(0) nanoparticles catalyst from the reduction of 

ruthenium(III) ions during the hydrolysis of AB (Table 1). It is observed that the rate 

constant k1 for the nucleation and the rate constant k2 for autocatalytic surface 

growth slightly change with the increasing concentration of ruthenium. 

Figure 13b 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 1.0 

indicating that hydrolysis of AB is first-order with respect to the ruthenium 

concentration. The turnover frequency (TOF) for hydrogen generation from the 

hydrolysis of AB (100 mM) at 25.0 ± 0.1 °C was determined from the hydrogen 

generation rate in the linear portion of plots given in Fig. 13a for experiments 

starting with 100 mM AB plus Ru
0
/MWCNTs with a loading of 1.91 % wt. Ru. The 

TOF value of Ru
0
/MWCNTs catalyst is as high as 329 min

-1
 (mol H2/ mol Ru. min) 

in hydrolysis of AB at 25.0 ± 0.1 °C (see the appendix for the TOF calculation). As 

clearly seen from the TOF values of the reported ruthenium catalysts and that of the 

carbon based catalysts in literature listed in Table 2 and Table 3, respectively, 

Ru
0
/MWCNTs provide comparable catalytic activity in hydrolysis of AB. The TOF 

values of catalysts listed in Table 2 and Table 3 show variations for different 

supporting materials. 

Table 1. The rate constants k1 of the slow, continuous nucleation, P → Q, and k2 of the auto-catalytic surface 

growth, P + Q → 2Q for the formation of ruthenium(0) nanoparticles catalyst from the ruthenium(III) ions during 

the hydrolysis of AB at various concentration of ruthenium. a TOF  values were not corrected by the fraction of 

active sites. 

Ru [mM] k1 (s
-1

) k2 (M
-1

s
-1

) k2/k1 TOF
a
 

0.094 6.36 ×10
4 
± 4.23 ×10

5
 1.38 ± 7.46 ×10

2
 2.18×10


 329 

0.189 7.64 ×10
4 
± 8.53 ×10

5 
1.82 ± 1.11 ×10

1
 2.38 ×10

 309 

0.378 7.71 ×10
4 
±1.27 ×10

4 
2.09 ± 1.34×10


 2.71 ×10

 274 

0.567 9.46 ×10
4 
±1.51 ×10

4 
2.06 ± 1.20 ×10

1
 2.17 ×10

 252 

 

TOF values can also show variation in different catalysts concentration. In our study, 

we observed a decrease in TOF values with the increasing initial concentration of 

ruthenium in the Ru
0
/MWCNTs catalyst as shown in Table 1. The inverse 

dependence of the TOF on the precatalyst concentration is a known phenomenon in 

literature [49] which indicates that the lower concentration of precatalyst forms 

smaller particles exhibiting higher catalytic activity for some reactions [50,51].
 
In 
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fact, inverse relationship between the apparent turnover frequency and the 

concentration of precatalyst or catalyst has been reported for different reactions with 

different catalysts such as hydrogenation by cobalt(III) acetylacetonate [52], alcohol 

oxidation by palladium(II) acetate [53], hydrogenation of styrene by osmium [54], 

Heck reaction by palladium [55,56], heterolysis by cobalt [57], cyclohexene 

hydrogenation by iridium [51], and methanolysis by rhodium [49]. With one 

exception of iridium hydrogenation catalyst [51], in all the reports the inverse 

dependence has been ascribed to the increasing size of nanoparticles. However, only 

in the case of methanolysis of ammonia borane catalyzed by rhodium nanoparticles, 

experimental evidence has been provided showing that the inverse dependence is due 

to the increasing particles size [49]. 
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Table 2.  The turnover frequency (TOF; mol H2 .(mol Ru)
-1

(min)
-1

), total turnover number (TTO; mol 

H2.(mol Ru)
-1

) and activation energy (Ea; kJ/mol) values of reported ruthenium catalysts used in 

hydrogen generation from the hydrolysis of AB. The surface area and the average particle size of 

ruthenium based catalysts were also given for comparison (hyphen - means the data is not given).  

TOF and TTO values were given for the hydrolysis of AB at room temperature. 

Catalyst 
TOF 

(min
-1

) 

Ea 

(kj/mol) 

Surface 

Area 

(m
2
/g) 

Average 

Ru Particle 

size (nm) 

Life 

Time 

(TTO) 

Ru/AB 

molar 

ratio 

Ref. 

RuNi/TiO2 

(anatase+rutile) 
914 28.1 39.7 2.3 153000 0.001 [58] 

Ru/TiO2 

(anatase+rutile) 
604 37.7 39.7 1.7 104500 0.001 [58] 

Ru/graphene 600 12.7 - 1.9 - 0.002 [59] 

Ru/Carbon black 

(Ketjenblack EC-

300) 

429.5 34.81 800 1.7 - 0.00425
 

[34] 

Ru
0
/CeO2 361 51 48 - 135100 0.00095 [60] 

Ru
0
/MWCNT 329 33 31 2.5 26400 0.00094 [61] 

Ru/SBA-15 316 34.8 438 3.0±0.8 - 0.002 [62] 

Ru/g-C3N4 

(Graphitic carbon 

nitride) 

313 37.4 25 2.8 - 0.0017 [63] 

RuCuNi/CNTs 311.5 36.67 - 1.35 - 0.0015 [64] 

Ru-MIL 53(Al) 266.9 33.7 932.1 2.0 - 0.004 [65] 

Ru-MIL 53(Cr) 260.8 28.9 1096.5 2.0 - 0.004 [65] 

Ru@TiO2 241 70 - 2.3±0.7 71500 0.0006 [66] 

Ru@MIL-96 231 48 211.2 2.0  0.0039 [67] 

Ru/nanodiamond 229 50.7 - 3.7 13474 0.0033 [68] 

Ru@SiO2 200 38 193 2.0  0.0025 [69] 

Ru(0)/PSSA-co-

MA 
180 54 - 1.9±0.7 51720 0.005 [70] 

Ru@MIL-101 178 51 2089 1.6 - 0.008 [71] 

Ru(0)/SiO2-

CoFe2O4 
172.5 45.6 - - - 0.00097 [72] 

Ru/HfO2 170 65 15.8 3.5±0.6 175600 0.00396 [73] 

Ru/HAp 137 58 - 4.7±0.7 87000 0.00392 [74] 

Ru
0
/X-NW 135 77 70 4.4±0.4 134100 0.00271 [75] 

RuCu/graphene 135 30.59 - - - 0.004 [76] 

Commercial 

Ru/Carbon 

(3.0%wt) 

113 76 1000 - - 0.00178 [77] 

Ru/graphene 100 11.7 - 1.7 - 0.010 [78] 

Ru NPs@ZK-4 90.2 28 380 2.9±0.9 36700 0.0005 [79] 

Ru@Al2O3 83.3 46 40 2.5 - 0.00375 [80] 

Ru(0)NP/laurate 75 47 - 2.6±1.2 5900 0.0005 [81] 

Nanoporous Ru 

(Ru20Al80) 
26.7 66.5 27.4 - 21000 0.01 [82] 

Meta stable Ru 

NPs 
21.8 27.5 - 2.2 - 0.00250 [83] 
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Table 3. The turnover frequency and activation energy values of reported carbon based catalysts used 

in hydrogen generation from the hydrolysis of AB (TOF values were given for the hydrolysis of AB 

at room temperature). 

Catalyst 
TOF 

(mol H2 mol metal
-1

min
-1

) 

Ea 

(kj/mol) 
Ref. 

Rh/CNT 706 32 [84] 

Ru/graphene 600 12.7 [59] 

Pt/CNTs-O-HT 468 - [85] 

Ru/Carbon black 

(Ketjenblack EC-300) 
429.5 34.81 [34] 

Pd@Co/graphene 408.9 - [86] 

Ru@Co/graphene 344 - [87] 

Ru@Ni/graphene 339.5 36.59 [88] 

Ru
0
/MWCNT 329 33 [61] 

Ru@Co/C 319.7 21.16 [89] 

Ru/g-C3N4 

(Graphitic carbon nitride) 
313 37.4 [63] 

RuCuNi/CNTs 311.5 36.67 [64] 

Ru@Ni/C 250.1 37.87 [89] 
Ru/nanodiamond 229 50.7 [68] 

RuCu/graphene 135 30.59 [76] 

Commercial Ru/Carbon (3.0%wt) 113 76 [90] 

Ag@Co/graphene 102.4 20.03 [91] 

Ru/graphene 100 11.7 [78] 

Ag@Ni/graphene 77 49.56 [91] 
RGO-Cu75Pd25 29.9 45 [92] 

RGO-Ni30Pd70 28.7 45 [93] 

RGO-Pd 26.3 40 [94] 

200 ALD cycle Ni /CNT 26.2 - [95] 

Ni/CNT 23.53 - [96] 

Co35Pd65/C 22.7 27.5 [97] 

CoNi/RGO 19.54 39.89 [98] 

CoNi/graphene 16.4 13.49 [99] 

Ag@CoNi/graphene 15.89 36.15 [100] 

Co/graphene 13.9 32.72 [101] 

Ag0.5@Co0.5/graphene 10.5 39.33 [102] 

CuCo/graphene 9.18 - [103] 

Ni/C 8.8 - [104] 

RGO-Cu0.2@Co0.8 8.36 - [105] 

RGO/Pd 6.25 51 [106] 

Ag/C/Ni 5.32 38.91 [107] 

RGO-Cu 3.61 - [108] 
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Table 4. The rate constants k1 of the slow, continuous nucleation, P → Q, and k2 of the autocatalytic surface 

growth, P + Q → 2Q for the formation of ruthenium(0) nanoparticles catalyst from the reduction of Ru3+ ions 

during the hydrolysis of AB at various temperature. 

Temperature (C) k1 (s
-1

) k2 (M
-1

s
-1

) k2 / k1 

20 5.56 ×10
4
± 5.68 ×10

5
 1.12± 6.75 ×10

2
 2.01×10


 

25 9.45 ×10
4 
± 9.37 ×10

5 
1.59 ± 1.01 ×10

1
 1.68 ×10

 

30 1.66 ×10
3 
±1.51 ×10

4 
1.41 ± 1.19×10


 8.47 ×10

 

35 2.54 ×10
3 
±3.29 ×10

4 
2.49 ± 2.74 ×10

1
 9.78 ×10

 

40 4.15 ×10
3 
±5.08 ×10

4
 3.45 ± 3.94×10

1
 8.31 ×10


 

 

The kinetics of ruthenium(0) nanoparticle formation and concomitant hydrogen 

generation from the hydrolysis of ammonia borane were also followed at various 

temperature in order to get an idea on the energy barrier for the slow nucleation and 

autocatalytic surface growth of metal(0) nanoparticles as well as for the hydrolysis 

reaction. Fig. 14a shows the evolution of equivalent H2 per mole of AB versus time 

plot for the hydrolysis of AB starting with Ru
3+

/MWCNTs precatalyst (0.189 mM 

Ru) and 100 mM AB at five different temperatures. For each temperature, 

experimental data curve-fit well to the 2-step mechanism yielding the rate constants 

k1 of the slow, continuous nucleation (P → Q) and k2 of the autocatalytic surface 

growth (P + Q → 2Q) for the formation of ruthenium(0) nanoparticles catalyst from 

the ruthenium(III) ions during the hydrolysis of ammonia borane (Table 4). From the 

Arrhenius plots constructed by using the values of rate constants k1 and k2 at various 

temperatures in Fig. 14b and c, one can obtain the activation energy, Ea = 77 ± 7 

kJ/mol for the nucleation and Ea = 41 ± 2 k /mol for the autocatalytic surface growth 

of ruthenium(0) nanoparticles, respectively. The large value of k2/k1 ratio also given 

in Table 4 is indicative of the high level kinetic control in the formation of 

ruthenium(0) nanoparticles from the reduction of the precursor ruthenium(III) ions 

on the surface of MWCNTs.  

Activation energy for hydrogen generation from the hydrolysis of AB catalyzed by 

Ru
0
/MWCNTs could be determined by evaluating the temperature dependent kinetic 

data presented in Fig. 14a. The rate constants for the hydrogen generation at different 

temperature were calculated from the slope of linear portion of each plot given in 

Fig. 14a and used for the calculation of activation energy (Ea = 33 ± 2 k /mol) from 

the Arrhenius plot in Fig. 14d. The activation energy for the hydrolysis of ammonia 

borane catalyzed by Ru
0
/MWCNTs is comparable to the literature values reported 
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for the same reaction using other ruthenium catalysts listed in Table 2 and Table 3. 

The results indicate that apparent activation energy values show variation according 

to the catalyst. There is no observable relation between the catalytic activity and Ea 

values of the reported catalyst used in hydrolysis of ammonia borane. 
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Figure 14. (a) mol H2/mol H3NBH3 versus time graph for the hydrolysis of AB (100 mM) using 

Ru
0
/MWCNT([Ru] = 0.189 mM) as catalyst at different temperatures, (b) The Arrhenius plot for 

nucleation of ruthenium(0) nanoparticles, ln(k1) = −9205.04/T + 23.91, (c) The Arrhenius plot for the 

autocatalytic surface growth of ruthenium(0) nanoparticles, ln(k2) = −4943.7/T + 16.9. (d) The 

Arrhenius plot for hydrogen generation from the catalytic hydrolysis of ammonia borane, ln(kobs) = 

−3941.72/T + 12.57. 

 

 

 

 

 



35 
 

 

Figure 15. Percentage of initial catalytic activity of Ru
0
/MWCNT ([Ru] = 0.567 mM) in successive 

runs after the reuse for the hydrolysis of ammonia borane (100 mM). 

Reusability test of Ru
0
/MWCNTs was performed using the catalyst isolated from the 

reaction solution after a previous run of hydrolysis of AB. After the completion of 

hydrogen generation from the hydrolysis of AB starting with 0.567 mM 

Ru
3+
/MWCNT plus 100 mM AB in 10 mL aqueous solution at 25.0 ± 0.1°C, the 

catalyst was isolated by filtering and washing with water and dried in the oven at 80 

°C. The whole powder materials were weighed and then redispersed in 10 mL of 

solution containing 100 mM AB and a second run hydrolysis was started 

immediately and continued until the completion of hydrogen evolution. This was 

repeated four times.  

Figure 15 shows the percentage of initial catalytic activity of Ru
0
/MWCNTs in the 

subsequent catalytic hydrolysis of 100 mM ammonia borane performed by using the 

catalyst isolated after the previous run of hydrolysis at 25.0 ± 0.1 °C. The reusability 

tests reveal that Ru
0
/MWCNTs are still active in the subsequent runs of hydrolysis of 

ammonia borane providing a release of 3.0 equivalent H2 per mole of NH3BH3. After 

the fourth run hydrolysis of ammonia−borane, Ru
0
/MWCNTs preserve 41% of their 

initial catalytic activity. TEM images of Ru
0
/MWCNT after the forth reuse in the 

hydrolysis of ammonia borane (Figure 16) show that ruthenium(0) nanoparticles 

aggregate on MWCNT after the forth reuse. The aggregation of metal nanoparticles 

causes a decrease in the surface area of nanoparticles. Therefore, the decrease in 
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catalytic activity in successive runs can be attributed to the agglomeration of 

nanoparticles on the surface of carbon nanotubes during the isolation and 

redispersion processes, as the material loss has already been taken into account in 

calculating the activity in each run.  

 

 

 

Figure 16.  TEM image of Ru
0
/MWCNT after the 4

th
 use at the scale bar of (a) 50 nm, (b) 20 nm 

 

Catalytic lifetime of Ru
0
/MWCNTs was measured by the total turnover number 

(TTO) in the hydrolysis of ammonia borane. A catalyst lifetime experiment starting 

with 1.89 μmol Ru in 100 mL of solution of AB at 25.0 ± 0.1 °C reveals a minimum 
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TTO value of 26400 turnovers over 29 h in the hydrolysis of AB before deactivation 

of the catalyst. Ru
0
/MWCNTs provide comparable TTO value for the hydrolysis of 

AB as compared to the other ruthenium catalysts listed in Table 2. An initial TOF 

value of 329 min
−1

 was obtained; however, the average TOF value was calculated to 

be 15 min
−1

 in the catalytic lifetime experiment. The observation that the TOF value 

decreases as the reaction proceeds indicates the deactivation of ruthenium(0) 

nanoparticles catalyst. After the lifetime experiment, the resulting solution was 

filtered and the ruthenium concentration of filtrate was found to be 0.085 ppm as 

determined by ICP-OES. This indicates that 96% of ruthenium nanoparticles still 

remain on the surface of carbon nanotubes after lifetime experiment. Therefore, the 

deactivation of Ru
0
/MWCNTs catalyst can be attributed to a decrease in accessibility 

of active sites of ruthenium nanoparticles due the passivation of metal surface by 

metaborate ions which accumulate in solution as the reaction proceeds. 
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CHAPTER 4 

 

Ruthenium(0) Nanoparticles Supported on Xonotlite Nanowire 

 

Activity and stability of nanoparticles catalysts can be improved by preventing the 

metal nanoparticles agglomeration using suitable stabilizing agents. Although carbon 

materials provide a high external surface area, the aggregation of metal nanoparticles 

can frequently be seen. To achieve more durable catalysts in hydrogen generation 

from the hydrolysis of AB as compared to the Ru
0
/MWCNTs we considered to 

prepare ruthenium NPs supported on xonotlite nanowire which is one-dimensional 

inorganic analog of carbon nanotubes. 

4.1. Hydrolytic dehydrogenation of ammonia borane catalyzed by Ru
0
/X-NW 

 

The preparation of Ru
0
/X-NW comprises the ion-exchange of Ru

3+
 ions with Ca

2+
 

ions in the lattice of xonotlite nanowire, followed by the reduction of the Ru
3+

-

exchanged xonotlite nanowire with sodium borohydride in aqueous solution at room 

temperature. Fig. 17 exhibits the SEM image, SEM-EDX spectrum and TEM images 

of xonotlite nanowire indicating that (i) xonotlite nanowire has an average diameter 

of 36 nm and length of 1.4 m, and (ii) there is no impurity detected in addition to 

the framework elements of xonotlite nanowire (Ca, Si, O). 
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Figure 17. (a) SEM image, (b) SEM-EDX spectrum,  and (c-d)  TEM images of xonotlite nanowire 

with two different magnifications. 

Ruthenium(0) nanoparticles supported on xonotlite nanowire (Ru
0
/X-NW) were 

isolated from the reaction solution by centrifugation, copious washing with water, 

and drying under vacuum (10
−3

 Torr) at 80 °C and characterized by ICP-OES, XRD, 

SEM, SEM-EDX, TEM, XPS and the N2 adsorption– desorption technique. 

Ruthenium content of Ru
0
/X-NW was found to be 1.37% wt. by ICP-OES. 
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Figure 18. Powder XRD patterns of (a) xonotlite nanowire, (b) Ru
3+

/X-NW, (c) Ru
0
/X-NW with a 

1.37% wt. Ru loading. 

 

Fig. 18 shows the XRD pattern of xonotlite nanowire powders, the ruthenium(III) 

ion exchanged xonotlite (Ru
3+

/X-NW) and ruthenium(0) nanoparticles supported on 

xonotlite (Ru
0
/X-NW) with a ruthenium loading of 1.37%  wt. Ru. It can be seen that 

all the peaks in Fig. 18a match the standard values of xonotlite (JCPDS no. 23-0125) 

in terms of positions (2 theta) of the peaks [35]. The comparison of the XRD patterns 

for three samples clearly shows that there is no change in the characteristic 

diffraction peaks of xonotlite nanowire. This observation indicates that the host 

material remains intact after ion-exchange and reduction of ruthenium(III) ions 

without noticeable alteration in the framework lattice or loss in the crystallinity. 

There is no observable peak attributable to ruthenium nanoparticles in Fig. 18 b and 

18 c, probably as a result of low ruthenium loading on xonotlite nanowire.  

The BET nitrogen adsorption analysis gave the surface area of xonotlite nanowire 

and Ru
0
/X-NW as 72.89 and 69.75 m

2
 g

−1
, respectively. This slight decrease in the 

surface area of xonotlite nanowire upon ruthenium loading may imply the existence 

of ruthenium(0) nanoparticles on the surface.  
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Figure 19. (a) and (b) SEM images of Ru
0
/X-NW in different magnifications, (c) SEM-EDX 

spectrum of Ru
0
/X-NW with a 1.37% wt. Ru loading. 

Fig. 19 exhibits the SEM image and SEM-EDX spectrum of Ru
0
/X-NW with a 

ruthenium loading of 1.37% wt. indicating that ruthenium and sodium are the 

elements detected in the sample in addition to the framework elements of xonotlite 

nanowire (Ca, Si, O). The existence of sodium element in the SEM-EDX spectrum 

can be attributed to the fact that the cation sites left by Ru
3+

 ions upon reduction are 

reoccupied by sodium cations coming from sodium borohydride [31].  

Fig. 20 shows the TEM images of xonotlite nanowire and Ru
0
/X-NW with a 

ruthenium loading of 1.37% wt. taken with different magnifications, which indicate 

that (i) highly dispersed ruthenium(0) nanoparticles with particle size in the range 

3.6–5.9 nm are formed on the surface of xonotlite nanowire (mean diameter: 4.4 ± 

0.4 nm in Fig. 20 c), (ii) ion-exchange of ruthenium(III) followed by reduction to 

ruthenium(0) causes no change in the framework lattice of the xonotlite nanowire in 

agreement with the XRD results.  
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Figure 20. (a) TEM image of xonotlite nanowire with the scale bar of 50 nm, (b) TEM image of 

Ru
0
/X-NW with a ruthenium loading of 1.37% wt. with the scale bar of  20 nm. (c) Histogram of 

Ru
0
/X-NW showing particle size distribution. 

The surface composition of Ru
0
/X-NW with a ruthenium loading of 1.37% wt was 

also studied by XPS technique. The survey-scan X-ray photoelectron spectrum of 

Ru
0
/X-NW given in Fig. 21a shows all the framework elements of xonotlite 

nanowire in agreement with the SEM-EDX result. High-resolution X-ray 

photoelectron spectrum of a Ru
0
/X-NW sample with metal loading of 4.0% wt. Ru 

given in Fig. 21b shows two prominent bands at 284.4 and 280.9 eV, which can 

readily be assigned of ruthenium oxides 3d3/2 and 3d5/2, respectively [109]. However, 

it is noteworthy that oxidation of Ru(0) during the XPS sampling procedure is a well 

known fact.  
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 Figure 21. (a) X-ray photoelectron (XPS) spectrum of Ru
0
/X-NW with a ruthenium loading of 

1.37% wt. (b) Ru 3d XPS spectrum of  Ru
0
/X-NW with a ruthenium loading of 4.0 % wt.   

 

4.1.1. Catalytic activity of Ru
0
/X-NW in hydrolytic dehydrogenation of 

ammonia borane 

Before starting with the investigation on the catalytic activity of Ru
0
/X-NW in the 

hydrolysis of AB, a control experiment was performed to check whether xonotlite 

nanowire show any catalytic activity in the hydrolytic dehydrogenation of AB at the 

same temperature. In a control experiment starting with 1.0 mmol of AB and 20 mg 

of powder of xonotlite nanowire (the same amount as the one used in catalytic 
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activity tests) in 10 mL of water at 25.0 ± 0.1 °C or 40.0 ± 0.1 °C, no hydrogen 

generation was observed in 1 h at either temperatures. This observation indicates that 

the hydrolysis of AB does not occur in the presence of xonotlite nanowire in the 

temperature range used in this study. Ru
0
/X-NW are found to be highly active 

catalyst in the hydrolysis of AB generating 3.0 equivalent H2 gas per mol of AB in 

the same temperature range.  

 

  

Figure 22. (a) mol H2 /mol H3N.BH3 versus time graph depending on the ruthenium concentration in 

Ru
0
/X-NW for the hydrolytic dehydrogenation of AB (100 mM) at 25.0 ± 0.1 °C, (b) The plot of 

hydrogen generation rate versus the concentration of Ru, both in logarithmic scale; ln(rate) = 1.05 

ln[Ru] + 3.48. 
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Fig. 22a shows the evolution of equivalent hydrogen per mole of AB versus time 

plot for the hydrolytic dehydrogenation of AB (100 mM) using Ru
0
/X-NW as 

catalyst in different ruthenium concentration at 25.0 ± 0.1 °C. The hydrogen 

generation rate was determined from the linear portion of each plot. For all tests a 

complete hydrogen release (mol H2/mol H3NBH3 = 3) was observed. Fig. 22b 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 1.05 indicating that 

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

The turnover frequency (TOF) for hydrogen generation from the hydrolytic 

dehydrogenation of AB (100 mM) at 25.0 ± 0.1 °C was determined from the 

hydrogen generation rate in the linear portion of plots given in Fig. 22a for 

experiments starting with 100 mM AB plus Ru
0
/X-NW with a loading of 1.37% wt. 

Ru. The TOF value of Ru
0
/X-NW catalyst is as high as 135 min

−1
 (mol H2/mol Ru 

min) in the hydrolytic dehydrogenation of ammonia-borane at 25.0 ± 0.1 °C. As 

clearly seen from the TOF values of the reported ruthenium catalysts listed in Table 

2 (see chapter 3), Ru
0
/X-NW provide comparable catalytic activity in hydrolysis of 

AB. 

 The catalytic hydrolytic dehydrogenation of ammonia borane was carried out at 

various temperature in the range of 20–40 °C starting with Ru
0
/X-NW (loading = 

1.37%  wt. Ru and [Ru] = 0.271 mM) plus 100 mM AB in 10 mL of water. The rate 

constants for the hydrogen generation at different temperatures were calculated from 

the slope of the linear part of each plot given in Fig. 23a and used for the calculation 

of activation energy (Ea = 77 ± 2 k  mol
−1

) from the Arrhenius plot, which is shown 

in Fig. 23b. The activation energy for the hydrolytic dehydrogenation of ammonia-

borane catalyzed by Ru
0
/X-NW is comparable to the literature values reported for 

the same reaction using other ruthenium catalysts (Table 2, see chapter 3).  
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Figure 23. (a) The evolution of equivalent hydrogen per mole of AB versus time plot for the 

hydrolytic dehydrogenation of AB starting with Ru
0
/X-NW (0.271 mM Ru) and 100 mM AB at 

various temperatures. (b) The Arrhenius plot for the Ru
0
/X-NW catalyzed hydrolytic dehydrogenation 

of AB. ln k = −9309.91(1/T) + 30.24. 
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Figure 24. (a) The evolution of equivalent hydrogen per mole of AB versus time plot for the 

hydrolytic dehydrogenation of AB starting with Ru
3+

/X-NW precatalyst (0.271 mM Ru) and 100 mM 

AB at various temperatures, (b) The Arrhenius plot for the in-situ generated Ru
0
/X-NW catalyzed 

hydrolytic dehydrogenation of AB. lnk = -11841.87(1/T) +40.87, (c) The Arrhenius plot for 

nucleation of ruthenium(0) nanoparticles, ln(k1) = −16165.01/T + 42.25, (d) The Arrhenius plot for 

the autocatalytic surface growth of ruthenium(0) nanoparticles, ln(k2) = −11365.7/T + 36.96. 

 

The activation energy for the hydrolytic dehydrogenation of AB catalyzed by Ru
0
/X-

NW is also compared by the activation energy which was determined by using in situ 

generated ruthenium(0) nanoparticles supported on xonotlite nanowire during the 

hydrolysis of AB as catalyst. Fig. 24a shows the evolution of equivalent hydrogen 

per mole of AB versus time plot for the hydrolytic dehydrogenation of AB starting 
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with Ru
3+

/X-NW precatalyst (0.271 mM Ru) and 100 mM AB at different 

temperatures. Activation energy was determined by evaluating the temperature 

dependent kinetic data presented in Fig. 24a. The rate constants for the hydrogen 

generation at different temperatures were calculated from the slope of the linear 

portion of each plot given in Fig. 24a and used for the calculation of activation 

energy (Ea = 98 ± 2 k  mol
−1

) from the Arrhenius plot in Fig. 24b. The higher 

activation energy for the hydrolytic dehydrogenation of AB catalyzed by using in 

situ generated ruthenium(0) nanoparticles supported on xonotlite nanowire may be 

attributed to the aggregation of ruthenium(0) nanoparticles on the surface of 

xonotlite nanowire (Fig. 25).  

 

Figure 25. TEM image of in situ generated ruthenium(0) nanoparticles supported on xonotlite 

nanowire during the hydrolysis of AB at room temperature 

All the plots in Fig. 24a curve-fit well to the Finke– Watzky two-step mechanism, 

giving the rate constants k1 of the slow, continuous nucleation, P → Q, and k2 of the 

autocatalytic surface growth, P + Q → 2Q for the formation of ruthenium(0) 

nanoparticles catalyst from the ruthenium(III) ions during the hydrolysis of ammonia 

borane (see Scheme 1). The rate constants, k1 and k2, determined from the nonlinear 

least squares curve-fit in Fig. 24a are shown in Table 5. Note that the mathematically 

required correction has been made to k2 for the stoichiometry factor of 369 as 

described elsewhere [42], but not for the “scaling factor”; that is, no correction has 

been made for changing the number of ruthenium atoms on the growing metal 

surface. Although there is no observable correlation between the rate constant k1 for 
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nucleation and the reaction temperature because of relatively large uncertainty in the 

k1 values, the rate constant k2 for autocatalytic surface growth increases with the 

increasing reaction temperature.  

Table 5. The rate constants k1 of the slow, continuous nucleation, P → Q, and k2 of the autocatalytic 

surface growth, P + Q → 2Q for the formation of ruthenium(0) nanoparticles catalyst from the 

reduction of ruthenium(III)  ions during the hydrolysis of AB at various temperatures. 

Temperature (C) k1 (s
-1

) k2 (M
-1

s
-1

) k2 / k1 

25 1.09 ×10
5 
± 1.53 ×10

6 
0.351 ± 1.06 ×10

2
 3.22 ×10

 

30 8.03 ×10
6 
±1.12 ×10

6 
0.508 ± 1.32×10


 6.32 ×10

 

35 2.68 ×10
5 
±3.74 ×10

6 
1.070 ± 3.03 ×10

2
 3.98 ×10

 

40 8.01 ×10
4 
±2.10 ×10

5
  2.090 ± 8.41×10

2
 1.57 ×10


 

 

From the Arrhenius plots constructed by using the values of rate constants k1 and k2 

at various temperatures in Fig. 24c and d, one can obtain the activation energy, Ea = 

134 ± 7 k /mol for the nucleation and Ea = 94 ± 2 k /mol for the autocatalytic surface 

growth of ruthenium(0) nanoparticles, respectively. The large value of k2/k1 ratio 

also given in Table 5 is indicative of the high level kinetic control in the formation of 

ruthenium(0) nanoparticles from the reduction of the precursor ruthenium(III) ions 

on the surface of nanowire.  

Catalytic lifetime of Ru
0
/X-NW was measured by the total turnover number (TTO) 

in the hydrolytic dehydrogenation of AB (Fig. 26). A catalyst lifetime experiment 

starting with 20 mg Ru
0
/X-NW in 50 mL of solution of AB at 25.0 ± 0.1 °C reveals a 

minimum TTO value of 134100 turnovers over 166 h in the hydrolytic 

dehydrogenation of AB before deactivation of the catalyst. Ru
0
/X-NW provide 

remarkable TTO value for the hydrolytic dehydrogenation of ammonia borane as 

compared to the other reported ruthenium catalysts listed in Table 2 (see chapter 3). 

The high activity and long lifetime of nanoparticles catalyst supported on xonotlite 

nanowire can be attributed to the strong adsorption capacity, high surface area and 

nonporous structure of xonotlite nanowire. After the lifetime experiment the 

resulting solution was filtered and no leaching of the ruthenium into the solution was 

detected by ICP-OES, indicating that ruthenium(0) nanoparticles still remain on the 

surface of xonotlite nanowire after the lifetime experiment. As shown in Fig. 26, the 

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

deactivation of ruthenium(0) nanoparticles catalyst. The deactivation of Ru
0
/X-NW 
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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. In addition, the increase in viscosity 

of the solution as the reaction proceeds might hinder the diffusion of AB, impeding 

the collision between AB and catalyst, thus decreasing the catalytic activity [34].  

 

Figure 26. The variation in turnover number (TON) and turnover frequency (TOF) during the 

catalytic lifetime experiment performed starting with 20 mg Ru
0
/X-NW (ruthenium loading = 1.37% 

wt. Ru, and [Ru] = 0.0542 mM) in 50 mL solution of AB at 25.0 ± 0.1 °C. 

The catalytic activity of Ru
0
/X-NW after the first run was also tested. After the 

complete dehydrogenation performed by starting with Ru
0
/X-NW (0.271 mM Ru) 

and 100 mM AB at 25.0 ± 0.1 °C, the catalytic materials were isolated from the 

reaction solution by centrifugation. The solid materials obtained were redispersed in 

10 mL aqueous solution containing 100 mM AB and a second run of hydrolytic 

dehydrogenation of AB was monitored under the same conditions as the first run. As 

shown in Fig. 27, the catalytic activity of Ru
0
/X-NW in the second run does not 

differ significantly from the one obtained in the first run. The catalytic activity of the 

filtrate solution obtained by centrifugation of the solid materials after the first run of 

hydrolysis was also tested in the hydrolysis of AB (100 mM) under the same 

conditions. As shown in Fig. 27 the filtrate solution is catalytically silent in 

hydrolytic dehydrogenation of AB. This observation supports the conclusion that 

there is no leaching of ruthenium into the solution during the hydrolysis.  
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Figure 27. The evolution of equivalent hydrogen per mole of AB versus time plot for the hydrolytic 

dehydrogenation of AB (100 mM) starting with Ru
0
/X-NW (0.271 mM Ru) (triangle, ∆), Ru

0
/X-NW 

isolated after first run and redispersed (square, □), the filtrate solution obtained by centrifugation of 

the solid materials after the first run (circle, ○) at room temperature. 
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CHAPTER 5 

 

Ruthenium(0) Nanoparticles Supported on Hydroxyapatite 

 

Hydroxyapatites, Ca10(PO4)6(OH)2, have attracted great interest as a catalyst support 

due to their high ion exchange ability, high adsorption capacity and nonporous 

structures that reduce the mass transfer limitations. These unique properties of 

hydroxypatites encouraged us to use hydroxyapatites as support for ruthenium(0) 

nanoparticles in developing highly reusable and long lived ruthenium catalysts in 

hydrogen generation from ammonia borane as compared to the Ru
0
/MWCNTs and 

Ru
0
/X-NW. 

5.1. Hydrolytic dehydrogenation of ammonia borane catalyzed by Ru
0
/HAp 

Ruthenium(0) nanoparticles supported on hydroxyapatite were in situ generated 

during the hydrolysis of ammonia borane. Ru
0
/HAp are prepared by the ion-

exchange of Ru
3+

 ions with Ca
2+

 ions in the lattice of HAp and then reduced by AB 

at room temperature. When AB solution is added to the suspension of hydoxyapatite 

containing ruthenium(III) ions, both reduction of ruthenium(III) to ruthenium(0) and 

hydrogen release from the hydrolysis of AB occur concomitantly. The progress of 

ruthenium(0) nanoparticles formation and concomitant hydrolytic dehydrogenation 

of ammonia borane was followed by monitoring the change in H2 pressure. 

The ruthenium(0) nanoparticles supported on hydroxyapatite (Ru
0
/HAp), in situ 

formed during the hydrolysis of AB, could be isolated from the reaction solution as 

powder by filtration and characterized by ICP-OES, XRD, SEM, EDX, TEM and 

XPS techniques. Ruthenium content of Ru
0
/HAp was determined by ICP-OES. 
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Figure 28.  Powder XRD patterns of (a) hydroxapatite, (b) Ru
0
/HAp with a 3.96% wt. Ru loading.   

 

The comparison of the XRD patterns of hydroxyapatite and Ru
0
/HAp with a 

ruthenium loading of 3.96% wt. Ru, given in Figure 28a and b, respectively, clearly 

shows that there is no change in the characteristic diffraction peaks of 

hydroxyapatite. This observation indicates that the host material remains intact after 

ion-exchange and reduction of ruthenium(III) ions without  noticeable alteration in 

the framework lattice or loss in the crystallinity. There is no observable peak 

attributable to ruthenium nanoparticles in Figure 28b, probably as a result of low 

ruthenium loading of hydroxyapatite.  

Figure 29 exhibits the SEM image and SEM-EDX spectrum of Ru
0
/HAp with a 

ruthenium loading of 3.96% wt. indicating that ruthenium is the only element 

detected in the sample in addition to the framework elements of hydroxyapatite (Ca, 

P, O). 
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Figure 29. a) SEM image (The scale bar  is 500 nm), b) SEM-EDX spectrum of Ru
0
/HAp with a 

3.96% wt. Ru loading.   

Figure 30 shows the TEM images of Ru
0
/HAp with a ruthenium loading of 3.96% 

wt. taken with different magnifications, which indicate that (i) highly dispersed 

ruthenium(0) nanoparticles are formed on the surface of hydroxyapatite with particle 

size in the range 3.0-5.5 nm (mean diameter: 4.7 ± 0.7 nm, histogram in Fig. 30a 

inset) and (ii) ion-exchange of ruthenium(III) followed by reduction to ruthenium(0) 

causes no change in the framework lattice of the hydroxyapatite in agreement with 

the XRD results.  
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Figure 30. TEM images of Ru
0
/HAp with a 3.96% wt. Ru loading in different magnifications with the 

scale bar of  (a) 50 nm and (b) 20 nm and inset: the corresponding histogram for the particle size 

distribution. 

The composition of Ru
0
/HAp formed in situ during the hydrolysis of AB and the 

oxidation state of ruthenium were also studied by XPS technique. The survey-scan 

XPS spectrum of Ru
0
/HAp with a ruthenium loading of 3.96% wt. (Fig. 31) shows 

the presence of ruthenium in addition to the hydroxyapatite framework elements (Ca, 

P, O) in agreement with the SEM-EDX result.  High resolution X-ray photoelectron 

spectrum of a Ru
0
/HAp sample given in the inset of Figure 31 shows two prominent 

bands at 284.8 eV and 280.6 eV which can readily be assigned to Ru(0) 3d3/2 and 

3d5/2, respectively, in the nanoparticles by comparing with the values of ruthenium 

metal 285 and 280 eV, respectively [47]. It is noteworthy that the Ru(0) 3d3/2 peak at 
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284.8 eV overlaps with the C 1s peak at 284.0 eV coming from air with a percent 

atomic ratio of 9.29 (C 1s /Ru 3d). Because of this overlap, only the peak at 280.6 

eV can with certainty be assigned to Ru(0) 3d5/2. 

 

 

Figure 31. X-ray photoelectron (XPS) spectrum of Ru
0
/HAp sample with ruthenium loading of 

3.96% wt. Ru. The inset gives the high resolution scan and deconvolution of Ru 3d bands. 

 

5.2. Catalytic activity of Ru
0
/HAp in hydrolytic dehydrogenation of ammonia 

borane 

 

A control experiment was performed to check whether hydroxyapatites show any 

catalytic activity in the hydrolysis of AB before starting the investigation on the 

catalytic activity of Ru
0
/HAp. In a control experiment starting with 1.0 mmol AB 

and 10 mg powder of hydroxyapatite (the same amount as the one used in catalytic 

activity tests) in 10 mL water at 25.0 ± 0.1 ºC or 40.0 ± 0.1 ºC, no hydrogen 

generation was observed in 1 h at both temperatures. This observation indicates that 

the hydrolysis of AB does not occur in the presence of hydroxyapatite in the 

temperature range used in this study.  
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Figure 32.  Plot of mol H2 /mol H3N.BH3 versus time for the hydrolytic dehydrogenation of AB (100 

mM) starting with Ru
3+

/HAp precatalyst (0.784 mM Ru) with different ruthenium loading at 25.0 ± 

0.1 °C.  

Ruthenium(0) nanoparticles supported on hydroxyapatite, Ru
0
/HAp, are found to be 

highly active catalyst in the hydrolysis of ammonia borane generating 3.0 equivalent 

H2 gas per mol of AB in the same temperature range. Expectedly, the catalytic 

activity depends on the ruthenium loading of catalyst materials. A series of 

experiments were performed starting with 10 mL solution of 100 mM AB and 0.784 

mM Ru using Ru
3+

/HAp sample with various ruthenium loading (1.00, 2.00, 2.93, 

3.96, 7.90% wt. Ru) in appropriate amount to provide the same ruthenium 

concentration in all of the experiments. Figure 32 shows the evolution of equivalent 

hydrogen per mole of AB versus time plot for the hydrolytic dehydrogenation of AB 

(100 mM) starting with Ru
3+

/HAp precatalyst (0.784 mM Ru) with different 

ruthenium loading at 25.0 ± 0.1 
o
C. All the plots in Figure 32 curve-fit well to the 

two-step mechanism, giving the rate constants k1 of the slow, continuous nucleation, 

P → Q, and k2 of the autocatalytic surface growth, P + Q → 2Q for the formation of 

ruthenium(0) nanoparticles catalyst from the ruthenium(III) ions during the 

hydrolysis of ammonia borane (Table 6) [110].  

The catalytic activity of in situ generated Ru
0
/HAp, measured as turnover frequency 

(TOF) in the hydrolytic dehydrogenation of AB at 25.0 ± 0.1 
o
C, shows variation 

with the ruthenium loading (Table 6). The Ru
0
/HAp sample with ruthenium loading 

of 3.96% wt. Ru provides the highest catalytic activity in hydrogen generation from 
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the hydrolysis of AB at 25.0 ± 0.1 
o
C. Therefore, Ru

0
/HAp catalyst with ruthenium 

loading of 3.96% wt. was used in all of the further experiments performed in this 

study. 

Table 6. The rate constants k1 of the slow, continuous nucleation, P → Q, and k2 of the autocatalytic 

surface growth, P + Q → 2Q for the formation of ruthenium(0) nanoparticles catalyst from the 

ruthenium(III) ions during the hydrolysis of AB (100 mM) starting with Ru
0
/HAp with different 

ruthenium loading (0.784 mM Ru) and the turnover frequency (TOF) of hydrogen generation from the 

catalytic hydrolysis of AB  at 25.0 ± 0.1 
o
C 

Ru loading of HAp 

 (% wt Ru) 

k1 (s
-1

) k2 (M
-1

s
-1

) TOF (min
-1

) 

1.00 

 

1.72 ×10
-4 
±2.2 ×10

-5 

 
0.698

 
± 2.5

 
×10

-2
 

 

83
 

2.00 

 

1.13 ×10
-4 
±1.6 ×10

-5 

 
0.863

 
± 2.9

 
×10

-2
 

 

118 

2.93 

 

1.19 ×10
-4 
±1.8 ×10

-5 

 
0.847

 
± 3.0

 
×10

-2
 

 

112 

3.96 

 

2.20 ×10
-4 
±3.7 ×10

-5 

 
0.915

 
± 4.2

 
×10

-2 

 

123 

7.90 2.01 ×10
-4 
±2.4 ×10

-5
 0.596

 
± 2.1

 
×10

-2
 84 
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Figure 33. (a) mol H2 /mol H3N.BH3 versus time graph depending on the ruthenium concentration in 

Ru
0
/HAp for the hydrolysis of AB (100 mM) at 25.0 ± 0.1 °C. (b) The plot of hydrogen generation 

rate versus the concentration of Ru, both in logarithmic scale; ln(rate) = 0.95 ln[Ru] + 2.86. 

Figure 33a shows the plots of equivalent H2 gas generated per mole of H3NBH3 

versus time during the catalytic hydrolysis of 100 mM AB solution using Ru
0
/HAp 

with a loading of 3.96% wt. Ru in different catalyst concentration at 25.0 ± 0.1 °C. 

In each experiment, hydrogen evolution starts after a short induction period of less 

than 6 minutes and continues almost linearly until the complete conversion of the 

substrate giving 3.0 equivalents of H2 per mole of AB. All the experimental data fit 

well to sigmoidal curve according to the two-step mechanism, which provides the 

rate constants k1 of the slow, continuous nucleation, P → Q, and k2 of the 

autocatalytic surface growth, P + Q → 2Q for the formation of ruthenium(0) 

nanoparticles catalyst from the ruthenium(III) ions during the hydrolysis of ammonia 

borane (Table 7) [110]. Although it is not possible to get a direct correlation between 

the rate constant k1 for nucleation and the catalyst concentration, the rate constant k2 

for surface growth decreases with the increasing concentration of ruthenium. The 

hydrogen generation rate was determined from the linear portion of each plot in 

Figure 33a and plotted versus the initial concentration of ruthenium, both in 

logarithmic scale, in Figure 33b, which gives straight line with a slope of 0.95 

indicating that the catalytic hydrolysis of AB is first order with respect to the 

ruthenium concentration. The turnover frequency for hydrogen generation from the 

hydrolysis of AB (100 mM) at 25.0 ± 0.1 °C was determined from the hydrogen 
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generation rate in the linear portion of plots given in Figure 33 for experiments 

starting with 100 mM AB plus Ru
0
/HAp with a loading of 3.96% wt. Ru. The TOF 

value of Ru
0
/HAp catalyst is as high as 137 min

-1
 (mol H2/ mol Ru.min) in the 

hydrolytic dehydrogenation of ammonia borane at 25.0 ± 0.1 °C.  TOF values of the 

reported ruthenium catalysts used in hydrolytic dehydrogenation of ammonia borane 

are listed in Table 2 (see chapter 3) for comparison. 

Table 7. The rate constants k1 of the slow, continuous nucleation, P → Q, and k2 of the autocatalytic 

surface growth, P + Q → 2Q for the formation of ruthenium(0) nanoparticles catalyst from the 

ruthenium(III) ions during the hydrolysis of AB at various concentration of ruthenium. 

[Ru] (mM) k1 (s
-1

) k2 (M
-1

s
-1

) 

0.196 4.67 ×10
-5 
±4.0 x10

-6 

 
1.05

 
± 2.2

 
×10

-2
 

 

0.392 2.33 ×10
-5 
±3.3 x10

-6 

 
0.89

 
± 2.4

 
×10

-2
 

 

0.784 4.62 ×10
-6 
±9.8 x10

-7 
0.72

 
± 2.1

 
×10

-2
 

 

1.176 4.57 ×10
-5 
±5.3 x10

-6 
       0.53

 
± 1.2

 
×10

-2
 

 

We have carried out the ruthenium nanoparticle formation experiments at various 

temperature in order to estimate the activation energies for the nucleation and 

autocatalytic surface growth of ruthenium(0) nanoparticles catalyst.  Figure 34a 

shows the evolution of equivalent hydrogen per mole of AB versus time plot for the 

hydrolytic dehydrogenation of AB starting with Ru
3+

/HAp precatalyst (0.392 mM 

Ru) and 100 mM at five different temperatures. For each temperature, experimental 

data curve-fit well to the two-step mechanism, giving the rate constants k1 of the 

slow, continuous nucleation, P → Q, and k2 of the autocatalytic surface growth, P + 

Q → 2Q for the formation of ruthenium(0) nanoparticles catalyst from the 

ruthenium(III) ions during the hydrolysis of ammonia borane (Table 8) [110].  From 

the Arrhenius plots constructed by using the values of rate constants k1 and k2 at 

various temperatures in Figure 34b and c, one can obtain the activation energy Ea = 

166 ± 7 k /mol for the nucleation and Ea = 59 ± 2 k /mol for the autocatalytic surface 

growth of ruthenium(0) nanoparticles, respectively.  It is noteworthy that the k1 

values have much higher uncertainty compared to the k2 values.  
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Table 8. The rate constants k1 of the slow, continuous nucleation, P → Q, and k2 of the autocatalytic 

surface growth, P + Q → 2Q for the formation of ruthenium(0) nanoparticles catalyst from the 

reduction of ruthenium(III) ions during the hydrolysis of AB at various temperatures. 

 

Temperature (C) k1 (s
-1

) k2 (M
-1

s
-1

) k2 / k1 

20 5.83 ×10
-6 
± 7.4 ×10

-7 
0.655 ±1.3 ×10

-2
 1.12 ×10

3  

25 2.37 ×10
-5 
± 3.3×10

-6 
0.888 ±2.4 ×10

-2
 3.75 ×10

3 

30 1.05 ×10
-5 
± 2.3 ×10

-6 
1.49 ±  4.8 ×10

-2
 1.42 ×10

3 

35 7.85 ×10
-5 
± 1.3 ×10

-5 
2.02 ±  6.9 ×10

-2
 0.26 ×10

3 

40 5.01 ×10
-4 
± 6.8 ×10

-5
 2.43 ±  1.0 ×10

-1
 0.49 ×10

3
 

 

Activation energy for the hydrolytic dehydrogenation of ammonia borane catalyzed 

by Ru
0
/HAp could be determined by evaluating the temperature dependent kinetic 

data presented in Figure 34a. The rate constants for the hydrogen generation at 

different temperature were calculated from the slope of linear portion of each plot 

given in Figure 34a and used for the calculation of activation energy (Ea = 58 ± 2 

kJ/mol) from the Arrhenius plot in Figure 34d. The activation energy for the 

hydrolytic dehydrogenation of ammonia borane catalyzed by Ru
0
/HAp is 

comparable to the literature values reported for the other ruthenium catalysts in the 

same reaction (Table 2, see chapter 3).  
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Figure 34. (a) The evolution of equivalent hydrogen per mole of AB versus time plot for the 

hydrolytic dehydrogenation of AB starting with Ru
3+

/HAp precatalyst (0.392 mM Ru) and 100 mM 

AB at various temperatures, (b) The Arrhenius plot for nucleation of ruthenium(0) nanoparticles 

(Ink1= -19982.7(1/T) + 55.97), (c) The Arrhenius plot for the autocatalytic surface growth of 

ruthenium(0) nanoparticles (Ink2= -7024.02(1/T) + 23.46), (d) The Arrhenius plot for the Ru
0
/HAp 

catalyzed hydrolytic dehydrogenation of AB ([H3N.BH3] = 100 mM and [Ru]= 0.392 mM) (lnk = -

7004.83(1/T) +25.65). 

 

 

Figure 35. The percentage of initial catalytic activity of Ru
0
/HAp ([Ru]=0.567 mM)  in successive 

runs after the reuse for the hydrolytic dehydrogenation of ammonia borane (100 mM). 

Reusability of Ru
0
/HAp catalyst was tested in successive experiments performed 

using the catalyst isolated from the reaction solution after a previous run of 
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hydrolysis of AB. After the completion of hydrogen generation from the hydrolysis 

of AB starting with 0.567 mM Ru
3+

/HAp plus 100 mM AB in 10 mL aqueous 

solution at 25.0 ± 0.1 °C, the catalyst was isolated by centrifugation, washing with 

water and drying under vacuum (10
-3

 torr) at 80 °C. The whole powder materials 

were weighed and then redispersed in 10 mL solution containing 100 mM AB and a 

second run of hydrolysis was started immediately and continued until the completion 

of hydrogen evolution. This was repeated five times.  Fig. 35 shows the percentage 

of initial catalytic activity of Ru
0
/HAp in the subsequent catalytic hydrolysis of 100 

mM ammonia borane performed by using the catalyst isolated after the previous run 

of hydrolysis at 25.0 ± 0.1 °C. The material loss has already been taken into account 

in calculating the activity in each run during the isolation and redispersion processes. 

The reusability tests reveal that Ru
0
/HAp are still active in the subsequent runs of 

hydrolytic dehydrogenation of AB providing 100% conversion, i.e. a release of 3.0 

equivalent H2 per mole of NH3BH3. After the fifth run hydrolytic dehydrogenation of 

AB, Ru
0
/HAp preserve 92% of their initial catalytic activity.  

 

Figure 36. The variation in turnover number (TON) and turnover frequency (TOF) during the 

catalytic lifetime experiment performed starting with 20 mg Ru
0
/HAp (ruthenium loading = 3.96% 

wt. Ru, and [Ru] = 0.784 mM) in 100 mL solution of AB at 25.0 ± 0.1 °C. 

Catalytic lifetime of Ru
0
/HAp was determined by measuring the total turnover 

number (TTO) in the hydrolysis of ammonia borane. A catalyst lifetime experiment 

was performed starting with 20 mg Ru
0
/HAp (ruthenium loading = 3.96% wt. Ru, 

and [Ru] = 0.784 mM) in 100 mL solution of AB at 25.0 ± 0.1 °C. Figure 36 shows 
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the variation in turnover number (TON) and turnover frequency (TOF) in the course 

of reaction. The TOF value decreases expectedly as the ruthenium(0) nanoparticles 

catalysts are deactivated during the lifetime experiment. Ruthenium(0) nanoparticles 

supported on hydroxyapatite provide minimum 87000 turnovers over 202 h in the 

hydrolysis of AB at 25.0 ± 0.1 °C before deactivation of the catalyst (see Table 2 in 

chapter 3 for the comparison of the TTO values of the reported ruthenium catalysts).  
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CHAPTER 6 

 

Ruthenium(0) Nanoparticles Supported on Magnetic Silica Coated 

Cobalt-Ferrite 

 

Recently, much attention has been paid to the magnetically recoverable catalysts in 

liquid phase reactions due to their easy magnetic separation making the recovery of 

catalysts much easier than by filtration and centrifugation. In this study, we 

developed magnetically separable and highly reusable Ru(0) NPs supported on silica 

coated cobalt ferrite (Ru
0
/SiO2-CoFe2O4) as catalyst in hydrogen generation from 

hydrolysis of ammonia borane. Silica was used to protect the magnetic core material 

against the chemical attack by reaction solution leaching and agglomeration and to 

provide high surface area for stabilization of the ruthenium nanoparticles. 

6.1. Hydrolytic dehydrogenation of ammonia borane catalyzed by Ru
0
/SiO2-

CoFe2O4   

 

Ruthenium(0) nanoparticles supported on magnetic silica-coated cobalt ferrite were 

in situ generated from the reduction of Ru
3+

/SiO2-CoFe2O4  during the catalytic 

hydrolysis of AB. Ruthenium(III) ions were first impregnated on SiO2-CoFe2O4  

from the aqueous solution of ruthenium(III) chloride yielding Ru
3+

/SiO2-CoFe2O4  

and then reduced by AB at room temperature. When AB solution is added to the 

suspension of Ru
3+

/SiO2-CoFe2O4, both reduction of ruthenium(III) to ruthenium(0) 

and hydrogen release from the hydrolysis of AB occur concomitantly.  

Ruthenium(0) nanoparticles supported on magnetic silica-coated cobalt ferrite, 

Ru
0
/SiO2-CoFe2O4, in situ generated during the hydrolysis of AB, could be isolated 

from the reaction solution as powder by using a permanent magnet and characterized 
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by ICP-OES, XRD, TEM, TEM-EDX, and XPS techniques. Ruthenium content of 

Ru
0
/SiO2-CoFe2O4 was determined by ICP-OES.  

XRD pattern of Ru
3+

/SiO2-CoFe2O4 and Ru
0
/SiO2-CoFe2O4 in Fig. 37b and c give 

peaks at 30.3
º
, 35.8

º
, 43.3

º
, 57.4

 º
 and 62.5

º
 assigned to the (220), (311), (400), (511) 

and (440) diffractions of SiO2-CoFe2O4, respectively (PDF Card #22-1086). The 

comparison of the XRD patterns of SiO2-CoFe2O4, Ru
3+

/SiO2-CoFe2O4 and 

Ru
0
/SiO2-CoFe2O4 with a ruthenium loading of 1.96%  wt. Ru, given in Fig. 37a–c, 

respectively, clearly shows that there is no change in the characteristic diffraction 

peaks of silica-coated cobalt ferrite, (SiO2-CoFe2O4). This observation indicates that 

the host material remains intact after impregnation and reduction of Ru
3+

 ions 

without noticeable alteration in the framework lattice or loss in the crystallinity. 

There is no observable peak attributable to ruthenium nanoparticles in Fig. 37b and 

c, probably as a result of low ruthenium loading of silica-coated cobalt ferrite 

nanoparticles. 

 

Figure 37. Powder XRD patterns of (a) silica-coated cobalt ferrite, (b) Ru
3+

/SiO2-CoFe2O4 and (c) 

Ru
0
/SiO2-CoFe2O4, in situ generated during the hydrolysis of AB, with 1.96% wt. Ru loading. 

Fig. 38 shows the TEM images of silica-coated cobalt ferrite and Ru
0
/SiO2-CoFe2O4 

with a 1.96%  wt. Ru loading taken with different magnifications. The size of SiO2-

CoFe2O4 nanoparticles used as support is around 15 nm (Fig. 38a and b) and highly 

dispersed ruthenium nanoparticles are formed on the silica-coated cobalt ferrite (Fig. 

38d) as seen from the comparison of the images in Fig. 38b and d taken from the 
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area indicated with an arrow in Fig. 38a and c, respectively. TEM-EDX spectrum 

(Fig. 38e) taken from the Ru
0
/SiO2-CoFe2O4 shown in Fig. 38c and d indicates that 

ruthenium is the only element detected in the sample in addition to the framework 

elements of silica-coated cobalt ferrite (Si, O, Co, Fe).  

The composition of Ru
0
/SiO2-CoFe2O4 formed in situ during the hydrolysis of AB 

and the oxidation state of ruthenium also studied by XPS technique. The survey-scan 

XPS spectrum of Ru
0
/SiO2-CoFe2O4 with 1.96% wt. Ru loading (Fig. 39a) shows all 

the framework elements of ruthenium(0) nanoparticles supported on magnetic silica-

coated cobalt ferrite in agreement with the TEM-EDX result. High resolution X-ray 

photoelectron spectrum of a Ru
0
/SiO2-CoFe2O4 sample given in Fig. 39b shows two 

prominent bands at 484.9 eV and 462.5 eV which can readily be assigned to Ru(0) 

3p1/2 and 3p3/2, respectively [111].  
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Figure 38. TEM images of silica-coated cobalt ferrite with the scale bar of (a) 10 nm, (b) 5 nm and 

TEM images of Ru
0
/SiO2-CoFe2O4 with 1.96% wt. Ru loading with the scale bar of (c) 10 nm, (d) 5 

nm and (e) TEM-EDX spectrum of Ru
0
/SiO2-CoFe2O4. 
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Figure 39. (a) X-ray photoelectron (XPS) spectrum of Ru
0
/SiO2-CoFe2O4 sample with 1.96% wt. Ru 

loading, (b) The high resolution scan Ru 3p bands. 

 

6.2. Catalytic activity of Ru
0
/SiO2-CoFe2O4 in hydrolytic dehydrogenation of 

ammonia borane 

 

Before starting with the investigation on the catalytic activity of Ru
0
/SiO2-CoFe2O4 

in the hydrolysis of AB, a control experiment was performed to check whether SiO2-

CoFe2O4 shows any catalytic activity in the hydrolysis of AB at temperatures in the 

range 25–40 ᵒC. In a control experiment starting with 1.0 mmol of AB and 10 mg of 

powder of SiO2-CoFe2O4 (the same amount as the one used in catalytic activity tests) 

in 10 mL of water, no hydrogen generation was observed in 1 h. This observation 

indicates that the hydrolysis of AB does not occur in the presence of SiO2-CoFe2O4 

in the temperature range used in this study. On the other hand, ruthenium(0) 

nanoparticles supported on magnetic silica-coated cobalt ferrite are highly active 

catalyst in the hydrolysis of ammonia-borane generating 3.0 equivalent H2 gas per 

mol of AB.  

Fig. 40a shows the plots of equivalent H2 gas generated per mole of H3NBH3 versus 

time during the catalytic hydrolysis of 100 mM AB solution starting with Ru
0
/SiO2-

CoFe2O4 with 1.96% wt. Ru loading in different catalyst concentration at 25.0 ± 0.1 

ᵒC. In each experiment, hydrogen evolution starts after a short induction period of 
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less than 12 min and continues almost linearly until the complete conversion of the 

substrate giving 3.0 equivalents of H2 per mole of AB. All the experimental data fit 

well to sigmoidal curve according to the two-step mechanism, which provides the 

rate constants k1 of the slow, continuous nucleation, P → Q, and k2 of the 

autocatalytic surface growth, P + Q → 2Q for the formation of ruthenium(0) 

nanoparticles catalyst from the ruthenium(III) ions during the hydrolysis of ammonia 

borane (Table 9) [112]. The rate constant k1 for nucleation increases while the rate 

constant k2 for surface growth decreases with the increasing concentration of 

ruthenium as seen in Table 9. 

 

Figure 40. (a) mol H2/mol H3NBH3 versus time graph depending on the ruthenium concentration in 

Ru
0
/SiO2-CoFe2O4 for the hydrolysis of AB (100 mM) at 25.0 ± 0.1ᵒC, (b) The plot of hydrogen 

generation rate versus the concentration of Ru, both in logarithmic scale; ln(rate) = 0.62 ln[Ru] + 

2.98. 
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Table 9.The rate constants k1 of the slow, continuous nucleation, P → Q, and k2 of the autocatalytic 

surface growth, P + Q → 2Q for the formation of ruthenium(0) nanoparticles catalyst from the 

ruthenium(III) ions during the hydrolysis of AB at various concentration of ruthenium. 

[Ru] mM k1 (s
-1

) k2 (M
-1

s
-1

) Induction 

 time (s) 

TOF (min
-1

) 

0.097 1.20 x10
-5 
±1.15 x10

-6
 1.65

 
± 3.11

 
x10

-2
 720 172.5 

0.194 6.95 x10
-5 
±8.73 x10

-7
 1.41

 
± 4.59

 
x10

-2
 240 143.54 

0.291 9.70 x10
-5 
±1.14 x10

-5
 1.19

 
± 3.73

 
x10

-2
 120 119.62 

0.388 1.52 x10
-4 
±2.02 x10

-4
 0.98

 
± 3.84

 
x10

-2
 60 100.48 

 

The hydrogen generation rate was determined from the linear portion of each plot in 

Fig. 40a and plotted versus the initial concentration of ruthenium, both in 

logarithmic scale, in Fig. 40b, which gives a straight line with a slope of 0.62 

indicating that the catalytic hydrolysis of AB is 0.6 order with respect to the 

ruthenium concentration. The turnover frequency values, shown in Table 9, for 

hydrogen generation from the hydrolysis of AB (100 mM) at 25.0 ± 0.1ᵒC were 

determined from the hydrogen generation rate in the linear portion of plots given in 

Fig. 40a for experiments starting with 100 mM AB plus Ru
0
/SiO2-CoFe2O4 with 

1.96%  wt. Ru loading in various Ru concentration at 25.0 ± 0.1ᵒC. It is noteworthy 

that the rate constant k1 correlates well with the induction period while the rate 

constant k2 correlates with the rate of hydrogen generation from the hydrolysis of 

ammonia borane [42]. The rate constant k1 for the slow, continuous nucleation is 

inversely proportional to the induction period as seen from Table 9. The rate constant 

k2 for the surface growth of ruthenium(0) nanoparticles increases as the TOF value. 

The TOF value is as high as 172 min
−1

 (mol H2/mol Ru min). TOF values of the 

ruthenium catalysts used in hydrolysis of ammonia-borane in the literature are listed 

in Table 2 (see chapter 3) for comparison. 
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Table 10. The rate constants k1 of the slow, continuous nucleation, P → Q, and k2 of the autocatalytic 

surface growth, P + Q → 2Q for the formation of ruthenium(0) nanoparticles catalyst from the 

reduction of ruthenium(III) ions during the hydrolysis of AB at various temperatures. 

Temperature (C) k1 (s
-1

) k2 (M
-1

s
-1

) k2 / k1 

25 6.95 ×10
-5 
± 8.73 ×10

-6 
1.41 ±  4.59 ×10

-2
 

 

2.03×10
4 

30 9.33 ×10
-5 
± 1.02 ×10

-5 
2.32 ±  6.26 ×10

-1
 

 

2.48 ×10
4 

 

35 2.25 ×10
-4 
± 3.12 ×10

-5 
3.01 ±  1.21 ×10

-1
 

 

1.34 ×10
4 

 

40 6.39 ×10
-4 
± 7.87 ×10

-5
 3.88 ±  1.78 ×10

-1
 6.06 ×10

4
 

 

Fig. 41a shows the evolution of equivalent hydrogen per mole of AB versus time 

plot for the hydrolysis starting with Ru
3+

/SiO2-CoFe2O4 precatalyst (0.194 mM Ru) 

and 100 mM AB at four different temperatures. For each temperature, experimental 

data curve-fit well to the 2-step mechanism, giving the rate constants k1 of the slow, 

continuous nucleation, P → Q, and k2 of the autocatalytic surface growth, P + Q → 

2Q for the formation of ruthenium(0) nanoparticles catalyst from the ruthenium(III) 

ions during the hydrolysis of ammonia-borane (Table 10). The large value of k2/k1 

ratio (Table 10) is indicative of the high level kinetic control in the formation of 

ruthenium(0) nanoparticles from the reduction of the precursor ruthenium(III) ions 

on the surface of silica-coated cobalt ferrite [110]. From the Arrhenius plots 

constructed by using the values of rate constants k1 and k2 at various temperatures in 

Fig. 41b and c, respectively, one can obtain the activation energy Ea= 116 ±7 kJ/mol 

for the nucleation and Ea= 51±2 kJ/mol for the autocatalytic surface growth of 

ruthenium(0) nanoparticles, which were comparable with the values listed in Table 

11.  

Activation energy for the hydrolysis of ammonia borane catalyzed by Ru
0
/SiO2-

CoFe2O4 could be determined by evaluating the temperature dependent kinetic data 

presented in Fig. 41a. The rate constants for the hydrogen generation at different 

temperature were calculated from the slope of linear portion of each plot given in 

Fig. 41a and used for the calculation of activation energy (Ea= 45±2 kJ/mol) from 

the Arrhenius plot in Fig. 41d. The activation energy for the hydrolysis of ammonia-

borane catalyzed by Ru
0
/SiO2-CoFe2O4 is comparable to the literature values 

reported for the other ruthenium catalysts in the same reaction (Table 2 in chapter 3). 
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Figure 41. (a) The evolution of equivalent hydrogen per mole of AB versus time plot for the 

hydrolysis of AB starting with Ru
3+

/SiO2-CoFe2O4 precatalyst (0.194 mM Ru) and 100 mM AB at 

various temperatures, (b) The Arrhenius plot for nucleation of ruthenium(0) nanoparticles (In k1= 

−13947.9(1/T) + 37.02), (c) The Arrhenius plot for the autocatalytic surface growth of ruthenium(0) 

nanoparticles (In k2= −6129.25(1/T) + 20.98), (d) The Arrhenius plot for the Ru
0
/SiO2-CoFe2O4 

catalyzed hydrolysis of AB ([H3NBH3] = 100 mM and [Ru] = 0.194 mM) (ln k = −5490.61 (1/T) + 

20.70). 

Reusability of Ru
0
/SiO2-CoFe2O4 catalyst was tested in successive experiments 

performed using the catalyst isolated from the reaction solution after a previous run 

of hydrolysis of AB. After the completion of hydrogen generation from the 

hydrolysis of AB starting with 0.744 mM Ru
3+

/SiO2-CoFe2O4 plus 100 mM AB in 

10 mL aqueous solution at 25.0 ± 0.1ᵒC, the catalyst was isolated using a permanent 
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magnet (Fig. 42a and b) and washed with 10 mL of water. After washing, the 

isolated sample of Ru
0
/SiO2-CoFe2O4 was redispersed in 10 mL solution containing 

100 mM AB and a second run of hydrolysis was started immediately and continued 

until the completion of hydrogen evolution. This was repeated 10 times. After each 

run, the catalyst was isolated using a permanent magnet and the upper solution was 

separated. The resulting solutions after each subsequent runs were analyzed by ICP-

OES and no leaching of ruthenium into the solution was detected. Therefore, the 

slight decrease in the catalytic activity of Ru
0
/SiO2-CoFe2O4 after tenth run in 

hydrolytic dehydrogenation of AB can be attributed to partial aggregation of 

nanoparticles on the surface of silica-coated cobalt ferrite. The reusability tests 

reveal that Ru
0
/SiO2-CoFe2O4 are still active in the subsequent runs of hydrolysis of 

AB providing 100% conversion and Ru
0
/SiO2-CoFe2O4 preserve 94% of their initial 

catalytic activity even after tenth run (Fig. 43). 

 

Figure 42. The pictures of (a) dispersed catalyst in water (b) isolated catalyst using a permanent 

magnet. 
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Figure 43. mol H2/mol H3NBH3 versus time graph for the first and tenth use of  Ru
0
/SiO2-CoFe2O4 in 

hydrolysis of AB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



85 
 

 

CHAPTER 7 

 

DISCUSSION 

 

The literature results reveal that carbon based catalysts such as Rh/CNTs [84], 

Pt/CNTs [85], Ru/CNTs [61], Ru/graphene [59], Ru/Carbon black [34] show very 

high catalytic activity in hydrolysis of ammonia borane at room temperature. In a 

recent study [113], Platinum NPs were supported on pristine CNTs (Pt/CNT-P), 

oxygen-group-rich CNTs (Pt/CNT-O), and defect-rich CNTs (Pt/CNT-D). It is found 

that the catalytic activity of the catalysts in hydrolysis of AB is in the order of 

Pt/CNT-D>Pt/CNT-P>Pt/CNT-O. In fact, this study shows that the catalytic activity 

of a catalyst also depends on the electronic environment or functional groups on the 

supporting material.  

The effect of particle size of nanoparticles on catalytic activity of catalyst has been 

widely studied. Chen et al [114] reported the relation between platinum particle size 

and TOF values of the catalysts (Pt/CNTs-OHT, Pt/CNTs, Pt/CNTs-O, Pt/Activated 

carbon) used in hydrolysis of ammonia borane. The study shows that particle size 

has a volcano shape in terms of TOF value, which shows also variation according to 

the catalyst support. Therefore, it is clear that optimum particle size should be 

determined to achieve the highest catalytic activity. 

The effect of particle shape of the Pt nanoparticles on the TOF value was also 

reported by Chen et al [115]. According to the reported results, fraction of the 

specific active sites (e.g., corner, edge, (111), or (100) site) on Pt/CNTs have a 

reasonable effect on TOF value. This study concludes that Pt(111) on the truncated 

cuboctahedron shape is a dominating catalytically active surface for the hydrolysis of 

AB. 
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In this dissertation, we preferred to test first multi-walled carbon nanotube as 

supporting material for the ruthenium(0) nanoparticles catalysts in hydrogen 

generation from the hydrolysis of ammonia borane. Indeed, Ru
0
/MWCNTs provide 

remarkable catalytic activity with a TOF value of 329 min
−1

 in hydrogen generation 

from the hydrolysis of ammonia borane at 25.0 ± 0.1 °C. The comparison of the 

turnover frequency (TOF) values of the reported catalysts listed in Table 2 (see 

chapter 3) shows that there is no clear insight explaining the high activity of the 

catalysts according to the type of supporting material, surface area of the catalyst and 

the size of metal NPs. The choice of the suitable supporting material seems to be 

critical as well as the surface area of the catalyst. 

 

Figure 44.  Preparation of graphite oxide and graphene oxide from graphite [117]. 

For comparision, we aimed to use graphene, a single-layer of graphite, as the support 

for the ruthenium(0) nanoparticles and had almost successfully prepared 

Ru/graphene when Cheng research group published the first paper on the same 

catalyst, reporting the development of a new Ru/graphene catalyst which provides a 

TOF value of 600 min
−1

 in hydrogen generation from the hydrolysis of AB at room 

temperature. The catalyst has been prepared by mixing RuCl3, graphene oxide, 

ethylene glycol and ascorbic acid in an autoclave which was kept at 180 ᵒC for 5h.  

Although Ru/graphene catalysts have been prepared under harsh conditions, they 
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have been reported to show remarkable activity in hydrogen generation from 

hydrolysis of AB due to the the small particle size (average particle size: 1.9 nm) and 

narrow size distribution of ruthenium nanoparticles dispersed on the graphene sheets.  

Although graphene oxide has received considerable attention in literature as a 

catalyst support due to its outstanding charge carrier mobility, mechanical 

robustness, and chemical stability [116], the large scale production of uniform 

graphene oxide (GO) is still a challenge. Chemical reduction of GO is one of the 

effective method for the large scale preparation [117], which can be achieved by 

Hummers method [118,119]. Hummers method consists of many steps (Fig. 44 and 

Fig. 45) including oxidation of graphite, filtration, washing, and exfoliation.  In this 

method, graphite is oxidized by concentrated H2SO4, KMnO4 and NaNO3. After the 

oxidation, the oxidized graphite is filtered and washed with dilute HCl. Than 

exfoliation of graphite oxide is performed by chemical treatment with hydrazine or 

DMF [120]. 

 

 

  

Figure 45. Illustration of the preparation  procedures of graphene oxide(GO) and reduced-GO, made 

by Xavier et al [116]. 
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Although Hummers method is a well known technique for the large scale preparation 

of graphene oxide, the oxidation conditions such as reaction temperature, stirring 

time and the type of acids for the oxidation show variation among the reported 

studies in literature. It is still a challenge to produce graphene sheets of the same 

quality.  

After having missed the opportunity to use graphene as support for the ruthenium 

nanoparticles we considered to develop various ruthenium catalysts on different 

supporting materials such as xonotlite nanowire (one dimensional inorganic analog 

of carbon nanotubes), hydroxyapatite and magnetic silica-coated cobalt ferrite to 

achieve more active and stable catalysts in hydrolysis of AB as compared to the 

Ru
0
/MWCNTs. We found that the catalytic activity of Ru

0
/MWCNTs (TOF=329 

min
−1

) is higher than that of Ru
0
/X-NW (TOF=135 min

−1
), Ru

0
/HAp (TOF=137 

min
−1

), Ru
0
/SiO2-CoFe2O4 (TOF=172 min

−1
), in hydrogen generation from the 

hydrolysis of AB. As stated above, it is difficult to give a specific explanation for the 

high activity of Ru
0
/MWCNTs. However, effect of small metal particle size on 

catalytic activity of the catalysts seems obvious (Table 11).  

 

Table 11. Turnover frequency (TOF), total turnover number (TTO) and activation energy values of 

the ruthenium catalysts prepared in this dissertation for hydrogen generation from the hydrolysis of 

ammonia borane at 25.0 ± 0.1 °C. 

Catalyst 
Ru 

(mM) 

Ea 

(nucleation) 

Ea 

(surface 

growth) 

Ea 

(hydrolysis) 

TOF 

(min-1) 

TTO 

(mol H2/mol 

Ru) 

Particle size 

(nm)  

Ru0/MWCNTs 0.189 77 41 33 329 26 400 2.5 

Ru0/SiO2-

CoFe2O4 
0.194 116 51 45 172 - - 

Ru0/X-NW 0.271 137 94 98 135 134 100 4.4 

Ru0/HAp 0.392 166 59 58 137 87 000 4.7 

 

The smaller ruthenium(0) nanoparticles could adsorb more B-containing species than 

the larger ones during the catalytic reaction [115] and the increase of borate ions on 

the surface of metal nanoparticles may result in activity loss, which might be the 

main reason for the lower TTO value of Ru
0
/MWCNTs (TTO= 26,400) as compared 

to that of Ru
0
/X-NW (TTO= 134, 100) and Ru

0
/HAp (TTO= 87,000).  Among the 

ruthenium catalysts prepared in this dissertation, Ru
0
/X-NW was found to have the 

longest life time providing TTO value of 134,100 for hydrogen generation from the 
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hydrolysis of AB at 25.0 ± 0.1 °C. There exists no strong evidence for the 

explanation of high catalytic life time of the catalysts. 

Apparent activation energy values for the nucleation and surface growth of 

ruthenium NPs were given in Table 11. It is found that Ru
0
/MWCNTs have the 

lowest nucleation activation energy value  (Ea= 77 kJ/mol). Although one is tempted 

to see an inverse relation between the nucleation activation energy and TOF value or 

particle size of the ruthenium(0) nanoparticles, further investigation is needed for a 

concrete suggestion. As shown in Table 11, activation energy values for the surface 

growth of ruthenium NPs are close to the activation energy values of hydrolysis 

reaction. However, there is no strong evidence showing a relation between these 

values and TOF value or particle size of ruthenium NPs. 

Since the magnetic separation making the recovery of catalysts much easier than by 

filtration and centrifugation we developed magnetically separable ruthenium 

catalysts. Indeed, Ru
0
/SiO2-CoFe2O4 was the first magnetically separable 

monometallic ruthenium catalyst used in hydrolysis of AB in literature. Ru
0
/SiO2-

CoFe2O4 shows remarkable reusability as compared to other reported ruthenium 

catalysts listed in Table 12. This catalyst keeps 94% of initial catalytic activity even 

after the tenth use in hydrolysis of AB. Ru
0
/HAp was also found highly reusable 

catalyst in the same reaction. Ru
0
/HAp retains 92% of the initial catalytic activity 

even after the fifth use. While, Ru
0
/MWCNTs shows a significant catalytic activity 

loss after the reusability tests due to the aggregation of ruthenium nanoparticles on 

the surface of carbon nanotubes. Due to the easy aggregation of metal nanoparticles 

on carbon after multiple use, carbon based ruthenium catalysts such as Ru/g-C3N4 

[63], Ru/C [34], Ru/graphene [59], Ru/ND (nanodiamond) [68] are less reusable as 

compared to the metal oxide supported ruthenium catalysts such as Ru
0
/SiO2-

CoFe2O4,  Ru
0
/HAp, Ru NPs@Al2O3[80], Ru NPs@ZK-4 [79] (Table 12).   
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Table 12. Reusability of the reported ruthenium catalysts used in hydrolysis of AB at room 

temperature.*Ammonia borane was added into the reaction solution without separating the catalyst 

from the reaction mixture. 

 

Catalyst 
Ru 

(mM) 

TOF (min
-1

) 
Reusability (% of 

retaining initial activity) 
Ref 

Ru0/SiO2-CoFe2O4 0.744 100 94%  after 10.Run [72] 

Ru0/HAp 1.175 137 92% after 5.Run [74] 

Ru NPs@Al2O3 1.0 83 90% after 10.Run [80] 

Ru NPs@ZK-4 0.2 91 85 % after 5.Run [79] 

Ru0/HfO2 1.58 170 75% after 5.Run [73] 

RuNPs@TiO2 0.25 200 65% after 5.Run [121] 

Ru0/CeO2 0.76 249 60% after 5.Run [60] 

Laurate stabilized Ru NPs 1.0 75 53% after 5.Run [81] 

Ru/g-C3N4 - 313 50% after 4.Run [63] 

Ru0/X-NW 0.271 135 100% after 2.Run [75] 

Ru/C 0.85 429.5 43.1% after 5.Run [34] 

Ru0/MWCNTs 0.567 329 41% after 4.Run [61] 

Ru/ND - 229 40% after 5.Run [68] 

Nanoporous Ru 1.0 26.7 *67% after 5.Run [82] 

Ru@SBA-15 NCs 0.4 316 *100% after 5.Run [62] 

Ru/graphene - 600 *80% after 5.Run [59] 

Ru@MIL-53(Al) 0.38 266.9 *75% after 5.Run [65] 

Ru/graphene 1.0 100 *72% after 4.Run [78] 

Ru@MIL-53(Cr) 0.39 260.8 *71% after 5.Run [65] 

Ru/MIL-96 0.48 231 *65% after 5.Run [67] 
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CHAPTER 8 

 

CONCLUSION 

 

In conclusion, highly active, reusable and long-lived ruthenium catalysts for 

hydrogen generation from the hydrolysis of ammonia borane were developed: 

Ruthenium nanoparticles supported on multiwalled carbon nanotubes 

(Ru
0
/MWCNTs), xonotlite nanowire (Ru

0
/X-NW), hydroxyapatite (Ru

0
/Hap), 

magnetic silica-coated cobalt ferrite (Ru
0
/SiO2-CoFe2O4). All the catalysts were in 

situ generated from the reduction of precursor ruthenium(III) ions impregnated on 

the surface of support during the hydrolysis of ammonia borane at room temperature, 

isolated from the reaction solution and characterized by using advanced analytical 

tools including TEM, SEM, EDS, XRD, XPS, ICP-OES. The formation of 

ruthenium(0) nanoparticles supported on MWCNTs, X-NW, HAp, SiO2-CoFe2O4 

and the hydrogen generation from the hydrolysis of ammonia borane occur 

concomitantly in the same medium at room temperature. The use of hydrogen 

generation from the hydrolysis of AB as reporter reaction gives valuable insights to 

the formation kinetics of ruthenium(0) nanoparticles. All the kinetic data, collected 

for the nanoparticles formation and concomitant hydrolytic dehydrogenation of AB 

catalyzed by Ru
0
/MWCNTs, Ru

0
/X-NW, Ru

0
/HAp, Ru

0
/SiO2-CoFe2O4 under 

various experimental conditions, fit well to the 2-step mechanism for the 

nanoparticles formation: the nucleation (P → Q, rate constant k1) and then 

autocatalytic surface growth (P + Q → 2Q, rate constant k2) [41,42].  In addition to 

the activation energy for the catalytic hydrolysis of ammonia borane, the activation 

energies for the slow nucleation and autocatalytic surface growth of ruthenium(0) 

nanoparticles could be obtained from the evaluation of individual rate constants  for 
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the slow nucleation (k1) and autocatalytic surface growth (k2) (Table 11). They give 

an idea on the energy barrier for the slow nucleation and autocatalytic surface 

growth of ruthenium(0) nanoparticles catalysts.  

The main findings from this dissertation can be summarized as follows: 

Ruthenium(0) nanoparticles supported on multiwalled carbon nanotube 

(Ru
0
/MWCNTs) were easily generated in situ during the hydrolysis of ammonia 

borane. Ruthenium(0) nanoparticles of size in the range 1.4−3.0 nm are well-

dispersed on multiwalled carbon nanotubes and they showed remarkable catalytic 

activity with an initial turn over frequency of 329 min
−1

 at room temperature. The 

reusability and lifetime experiments show that Ru
0
/MWCNTs are still active catalyst 

in the hydrolysis of ammonia borane even after the fourth run preserving 41% of 

their initial catalytic activity and also providing 26400 turnovers over 29 h in the 

hydrolysis of AB at 25.0 ± 0.1 °C before deactivation. Easy preparation and the high 

catalytic performance of Ru
0
/MWCNTs reveal that ruthenium(0) nanoparticles 

supported on multiwalled carbon nanotubes is a promising catalyst in hydrogen 

generation from hydrolysis of ammonia borane. Indeed, this study, with more than 

50 citations, has become a pioneer publication among the carbon based catalysts 

used in hydrolysis of ammonia borane  

Ruthenium(0) nanoparticles supported on xonotlite nanowire (Ru
0
/X-NW) were 

prepared by the ion exchange of Ru
3+

 ions with Ca
2+

 ions in the lattice of xonotlite 

nanowire followed by the reduction of the Ru
3+

 exchanged xonotlite nanowire with 

sodium borohydride in aqueous solution at room temperature. Highly dispersed 

ruthenium(0) nanoparticles with particle size 4.4 ± 0.4 nm, supported on xonotlite 

nanowire were reproducibly prepared and characterized by a combination of 

advanced analytical techniques. Ru
0
/X-NW shows high catalytic activity in hydrogen 

generation from the hydrolysis of AB. It provides a turnover frequency value up to 

135 min
−1

 at 25.0 ± 0.1 °C. Ru
0
/X-NW provides remarkable catalytic life-time (TTO 

= 134 100) for hydrogen generation from the hydrolysis of AB at 25.0 ± 0.1 °C.  

Long lifetime of nanoparticles catalyst supported on xonotlite nanowire are likely 

due to the strong adsorption capacity, high surface area and nonporous structure of 

xonotlite nanowire, which makes xonotlite nanowire an attractive candidate as 

supporting material in the catalysis field. 
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Ruthenium(0) nanoparticles supported on hydroxyapatite (Ru
0
HAp) were prepared 

by the ion-exchange of Ru
3+

 ions with Ca
2+

 ions in the lattice of HAp and then 

reduced by AB at room temperature. Highly dispersed ruthenium(0) nanoparticles 

with particle size 4.7 ± 0.7 nm, on hydroxyapatite, were reproducibly prepared from 

the reduction of ruthenium(III) ions on the surface of hydroxyapatite during the 

catalytic hydrolysis of ammonia borane. They could be isolated from the reaction 

solution by filtration and characterized by a combination of advanced analytical 

techniques. Ru
0
/HAp shows high catalytic activity in hydrogen generation from the 

hydrolysis of AB providing a turnover frequency value up to 137 min
−1 

at 25.0 ± 0.1 

ᵒC. Ru
0
/HAp is long lived and reusable catalyst providing 87,000 turnovers for 

hydrogen generation from the hydrolysis of ammonia borane and maintaining 92% 

of their initial catalytic activity even after the fifth run of hydrolysis of ammonia 

borane at 25.0 ± 0.1 ᵒC. Indeed, high ion exchange ability, high adsorption capacity 

and nonporous structures of hydroxyapatites could be main reason of high stability 

of Ru
0
/HAp in hydrogen generation from hydrolysis of ammonia borane. 

Since the isolation of these catalysts from the reaction medium by filtration and 

centrifugation is difficult and material loss is inevitable during isolation process, a 

magnetically separable ruthenium catalyst was developed. Ruthenium(0) 

nanoparticles supported on magnetic silica-coated cobalt ferrite were in situ 

generated from the reduction of Ru
3+

/SiO2-CoFe2O4 during the catalytic hydrolysis 

of ammonia-borane. Ru
0
/SiO2-CoFe2O4 was magnetically isolated from the reaction 

solution by using a permanent magnet. Ru
0
/SiO2-CoFe2O4 is reusable catalyst in 

hydrogen generation from the hydrolysis of ammonia-borane retaining 94% of the 

original catalytic activity after the tenth use providing the evolution of 3.0 equivalent 

H2 per mole of ammonia-borane.  Ru
0
/SiO2-CoFe2O4 provides a turnover frequency 

value up to 172 min
−1

 at room temperature. Ru
0
/SiO2-CoFe2O4 catalyst is the first 

magnetically separable ruthenium catalyst developed for hydrogen generation from 

ammonia borane in literature. 

The comparison of the ruthenium catalysts developed in this dissertation shows that 

i) Ru
0
/MWCNTs have the highest catalytic activity in hydrogen generation from the 

hydrolysis of ammonia borane at 25.0 ± 0.1 ᵒC, ii) Ru
0
/X-NW has the longest life 

time in this reaction, iii) Ru
0
/HAp and Ru

0
/SiO2-CoFe2O4 are highly reusable 
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catalysts in hydrolytic dehydrogenation of ammonia borane. These catalysts can be 

employed in developing highly efficient, portable hydrogen generation systems 

using AB. 
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APPENDIX 

 

 

All curve fit analysis has been made by following the steps given below: 

1. Open Origin 8 Program 

2. Click “Analysis-Nonlinear Curve Fit-Code-Function” to open the dialog 

given in Fig A1. 

3. Add  the function shown in Fig A1. 

4. Click  “Parameters” and fix the A value as 3 shown in Fig. A2 (since 3 

equivalent H2 generation) 

5. Click “fit”  

6. The data obtained as K1 and K2 are the rate constants for the slow nucleation 

and autocatalytic surface growth of metal(0) nanoparticles, respectively. 

 

 

 

Figure A1: Function for the Finke-Watzky 2-step mechanism 
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Figure A2: Parameters for the Finke-Watzky 2-step mechanism 
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Calculation of initial TOF value 

TOF value (min
-1

)= (mmol H2) (mmol Ru)
-1 

(time)
-1

 

mmol H2: mmol of collected hydrogen gas in the time range where the rate of 

hydrogen evolution is the highest 

mmol Ru: total mol number of Ru atoms (no correction has been made for the 

number of active surface Ru atoms) 

time: the time interval where the  rate of hydrogen evolution is the highest 

 

Figure A3: Hydrogen generation from the hydrolysis of ammonia borane (100 mM) using 

Ru
0
/MWCNT ([Ru]= 0.567 mM which corresponds ≈0.00567 mmol Ru) at 25.0 ± 0.1ᵒC. 

ΔV= 19.14 mL H2 ≈ 0.714 mmol H2  

Δt= 0.5 min 

TOF value (min
-1

)= (0.714 mmol H2) (0.00567 mmol Ru)
-1 

(0.5 min)
-1 

= 252 min
-1
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