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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF WATER SOLUBLE
POLYMER STABILIZED TRANSITION METAL(0) NANOCLUSTERS AS
CATALYST IN HYDROGEN GENERATION FROM THE HYDROLYSIS OF
SODIUM BOROHYDRIDE AND AMMONIA BORANE

Metin, Onder
Ph.D., Department of Chemistry

Supervisor: Prof. Dr. Saim Ozkar

December 2010, 158 pages

Metal nanoclusters exhibit unique properties which differ from their bulk
materials, owing to the quantum size effects. For example, the catalytic activity of
transition metal nanoclusters generally increases with decreasing particle size.
However, nanoclusters tend to be fairly unstable with respect to the agglomerate into
bulk metal in solution and thus special precautions have to be taken to avoid their
aggregation or precipitation during the preparation of such nanoclusters in solution.
In order to obtain stable nanoclusters dispersed in solution, a stabilizing agent is
usually added into the reaction system. The stabilization of metal nanoclusters in
solution can be achieved either by electrostatically by using charged ions such as
acetate ion or sterically by long chain molecules such as polymers. Polymers are one
of the most widely used steric stabilizers for the preparation of stable metal
nanoclusters in solution. The use of polymers as stabilizer for the synthesis of
transition metal nanoclusters provides advantegous regarding solubility,
conductivity, thermal stability and reusability. The metal nanoclusters stabilized by
polymers generally show higher catalytic activity, stability and optical properties. In
this dissertation we report the preparation and characterization of water soluble

polymer stabilized transition metal(0) (metal= Ni, Co and Ru) nanoclusters and their
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catalysis in hydrogen generation from the hydrolysis of sodium borohydride
(NaBH4) and ammonia borane (AB) which are the best candidates as chemical
hydrogen storage materials for on-board applications. The water soluble polymer
stabilized nickel(0), cobalt(0) and ruthenium(0) nanoclusters were prepared by using
two different facile methods; (i) the reduction of metal precursors by sodium
borohydride in the presence poly(N-vinyl pyrrolidone) (PVP) in methanol solution
after 1h reflux, (ii) the in situ generation during the hydrolysis of ammonia borane in
the presence of poly(4-styrene sulfonicacid-co-maleic acid) (PSSA-co-MA). The
characterization of both type of polymer stabilized transition metal(0) nanoclusters
were done by using UV-Visible electronic absorption spectroscopy (UV-Vis),
transmission electron microscopy (TEM), high resolution transmission electron
microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD) and FT-IR techniques. The catalytic activity of PVP stabilized nickel(0),
cobalt(0) and ruthenium(0) nanoclusters was tested in the hydrolysis of NaBH, and
AB. The catalytic acitivity of PSSA-co-MA stabilized nickel(0), cobalt(0) and
ruthenium(0) nanoclusters was tested only in the hydrolysis of AB in which they
were in situ generated. The kinetics of hydrogen generation from both hydrolysis
reactions in the presence PVP or PSSA-co-MA stabilized nickel(0), cobalt(0) and
ruthenium(0) nanoclusters were studied depending on the polymer to metal ratio,
catalyst concentration, substrate concentration and temperature as well as the
activation parameters (Arrhenius activation energy (Ea), activation enthalpy (AH")
and activation entropy (AS”) of both catalytic hydrolysis were calculated from the

kinetic data.

Keywords: Nanoclusters, Nickel, Cobalt, Ruthenium, Polymer, Poly(N-viny-
2-pyrrolidone), Poly(4-styrene sulfonicacid-co-maleic acid), Catalyst, Hydrolysis of

Sodium Borohydride, Hydrolysis of Ammonia Borane
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SUDA COZUNUR POLIMERLE KARARLILASTIRILMIS GECIS
METAL(0) NANOKUMELERI: HAZIRLANMASI, TANIMLANMASI VE
SODYUM BORHIDRUR VE AMONYAK BORANIN HIDROLIZINDEN
HIiDROJEN ELDESINDE KATALITIK ETKINLIiKLERI

Metin, Onder
Doktora, Kimya Bolimii

Tez Yoneticisi: Prof. Dr. Saim Ozkar

Aralik 2010, 158 sayfa

Metal nanokiimeleri parcacik boyutlarinin kiiciik olmasi nedeniyle kiilge
metallerden ¢ok farkli 6zellikler gosterirler ve bu 6zellikler pargacik boyutuna baglh
olarak degisir. Ornegin, gecis metal nanokiimelerinin katalitik etkinlikleri parga
boyutunun kiiclilmesi ile genellikle artmaktadir. Metal nanokiimelerinin katalitik
etkinlik gdsterebilmeleri igin ¢ozelti igerisinde topaklanmanya karsi kararli hale
getirilmesi gerekir. Ornegin, ¢ozelti igerisine dzel kararlastirici ligantlar eklenilerek
belirli biiyiikliikteki metal nanokiimeleri kararhilastirilabilir. Metal nanokiimelerinin
¢ozelti igerisinde kararlilagtirilmasi HPO,> gibi yiikli ligandlar varhiginda
elektrostatik olarak veya polimerler gibi uzun zincirli molekiiller varliginda sterik
olarak gergeklestirilir. Polimerler ¢ozelti icerisinde kararli metal nanokiimelerin
hazirlanmasinda en yaygin olarak kullanilan sterik kararhilastiricilardan birisidir.
Metal nanokiimeleri i¢in kararlilastirict olarak kullanilan polimerler, nanokiimelere
islenebilirlik, yalitilabilirlik (izole edilebilirlik), ¢oziintirliik ve 1siya dayaniklilik gibi
ek ozellikler de saglar. Polimer kullanilarak ¢6zelti icerisinde topaklanmaya karsi
kararl1 hale getirilen nanokiimeler genellikle daha etkin katalitik, iletkenlik, manyetik
ve optik dzellik gosterirler. Bu tezde, suda ¢oziiniir polimerle kararlilastirilmis gegis

metal(0) (metal : Ni, Co ve Ru) nanokiimelerinin hazirlanmasini, tanimlanmasini ve
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sodyum borhidriir veya amonyak boranin hidrolizinden hidrojen eldesinde katalik
etkinlikleri ile ilgili deneysel bulgular verilmektedir. Polimerle kararlilagtirilmis
nikel(0), kobalt(0) ve rutenyum(0) nanokiimeleri suda ¢dziiniir iki farkli polimerle,
yeni gelistirilen farkli iki method kullanilarak; (i) Methanol igerisinde ¢éziinmiis olan
metal baslangi¢ tuzlarinin poli(N-vinil-2-pirolidon) (PVP) varliginda 1 saat refluks
dan sonra sodyum borhidriir ile indirgenmesi ile, (ii) baslangi¢ metal tuzlarinin
poli(4-sitiren sulfonikasit-co-maleyik asit) (PSSA-co-MA) varliginda sulu ¢ozeltide
amonyak boranin hidrolizinde es zamanli olarak indirgenmesi yolu ile hazirlandi.
Elde edilen PVP veya PSSA-co-MA ile kararlilastirilmis nikel(0), kobalt(0) ve
rutenyum(0) nanokiimeleri UV-goriiniir bolge elektronik sogurma spektroskopisi
(UV-Vis), gegirgenli electron mikroskopisi (TEM), yliksek c¢oziintirliikliikli
gecirgenli elektron mikroskopisi (HRTEM), X-1sinlar1 fotoelektron spektroskopisi
(XPS), X- 1silar1 kirmnimi (XRD) ve infrared spektroskopisi (FT-IR) ile tanimlandi.
PVP ile kararhilastirilmis nikel(0), kobalt(0) and rutenyum(0) nanokiimeleri, hem
sodyum borhidriiriin hem de amonyak boranin hidrolizinden hidrojen eldesinde
katalizor olarak kullanildi. PSSA-co-MA ile kararlilastirilmis nikel(0), kobalt(0) and
rutenyum(0) nanokiimelerinin katalitik etkinlikleri ise es zamanli olarak
hazirlandiklar1 amonyak boranin hidrolizinden hidrojen eldesinde test edildi. PVP ya
da PSSA-co-MA ile kararlilastirilmis nikel(0), kobalt(0) ve rutenyum(0)
nanokiimeleri ile katalizlenen hidroliz tepkimelerinin detayli kinetigi polimer
derigimine, katalizér derisimine, tepken derisimine ve sicakliga bagli olarak ¢alisildi.
Katalitik tepkimelerin aktivasyon parametreleri (Arrhenius aktivasyon enerjisi (Ea),
aktivasyon entalpisi (AH?) and aktivasyon entropisi (AS™)) elde edilen kinetik veriler

kullanilarak hesaplandi.

Anahtar Kelimeler: Nanokiimeler, Nikel, Kobalt, Rutenyum, Polimer, Poli(N-
vinil-2-pirolidon), Poli(4-sitiren sulfonikasit-co-maleyik asit), Katalizér, Sodyum

Borhidriiriin Hidrolizi, Amonyak Boranin Hidrolizi.
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CHAPTER 1

INTRODUCTION

1.1. Colloidal Transition Metal Nanoclusters

Transition metal nanoclusters are isolable particles in size about 1-10 nm
(10-100 A) [1]. They have generated intense interest over the past decade due to
their unique properties, derived in part from the fact that these particles and their
properties lie somewhere between those of bulk and single-particle species [2]. A
particle should have the following criteria to be defined as a nanocluster [3]; a) the
size of the particle is to be smaller than 10 nm with a narrow size distribution,
0<15%; b) its synthesis should be reproducible; c) it has to be compositionally well-

defined, isolable, and redissolvable.

The main reason to make metal nanoclusters scientifically so interesting is
their unique properties which do not follow the classical physical laws as all bulk
materials do [4]. This phenomenon can be simply as seen in Figure 1 depending on
the fact that the number of surface atoms becomes larger as the particle size
decreases. Additionally, the surface atoms in metal nanoclusters do not necessarily
order themselves in the same way that those in the bulk do [2]. Furthermore, owing
to the quantum size effect, confinement of electrons to small regions of space in one,
two, or three dimensions, the electrons in nanoclusters are confined to spaces that can
be as small as a few atom-widths across [5]. In this regard, they have found many
applications including quantum dots [6], quantum computers [7], quantum devices

[8], chemical sensors [9], light-emitting diodes [10], ferrofluids for biological



applications [11], optics [12] and a new type of highly active and selective catalysts
[13].

N=4096 Ne=d096

Figure 1.The effect of particle size on the ratio of the number of surface atoms to the

total number of atoms. N= the total number atoms; n= the number of surface atoms.

When a metal particle with bulk properties is reduced to the nanometer size scale,
the density of states in the valence and the conduction band decreases to such an
extent that the quasi-continuous density of states is replaced by a discrete energy
level structure and the electronic properties change dramatically as shown in Figure
2. Such a dramatic change in the electronic properties of a metal in nanometer size
results in many different physical and chemical properties which can be exemplified
by gold case. If bulk gold is reduced to ca. 50 nm in solution, the yellow color
spontaneously disappears and turns to blue, further reduction results in purple and
finally red colors [4]. Additionally, the bulk gold is catalytically inactive but there

are many studies on gold nanoparticle catalyzed reactions [14].

However, transition metal nanoclusters are only kinetically stable and
thermodynamically unstable in solution to agglomerate into bulk metal. Therefore,
special precautions have to be taken to avoid their aggregation or precipitation during
the preparation of such nanoclusters in solution [1,15]. Consequently, considerable
effort has been focused on the stabilization of transition metal nanoclusters in
solution which is crucial if practical applications of metal nanoclusters are to be
realized. Therefore, general and critical aspects on the stabilization of transition
metal nanoclusters should be mentioned before beginning a description of synthetic

methods for the preparation of them.
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Figure 2. Formation of discrete electronic energy levels on the way from bulk to

molecule [16].

1.1.1. Stabilization of Transition Metal Nanoclusters

At short interparticle distances, two particles would be attracted to each other
by Van der Waals forces and in the absence of repulsive forces two counteract this
attraction an unprotected sol would coagulate [17]. In the literature of colloidal
stability [18] and in Derjaguin-Landau-Verway-Overbeek (DLVO) theory [19],
colloidal stabilization is well established to involve both: (i) electrostatic
stabilization and (ii) steric stabilization;

(i) Electrostatic stabilization; the adsorption of negatively or positively
charged ions to the coordinatively unsaturated surface of the nanoparticles results in
a coulombic repulsion between the particles. The coulombic repulsion opposes Van
Der Waals attractions and the net result is shown schematically in Figure 3. The
coulombic repulsion between the particles decays approximately exponentially with
the particle distance. The weak minimum in potential energy defines a stable
situation. Thus, if the electric potential resulting from the double layers is high

enough, electrostatic repulsion prevents aggregation [20]
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Figure 3. Schematic representation of the electrostatic stabilization of transition

metal nanoclusters.

(i) Steric stabilization: it is achieved by the absorption of molecules such as
polymers, surfactants or long chain ligands at the surface of the nanoclusters, thus
providing a protective layer [21]. These large adsorbates provide a steric barrier
which prevents close contact of metal nanoclusters to each other as demonstrated in

Figure 4.

Figure 4. The schematic representation of the steric stabilization of transition metal

nanoclusters.



Steric Stabilization by polymers: polymers are widely used, and it is obvious
that the protectant, in order to function effectively, must not only coordinate to the
particle surface, but must also be adequately solvated by the dispersing fluid such
polymers are termed amphiphilic. The structure of polymer stabilized metal
nanoclusters can be illustrated in Figure 5, where the polymers were thought to
adsorp physically on the surface of metal nanoclusters [22]. Detailed characterization
studies of the adsorbed polymer have demonstrated that the polymers can coordinate
to the metal forming rather strong chemical bonds. The polymer molecule can

coordinate to the metal particle at multiple sites.

Figure 5. Structure model of polymer-stabilized metal nanoclusters [23].

Two models are suggested for the stabilization of the metal nanocluster by a
polymer as shown in Figure 6; (a) the stabilization of each nanoclusters by one
polymer chain (the widely accepted one, Figure 6a) (b) the stabilization of many
nanoclusters by one polymer chain (Figure 6b). As clearly seen for the both models,
there still exists a large catalytically active exposed surface which is crucial for

heterogeneous catalytic applications.



The choice of polymer as a stabilizer is determined by consideration of the
solubility of the metal colloid precursor, the solvent of choice, and the ability of the
polymer to stabilize the reduced metal particles in the colloidal state [4]. For this
reason, it is important to investigate a broad variety of protective polymers for their
ability to stabilize metal nanoclusters. The use of polymeric matrix as stabilizer
improves some properties of the nanoclusters such as the solubility, thermal stability

and catalytic activity [22,24].

Polymer Chain

Nanocluster

(b)

Figure 6. Two models suggested for the stabilization of the metal nanocluster by a
polymer; (a) the stabilization of each nanocluster by one polymer chain (the widely

accepted one); (b) the stabilization of many nanoclusters by one polymer chain

Steric stabilization by polymers has several distinct advantages over electrostatic

stabilization [25]:

» Relative insensitivity to the presence of electrolytes; for instance, for 1:1
electrolytes ( | = z.2c ), a charge-stabilized dispersion will not be stable and
coagulate when the concentration of electrolytes exceeds the 10-1 M limit. The
dimensions of polymer chains display no such dramatic sensitivity and sterically
stabilized dispersions are relatively insensitive to the presence of electrolyte.

» Equal efficacy in both aqueous and nonaqueous dispersion media; charge
stabilization is less effective in nonaqueous dispersion media than it is in aqueous

media. This is primarily due to the low relative dielectric constant (<10) of most



nonaqueous media. In contrast, steric stabilization is effective in both

nonaqueous media and aqueous media.

» Equal efficacy at both high and low solids content; in charge stabilization in
nonaqueous media, the thickness of the double layers can be so large, (due to the
low dielectric constant of the dispersion medium), that the mere preparation of
high solids dispersions forces the particles too close together which then leads to
coagulation. In aqueous dispersion media, the preparation of charge-stabilized
particles at high solids dispersions is often difficult because of the gel formation
induced by the interactions between the double layers surrounding each particle.

» Reversibility of flocculation; the coagulation of charge-stabilized particles
(induced by the addition of electrolyte) is usually irreversible by subsequent
dilution. In contrast, flocculation of sterically stabilized dispersions (induced by
the addition of a nonsolvent for the stabilizing moieties) can usually be reversed
spontaneously by mere dilution of the nonsolvent concentration to a suitably low
value. This difference is due to the fact that sterically stabilized dispersions may
be thermodynamically stable while charge stabilized dispersions are only
thermodynamically metastable. As a consequence, for charge stabilized
dispersions, the coagulated state represents a lower energy state and the
coagulation can be reversed only after input of work into the system.

» Another crucial consequence of the thermodynamic stability of sterically
stabilized dispersions is that they can + which is very important for catalytic

applications.

Another source of colloidal stabilization, electrosteric stabilization, is the
combination of electrostatic and steric stabilization like as in the use of long-chain
alkyl ammonium cations and surfactants [26]. This kind of stabilization is generally
provided by means of ionic surfactants. These compounds bear a polar head group
able to generate an electrical double layer and a lypophilic side chain able to provide
steric repulsion (Figure 7). The electrosteric stabilization can be also obtained from
polyoxoanions such as the couple ammonium (BusN")/polyoxoanion

(P,WsNb3Oe ).



Figure 7. The schematic representation of the electosteric stabilization of transition

metal nanoclusters.

1.1.2. Preparation of Transition Metal Nanoclusters

Transition metal nanoclusters can be obtained via so called ‘top down
methods or physical route’ e.g., by the mechanical grinding of bulk metals and
subsequent stabilization of the resulting nanosized particles by the addition of
colloidal protecting agents [27]. However, the top-down approach yields poor
dispersions where the particle size distribution is very broad typically larger (>10
nm) and not reproducibly prepared giving irreproducible catalytic activity [28]. The
most widely used approach is the so called ‘bottom-up methods or chemical route’.
In the bottom up methods, the nanoclusters are prepared via wet chemical
techniques, through which the nucleation and growth of metallic atoms take place.
The bottom-up approach provides more convenient ways to control the size of the
particles than top down methods and it includes following synthetic methods: (i)
chemical reduction of transition metal complexes [29] including electrochemical
pathways, (ii) thermolysis [30] including photolytic and sonochemical pathways

[31], (iii) Ligand reduction and ligand displacement from organometallics [32].

(i) Chemical reduction of transition metal complexes: the reduction of
transition metal salts in solution is the most widely accomplished method for the

generation of colloidal metal nanoparticles. All chemical based synthetic routes to



nanosized metal particles start with the reduction of positively charged metal atoms,
either as simple ions or as centers of complexes in solution [4]. Solvents can vary
from water to very nonpolar media depending on the nature of the metal salt or the
complex used. In aqueous systems, the reducing agent must be added or generated in
situ, but in non-aqueous systems the solvent and reducing agent can be one and the
same [16]. The kind of reducing agent is determined on the nature of metal
compound. A wide range of reducing agents have been used to obtain colloidal
materials, gas such as hydrogen or carbon monoxide, hydrides or salts such as
sodium borohydride or sodium citrate, or even oxidizable solvents such as alcohols
[33].

(if) Thermolysis: this technique is based on the thermal decomposition of
many organometallic compounds of transition metals to their respective metals under
relatively mild conditions, these compounds provide a rich source of nanoparticle
precursors. The method is widely applicable. The thermolysis of carbonyl-containing
complexes of rhodium, iridium, ruthenium, osmium, palladium, and platinum in
polymer solutions has been used to prepare polymer-stabilized collodial metals with
particle sizes in the range 1-10 nm, possibly by decomposition of polymer-bound
organometallic intermediates [34].

(iti) Ligand reduction and ligand displacement from organometallics:
reduction of metal can be carried out prior to colloid preparation, giving a zerovalent
metal complex as the immediate colloid precursor. The synthesis of metal carbonyls
and their subsequent thermolysis in nanoparticles synthesis is an example of this
approach. The zero-valent palladium and platinum complexes with
dibenzylideneacetone Pd(dba), and My(dba); (M = Pd, Pt) have been known since
1970 to react under mild conditions with either hydrogen or carbon monoxide with

the formation of metal [35].

Among the preparation methods mentioned above, the chemical reduction of
transition metal salts is the most convenient route to prepare the transition metal
nanoclusters in the laboratory conditions as it provides reproducible syntheses of the
nanoclusters in size of 1-10 nm with a well defined surface composition and size

control [3,16].



1.1.3. Characterization of Transition Metal(0) Nanoclusters

The characterization of metallic nanoclusters is a complex task since many
aspects have to be considered as the structures of metal nanocluster depend on many
parameters such as: composition, preparation method, heat treatments, environmental
variables, supports and so on. The properties of colloidal metal nanoclusters that are
of interest include size, structure and composition. In order to entirely understand the
physico-chemical behaviour of metal nanoclusters and their properties, many
complementary techniques have to be used to figure out the many parameters
involved [36]. The most widely used and essential technique for the characterization
of nanoparticles is transmission electron microscopy (TEM) and high resolution
transmission electron microscopy (HRTEM) which provide direct visual information
of the size, dispersity, structure and morphology of nanoparticles. In this technique, a
high voltage electron beam passes through a very thin sample, and the sample areas
that do not allow the passage of electrons form an image to be presented. Thanks to
the advancements in electronics, computers and cameras, the image of heavy atoms
in nanoparticle sizes and shapes are easily imaged with modern high voltage
instruments having resolution up to 0.08-0.05 nm. Other commonly used methods for
the characterization of metal nanoparticles can be summarized as follows: (i) UV-
Visible spectroscopy; the reduction of metal precursors and the formation of the
metal nanoclusters in the presence of a stabilizer can be followed nicely [37]. Such
observations done by UV-Vis spectroscopy depend on the disappearing of an
absorpstion of the metal precursor and growing of a new absorption feature for the
nanoclusters [38]. (ii) X-ray photoelectron spectroscopy (XPS); is a semi-quantitative
technique used for the determination of the surface chemical properties of the
materials. The oxidation state of the metal atom on the surface of metal nanoclusters
can be determined via XPS which is very important issue in heterogeneous catalysis
[39]. (iii) X-ray diffraction; probes the average crystallographic structure in samples
and allow, through an accurate analysis of diffraction line shape, the extraction of
relevant information relating to crystallite size, crystallographic defects as well as
compositional and chemical inhomogeneties [40]. To a less extent the following

methods are used for the characterization of metal nanoparticles: scanning electron
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microscopy (SEM), infrared spectroscopy (IR), elemental analysis (ICP-OES),
energy dispersive spectroscopy (EDS), nuclear magnetic resonance spectroscopy
(NMR), extended X-ray absorption fine structure (EXAFS), scanning tunneling
microscopy (STM), atomic force microscopy (AFM). An overall picture of the
methods most commonly used in the characterization of metal nanoparticles are

given in Figure 8 [41].
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Figure 8.The methods most commonly used in the characterization of metal

nanoparticles

1.1.4. Applications of Transition Metal Nanoclusters

Transition metal nanoclusters are of considerable current interest, both
fundamentally and for their possible applications in catalysis, in nanobased chemical
sensor, as light emitting diodes, in ‘quantum computers’ or other molecular
electronic devices. There are also additional possible applications of nanoclsuters: as
ferrofluids for cell seperations or in optical, electronic, or magnetic devices
constructed via a building block ‘bottoms-up’ approach. However, our main interest
has been focused on the synthesis, characterization of transition metal(0)

nanoclusters and their applications in catalysis [37]. For this reason, the following

11



chapter of this dissertation will give brief information about the general principles of

catalysis and the use of transition metal nanoclusters as catalyst.
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CHAPTER 2

CATALYSIS

2.1. General Principles of Catalysis

A catalyst is a substance that makes a reaction go faster, without being
stoichiometrically consumed in the process. The phenomenon occurring when a
catalyst acts is termed catalysis. Because the catalyst is not consumed in the process,
each catalyst molecule can take part in many repeated cycles, so we need only a
small amount of catalyst relative to substrate. There are many types of catalyst
ranging from the proton, through the lewis acids, organometallic complexes, organic
or inorganic polymers, enzymes and so on. However, to simplify things, the catalysis
can be divided into three main categories; (i) heterogeneous catalysis, (ii)

homogeneous catalysis, and (iii) biocatalysis as shown in Figure 9.

Heterogeneous Homogeneous Biocatalyst
I Quasi Homogeneous | |
( | | [ \
Bulk Metal
v v L v
Su \:me d TransiionMetal(0) ~ Immobilized  Organometallic
1\1:/)[1:::‘[& | Nanoclusters Organometallic Complexes Enzymes
v (particlesize< 10nm)  Complexes
Supported
inorganic metal

compounds

Figure 9. The classification of catalysts [42].
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The classification of homogeneous and heterogeneous catalysis depends on
existence of catalyst in the same phase as the substrate or not. In homogeneous
catalysis, the catalyst is in the same phase as the reactants and products. Many
homogeneous catalysts are transition metal atom which is stabilized by a ligand. The
ligands are usually organic molecules that attach to the metal atom. The properties of
such a homogeneous catalyst can be altered by changing the type of ligand.

In heterogeneous catalysts are those that act in different phase than substrates.
In heterogeneous catalysis, the reactants diffuse to the catalyst surface (generally
metal surface) and adsorb onto it, via the formation of chemical bonds. After
reaction, the products desorb from the surface and diffuse away. For solid
heterogeneous catalysts, the surface area of the catalyst is critical since it determines
the availability of catalytic sites. Heterogeneous catalysis is of paramount importance
in many areas of the chemical and energy industries. Most catalytic processes are
heterogeneous in nature, typically involving a solid catalyst and gas- or liquid-phase
reactants. Today, the majority of the industrial processes involve heterogeneous
catalysis [43], because of their advantages such as easy separation of reaction
products, reusability, stability, low-cost and low-toxicity [44]. Heterogeneous
catalysis has attracted Nobel prizes for Fritz Haber and Carl Bosch in 1918, Irving
Langmuir in 1932, and Gerhard Ertl in 2007 and other e.g. Ziegler-Natta etc.
However, heterogeneous catalysts often tend to require high temperatures and
pressures and they have low selectivity compared to homogeneous catalysts.

The biocatalysis is rather special case, somewhere between homogeneous and
heterogeneous catalysis. The biocatalyst is generally an enzyme- a complex protein
that catalyzes the reactions in living cells [45]. They are not only the highly efficient
catalyst that they can catalyze the 1000 catalytic cycles in one second but also very
selective catalysts.

Catalysts increase the rate of reaction by providing an alternative mechanism
involving a different transition state and lower activation energy that is called as
transition-state theory. In the transition-state theory, the entropy of activation in a
catalyzed reaction will usually be less than in corresponding uncatalyzed reaction
because the transition state is immobilized on the catalyst surface with consequent

loss of translational freedom. There must therefore be a corresponding decrease in
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the enthalpy of activation to compensate for this, or to overcompensate for efficient
catalysis. Thus, according to the theory the activation energy for a catalyzed reaction
ought to be less than for the same uncatalyzed reaction (Figure 10). Consequently,
more molecular collisions have the energy needed to reach the transition state.
Hence, catalysts can enable reactions that would otherwise be blocked or slowed by a

WPty term is generally

kinetic barrier. However, the apparent activation energy (Ea
used for the activation energy of a catalytic reaction go on many steps because there
are many ways to product side in this type of reactions and so there are many rate

apparent io the combination of these rate

constants (kapp) affect by temperature. The Ea
constants. Catalysts do not change the extent of a reaction: they have no effect on the
chemical equilibrium of a reaction because the rate of both the forward and the
reverse reaction are both affected. If a catalyst does change the equilibrium, then it
must be consumed as the reaction proceeds, and thus it is also a reactant. The activity
of a catalyst can also be described by the turnover number (or TON) and the catalytic

efficiency by the turnover frequency (TOF).

-----------------------
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Figure 10. Generic potential energy diagram showing the effect of a catalyst in a
hypothetical exothermic chemical reaction X + Y to give Z. The presence of the
catalyst opens a different reaction pathway (shown in red) with a lower activation

energy. The final result and the overall thermodynamics are the same.
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2.2. Key Definitions in Catalysis

The catalytic lifetime of a catalyst is usually expressed as total turnover
number (TTON) which equals to the number of moles of product per mole of catalyst
Eq. (1); this number indicates the number of total catalytic cycles before deactivation

of the active catalyst in a given process.

mole of product
mole of catalyst

TTON = (D

The turnover frequency, N, is often used to express the efficiency of a catalyst. For

the conversion of A to B catalyzed by Q and with a rate v, Eq.(2);

(2)

the turnover frequency is given by the Eq. (3), (|Q] is mole of the catalyst)

N =é (3)

Selectivity; is another important parameter that should be considered in the
evaluation of the performance of any catalyst. A selective catalyst yields a high
proportion of the desired product with minimum amount of the side products. High
selectivity plays a key role in industry to reduce waste, to reduce the work-up

equipment of a plant, and to ensure a more effective use of the feedstocks.

2.3. Enhancement of Catalytic Activity by Decreasing the Particle Size in

Heterogeneous Catalysis

As mentioned earlier part of the dissertation, from macroscale to nanoscale
there exists a considerable change in the intrinsic properties of materials. One of the
best example for these changes is the increasing activity of the heterogeneous
catalyst by the reduction of particle size as the activity of heterogeneous catalysts is

directly related to surface area [46]. Of particular interest, metal nanoclusters exhibit
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unusual surface morphologies and possess more reactive surfaces, hereby open a new
perspective in the surface chemistry. For these reasons, they opened a great potential
in catalysis because of their large surface area. The resultant huge surface areas of
them dictate that many of the atoms lie on the surface, thus allowing a good ‘atom
economy’ in surface-gas, surface-liquid, or even surface-solid reactions [47].
Transition metal nanoclusters have a high percentage of surface atoms and
they do not necessarily order themselves in the same way that those in bulk do. As an
illustrative example Klabunde and co-workers calculated the percentage of surface

iron atoms on spherical iron(0) nanoclusters depending on their size (Figure 11).
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Figure 11. The change in percentage of surface iron atoms depending on the size of

iron(0) nanoclusters [48].

The increasing proportion of surface atoms with decreasing particle size,
compared with bulk metals, makes metal nanoclusters more active catalysts than
their bulk counterparts, as surface atoms are the active centers for catalytic

elementary processes. Among the surface atoms, those sitting on the edges and
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corners are more active than those in planes. Metal clusters which have a complete,
regular outer geometry are designated full-shell, or ‘magic number’, clusters. Many
nanocluster distributions center around one of these full-shell geometries. Each metal
atom has the maximum number of nearest neighbors, which imparts some degree of
extra stability to full-shell clusters. Note that as the number of atoms increases, the

percentage of surface atoms decreases as illustrated in Figure 12.

Full-Shell
"Magic Number"
Clusters

Murmber of shells 1 2 3 4 5

MWumber of atoms
In cluster

Percentage g, 76% BaY, 52% 45%
surface atoms

Figure 12. The relation between the total number of atoms in full shell clusters and

the percentage of surface atoms [49].

Among the chemical properties of transition metal nanoclusters discussed
above, catalysis is of great interest because of their high surface to volume ratio and

a unique combination of reactivity, stability, and selectivity.
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CHAPTER 3

HYDROGEN ECONOMY

3.1. Hydrogen as an Energy Carrier

Currently more than 80 % of the world energy supply comes from fossil fuels,
resulting in strong ecological and environmental impacts [50]. Besides the
exhaustion of reserves and resources, air pollution and modification of the
atmospheric composition, with their impacts on climate and on human health, are
now of primary importance. Greenhouse gas emissions, especially CO, produced by
the combustion of fossil fuels, are in the centre of the environmental concerns.
Moreover, fuel supply security is a serious concern, particularly for the transportation
sector. A variety of efficient end-use technologies and alternative energy sources
such as solar, wind, hydropower energy have been proposed to help address future
energy-related environmental and/or supply security challenges in fuel use. However,
besides their relatively high cost, energy production from renewable sources has the
problem of discontinuity; for example, solar or wind energy is not always available.
The obvious solution to this predicament is the energy storage. In this context,
hydrogen appears to be the best energy carrier as it has an abundant and secure
source, clean, renewable, and widely available from diverse sources [51]. Hydrogen
is the simplest and lightest of all chemical elements and the most spread in the
universe. It is not a primary source of energy as it occurs only in nature in
combination with other elements, primarily with oxygen in water and with carbon,
nitrogen and oxygen in living materials and fossil fuels. However when split from

these other elements to form molecular hydrogen, it becomes an environmentally
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attractive fuel. It can be burned or combined with oxygen in a fuel cell without
generating CO,, producing only water. Hydrogen can be made from widely available
primary energy sources including natural gas, coal, biomass, wastes, solar, wind,
hydro, geothermal or nuclear power, enabling a more diverse primary supply for
fuels. Hydrogen can be used in fuel cells and internal combustion engines with high
conversion efficiency and essentially zero tailpipe emissions of green house gases
and air pollutants. If hydrogen is made from renewables, nuclear energy, or fossil
sources with capture and sequestration of carbon, it would be possible to produce and
use fuels on a global scale with nearly zero full fuel cycle emissions of green house
gases and greatly reduced emissions of air pollutants. Technologies for hydrogen
production, storage and distribution exist, but need to be adapted for use in an energy
system. Building a new hydrogen energy infrastructure would be expensive and
involves logistical problems in matching supply and demand during a transition.
Hydrogen technologies such as fuel cells, and zero-emission hydrogen production
systems are making rapid progress, but technical and cost issues remain before they

can become economically competitive with today's vehicle and fuel technologies.

3.2. Hydrogen Storage: A Big Challenge in Hydrogen Economy

Storage of hydrogen is clearly one of the key challenges to the transition of the
world into hydrogen economy because high-pressure and cryogenic hydrogen storage
systems are impractical for mobile applications due to safety concerns and
volumetric constraints [52]. In this regard, various kinds of solid materials for
hydrogen storage such as metal hydrides [53], metal organic frameworks [54],
nanostructures [55] and chemical compounds [56] have been investigated. Among
the solid state hydrogen storage materials, chemical hydrogen storage materials, due
to their high hydrogen contents, are one of the best promising hydrogen sources for

fuel cells applications at ambient conditions (Figure 13) [57].
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Figure 13. Hydrogen mass density versus hydrogen volume density of many

compounds considered to be a chemical hydrogen storage material [57].

Recently, much attention has been paid to hydrogen generation from the
hydrolysis of sodium borohydride (NaBH,) that can theoretically release very high
hydrogen content of 10.3 wt % [58] at room temperature, respectively. NaBHy is
stable in alkaline solution; however, hydrolysis in the presence of a suitable catalyst
generates hydrogen gas in the amount twice its hydrogen content and also water-
soluble sodium metaborate, NaBO,, at moderate temperature [59] Eq. (4). By this
way hydrogen can be generated safely for the fuel cells.

NaBH, +2H,0 —**' 3 NaBO, + 4H, 4)

Catalytic hydrogen gas generation from NaBH, solutions has many advantages:
NaBH, solutions are nonflammable, the reaction products are environmentally
benign, rate of H, generation is easily controlled, the reaction product NaBO, can be
recycled, H, can be generated even at low temperatures. Such a hydrolysis of NaBH4

can be accelerated by catalysts [60], by acid [61], or under elevated temperature [62].

21



This reaction occurs to some extent even without a catalyst if the solution pH < 9.
However to increase the shelf life of NaBH,4 solutions (and to prevent H, gas from
being slowly produced upon standing), NaBH, solutions are typically maintained as a
strongly alkaline solution by adding NaOH. The key feature of using a catalyzed
reaction to produce H; is that H, generation in alkaline (pH > 14) NaBH, solutions
occurs only when these solutions contact selected heterogeneous catalysts. Without a
catalyst, strongly alkaline NaBH4 solutions do not produce appreciable H,. This
reaction is extremely efficient on a weight basis, since out of the 4 moles of H; that is
produced, half comes from NaBH,4, and the other half from H,O. The reaction is
exothermic, so no energy input is needed to generate H,.

The only other product of reaction, sodium metaborate (in solutions with pH
> 11 the predominant solution product is sodium tetrahydoxyborate NaB(OH),), is
water soluble and environmentally innocuous. Since the hydrolysis of NaBH,4 is
completely inorganic reaction and does not contain sulfur, it produces virtually no
fuel poisons such as sulfur compounds, carbon monoxide, soot, or aromatics.
Therefore this reaction is considerably safer, more efficient, and more easily
controllable than producing H, by other chemical methods [59]. The heat generated
by the reaction 75 kJ/mole H, formed is considerably less than typical > 125 kJ/mole
H,, produced by reacting other chemical hydrides with water [63]. This promises a
safer and more controllable reaction.

More recently, ammonia—borane (AB, H3NBH;) complex, which is formed
through a dative bond in which the lone pair of the NHj interacts with empty p,
orbital of boron in BH3, is identified as one of the leading candidates as a solid state
hydrogen reservoir owing to its high hydrogen content (19.6 wt%), high stability
under ordinary fuel cell reaction conditions and nontoxicity [64]. AB is isoelectronic
to ethane; however, the physical properties are very different. AB is synthesized by
facile methods for laboratory-scale preparation. The combination of ammonium salts
with borohydrides (salt metathesis) gives AB in a high yield [65]. AB is a tetragonal
white crystal at room temperature with a melting point of > 110 °C, having a
staggered conformation with a B-N bond distance of 1.564(6) A°, B-H bond
distance of 0.96(3)-1.18(3)A°, and N-H bond distance of 0.96(3)-1.14(2)A°[66].
The solid state structure exhibits short BH/HN intermolecular contacts; the hydridic

22



hydrogen atoms on boron are 2.02 A° away from the protic hydrogen atoms on
nitrogen of an adjacent molecule, a distance less than the Van der Waals distance of
2.4 A°, implying an interaction constituting a dihydrogen bond [67]. The stability
conferred by the dihydrogen bonding (ca. 90.4 kJ mol™) contributes to the existence
of AB as a solid under standard conditions.

Hydrogen stored in the AB complex can be released through either pyrolysis or
solvolysis route. Experimental results have revealed that hydrogen release of only 6.5
wt % of the initial mass was obtained upon thermal decomposition of AB at 385 K
and the release of more hydrogen from AB requires much higher temperatures (> 500
°C) [68]. In contrast, the rapid hydrogen generation rate can be obtained via catalytic
hydrolysis of AB [69]. The hydrolysis of AB in the presence of a suitable catalyst

provides 3 moles of hydrogen per mole of AB at room temperature Eq. (5).

H,NBH;, (aq) + 2H,0 (I) —*=**— (NH,)BO, (aq) + 3H,(g) ()

In this dissertation, water soluble polymer stabilized transition metal(0)
(metal : Ni, Co and Ru) nanoclusters were developed as catalyst in hydrogen
generation from the hydrolysis of NaBH; and AB. The kinetics of hydrogen
generation from both catalytic hydrolysis reactions were studied depending on
catalyst concentration, substrate concentration and temperature as well as the
activation parameters (Arrhenius activation energy (Ea), activation enthalpy (AH")
and activation entropy (AS”) of both catalytic hydrolysis calculated from the kinetic
data.

3.3. The Motivation of the Dissertation

As mentioned in the previous sections, the stabilization of transition metal(0)
nanoclusters in solution is of great importance to obtain stable nanocluster with
controllable size to their potential applications in many fields, including catalysis. In
my MS thesis [70], we reported the ‘Synthesis and characterization of
hydrogenphosphate stabilized nickel(0) nanoclusters as catalyst for the hydrolysis of
sodium borohydride’. However, hydrogenphosphate stabilized nickel(0) nanoclusters

showed low catalytic lifetime as determined by measuring the total turnover number
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(TTON = 1450) for the hydrolysis of sodium borohydride which can be attributed to
the weak electrostatic stabilization of nanoclusters. The electrostatic interactions
become weaker at high pH which is a requirement for the hydrolysis of sodium
borohydride for application of safe hydrogen generation in fuel cells [71]. Therefore,
a stronger stabilizer such as polymer is needed to prevent agglomeration of nickel(0)
nanoclusters in aqueous solution at high pH medium, acting as catalyst in the
hydrolysis of sodium borohydride. The use of polymeric matrix as stabilizer
improves some properties of the nanoclusters such as the solubility, thermal stability
and catalytic activity [72]. A variety of preparative methods is available for obtaining
polymer-stabilized metal nanoclusters [73]. The most widely used synthetic method
involves the reduction of the metal ions in solution to its colloidal metal in zerovalent
state within the polymer medium, followed by coalescence of the polymer onto the
nanoclusters [74]. Polymers possessing a hydrophobic backbone and hydrophilic side
groups, such as vinyl addition homopolymers, are frequently employed as a stabilizer
for the metal nanoclusters in polar solvents. By considering the advantages of
polymer stabilization, we developed a facile method for the preparation of PVP
stabilized metal(0) (Ni, Co and Ru) nanoclusters from the reduction of metal
chlorides by sodium borohydride in methanol solution at reflux conditions [75].
Compared to the hydrogenphosphate-stabilized nickel(0) nanoclusters [70], PVP
stabilized nickel(0) nanoclusters were much more stable, and catalytically more
active providing 8700 total turnovers in the hydrolysis of NaBH4 over 27 hours at
ambient temperatures. PVP stabilized cobalt(0) and ruthenium(0) nanoclusters were
also showed very high activity and stability in hydrogen generation from the
hydrolysis of NaBH,4. After obtaining such good results with PVP stabilized
nickel(0), cobalt(0) and ruthenium(0) nanoclusters in the hydrolysis of NaBHy, their
catalytic applications were extended to hydrolysis of AB which is recently
considered as the best candidate for chemical hydrogen storage.

In the second part of the dissertation, we aimed to prepare polymer stabilized
transition metal(0) nanoclusters in the catalytic reaction medium by considering the
difficulties in the separation processes of a catalyst that generally results in a
significant loss of catalyst. In this regard, for the first time, poly(4-styrene sulfonic

acid-co-maleic acid), PSSA-co-MA, stabilized nickel(0), cobalt(0) and ruthenium(0)
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nanoclusters were in situ generated during the hydrolysis of AB. The PSSA-co-MA
stabilized nickel(0), cobalt(0) and ruthenium(0) nanoclusters showed much better
activity than PVP stabilized ones and most of the catalyst system tested in the
hydrolysis of AB.

As a summary, in this dissertation, we present our detailed study on the
synthesis and characterization of water soluble polymer stabilized nickel(0),
cobalt(0) and ruthenium(0) nanoclusters as catalyst in hydrogen generation from the

hydrolysis of NaBH, and AB.
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CHAPTER 4

EXPERIMENTAL

4.1. Materials

Nickel(IT) chloride hexahydrate (> 98%), cobalt(Il) chloride hexahydrate (>
97%), ruthenium(III) chloride hydrate (RuCl;-xH,0), sodium borohydride (NaBHa,
98%), borane-ammonia complex (H3;NBH;, AB, >97%), poly(N-vinyl-2-
pyrrolidone) (PVP-40, average molecular weight 40.000), poly(styrene sulfonic acid-
co-maleic acid) sodium salt, poly(2-ethyl-2-oxazoline), poly(ethylene glycol),
poly(diallyldimethyl ammonium chloride), poly(acrylic acid), sodium hydroxide,
D,0 and BF;(C,Hs),0 were purchased from Aldrich®, methanol (acetone free) were
purchased from Riedel-De Haen AG Hannover, and mercury was purchased from
Merck, and used as received. Deionized water was distilled by water purification
system (Milli-Q system). All glassware and Teflon coated magnetic stir bars were
cleaned with acetone, followed by copious rinsing with distilled water before drying

in an oven at 150 'C.
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Table 1. IUPAC names, chemical structures, average molecular weigths and the
abbrevations of the polymer used for the stabilization of nickel(0), cobalt(0) and
ruthenium(0) nanoclusters in this dissertation.

IUPAC Name Chemical Structure Avarage Mw | Abbrevation
(g.moll)
~N~ O 40000 PVP
Poly(N-vinyl-2- |
pyrrolidone) . .
CHCH,
n
Os_OR
Poly(4-styrene 20000 PSSA-co-MA
sulfonicacid-co- X
maleic acid) o~ OR y
0=5=0 R=HorNa
OR

4.2. Preparation and Characterization of PVP stabilized Transition Metal(0)
(Metal: Ni, Co and Ru) Nanoclusters

4.2.1. Preparation of PVP stabilized Nickel(0), Cobalt(0) and Ruthenium(0)

Nanoclusters

PVP stabilized nickel(0), cobalt(0) and ruthenium(0) nanoclusters were
prepared by using our own developed method which is the modified version of
alcohol reduction method [76]. In a typical procedure for the synthesis of PVP
stabilized nickel(0) or cobalt(0) nanoclusters, in 250 mL three-necked round bottom
flask, 200.0 mg (0.9 mmol) of NiCl,.6H,O or CoCl,.6H,0 and 499.0 mg (4.5 mmol
monomer unit) of PVP-40 were dissolved in 50 mL of methanol (mol PVP/ mol
nickel or cobalt = 5). The mixture of metal precursor (NiCl,.6H,0) or (CoCl,.6H,0)
and polymer (PVP-40) in methanol was refluxed for one hour. Then, 10 mL of 300
mM solution of sodium borohydride (3.0 mmol = 116.0 mg NaBH,) was added into

metal-polymer mixture immediately after the reflux. The abrupt color change from
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pale green for nickel and purple for cobalt to dark brown indicates that the formation
of PVP stabilized nickel(0) or cobalt(0) nanoclusters was completed. Methanol was
removed from the solution by evaporation in a rotavap (Heidolph Laborata-4000)
and washed with ethanol several times. PVP stabilized nickel(0) or cobalt(0)
nanoclusters in solid form were collected from the residue after evaporation in the
round bottom flask.

The same procedure described above for the synthesis of PVP stabilized
nickel(0) or cobalt(0) nanoclusters was also followed for the synthesis of PVP
stabilized ruthenium(0) nanoclusters, but the amount of the reagents used were as
following: 84.0 mg (0.4 mmol) of RuCl;.xH,0 and 222.0 mg (2 mmol monomer
unit) of PVP-40 were dissolved in 50 mL of methanol (mol PVP/ mol Ru = 5).

4.2.2. Characterization of PVP stabilized Nickel(0), Cobalt(0) and Ruthenium(0)

Nanoclusters

TEM analysis: The samples used for the TEM experiments were harvested from the
preparation of PVP stabilized metal(0) nanoclusters solution as described above: 5
mL aliquot of PVP stabilized metal(0) nanoclusters solution in methanol was
transferred into a clean screw-capped glass vial with a disposable polyethylene
pipette. The colloidal solution was deposited on the silicon oxide coated copper TEM
grid by immersing the grid into the solution for 5 seconds and then evaporating the
volatiles from the grid under inert gas atmosphere. This sample on the grid was then
sealed under N2 and sent to Dr. JoAn Hudson at Clemson University for TEM
analysis with a Hitachi H7600T TEM instrument operating at 120 kV. Samples were
examined at magnification between 100 and 600k.

X-Ray photoelectron spectroscopy (XPS): X-ray photoelectron spectra of PVP
stabilized transition metal(0) nanoclusters were taken at the Middle East Technical
University Central Laboratory using SPECS spectrometer equipped with a
hemispherical analyzer and using monochromatic Mg-Ka radiation (1250.0 eV, the
X-ray tube working at 15 kV and 350 W) and pass energy of 48 eV. To better access
the metal core in the sample by scraping off the polymer matrix from the surface, the

sample surface was bombardment by argon ion by passing 3000 eV energy for 3
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minutes for two times. Peak fittings were done according to Gaussian function by
using Origin 8.0 program.

UV-Visible Spectroscopy: The reduction of corresponding precursor metal salts and
the formation of metal(0) nanoclusters in the presence of PVP were followed by UV-
Visible spectroscopy. UV-Vis electronic absorption spectra of precursor metal salts
and PVP stabilized metal(0) nanoclusters were recorded in methanol solution on
Varian-Carry100 double beam instrument.

X-ray Diffraction: XRD patterns were obtained on a Bruker AXS D8-Advanced
diffractometer with Cu Ka radiation (A = 1.5418 A) at Brown University, RI, USA.
FT-IR Spectroscopy: The FT-IR spectra of the PVP stabilized metal(0)
nanoclusters having different PVP to metal ratio (5, 0.5, 0.1) and neat PVP were
taken from KBr pellet on a Nicolet 510 FTIR Spectrophotometer using Omnic
software.

NMR Spectroscopy: ''B-NMR spectra were recorded on a Bruker Avance DPX 400
with an operating frequency of 128.15 MHz for ''B.

4.2.3. Method for Testing the Catalytic Activity of PVP stabilized Nickel(0),
Cobalt(0) and Ruthenium(0) Nanoclusters in The Hydrolysis of Sodium

Borohydride and Ammonia Borane

The catalytic activity of PVP stabilized nickel(0), cobalt(0) and
ruthenium(0) nanoclusters in the hydrolysis of NaBH4 and AB was determined by
measuring the rate of hydrogen generation. To determine the rate of hydrogen
generation, the catalytic hydrolysis of NaBH4 or AB were performed in Parr-5101
low-pressure reactor equipped with circulating water-bath for constant temperature
control, and mechanical stirrer (Figure 14). The Parr-5101 low-pressure reactor was
connected with a digital transmitter to a computer using RS-232 module. The
progress of an individual hydrolysis reaction was followed by monitoring the
increase in the pressure of hydrogen gas with the program Calgrafix. The
temperature was also controlled via termocouple within the reactor with the
Calgrafix program. The pressure vs time data was processed using Microsoft Office

Excel 2003 and Origin 8.0, and then converted into the values in the proper unit,
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volume of hydrogen (mL). Before starting the catalytic activity test experiments, the
reactor (300 mL) was thermostated at 25.0 £ 0.5 °C. In a typical experiment, 284.0
mg (7.5 mmol) NaBH,4 or 63.0 mg (2.0 mmol) H3NBH; were dissolved in 40 mL and
20 mL water, respectively. The solution was transferred with a glass pipette into the
reactor. Then, aliquots of aqueous solution of prepared PVP stabilized nickel(0),
cobalt(0) or ruthenium(0) nanoclusters was transferred into the reactor using a 10 mL

gastight syringe. The stirring rate of the mechanical mixer of reactor was set to 600

rpm.

Figure 14. Parr-5101 Low pressure reactor system for measurement of volume of
hydrogen generated from the catalytic hydrolysis of sodium borohydride or ammonia

borane

4.2.4. Self Hydrolysis of Sodium Borohydride and Ammonia borane

In a 100 mL beaker, 284.0 mg NaBH,4 or 63.0 mg H;NBH; were dissolved in

50 mL water, respectively. Then, the solution was transferred with a 50 mL pipette
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into the reactor thermostated at 25.0 £ 0.5 °C. The experiment was started by closing
the reactor and turning on the stirring at 600 rpm simultaneously, and the volume of
hydrogen generated was measured exactly in the same way as described in the

section 4.2.3.

4.2.5. Kinetic Study of Catalytic Hydrolysis Of Sodium Borohydride or
Ammonia borane Catalyzed by PVP stabilized Nickel(0), Cobalt(0) and

Ruthenium(0) Nanoclusters

In order to establish the rate law for catalytic hydrolysis of NaBH, and
HsNBH3; in aqueous solution using PVP stabilized nickel(0), cobalt(0) and
ruthenium(0) nanoclusters as catalyst, three different sets of experiments were
performed for each of these two substrates in the same ways described in the section
4.2.3. The detailed kinetics of catalytic hydrolysis of NaBH,4 was also studied in basic
medium for PVP stabilized nickel(0), cobalt(0) and ruthenium(0) nanoclusters.
However, PVP stabilized nickel(0) nanoclusters were totally deactivated in the
hydrolysis of NaBH, in basic medium. For this reason, the results of the kinetic
studies on hydrogen generation from the hydrolysis of NaBHy in basic medium were

given for PVP stabilized cobalt(0) and ruthenium(0) nanoclusters.

4.2.5.1. Effect of PVP Concentration On The Catalytic Activity Of Nickel(0),
Cobalt(0) and Ruthenium(0) Nanoclusters

In order to study the effect of PVP concentration on the catalytic activity of
nickel(0), cobalt(0) and ruthenium(0) nanoclusters in the hydrolysis of NaBH4 (150
mM) or AB, catalytic activity tests were performed starting with metal(0)
nanoclusters synthesized having different PVP/Metal ratio (5, 10, 20, 30, 40) at 25.0
1 0.5 °C. In all the experiments the total volume of solution was kept constant at 50
mL. All the experiments were performed in the same way as described in the section
4.3.3. The good stability and the highest activity of PVP stabilized metal(0)
nanoclusters in the hydrolysis of NaBH4 was obtained at PVP to metal molar ratio of

5. Thus, the PVP to metal ratio of 5, was selected for the further kinetic experiments.
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4.2.5.2. Kinetics of Hydrolysis of Sodium Borohydride Catalyzed by PVP
stabilized Nickel(0), Cobalt(0) and Ruthenium(0) Nanoclusters

In the first set of experiments, the concentration of the NaBH4 was kept
constant at 150 mM and the catalyst concentration was varied in the range of (1.00,
1.20, 1.40, 1.60, 1.80, 2.00 mM) for nickel, (0.50, 1.00, 1.50, 2.00 and 2.50 mM) for
cobalt and (0.25, 0.35, 0.45, 0.55, 0.65 mM) for ruthenium. In the second set of
experiments, the catalyst concentrations were held constant at 1.40 mM for nickel,
1.50 mM for cobalt, and 0.45 mM for ruthenium and NaBH,; concentration was
varied in the range of 150-900 mM. Finally, the catalytic hydrolysis of NaBH, was
performed in the presence of the PVP stabilized nickel(0), cobalt(0) and
ruthenium(0) nanoclusters at constant NaBH, (150 mM) and catalyst concentration
(1.40 mM for Ni, 1.50 mM for Co and 0.25 mM for Ru) at various temperatures in
the range of 15-40 °C in order to obtain the activation energy (E,), enthalpy (AH?),
and entropy (AS).

Catalytic Life time experiment: A lifetime experiment was started with a 50 mL
solution of PVP stabilized nickel(0), cobalt(0) or ruthenium(0) nanoclusters (1.0 mM
for Ni, 1.0 mM for Co, and 0.25 mM for Ru) and 1 M NaBH4 at 25.0 £ 0.5 °C. A
new batch of 1.9 g NaBHs was added into the reaction solution after all of the
conversion of sodium borohydride present in the solution completed by cheching the
stoichometric volume of hydrogen. Hydrolysis of NaBH4 was continued until
hydrogen gas evolution was slowed down to the level of self hydrolysis. The volume
of hydrogen versus time data were corrected by subtracting the self hydrolysis data
of NaBHy4 in order to obtain the volume of hydrogen generated only from the

catalytic reaction.

4.2.5.3. Kinetics of Hydrolysis of Ammonia Borane Catalyzed by PVP stabilized
Nickel(0), Cobalt(0) and Ruthenium(0) Nanoclusters

In the first set of experiments, the hydrolysis reaction was performed starting
with different initial concentration of the PVP stabilized nickel(0), cobalt(0) and
ruthenium(0) nanoclusters in the range of (1.0, 1.5, 2.0, 2.5, 3.0 mM) for nickel, (1.0,
1.5, 2.0, 2.5, 3.0 mM) for cobalt and (0.1, 0.2, 0.3, 0.4, 0.5 mM) for ruthenium by
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keeping the initial AB concentration constant at 100 mM. The second set of
experiments were performed by keeping the initial concentration of PVP stabilized
nickel(0), cobalt(0) and ruthenium(0) nanoclusters constant at 2 mM for nickel, 2
mM for cobalt and 0.3 mM for ruthenium varying the AB concentration of in the
range of 50-500 mM. Finally, the catalytic hydrolysis of AB was performed in the
presence of PVP stabilized nickel(0), cobalt(0) and ruthenium(0) nanoclusters at
constant substrate (100 mM) and catalyst concentration (2 mM for Ni, 2 mM Co and
0.1 for Ru) at various temperatures in the range of 15-40 °C in order to obtain the
activation energy (E,), enthalpy (AH?), and entropy (AS?). In addition to the
volumetric measurement of the hydrogen evolution, in each experiment the
conversion of ammonia borane to ammonium metaborate was also checked by
comparing the intensities of signals of AB and metaborate anion at 6 = -23.9 and 9
ppm, respectively, in the ''B-NMR spectra of the solution.

Catalytic Life time experiment: Lifetime experiment was started with a 20 mL
solution containing PVP stabilized nickel(0), cobalt(0) or ruthenium(0) nanoclusters
(1 mM for Ni, 1 mM for Co and 0.1 mM for Ru) and 1 M H3;NBH3; at 25.0 £ 0.5 °C.
A new batch of 310.0 mg H3;NBH; was added into the reaction solution after all

conversion of ammonia borane present in the solution was completed.

4.3. PSSA-co-MA stabilized Nickel(0), Cobalt(0) or Ruthenium(0) Nanoclusters

4.3.1. In Situ Generation of PSSA-co-MA Stabilized Nickel(0), Cobalt(0) or
Ruthenium(0) Nanoclusters and Concomitant Hydrogen Generation from the

Hydrolysis of Ammonia Borane

Both the in situ generation of PSSA-co-MA stabilized nickel(0), cobalt(0) or
ruthenium(0) nanoclusters and the catalytic hydrolysis of AB were performed in the
same medium. In a typical procedure for in situ generation of PSSA-co-MA
stabilized ruthenium(0) nanoclusters and concomitant hydrolysis of AB, a jacketed
reaction flask (50 mL) containing a Teflon-coated stir bar was placed on a magnetic

stirrer (IKA® RCT Basic) and thermostated to 25.0 + 0.5 °C by circulating water
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through its jacket from a constant temperature bath (Polyscience). Then, a graduated
cylinder glass tube filled with water was connected to the reaction flask to measure
the volume of the hydrogen gas to be evolved from the reaction (Figure 15). Next,
desired amount of AB and PSSA-co-MA were dissolved in 15 mL water and
transferred with a glass-pipette into the reaction flask. Then, 5 mL aliquot of 2.8 mM
ruthenium(III) chloride was transferred into the reaction flask using a 10 mL gastight
syringe and the solutions were stirred at 1200 rpm. The initial concentrations of AB,
ruthenium were 100 mM AB and 0.7 mM Ru. Molar ratio of AB to metal precursors
greater than 100 was used to ensure complete reduction of Ru®" to its zero oxidation
state and to observe the catalytic hydrolysis of AB at the same time. A fast color
change from corresponding color of metal precursor solutions to dark brown was
observed which indicates the formation of ruthenium(0) nanoclusters. However, in
the case of PSSA-co-MA stabilized nickel(0) or cobalt(0) nanoclusters, the use of
sodium borohydride was found to be necessary for the reduction of nickel(Il)
chloride or cobalt(Il) chloride to their metallic state because no reduction and
hydrogen generation were observed by performing the catalytic hydrolysis reaction
only in the presence of AB under the same conditions. For this reason, a minimum
amount of NaBH,4 (5.0 mg) were added into the reaction solution at the beginning to
initiate the reduction of nickel(Il) chloride or cobalt(Il) chloride. The extended
procedure for in situ preparation of PSSA-co-MA stabilized nickel(0) or cobalt(0)
nanoclusters can be given as following: a mixture of sodium borohydride (NaBHy,
5.0 mg), AB (62.0 mg) and optimum amount of PSSA-co-MA was dissolved in 15
mL water in a jacketed reaction flask (40 mL) containing a Teflon-coated stir bar
placed on a magnetic stirrer and thermostated to 25.0 + 0.5 °C by circulating water
through its jacket from a constant temperature bath (PolyScience). Then, a graduated
cylinder filled with water was connected to the reaction flask to measure the volume
of the hydrogen gas to be evolved from the reaction. Next, 5 mL aliquots of 2.0 mM
nickel(IT) chloride or 2.0 mM cobalt(Il) chloride were transferred into the reaction
flask using a 10 mL gastight syringe and the solutions were stirred at 1200 rpm. The
initial concentrations of AB, NaBH,, nickel or cobalt were 100 mM AB, 6 mM
NaBHy, 0.5 mM Ni or 0.5 mM Co. A fast color change from the original color of the

metal precursor solutions (green for nickel(I) chloride and pale purple for cobalt(II)
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chloride) to dark brown was observed indicating the formation of nickel(0) or
cobalt(0) nanoclusters. When the nanoclusters formation was completed (within less
than 1 minute) the catalytic hydrolysis was started and followed by monitoring the
volume of hydrogen gas evolved. The volume of hydrogen gas evolved was
measured by recording the displacement of water level with certain time intervals at
constant pressure. The reaction was stopped when no more hydrogen evolution was
observed. The control tests using acid/base indicator showed no detectable amount of
ammonia evolution in our experiments due to the short reaction times and mild

reaction conditions.
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Figure 15. The experimental setup used in performing the catalytic hydrolysis of

ammonia borane and measuring the hydrogen generation rate.

4.3.2. Characterization of In Situ Generated PSSA-co-MA Stabilized Nickel(0),
Cobalt(0) or Ruthenium(0) Nanoclusters

The TEM images were obtained using a JEM-2010 (JEOL) TEM instrument
operating at 200 kV. The samples used for the TEM experiments were harvested
from the polymer stabilized metal(0) nanoclusters solution as described in the section
4.4.1. The nanoclusters solution was centrifuged at 8000 rpm for 8 minutes. The
separated nanoclusters were washed with ethanol to remove the excess polymer and
other residuals. Then, the nanoclusters sample was redispersed in 5 mL water. One
drop of the colloidal solutions were deposited on the silicon oxide coated copper grid
and evaporated in a vacuum under inert atmosphere at 50 °C. Samples were
examined at magnifications between 100 and 600k. Particle size of the nanoclusters

is calculated directly from the TEM image by counting non-touching particles. Size
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distributions are quoted as the mean diameter + the Standard deviation. UV-Vis
electronic absorption spectra of precursor metal salts and PSSA-co-MA stabilized
metal nanoclusters were recorded in aqueous solution on Varian-Carryl00 double
beam instrument. XRD patterns were obtained on a Bruker AXS D8-Advanced
diffractometer with Cu Ka radiation (A = 1.5418 A). FT-IR spectra were recorded with a
Bruker Bruker Vertex 70 spectrophotometer by an Atteunated Total Reflectance (ATR)
module. For controlling conversion of AB at the end of the hydrolysis reaction, the
resulting solutions were filtered and the filtrates were collected for ''B-NMR
analysis to check the conversion of AB to ammonium metaborate corresponds to
signals at & = -23.9 and 9.3 ppm, respectively. ''B-NMR spectra were recorded on a
Bruker Avance DPX 400 with an operating frequency of 128.15 MHz for ''B.

4.3.3. Kinetic Study of PSSA-co-MA Stabilized Nickel(0), Cobalt(0) and

Ruthenium(0) Nanoclusters in Catalytic Hydrolysis of Ammonia Borane

4.3.3.1. Effect of PSSA-co-MA Concentration on the Catalytic Activity of
Nickel(0), Cobalt(0) and Ruthenium(0) Nanoclusters

In order to study the effect of PSSA-co-MA concentration on the catalytic
activity of nickel(0), cobalt(0) and ruthenium(0) nanoclusters in the hydrolysis of AB
(100 mM), catalytic activity tests were performed at 25.0 £ 0.5 °C starting with
various concentrations of PSSA-co-MA (0.5, 1, 1.5, 2, 2.5 and 5 mM corresponding
to [PSSA-co-MA]/[Metal] ratio of 1, 2, 3, 4, 5, 10 for the in-situ generation of nickel
or cobalt nanoclusters. In the case of ruthenium, 0.5, 1, 1.5, 2, 2.5, 5, 10, 15 mM
PSSA-co-MA which are corresponds to [PSSA-co-MA]/[Ru] ratios of 1, 2, 3, 4, 5,
10, 20, 30 were used. In all experiments, the total volume of solution was kept
constant at 20 mL. All the experiments were performed in the same way as described

in the section 4.3.1.
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4.3.3.2. Determination of Rate law and Activation Parameters for Hydrolysis of
Ammonia Borane Catalyzed by PSSA-co-MA Stabilized Nickel(0), Cobalt(0) or

Ruthenium(0) Nanoclusters

In order to establish the rate law for catalytic hydrolysis of AB catalyzed by
in-situ-prepared PSSA-co-MA stabilized nickel(0), cobalt(0) or ruthenium(0)
nanoclusters, three different sets of experiments were performed for each of these
catalysts in the same way as described in the section 4.3.1.

In the first set of experiments, the concentration of AB was kept constant
(100 mM) and nickel or cobalt concentration was varied in the range of 1.0 - 3.0 mM
and ruthenium concentration 0.5-1.0 mM. In the second set of experiments, the
catalysts concentrations were held constant at 2.0 mM Ni or 2.0 mM Co or 0.7 mM
Ru while AB concentration was varied in the range of 50 - 300 mM. Finally, the
catalytic hydrolysis of AB was performed in the presence of the PSSA-co-MA
stabilized nickel(0) or cobalt(0) or ruthenium(0) nanoclusters at constant AB (100
mM) and catalyst concentration (2.0 mM Ni or 2.0 mM Co or 0.5 mM for Ru) at
various temperatures in the range of 15-35 °C in order to obtain the activation energy

(E.), enthalpy (AH?), and entropy (AS).

4.3.3.3. Determination of the Catalytic Lifetime of PSSA-co-MA Stabilized
Nickel(0), Cobalt(0) or Ruthenium(0) Nanoclusters in the Hydrolysis of

Ammonia Borane

The catalytic lifetime of PSSA-co-MA stabilized nickel(0), cobalt(0) or
ruthenium(0) nanoclusters in the hydrolysis of AB were determined by measuring the
total turnover number (TTON). Such a lifetime experiment was started with a 20 mL
solution containing 0.5 mM Ni or 0.5 mM Co or 0.1 mM Ru and 500 mM AB at 25.0
+ 0.5 °C. After all conversion of added AB completed by checking stoichiometric H,
gas evolution (3.0 mol Hy/mol H;NBH3), a new batch of 310.0 mg AB added and the
reaction was kept on in this way until no hydrogen gas was evolved. The test reaction
to check whether ammonia generation takes place during the TTON experiments or

not was performed before addition of new batch of AB by using acid/base titration.
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4.3.3.4. Quantification of the Liberated NH; Gas

The gas generated from the catalytic reaction was passed through 25 mL
standardized solution of 0.001 M HCI at room temperature. After gas generation was
ceased, the resulted solution was titrated with standard solution of 0.01 M NaOH by
using phenolphthalein acid-base indicator. The quantity of the liberated ammonia gas
was calculated from the difference between two HCI solutions before and after the

reaction.

4.3.3.5. Mercury Poisoning as Heterogeneity Test for In situ Prepared PSSA-co-
MA Stabilized Nickel(0), Cobalt(0) or Ruthenium(0) Nanoclusters

To determine whether the in-situ prepared PSSA-co-MA stabilized nickel(0),
cobalt(0) or ruthenium(0) nanoclusters are acting as homogeneous or heterogeneous
catalyst in the hydrolysis of AB, mercury poisoning experiments were carried out by
adding mercury during the catalytic hydrolysis of AB and measuring the catalytic
activity before and after addition. In a typical mercury poisoning experiment, firstly,
PSSA-co-MA stabilized nickel(0), cobalt(0) or ruthenium(0) nanoclusters were
prepared in-situ in the hydrolysis of AB, and then addition of mercury ([Hg]/[Ni]=
200, [Hg)/[Co]= 150, [Hg]/[Ru]= 150) into the nanoclusters solution including 0.5
mM Ni or 0.5 mM Co or 0.7 mM Ru in 20 mL of 100 mM AB solution at 25.0 = 0.5
°C. The catalytic activity was measured by monitoring the rate of hydrogen

generation before and after the addition of mercury.
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1. Preparation and Characterization of PVP stabilized Transition Metal(0)
(Metal: Ni, Co and Ru) Nanoclusters

PVP stabilized nickel(0), cobalt(0) and ruthenium(0) nanoclusters were
prepared by using our own developed method which is a modified version of the
alcohol reduction method [76]. In a typical alcohol reduction method, an alcohol
(methanol, ethanol or propanol) is used as a mild reducing agent. It should be noted
that the alcohol has a double function as a reducing agent and solvent in the method.
The reduction of the metal precursor is usually performed at reflux temperatures. At
reflux conditions, alcohols having o-hydrogen atoms are oxidized to the
corresponding carbonyl compound (e.g., methanol to formaldehyde) and concomitant
reduction of metal ion to its zerovalent state takes place [77]. Thus, the metal
precursor is reduced in the presence of stabilizer (e.g., polymer) and stable metal(0)
nanoclusters are formed. However, in the case of nickel(II) chloride, no reduction
was observed after 4 hours reflux in methanol. Obviously, methanol is not a strong
reducing agent for the nickel(I) precursors. Therefore, a stronger reducing agent,
sodium borohydride, was added into the solution after reflux to reduce nickel(II) ions
to zerovalent nickel. Upon addition of NaBH,, the color of the solution was
immediately changed from pale green of the nickel(Il) ion to dark brown of the
nickel(0) nanoclusters. Prior to the reduction by sodium borohydride, a reflux of one
hour was found to be necessary to obtain the nickel(0) nanoclusters. Most probably,
this preheating of the solution leads to the initial complex formation of nickel(Il) ion

with the PVP stabilizer [78], which can subsequently be reduced to zerovalent metal
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more easily. Our method is more suitable for the preparation of size controlled metal
nanoclusters with a narrow particle size distribution because the injection of reducing
agent into the hot coordinating solution results in the burst nucleation (the saturation
of the solution with metal(0) atoms) and slow growth of the particles which are the
desired process for the preparation of uniform nanoclusters [79]. However, in the
case of alcohol reduction method, due to the slow nucleation step, many different
nuclei are formed and the growth of the particles occurs nonuniformly. Our facile
method is also applicable for the preparation PVP stabilized cobalt(0) and
ruthenium(0) nanoclusters. The PVP stabilized water-soluble nickel(0), cobalt(0) and
ruthenium(0) nanoclusters formed in this way were stable in solution. For example,
no bulk metal formation was observed in solution standing for two weeks at room
temperature under argon atmosphere. The PVP stabilized nickel(0), cobalt(0) and
ruthenium(0) nanoclusters can be isolated as solid materials from solution by
removing the volatiles in vacuum. The isolated nanoclusters were also stable in argon
atmosphere for months. Furthermore, they were redispersible in water and yet
catalytically active when redispersed in aqueous solution, for example, in the

hydrolysis of NaBH4 and AB (see later).

Metal Chloride + PVP-40
in Methanol

Metal : Ni, Co, Ru

Figure 16. A schematic representation of the experimental setup used for the
preparation of PVP stabilized transition metal(0) nanoclusters via our own developed

method.
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5.1.1. Characterization of PVP stabilized Nickel(0) Nanoclusters

The reduction of nickel(Il) chloride and the formation of PVP stabilized
nickel(0) nanoclusters were followed by UV-Vis spectroscopy. Figure 17 shows the
UV-Visible electronic absorption spectra of a solution containing nickel(Il) chloride
and PVP in methanol before and after addition of NaBH4. The d-d transition
absorptions of nickel(II) chloride in methanol solution observed at 750 and 420 nm
disappear after addition of NaBH,4 and a broad absorption continum grows which is
assigned to the characteristic surface plasmon resonance of the nickel(0) nanoclusters
[38]. This observation indicates the reduction of nickel(Il) to the metallic nickel and

formation of particles in nanosize upon addition of NaBH4.
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Figure 17. UV-Visible spectra of nickel(Il) chloride and PVP stabilized nickel(0)

nanoclusters taken from the methanol solutions.

Figure 18 shows the TEM image and the corresponding histogram of
nickel(0) nanoclusters prepared from the reduction of nickel(I) chloride (8.4 mM)
by NaBH4 in the presence of PVP-40 (42 mM) after refluxing for one hour in
methanol. The particle size histogram in Figure 18b was constructed by counting 200

non-touching particles in the TEM image. The particle size of the PVP stabilized
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nickel(0) nanoclusters ranges from 2.0 to 6.0 nm with a mean value of 3.6 nm and a
standard deviation of 1.6 nm (3.6 = 1.6 nm). As clearly seen from the TEM image
that PVP stabilized nickel(0) nanoclusters are well dispersed in methanol solution

and there are no agglomerated particles.
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Figure 18. (a) TEM image and (b) associated histogram for PVP stabilized nickel(0)
nanoclusters formed from the reduction of nickel(II) chloride in the presence of PVP

by sodium borohydride after one hour reflux in methanol.
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Figure 19a shows the XPS survey spectrum of PVP stabilized nickel(0)
nanoclusters obtained from the reduction of nickel(Il) chloride by NaBHy4 in the
presence of PVP after refluxing for one hour in methanol solution indicating the
presence of nickel with the other elements of the PVP (C, O, N). The XPS spectrum
also shows two peaks for Si which most probably mixed to nanoclusters samples
from mortar or glasswares during the sample preparation for XPS analysis. The high
resolution XPS spectrum in Figure 19b exhibits essentially two bands at 852.5 and
869.9 eV which can be assigned to Ni(0) 2p3» and Ni(0) 2p;p», respectively, by
comparing with the values of bulk nickel (852.3 and 869.7 eV, respectively) [80].
The intensity of this spectral component significantly increases under argon ion
bombardment (3000 eV for 3 minutes), indicating the metallic character of the Ni
core in both samples. The ‘Hopping’ mechanism between Ni particles is responsible
for the absence of relative energy shifts in these XPS spectra. Therefore, assays of
the PVP stabilized nickel nanoclusters consist primarily of nickel in metallic state.
The XPS spectrum shows two additional, slightly higher energy bands at 853.8 and
872.8 eV, though with relatively weak intensities. These bands can be attributed to
Ni(Il) 2ps;, and Ni(II) 2py», respectively. By taking the spectral data for NiO as
reference, it is possible to assume that a small amount of NiO can also exist in both
samples, presumably in the form of a very thin oxide coating around Ni cores. Ni(II)
species might have been formed by oxidation during the XPS sample preparation,
since the PVP stabilized nickel(0) nanoclusters are sensitive to aerobic atmosphere.
Since the oxidation product may exist in different form depending on the ligand
(hydroxide, oxo group or nitrogen donor), additional weak bands can be attributed to

the different Ni(Il) species.
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Figure 19. X-Ray photoelectron (a) survey (b) high resolution spectra of PVP
stabilized nickel(0) nanoclusters formed from the reduction of nickel(II) chloride (8.4
mM) in the presence of PVP (42 mM) by sodium borohydride (300 mM) after one

hour reflux in methanol.
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The crystallinity of PVP stabilized nickel(0) nanoclusters were examined by
powder X-ray diffraction. Figure 20 shows the the XRD pattern of isolated PVP
stabilized nickel(0) nanoclusters after washing with ethanol and drying under inert
atmosphere. There was no clear reflectance peak observed for PVP stabilized
nickel(0) nanoclusters, which implies that the PVP stabilized nickel(0) nanoclusters
were existed in mostly amorphous phase. However, the shoulders observed at =20
=45° and 60° indicates that powder sample of PVP stabilized nickel(0) nanoclusters
contains small amount of nickel crystallized in face centered cubic structure.
Considering the very broad peak observed at ~26 =35° which is characteristic for
polymers, we can conclude that the surface of the nickel(0) nanoclusters is mostly

covered by PVP molecule in solid state.
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Figure 20. X-ray diffraction pattern of PVP stabilized nickel(0) nanoclusters
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5.1.2. Characterization of PVP stabilized Cobalt(0) Nanoclusters

The as-prepared PVP stabilized cobalt(0) nanoclusters were stable in solution
and no bulk metal formation was observed in solution standing for one week at room
temperature in inert gas atmosphere. The PVP stabilized cobalt(0) nanoclusters can
be isolated as dark-brown solid from the reaction mixture by removing the volatiles
in vacuum. The isolated nanoclusters were stable in inert gas atmosphere for months.
Furthermore, they were redispersible in water and yet catalytically active when
redispersed in aqueous solution, for example, in the hydrolysis of NaBH4 and AB
(see later).

The morphology and particle size of the PVP stabilized cobalt(0) nanoclusters
were studied by using TEM (Figure 21). The cobalt nanoclusters having particle size
of 7.2 + 2.1 nm were obtained as shown in the histogram (Figure 21b). As clearly
seen from the TEM image that, PVP stabilized cobalt(0) nanoclusters are spherical in

shape and highly dispersible in methanol solution.
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Figure 21. (a) TEM image and (b) associated histogram for PVP stabilized cobalt(0)
nanoclusters sample isolated from the reduction of cobalt(Il) chloride (8.4 mM) in
the presence of PVP (42 mM) by sodium borohydride (150 mM) after one hour

reflux in methanol.
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Figure 22a shows the XPS survey spectrum of PVP stabilized cobalt(0)
nanoclusters obtained from the reduction of cobalt(I) chloride by sodium
borohydride in the presence of PVP after refluxing for one hour in methanol solution
indicating the presence of cobalt with the other elements of the PVP (C, O, N). The
high resolution XPS spectrum in Figure 22b exhibits two prominent bands at 778.6
and 794.2 eV, readily assigned to Co(0) 2ps, and Co(0) 2p., respectively, by
comparing with the values of bulk cobalt [81]. However, there are two additional
bands observed at 783.8 and 799.2 eV which can be attributed to a higher oxidation
states of cobalt, presumably formed by oxidation during the XPS sample preparation,
since the cobalt(0) nanoclusters are sensitive to aerobic atmosphere. Since the
oxidation product may exist in different form depending on the ligand (hydroxide,
oxo group or nitrogen donor), additional weak bands can be attributed to the different
cobalt(I) species [82]. One particular aspect comes into the mind that is formation of
CoxB species during the catalysis. However, CoxB species are generally formed in
the hydrolysis of sodium borohydride under the unaeorobic reaction conditions and
low reaction temperatures (5-10 °C) [83]. Under aerobic reaction conditions, the
CoxB species reduced the metallic cobalt where boron oxidizes to B,0;. We
performed all the reaction in air so in our nanoclusters cobalt is mainly its metallic

state which is also supported by the XPS spectrum.
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Figure 22. X-Ray photoelectron (a) survey, (b) high resolution spectra of PVP
stabilized cobalt(0) nanoclusters sample isolated from the reduction of cobalt(II)
chloride hexahydrate (8.4 mM) in the presence of PVP (42 mM) by sodium

borohydride (150 mM) after one hour reflux in methanol.
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The reduction of cobalt(Il) chloride and the formation of cobalt(0)

nanoclusters in the presence of PVP were also followed by UV-Vis spectroscopy.

Figure 23 shows the UV-Vis electronic absorption spectra of a solution containing

cobalt(Il) chloride and PVP in methanol before and after addition of sodium

borohydride. The broad absorption band at 510 nm observed for cobalt(Il) chloride in

methanol solution

disappears after addition of NaBH4, while a broad absorption

feature grows in at 295 nm which is assigned to the characteristic surface plasmon

resonance of the cobalt(0) nanoclusters [84]. This observation indicates the reduction

of cobalt(Il) to the metallic cobalt and formation of particles in nanosize upon

addition of NaBHa.
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Figure 23. UV-Vis spectra of cobalt(Il) chloride and PVP stabilized cobalt(0)

Figure 24
nanoclusters after

that no obvious di

nanoclusters taken from the methanol solutions.

shows the XRD pattern of the PVP stabilized cobalt(0)
washing with ethanol and drying in argon atmosphere. It is clear

ffraction pattern was found in the sample, which implies that the

PVP stabilized cobalt(0) nanolcusters were existed in an amorphous phase.
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Compared with its crystalline counterpart, the amorphous catalyst is considered to
possess much more structure distortion and hold much more catalytic active sites.
Thus it can be considered that the high catalytic activity of the present cobalt

particles may be attributed to its amorphous state [85].
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Figure 24. X-ray diffraction pattern of PVP stabilized cobalt(0) nanoclusters

5.1.3. Characterization of PVP stabilized Ruthenium(0) Nanoclusters

Figure 25 shows the UV-Vis electronic absorption spectra of solutions
containing ruthenium(IIl) chloride in the presence of PVP stabilizer in methanol
solution before and after reduction by NaBHs. The UV-Vis spectrum of
ruthenium(IIl) chloride exhibits two absorption bands at 406 and 540 nm,
attributable to the ligand to metal charge transfer and d-d transition, respectively
(Figure 25). After reduction these bands of ruthenium(IIl) ions disappear and one
observes a typical Mie exponential decay profile for the PVP stabilized ruthenium(0)

nanoclusters, in consistence with earlier studies [86, 87].
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Figure 25. UV-Vis spectra of ruthenium(III) chloride and PVP stabilized

ruthenium(0) nanoclusters taken from the methanol solutions.

Ruthenium(0) nanoclusters formed from the reduction of the respective
precursor complex by NaBHy in the presence of PVP were stable in solution. No
bulk metal formation was observed in solution standing for weeks at room
temperature in inert gas atmosphere. The PVP stabilized ruthenium(0) nanoclusters
can be isolated from the reaction solution as dark-brown solid by removing the
volatiles in vacuum. The nanoclusters isolated can be redispersed in aqueous
solution. When redispersed the nanoclusters are yet catalytically active in the
hydrolysis of NaBH, or AB (see later).

The particle size distribution and morphology of the PVP stabililized
ruthenium(0) nanoclusters were studied by using TEM images in Figure 26. The
average particle size of PVP stabilized ruthenium(0) nanoclusters were calculated as
5.1 £ 1.2 nm by counting 100 non-touching particles in the corresponding TEM
images. They show narrow particle size distribution and there is no agglomerated
particles indicating the good dispersion of PVP stabilized ruthenium(0) nanoclusters

in methanol solution.
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Figure 26. (a) TEM image and (b) associated histogram for PVP stabilized
ruthenium(0) nanoclusters sample isolated from the reduction of ruthenium(III)
chloride (3.6 mM) in the presence of PVP (18 mM) by sodium borohydride (300

mM) after one hour reflux in methanol.
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Figure 27a shows the XPS survey spectra of PVP stabilized ruthenium(0)
nanoclusters sample isolated from the reduction of ruthenium(III) chloride (3.6 mM)
in the presence of PVP (18 mM) by NaBH4 (150 mM) after one hour reflux in
methanol indicating the presence of ruthenium with the other elements of PVP (C, O,
N). Figure 27b shows the high resolution XPS spectrum of PVP stabilized
ruthenium(0) nanoclusters exhibits two well resolved signal at 281.2 and 285.8 eV
for Ru 3ds» and Ru 3p;p, respectively. These signals are readily assigned to the
Ru(0). The binding energies of PVP stabilized ruthenium(0) nanoclusters were
shifted toward higher values by 1.1 and 1.3 eV for Ru 3ds, and Ru 3p;p,
respectively, which might be attributed to both the quantum size effect [4] and
peculiar electronic properties of the polymer matrix [88]. However, additional peaks
are observable at 282.4 and 287 eV, which can be assigned to higher oxidation states
of ruthenium such as Ru(IV) in RuO,. The formation of Ru oxides in the XPS
sampling procedure is a known phenomenon [89]. The energy differences of 4.1 eV
between the Ru 3ds, and Ru 3p;, signal are consistent with theorotical value

calculated for the metallic ruthenium [90].
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Figure 27. X-Ray photoelectron (a) survey, (b) high resolution spectra of PVP
stabilized ruthenium(0) nanoclusters sample isolated from the reduction of
ruthenium(III) chloride hydrate (3.6 mM) in the presence of PVP (18 mM) by

sodium borohydride (150 mM) after one hour reflux in methanol.
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The powder X-ray diffraction pattern of a representative sample of PVP
stabilized ruthenium(0) nanoclusters is shown in Figure 28. A broad peak around
20=44° correlate with (101) plane of face centered cubic structure of metallic
ruthenium [91]. The broadening observed for 101 plane is characteristic for the
particles in nanometer scale [89]. However, the reflectances for other planes ((100)
plane at 20=38.5° and (002) plane at 26=42.8° metallic ruthenium were not
observable in the XRD pattern most probably due to the interaction of the PVP

molecule with nanocluster surface atoms by these planes.
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Figure 28. X-ray diffraction pattern of PVP stabilized ruthenium(0) nanoclusters

5.1.4. Integrity of PVP on the Stabilization of Transition Metal(0) Nanoclusters

Comparative FT-IR spectra of both the PVP stabilized metal(0) nanoclusters
having different PVP to metal ratio and the neat PVP polymer give insight to the
bonding mode of PVP on the nanoclusters surface. The FT-IR spectra of neat PVP
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and PVP stabilized metal(0) nanoclusters samples show no essential difference with
the exception of carbonyl band. Figure 29 demonstrates the spectral change in the
CO stretching range of 2000-1500 cm™" with the PVP/Metal ratio. In low PVP/Metal
ratio, one observes an additional band for the CO stretching at lower wavenumber
(1600 cm™") than the main band at 1663 cm™' of the neat PVP polymer. This
additional lower frequency band is assigned to the carbonyl group coordinated to the
nickel atoms on the nanoclusters surface [92]. The appearance of a relatively weak
band with large coordination shift (Avc-o = 63 cm™') indicates that a small portion of
the carbonyl groups on the PVP chain are bound to the nanoclusters surface. As the
PVP/Metal ratio increases the fraction of the bound carbonyl decreases, so that the
additional band at lower frequency due to the bound carbonyl groups is loosing
intensity. In the spectrum of sample with PVP/Metal ratio of 5, the band is not

discernible as the fraction of the bound carbonyl groups is negligibly small.
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Figure 29. FT-IR spectra of PVP stabilized metal(0) nanoclusters taken from KBr
pellets in the CO stretching range: (a) neat PVP, (b) PVP/metal =0.5, (c) PVP/metal
=0.1.
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5.2. Catalytic Activity of PVP Stabilized Nickel(0), Cobalt(0) and Ruthenium(0)
Nanoclusters in Hydrogen Generation from the Hydrolysis of Sodium

Borohydride and Ammonia Borane

5.2.1. Catalytic Activity of PVP stabilized Nickel(0) Nanoclusters in The

Hydrolysis of Sodium Borohydride and Ammonia borane

5.2.1.1. Kinetics of the Hydrolysis of Sodium Borohydride Catalyzed by PVP
stabilized Nickel(0) Nanoclusters

In order to study the effect of PVP concentration on the catalytic activity of
nickel(0) nanoclusters in the hydrolysis of NaBH4 (150 mM) or AB, catalytic activity
tests were performed at 25.0 £ 0.5 °C starting with five sets of nickel(0) nanoclusters
having different PVP/Ni ratio (5, 10, 20, 30, 40). Figure 30 shows the plots of the
hydrogen generation from the hydrolysis of NaBH4 in the presence of nickel(0)
nanoclusters having different PVP/Ni ratio. The rate of hydrogen generation was
calculated from the slope of the linear portion of curves which decrease with the

increasing PVP/Ni ratio.
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Figure 30. The volume of hydrogen versus time plot for the hydrolysis of sodium
borohydride catalyzed by nickel(0) nanoclusters having different PVP to nickel ratio
at 25.0 £ 0.5 °C.

The PVP molecule adsorbed on the nanoclusters surface via carbonyl groups
provides steric stabilization against coagulation of the particles. At high PVP
concentrations, almost whole surface atom of the metal nanoclusters are covered;
thus, the catalytically active sites are blocked leading to the deactivation of catalyst.
At low PVP concentrations, the nanoclusters are not stable enough to be employed as
catalyst. Hence, one has to make a compromise between stability and catalytic
activity. In this case, the optimum PVP/Ni ratio was found to be 5 (the PVP
concentration of 7 mM monomer), for obtaining nickel(0) nanoclusters which are
stable and show the highest catalytic activity in the hydrolysis of sodium borohydride
(Figure 31). Thus, the PVP to nickel ratio of 5 was selected for the further

experiments.
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Figure 31. The rate of hydrogen generation from the hydrolysis of NaBHj in the

presence of nickel(0) nanoclusters at different PVP/Ni ratios.

The PVP stabilized nickel(0) nanoclusters are found to be active catalyst for
the hydrolysis of NaBH,4 even at low concentrations and room temperature. Figure 32
shows the plots of the volume of hydrogen generated versus time during the catalytic
hydrolysis of 150 mM NaBHj, solution in the presence of nickel(0) nanoclusters at
different Ni concentrations at 25.0 + 0.5 °C. The hydrogen generation rate was
determined from the linear portion of the plot for each nickel concentration. The
inset in Figure 32 shows the plot of hydrogen generation rate versus nickel
concentration, both in logarithmic scale. The slope of the line in the inset of Figure
32 is 1.2 = 1.0 indicating that the hydrolysis of NaBHy is first order with respect to

the nickel concentration.
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Figure 32. The volume of hydrogen versus time plot depending on the nickel
concentration for the catalytic hydrolysis of sodium borohydride (150 mM) at 25.0 £
0.5 °C. The inset shows the plot of hydrogen generation rate versus the concentration

of nickel (both in logarithmic scale) for the hydrolysis of sodium borohydride.

The effect of substrate concentration on the hydrogenation rate from the
catalytic hydrolysis of NaBH; was also studied by performing a series of
experiments starting with varying initial concentration of NaBH4 while keeping the
catalyst concentration constant at 1.4 mM Ni at 25 + 0.5 °C (Figure 33). The slope of
the line inset (0.03~ 0.0) in the inset of Figure 33 indicated that the hydrogen
generation rate was practically independent of the NaBH,4 concentration. Hence, the
hydrolysis of sodium borohydride catalyzed by PVP stabilized nickel(0) nanoclusters
is zero order with respect to the NaBH4 concentration. Consequently, the rate law for
the hydrolysis of NaBH, catalyzed by PVP stabilized nickel(0) nanoclusters can be
given as, Eq. (6);

—4d[NaBH,] _d[H,]_,
dt  dt

[Ni] (6)
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Figure 33. The volume of hydrogen versus time plots for the hydrolysis of sodium
borohydride at different NaBH4 concentrations at constant catalyst concentration (1.4
mM Ni) and 25.0 £ 0.5 °C. The inset shows the plot of hydrogen generation rate

versus the NaBH4 concentration (both in logarithmic scale) for the hydrolysis of

Both PVP stabilized nickel(0) nanoclusters catalyzed and self hydrolysis of
sodium borohydride were carried out at various temperature in the range of 25-45 °C
starting with an initial substrate concentration of 150 mM NaBH4 and catalyst
concentration of 1.4 mM Ni. The values of rate constant k,,, (Table Al in the
Appendix A) for the sole catalyzed hydrolysis were calculated from the hydrogen
volume versus time data obtained by subtracting the self hydrolysis hydrogen
generation values from those of nickel(0) nanoclusters catalyzed hydrolysis of

NaBH4 and were used to create the Arrhenius, Eq. (7), [93], and Eyring, Eq. (8),

H
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sodium borohydride.

[94] plots as shown in the inset of Figue 34 and in Figure 35, respectively.
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The Arrhenius activation energy for the hydrolysis of NaBH, catalyzed by
PVP stabilized nickel(0) nanoclusters was calculated as E,"***" = 46 + 2 kJ/mol.
However, this type of activation energy is formed by the combination of the rate
constants (kgpp) of many reaction steps for the catalytic hydrolysis of NaBH4 and so
should be called as E,"™*™. This activation energy is lower than the value found for
the same hydrolysis catalyzed by hydrogenphosphate-stabilized nickel(0)
nanoclusters (54 kJ/mol) [37] and much more less than other bulk metal catalysts: 75

kJ/mol for cobalt, 71 kJ/mol for nickel, and 63 kJ/mol for Raney nickel [95].
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Figure 34. Volume of hydrogen generation versus time for the hydrolysis of sodium
borohydride (150 mM) catalyzed by PVP stabilized nickel(0) nanoclusters (1.4 mM
Ni) in the temperature range of 25-45 °C. The inset shows the Arrhenius plot (In k

versus the reciprocal absolute temperature 1/T (K ™).
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The Eyring plot given in Figure 35 gives the activation enthalpy, AH” = 45 +
2 kJ/mol; and the activation entropy, AS” = -94 + 3 J/K:mol, for the hydrolysis of
NaBHj, catalyzed by PVP stabilized nickel(0) nanoclusters. The small positive value
of activation enthalpy and the large negative value of activation entropy are
indicative of an associative mechanism for the hydrolysis of NaBH4 catalyzed by
PVP stabilized nickel(0) nanoclusters in line with the mechanism suggested for the
hydrolysis of sodium borohydride given in the literature [96]. According to a
suggested mechanism for metal catalysed hydrolysis of NaBH, in alkaline media, the
attack on BH; anion by the protic solvent (H,O) on the metal catalyst surface is
thought to afford a pentacoordinate [BHs]* intermediate. This short-lived
intermediate may eventually evolve in two different directions, either relaxing back
to Borohydride (with H/D scrambling if the hydrolysis is carried in a deuterated
solvent) or decomposing irreversibly to molecular hydrogen and B(OH)4 possibly

via a BHj intermediate as shown in Eq. (9);

BH, + I —— [BHi]* —— B(OH),” +H, (9)

A catalyst lifetime experiment was performed starting with a 50 mL
solution of PVP stabilized nickel(0) nanoclusters containing 1.4 mM Ni and 1 M
NaBH4 (1.9 g) at 25.0 £ 0.5 °C. It was found that the PVP stabilized nickel(0)
nanoclusters provide 8700 turnovers in hydrogen generation from the hydrolysis of
NaBH4 over 27 hours before deactivation. However, that the hydrogen generation
slows down as the reaction proceeds may be because of increasing viscosity of the
solution as the continuously added NaBH4 is converted to sodium metaborate.
Therefore, this value should be considered as a lower limit. A much higher TTON
value might be obtained when the increase in viscosity could be avoided. Note that
the turnover frequency starts with an initial value of TOF = 10.2 mol H,.(mol
Ni) .min™ or 174 mmol H,.(g Ni)".min™". Both TTO and TOF values refer to the

sole catalytic hydrogen generation after subtraction of self hydrolysis.
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Figure 35. Eyring plot (In(k/T) versus the reciprocal absolute temperature 1/T (K™
for the hydrolysis of sodium borohydride (150 mM) catalyzed by PVP stabilized
nickel(0) nanoclusters (1.4 mM Ni) in the temperature range 25-45 °C

5.2.1.2. Kinetics of the Hydrolysis of Ammonia Borane Catalyzed by PVP
Stabilized Nickel(0) Nanoclusters

Figure 36 shows the plots of the volume of hydrogen generated versus time
during the catalytic hydrolysis of 100 mM H3;NBHj solution in the presence PVP
stabilized nickel(0) nanoclusters catalyst at different metal concentration (1, 1.5, 2,
2.5, 3 mM) at 25 + 0.5 °C. The hydrogen generation rate was determined from the
linear portion of the plot for each metal concentration. The plot of hydrogen
generation rate versus metal concentration, both in logarithmic scale (the inset in
Figure 36) gives a straight line with a slope of 0.95 = 1, indicating that the hydrolysis

reaction is first order with respect to the catalyst concentration.
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Figure 36. The volume of hydrogen versus time plots depending on the nickel
concentrations for the hydrolysis of ammonia borane (100 mM) at 25 £ 0.5 °C The
inset shows the plot of hydrogen generation rate versus the concentration of cobalt

(both in logarithmic scale).

The effect of ammonia borane concentration on the hydrogen generation rate
from the hydrolysis of AB catalyzed by PVP stabilized nickel(0) nanoclusters was
also studied by performing a series of experiments starting with various initial
concentration of HsNBH; while keeping the catalyst concentration constant at 2.0
mM Ni. Figure 37 shows the plots of the volume of hydrogen generated versus time
during the catalytic hydrolysis of AB at various substrate concentrations. The
hydrogen generation rate was determined from the linear portion of the plot for each
AB concentration and used for constructing the plot of hydrogen generation rate
versus ammonia borane concentration, both in logarithmic scale (the inset in Figure
37). The slope of the line given in the inset of Figure 37, 0.91 =~ 1 indicates that the

hydrolysis reaction is first order with respect to the AB concentration.
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Figure 37. The volume of hydrogen versus time plots depending on the substrate
concentrations at constant catalyst concentration for the hydolysis of ammonia
borane catalyzed by PVP stabilized nickel(0) nanoclusters. The inset shows the plot
of hydrogen generation rate versus the concentration of the substrate (both in

logarithmic scale)

Consequently, the rate law for the hydrolysis of AB catalyzed by PVP

stabilized nickel(0) nanoclusters can be given as Eq.(10);

~3d[H,NBH,] d[H,]
dt Cdt

= K[Ni] (10)

PVP stabilized nickel(0) nanoclusters catalyzed hydrolysis of AB was carried
out at various temperature in the range of 20-40 °C starting with the initial substrate
concentration of 100 mM H3;NBH3; and an initial catalyst concentration of 2 mM Ni.
The values of rate constants (kapp) (Table A2 in the Appendix A) for PVP stabilized
nickel(0) nanoclusters catalyzed hydrolysis of AB were calculated from the slope of
the linear part of each plot in Figure 38 and used to calculate the apparent activation

energy (Arrhenius plot is shown in the Inset of Figure 38): Apparent activation
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apparent — 58 4+ 2 kJ.mol™!, The value of activation energy is lower than the

energy E,
value reported for the hydrolysis of AB using Ni/y-Al,O3 (62 kJ/mol) [69], and Ru/C

(76 kj/mol) [69].
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Figure 38. The volume of hydrogen versus time plots at different temperatures for
the hydrolysis of ammonia borane (100 mM) catalyzed by PVP stabilized nickel(0)
nanoclusters (2.0 mM Ni) in the temperature range 20-40 °C. The inset shows

Arrhenius plot (In k versus the reciprocal absolute temperature 1/T (K™).

The Eyring plot given in Figure 39 gives the activation enthalpy, AH” = 56 +
3 kJ/mol; and the activation entropy, AS” = -111 + 5 J/K'mol, for the hydrolysis of
AB catalyzed by PVP stabilized nickel(0) nanoclusters. The high positive value of
activation enthalpy and the high negative value of activation entropy of hydrolysis of
AB catalysed by PVP stabilized nickel(0) nanoclusters indicate an associative
mechanism. A propose mechanism can be suggested for the metal catalyzed
hydrolysis of AB under the light of these kinetic results where the adsorption of the
H:;NBH; molecule on the surface of metal catalyst via nitrogen or boron atom is

occurred at the first step of the mechanism. Then, the native bond between the
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nitrogen and boron atom is weakened on the surface of metal catalyst which is
followed by the attack of water molecule to weakened bond. This step should be the
rate determining step because the weakening of the native bond between the N-B
need high energy. Next, the reaction of BH; molecule with water takes place

resulting in the formation of hydrogen gas and borate sprecies in the second step.
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Figure 39. Erying plot (In(k/T) versus the reciprocal absolute temperature 1/T (K™")
for the hydrolysis of ammonia borane (100 mM) catalyzed by PVP stabilized
nickel(0) nanoclusters (2.0 mM Ni) in the temperature range 20-40 °C

A catalyst lifetime experiment was performed starting with a 20 mL solution
of PVP stabilized nickel(0) nanoclusters containing 1.5 mM Ni and 1.0 M H;NBH;
at 25.0 £ 0.5 °C. PVP stabilized nickel(0) nanoclusters provided 17450 turnovers
over 24 h. The deactivation of the catalyst in 24 h can be explained by the increasing
viscosity and pH due the the formation of [NH4][BO;] which was identified by the
""B-NMR spectral shift at 5= 11.8 ppm of the crystalline product at the bottom of the

reactor.
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5.2.2. Catalytic Activity of The PVP stabilized Cobalt(0) Nanoclusters in The

Hydrolysis of Sodium Borohydride or Ammonia borane

5.2.2.1. Kinetics of the Hydrolysis of Sodium Borohydride Catalyzed by PVP
Stabilized Cobalt(0) Nanoclusters in Aqueous Medium

Figure 40 shows the plots of the volume of hydrogen generated versus time
during the catalytic hydrolysis of 150 mM NaBH, solution in the presence PVP
stabilized cobalt(0) nanoclusters catalyst in various metal concentration (0.5, 1, 1.5,
2, 2.5 mM) at 25 + 0.5 °C. The hydrogen generation rate was determined from the
linear portion of the plot for each metal concentration. The inset shows the plot of
hydrogen generation rate versus cobalt concentration, both in logarithmic scale,

which indicates that the hydrolysis of NaBHj is first order with respect to the cobalt

concentration.
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Figure 40. The volume of hydrogen versus time plots depending on the cobalt
concentrations for the hydrolysis of sodium borohydride (150 mM) at 25.0 £ 0.5 °C
The inset shows the plot of hydrogen generation rate versus the concentration of

cobalt (both in logarithmic scale).
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The effect of NaBH,4 concentration on the hydrogen generation rate from the
hydrolysis of NaBH,4 was also studied by performing a series of experiments starting
with varying initial concentration of NaBH, while keeping the catalyst
concentrations constant at 1.5 mM Co. Figure 41 shows the plots of the volume of
hydrogen generated versus time during the catalytic hydrolysis of sodium
borohydride at different NaBH4 concentration. The hydrogen generation rate was
determined from the linear portion of the plot for each NaBH,4 concentration and was
used for the construction of the plot of hydrogen generation rate versus NaBH4
concentration, both in logarithmic scale (the inset in Figure 41). One obtains a
straight line with a slope of 0.83 = 1. This indicates that the hydrolysis reaction is

also first order with respect to the NaBH,4 concentration.
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Figure 41. The volume of hydrogen versus time plots depending on the substrate
concentrations at constant catalyst concentration for the hydolysis of sodium
borohydride. The inset shows the plot of hydrogen generation rate versus the

concentration of the substrate (both in logarithmic scale)
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Consequently, the rate law for the catalytic hydrolysis of NaBH, catalyzed by
PVP stabilized cobalt(0) nanoclusters can be given as, Eq. (11)

—4dhmBH4]_dUQ]_k
dt Codt

[Col[NaBH 4] (11)

Both the self hydrolysis and the PVP stabilized cobalt(0) nanoclusters
catalyzed hydrolysis of NaBH4 were carried out at various temperature in the range
of 20-40 °C starting with the initial NaBH,4 concentration of 150 mM NaBH,4 and an
initial catalyst concentration of 1.5 mM Co in the latter case. Figure 42 shows the
plots of volume of hydrogen generated versus time for the hydrolysis of NaBH, at
five different temperatures. Note that the values used for the plots were obtained by
subtracting the hydrogen volume for the self hydrolysis from those of corresponding
metal nanoclusters catalyzed hydrolysis of NaBH, at each temperature. The values of
rate constant (kap,) (Table A3 in the Appendix A) for the sole catalytic hydrolysis
were obtained from the slope of the linear part of each plot in Figure 43 and used to
calculate the apparent activation energy (Arrhenius plot is shown in the Inset of

Figure 42): Apparent activation energy E,"**"= 63 + 2 kJ.mol .
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Figure 42. The volume of hydrogen versus time plots at different temperatures for
the hydrolysis of sodium borohydride (150 mM) catalyzed by PVP stabilized
cobalt(0) nanoclusters (1.5 mM Co) in the temperature range 20-40 °C. The inset

shows Arrhenius plot (In k versus the reciprocal absolute temperature 1/T (K™)).

The Eyring plot given in Figure 43 gives the activation enthalpy, AH” = 61 +
2 kJ/mol; and the activation entropy, AS” = -49 + 3 J/K'mol, for the hydrolysis of
NaBHj, catalyzed by PVP stabilized cobalt(0) nanoclusters. The large positive value
of activation enthalpy and the small negative value of activation entropy are
indicative of an dissociative mechanism for the hydrolysis of NaBH4 catalyzed by
PVP stabilized cobalt(0) nanoclusters in line with the rate law which is first order

with respect to the NaBH,4 concentration.
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Figure 43. Erying plot (In(k/T) versus the reciprocal absolute temperature 1/T (K™")
for the hydrolysis of sodium borohydride (150 mM) catalyzed by PVP stabilized
cobalt(0) nanoclusters (1.5 mM Co) in the temperature range 20-40 °C

A catalyst lifetime experiment was performed starting with a 50 mL solution
of PVP stabilized cobalt nanoclusters containing 1.5 mM Co and 1 M NaBH4 (1.9 g)
at 25.0 £ 0.1 °C. PVP stabilized cobalt(0) nanoclusters provided 5100 turnovers over
19 h in the hydrolysis of NaBH4. However, the hydrogen generation slows down as
the reaction proceeds, may be, because of increasing viscosity of the solution as the
continuously added NaBH,4 is converted to sodium metaborate. Therefore, this TTON
value should be considered as a lower limit. A much higher TTON value might be

obtained when the increase in viscosity could be avoided.
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5.2.2.2. Kinetics of the Hydrolysis of Ammonia Borane Catalyzed by PVP
Stabilized Cobalt(0) Nanoclusters

Figure 44 shows the plots of the volume of hydrogen generated versus time
during the catalytic hydrolysis of 100 mM H3;NBHj solution in the presence PVP
stabilized cobalt(0) nanoclusters catalyst at different metal concentrations (1, 1.5, 2,
2.5, 3 mM) at 25 + 0.5 °C. The hydrogen generation rate was determined from the
linear portion of the plot for each metal concentration. The plot of hydrogen
generation rate versus metal concentration, both in logarithmic scale (the inset in
Figure 44) gives a straight line with a slope of 1.15 = 1, indicating that the hydrolysis
reaction is first order with respect to the catalyst concentration. The control tests
using a trap containing copper(Il) sulfate showed no ammonia evolution in detectable

amount in the experiments.
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Figure 44. The volume of hydrogen versus time plots depending on the cobalt
concentrations for the hydrolysis of ammonia borane (100 mM) at 25.0 + 0.5 °C The
inset shows the plot of hydrogen generation rate versus the concentration of cobalt

(both in logarithmic scale).
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The effect of ammonia borane concentration on the hydrogen generation rate
was also studied by performing a series of experiments starting with various initial
concentration of HsNBH; while keeping the catalyst concentration constant at 2.0
mM Co. Figure 45 shows the plots of the volume of hydrogen generated versus time
during the catalytic hydrolysis of AB at various substrate concentrations. The
hydrogen generation rate was determined from the linear portion of the plot for each
AB concentration and used for constructing the plot of hydrogen generation rate
versus AB concentration, both in logarithmic scale (the inset in Figure 45). The slope
of the line given in the inset of Figure 45, 0.91 = 1, indicates that the hydrolysis

reaction is first order with respect to the AB concentration.
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Figure 45. The volume of hydrogen versus time plots depending on the substrate
concentrations at constant catalyst concentration (2.0 mM Co) for the hydrolysis of
sodium borohydride. The inset shows the plot of hydrogen generation rate versus the

concentration of the substrate (both in logarithmic scale)
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Consequently, the rate law for the hydrolysis of AB catalyzed by PVP

stabilized cobalt(0) nanoclusters can be given as Eq.(12);

_3d[H§tNBH3]= d[:tz]:k[Co][H3NBH3] (12)

PVP stabilized cobalt(0) nanoclusters catalyzed hydrolysis of AB was carried
out at various temperature in the range of 20-40 °C starting with the initial substrate
concentration of 100 mM H;NBHj; and an initial catalyst concentration of 2.0 mM
Co. The values of rate constant (k,,p,) (Table A4 in the Appendix A) for PVP
stabilized cobalt(0) nanoclusters catalyzed hydrolysis of AB were calculated from
the slope of the linear part of each plot in Figure 46 and used to calculate the
apparent activation energy (Arrhenius plot is shown in the Inset of Figure 46):
Apparent activation energy E,PP"™ = 46 + 2 kJ.mol™'. The value of activation
energy is lower than the value reported for the hydrolysis of AB using Co/y-Al,Os
(62 kJ/mol) [97], and Ru/C (76 kj/mol) [98].

The Eyring plot given in Figure 47 gives the activation enthalpy, AH” = 43 +
3 kJ/mol; and the activation entropy, AS” = -126 + 5 J/K'mol, for the hydrolysis of
AB catalyzed by PVP stabilized cobalt(0) nanoclusters.
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Figure 46. The volume of hydrogen versus time plots at different temperatures for
the hydrolysis of ammonia borane (100 mM) catalyzed by PVP stabilized cobalt(0)
nanoclusters (2.0 mM Co) in the temperature range 20-40 °C. The inset shows

Arrhenius plot (In k versus the reciprocal absolute temperature 1/T (K™1)).
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Figure 47. Erying plot (In(k/T) versus the reciprocal absolute temperature 1/T (K™")
for the hydrolysis of ammonia borane (100 mM) catalyzed by PVP stabilized
cobalt(0) nanoclusters (1.5 mM Co) in the temperature range 20-40 °C
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A catalyst lifetime experiment was performed starting with a 20 mL solution
of PVP stabilized cobalt(0) nanoclusters containing 1.5 mM Co and 1 M H;NBH; at
25.0 £ 0.5 °C. PVP stabilized cobalt(0) nanoclusters provided 12640 turnovers over
15 h. The ""B-NMR spectral shift at 8= 11.8 ppm of the crystalline product at the
bottom of the reactor indicates the formation of [NH4][BO;] during the TTO
experiment. The deactivation of the catalyst in 15 h can be explained by the

increasing viscosity and pH due the the formation of [NH4][BO,].

5.2.2.3. Catalytic Activity of PVP stabilized Cobalt(0) Nanoclusters in the
Hydrolysis of Sodium Borohydride in the Basic Medium

According to the established mechanism [99], in acidic medium the
hydrolysis of sodium borohydride is initiated by the attack of hydronium ion on the
borohydride anion. In alkaline solution, the reduction of proton concentration causes
a decrease in the rate of hydrolysis. Since most of the prior studies on the catalytic
hydrolysis of NaBH, have been carried out in alkaline medium, for comparison we
also performed the hydrolysis of NaBH, in the basic medium by using PVP stabilized
cobalt(0) nanoclusters as catalyst. In order to understand the effect of NaOH
concentration on the catalytic activity of PVP stabilized cobalt(0) nanoclusters, the
catalytic hydrolysis of NaBH,; was performed in six different NaOH solutions (1.0,
2.0, 3.0, 4.0, 5.0 and 10% wt NaOH). Figure 48 shows the volume of hydrogen
generated versus time during the hydrolysis of 150 mM NaBHy in various NaOH
solutions catalyzed by PVP stabilized cobalt(0) nanoclusters (2.0 mM Co) at 25.0 +
0.5 °C. As cleary seen from the inset of Figure 48, the rate of hydrogen generation
first increases until the 2 % wt NaOH surprisingly and, then, decreases with the
increasing concentration of NaOH expectedly. This observation dictates the use of
2% wt NaOH for the kinetic studies of catalytic hydrolysis of NaBH,4 using PVP

stabilized cobalt(0) nanoclusters catalyst.
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Figure 48. Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of
50 mL of 150 mM sodium borohydride catalyzed by PVP stabilized cobalt(0)
nanoclusters (2 mM Co) in 1.0, 2.0, 3.0, 4.0, 5.0, and 10.0% wt NaOH solutions at
25.0 £ 0.5 °C. The inset shows the plot of hydrogen generation rate change
depending on the % wt of NaOH.

Figure 49 shows the volume of hydrogen generated versus time in the
catalytic hydrolysis of NaBHy4 (150 mM) in the presence of PVP stabilized cobalt(0)
nanoclusters with different cobalt concentration (1.0-3.0 mM Co) in 2 % wt NaOH
solution at 25.0 + 0.5 °C. Although the hydrolysis reactions were performed in
alkaline solution, the hydrogen generation starts immediately after addition of the
catalyst. The presence of sodium hydroxide does not cause an induction period in the
formation of the nanoclusters catalyst. Plotting the hydrogen generation rate versus
cobalt concentration, both on logarithmic scales, gives a straight line (the inset in
Figure 49), the slope of which is found to be 0.94. This result indicates that the
hydrolysis of NaBH4 using PVP stabilized cobalt(0) nanoclusters as catalyst in 2% wt

NaOH solution is first-order with respect to the catalyst concentration.
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Figure 49. Plot of the volume of hydrogen versus time for the hydrolysis of sodium
borohydride (150 mM) in 2% wt NaOH solution catalyzed by PVP stabilized
cobalt(0) nanoclusters with different cobalt(0) concentrations at 25.0 + 0.5 °C. The
inset shows the plot of hydrogen generation rate versus catalyst concentration (both
in logarithmic scale) for the PVP stabilized cobalt(0) nanoclusters catalyzed

hydrolysis of NaBH,4 in 2% wt NaOH solution at 25.0 £ 0.5 °C.

The effect of substrate concentration on the hydrogen generation rate was also
studied by performing a series of experiments starting with various initial
concentration of NaBH, while the catalyst concentration is kept constant at 2.0 mM
Co in 2% wt NaOH solution at 25.0 + 0.5 °C (Figure 50). The slope of plot (the inset
of Figure 50) shows that the catalytic hydrolysis is zeroth order with respect to

NaBH,4 concentration.
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Figure 50. Plot of the volume of hydrogen versus time for the hydrolysis of sodium
borohydride in 2% wt NaOH solution catalyzed by PVP stabilized cobalt(0)
nanoclusters with different NaBH,4 concentrations at 25.0 + 0.5 °C. The inset shows
the plot of hydrogen generation rate versus NaBH,4 concentration (both in logarithmic
scale) for the PVP stabilized cobalt(0) nanoclusters catalyzed hydrolysis of NaBH4 in
2% wt NaOH solution at 25.0 + 0.5 °C.

Consequently, the rate law for the catalytic hydrolysis of NaBH, catalyzed by
PVP stabilized cobalt(0) nanoclusters in 2% wt NaOH solution can be given as, Eq.

(13)

—4d[NaBH4] _d[H2]

. - =KICo] (13)

The hydrolysis of sodium borohydride was carried out at various
temperatures in the range of 20-40 °C starting with the initial substrate concentration
of 150 mM NaBHy and an initial catalyst concentration of 2.0 mM Co in 2% wt
NaOH solution (Figure 51). The values of rate constant (kap,) (Table A5 in the
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Appendix A) determined from the linear portions of the volume of hydrogen versus
time plots at six different temperatures were used to draw Arrhenius plot (the inset of
Figure 51) and calculate the activation parameters: apparent activation energy,
E, PP = 37 + 2 kJ/mol; activation enthalpy, AH” = 36 + 2 kJ/mol; and activation
entropy, AS” = -134 + 3 J/K - mol for the PVP stabilized cobalt(0) nanoclusters
catalyzed hydrolysis of 150 mM NaBHj in 2% wt NaOH solution. The value of
activation energy is lower than the value reported for the hydrolysis of NaBH,4 in
basic solution using bulk cobalt (75 kJ/mol), nickel (71 kJ/mol), and Raney nickel
(63 kJ/mol) [95], bulk ruthenium (47 kJ/mol) [100], and Co-B catalyst (45 kJ/mol)
[101]. It is noteworthy that the activation energy and enthalphy for the hydrolysis of
NaBH4 in basic solution are both lower than the values found for the same reaction

catalyzed by PVP stabilized cobalt(0) nanoclusters in the absence of NaOH.
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Figure 51. Plot of the volume of hydrogen (mL) generated versus time (s) for the
hydrolysis of 50 mL of 150 mM sodium borohydride in 2% wt NaOH solution at
different temperatures (15, 20, 25, 30, and 35°C) catalyzed by PVP-stablized
cobalt(0) nanoclusters ([Co] = 2.0 mM). The inset shows the Arrhenius plot for the
PVP stabilized cobalt(0) nanoclusters catalyzed hydrolysis of sodium borohydride in
2 wt % NaOH solution.
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Our kinetic studies on the hydrolysis of sodium borohydride catalyzed by
PVP stabilized cobalt(0) nanoclusters reveals that NaOH stabilized and non-
stabilized aqueous solutions of sodium borohydride shows zero and first order
dependency with respect to the NaBH4 concentration, respectively. This is one
particular aspect of the catalytic hydrolysis of NaBH, that show difference involving
change in the hydrolysis rate with changing NaBH4 and NaOH concentration for
different metal catalysts. For example, Amendola et al. [59] and Jeong et al. [102]
have shown that the reaction rate decreases with increasing NaBH4 concentration.
The work of Kaufman et al.[95] and our previous study [37], however, shows that the
reaction is zero-order, indicating that a change in concentration of NaBH,4 should not
change the rate of hydrolysis reaction. In terms of the NaOH concentration, general
thought in increasing the NaOH concentration would decrease the hydrolysis rate,
especially in the light that the solution is base stabilized to prevent hydrolysis. It is
generally concluded that increasing [NaBH4] increases solution viscosity and,
therefore, decreases reaction rate, a deviation from the zero-order kinetics described
by Kaufman [95]. Therefore, the effect of increasing NaOH on the reaction rate of
hydrolysis of NaBHj is still not well-established. However, a mechanistic study
proposed by Halbrook and Twist [103] can give more insights to understand the
effect of NaOH concentration on the hydrolysis of NaBHy. In this mechanism,
reaction begins with the attachment of the BH4 ion to a catalytic site which is called
as anodic step. However, the rate of the reaction is determined by cathodic step
where an electron is combined with a water molecule and available site to form the
MH complex and hydroxyl ion. This step is called non-catalyzed intermediate
reaction. In this step, the increase in NaOH pushes forward to increasing [MH] and
thereby reduces rate of the overall reaction when a hydrogen adsorbing catalyst is
used such as Ru. In contrast, non-noble metals such as Co for our case, hydrogen
adsorption is weak, and so the rate of overall reaction increases by increasing
concentration of NaOH up to the point of saturation. In the light of these mechanistic
explanations, the increase in the initial concentration of NaBHy4 increases the pH of
the unstabilized borohyride solution which is resulted in the increse in rate of
hydrolysis reaction. However, in the case of NaOH stabilized borohydride solution

which has high pH value, the increase in the initial concentration of NaBH4 has no
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effect on the pH of the solution, and so there is no change in the rate of hydrolysis
reaction. Therefore, hydrolysis of unstabilized borohydride solution catalyzed by
polymer-stabilized cobalt nanoclusters shows first-order dependency, but the
hydrolysis of NaOH stabilized borohydride solution show zeroth order dependency

with respect to the NaBH,4 concentration.
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5.2.3. Catalytic Activity of The PVP stabilized Ruthenium(0) Nanoclusters in

The Hydrolysis of Sodium Borohydride and Ammonia borane

5.2.3.1. Kinetics of the Hydrolysis of Sodium Borohydride Catalyzed by PVP

Stabilized Ruthenium(0) Nanoclusters in Aqueous Medium

Figure 52 shows the plots of hydrogen volume generated versus time during
the catalytic hydrolysis of NaBHj solution in the presence of PVP stabilized
ruthenium(0) nanoclusters at different ruthenium concentrations at 25.0 + 0.5 °C. A
fast hydrogen evolution starts immediately without induction period, indicating a

rapid dispersion of the catalyst in reaction medium.

3°°'_ & [Ru] (mM)
— 4 v L 0-25
- P "" “
[ . P "," “A e 0.35
~  600- « Y A A 045
e v 0.55
Q dy A .o' M :
m 4 v A ® < 0-65
(o] v A ®
S ) 4 ‘, ‘-l .. - ]
S, 400- MR IO
< «v s o® a " 047 In(rate) = 1.10 In[Ru] + 0.61
'16 4"’ ‘A .o .l 00

4y A ° n -

g 1l « “‘.'. _'. 5 o4
E 2009 T L. =
_— 4‘1.. .l *

(o] “t.o - [ ] 1.2 4 v T T J
> ’:-.- 15 42 09 206 03
0 ™ In [Ru]
T T[T
0 150 300 450 600 750 900 1050
Time (s)

Figure 52. Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of
NaBH, (284.0 mg, 150 mM in 50 mL) catalyzed by PVP stabilized ruthenium(0)
nanoclusters with different ruthenium concentrations in the range of 0.25-0.65 mM at
25.0 £0.5 °C. The inset shows the rate of hydrogen generation versus ruthenium
concentration both in logarithmic scale.

The rate of hydrogen generation from the hydrolysis of NaBH4 in the

presence of PVP stabilized ruthenium(0) nanoclusters is in the range of 40-140 mL
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of H,min" at the catalyst concentrations in the range of 0.25-0.65 mM Ru
corresponding to TOF value up to 193 mol H,.(mol Ru.min)" at room temperature.
Plotting the hydrogen generation rate, determined from the linear portion of the plots
in Figure 52, versus ruthenium concentration, both in logarithmic scales (the inset of
Figure 52), gives a straight line with a slope of 1.10 = 1.0, indicating that the
hydrolysis of NaBH4 is first-order with respect to the catalyst concentration.

The effect of substrate concentration on the hydrogen generation rate was also
studied by performing a series of experiments starting with varying initial
concentration of NaBH,4 while the ruthenium concentration is kept constant at 0.35
mM. Figure 53 shows the plot of hydrogen volume generated versus time for various
initial concentration of NaBH, in the range of 150-900 mM NaBH,. Plotting the
hydrogen generation rate determined from the linear portion of the plots in Figure 53
versus ruthenium concentration, both in logarithmic scales (the inset in Figure 53)
shows that the catalytic hydrolysis of NaBH, proceeds zeroth order with respect to
substrate concentration.

Consequently, the rate law for the hydrolysis of NaBH,4 catalyzed by PVP

stabilized ruthenium(0) nanoclusters can be given as, Eq. (14)

—4d[NaBH,] _d[H,]

. 2 =kIRU] (14)
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Figure 53. Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of
NaBHj, catalyzed by PVP stabilized ruthenium(0) nanoclusters ( [Ru] = 0.35 mM)
solution (50 mL) in different substrate concentrations in the range of 150-900 mM

NaBHj, at 25.0 £ 0.5 °C.

The hydrolysis of NaBH4 in the presence of PVP stabilized ruthenium(0)
nanoclusters was carried out at various temperatures (20, 25, 30, 35, 40 and 45 °C)
starting with a 150 mM initial substrate concentration and an initial ruthenium
concentration of 0.35 mM. The values of rate constant (kap,) (Table A6 in Appendix
A) determined from the linear portions of the hydrogen volume versus time plots at
six different temperatures (Figure 54) are used to construct the Arrhenius and Eyring
plots as shown in the inset of Figue 54 and Figure 55, respectively. The apparent
activation energy was found to be E,""**™ = 56 + 2 kJ.mol™'. This activation energy
is higher than the value found for the same hydrolysis reaction catalyzed by acetate-
stabilized ruthenium(0) nanoclusters (41 kJ/mol) [104] and PVP stabilized nickel(0)
nanoclusters (46 kJ.mol™) but it is lower than found for the hydrolysis of NaBH,

catalyzed by bulk ruthenium (57 kI.mol™)[105], PVP stabilized cobalt(0)
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nanoclusters (63 kJ.mol™") and other bulk metal catalysts: 75 kJ/mol for cobalt, 71
kJ/mol for nickel, and 63 kJ/mol for Raney nickel [106].
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Figure 54. Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of
NaBHj (284.0 mg, 150 mM in 50 mL) catalyzed by PVP stabilized ruthenium(0)
nanoclusters ( [Ru] = 0.35 mM) at different temperatures in the range of 15-35 °C.

The Eyring plot given in Figure 55 gives the activation enthalpy, AH" = 54 +
2 kJ.mol™; and the activation entropy, AS” = -72 + 3 J.(K-mol)™ for the hydrolysis of
NaBHy, catalyzed by PVP stabilized ruthenium(0) nanoclusters.
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Figure 55. Erying plot (In(k/T) versus the reciprocal absolute temperature 1/T (K™
for the hydrolysis of sodium borohydride (150 mM) catalyzed by PVP stabilized

ruthenium(0) nanoclusters (0.35 mM Ru) in the temperature range of 15-35 °C

A catalyst lifetime experiment for PVP stabilized ruthenium(0) nanoclusters
in the hydrolysis of NaBH4 was started with 0.25 mM Ru at 25.0 + 0.5 °C. The PVP
stabilized ruthenium(0) nanoclusters were found to provide 38800 turnovers in the
hydrolysis of NaBH,4 over 39 h before deactivation. This is one of the highest TTON
value in the catalytic hydrolysis of NaBH4 as considered to the one of the previous
highest value for acetate stabilized ruthenium(0) nanoclusters was TTON = 5170
[104], note the improvement by a factor of 7. Thus, it is proved one more time that
the use of polymer stabilizer increases the catalytic lifetime of transition metal(0)

nanoclusters by preserving their activity.

5.2.3.2. Kinetics of the Hydrolysis of Sodium Borohydride Catalyzed by PVP

Stabilized Ruthenium(0) Nanoclusters in Basic Medium

As we mentioned in the previous sections, in the acidic medium the

hydrolysis of NaBHy is initiated by the attack of hydronium ion on the borohydride
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anion according to the established mechanism [107,108]. In the basic solution, the
reduction of proton concentration causes a decrease in the rate of hydrolysis. Since
most of the prior studies on the catalytic hydrolysis of NaBH,4 have been carried out
in alkaline medium (mostly in 5 wt % NaOH solution) [109], we also performed the
hydrolysis of NaBH, in the basic medium by using PVP stabilized ruthenium(0)
nanoclusters as catalyst to make comparison. In order to understand the effect of
NaOH concentration on the catalytic activity of PVP stabilized ruthenium(0)
nanoclusters, the catalytic hydrolysis of NaBH4 was performed in four different
solutions that contain 2.0, 3.0, 4.0, and 5.0 wt % NaOH. Figure 56 shows the
volume of hydrogen generated versus time for the hydrolysis of NaBH, catalyzed by
PVP stabilized ruthenium(0) nanoclusters in the solutions including different wt %
NaOH at 25.0 = 0.5 °C. In contrast to PVP stabilized cobalt(0) nanoclusters (see
section 5.2.2.3) , the rate of hydrogen generation decreases with the increasing
concentration of sodium hydroxide, expectedly. The dramatic change in the rate of
hydrogen generation was observed from 2 wt% to 3 wt% NaOH indicating that 2 wt
% NaOH is not enough to stabilized aqueous NaBH, solution. As seen from the
Figure 56, the rate changed slightly after 3 wt% NaOH. For this reason, we selected
5 wt% NaOH solution for the hydrolysis of NaBH, catalyzed by PVP stabilized

ruthenium(0) nanoclusters in alkaline solution for further kinetic experiments.
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Figure 56. Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of
sodium borohydride ([NaBH4] = 150 mM) catalyzed by PVP stabilized ruthenium(0)
nanoclusters ([Ru] = 0.75 mM) in different wt% NaOH solutions at 25.0 £ 0.5 °C.

Figure 57 shows the volume of hydrogen generated versus time for the
hydrolysis of NaBHs (150mM) in the presence of PVP stabilized ruthenium(0)
nanoclusters with different ruthenium concentrations in the range of 0.25-1.25 mM in
5.0 wt% NaOH solution at 25.0 = 0.5 °C. The inset of the Figure 57 shows the
hydrogen generation rate versus ruthenium concentration, both in logarithmic scales,
gives a straight line, the slope of which is found to be 0.98. This result indicates that
the hydrolysis of NaBHj, in the presence of PVP stabilized ruthenium(0) nanoclusters

1s first order with respect to the catalyst concentration in 5.0 wt% NaOH solution.
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Figure 57. Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of
sodium borohydride ([NaBH4] = 150 mM) in 5 wt % NaOH solution catalyzed by
PVP stabilized ruthenium(0) nanoclusters with different ruthenium(0) concentrations

at25.0 £ 0.5 °C.

The effect of substrate concentration on the hydrogen generation rate was also
studied by performing a series of experiments starting with various initial
concentration of NaBH,4 while the catalyst concentration is kept constant at 0.75 mM
Ru in 5 wt % NaOH solution at 25.0 £+ 0.5 °C. The results indicate that the catalytic
hydrolysis is zeroth order with respect to substrate concentration in the presence of 5

wt % NaOH.
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The hydrolysis of NaBH4 was carried out at various temperature in the range
of 20-45 °C starting with the initial substrate concentration of 150 mM NaBH, and
an initial catalyst concentration of 0.75 mM Ru in 5 wt % NaOH solution (Figure
58). The values of rate constant (ki) (Table A7 in the Appendix A) determined
from the linear portions of the H, volume versus time plots at six different
temperatures are used to calculate the activation parameters: apparent activation
energy, B, = 33 + 2 kJ.mol™ (the inset of Figure 58); activation enthalpy, AH” =
30 + 2 kJ/mol; and activation entropy, AS” = -118 + 3 J.(K- mol)" (Figure 59) that
were found for the PVP stabilized ruthenium(0) nanoclusters catalyzed hydrolysis of

NaBH; (150 mM) in 5 wt% NaOH solution.
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Figure 58. Plot of the volume of hydrogen (mL) generated versus time (s) for the
hydrolysis of sodium borohydride (150 mM) catalyzed by PVP stabilized
ruthenium(0) nanoclusters in 5 wt% NaOH solution at different temperatures ([Ru] =

0.75 mM)
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The value of activation energy is lower than the value of 47 kJ.mol™ found
for bulk ruthenium at 5.6 M NaBH4 concentration [110]. Table 1 shows the
activation energies determined for the hydrolysis of NaBH,; in basic medium
catalyzed by other catalysts for comparison. The observed small value of activation
enthalpy and the large negative value of activation entropy reveal that the zeolite
framework stabilized ruthenium(0) nanoclusters catalyzed hydrolysis of NaBH4

followed associtative mechanism in basic medium.
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Figure 59. The Eyring plot for the hydrolysis of sodium borohydride catalyzed by

PVP stabilized ruthenium(0) nanoclusters in 5 wt% NaOH solution.
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Table 2. The catalyst systems employed in the hydrolysis of sodium borohydride in

the basic medium and obtained activation energies in different reaction conditions.

Entry

Catalyst

Ea (kJ/mol) NaBH,

NaOH Reference

1
2
3

10
11
12
13
14
15
16
17

Acetate stabilized Ru(0) NCs
Ru-IRA 400

Ni-Co-B

Co-B / Ni foam

Ni,B

Co-B

Co/y-Al, 04

Co-B/C

Ru promated sulphated Zr
Pt/LiCo0O;,

Ru/LiCo0O,

Co-Mn-B nanocomposites
Ru/C

PtPd@CNT

Co-W-B/Ni

PVP stabilized Co(0) NCs
PVP stabilized Ru(0) NCs

97

43
47
62
33
38
45
33
58
76
70
68
55
67
19
29

0.15M
20 %
0.16
20 %
1.5%
2%
5%
0.2 M
0.6 M
10 %
10 %
5%
1M
0.15M
20 %
0.15M
0.15M

10 %
10 %
15 %
10 %
10 %
5%
5%
20 mmol
1.3 M
5%
5%
5%
4%
1 %
5%
5%
5%

[104]
[110]
[111]
[112]
[113]
[114]
[115]
[116]
[117]
[118]
[118]
[119]
[120]
[121]
[122]
[123]

[this study]



5.2.3.3. Kinetics of the Hydrolysis of Ammonia Borane Catalyzed by PVP
Stabilized Ruthenium(0) Nanoclusters

Figure 60 shows the plots of hydrogen volume generated versus time during
the hydrolysis of AB solution catalyzed by PVP stabilized ruthenium(0) nanoclusters
at different ruthenium concentrations at 25.0 £ 0.5 °C. The rate of hydrogen
generation determined from the linear portion of the plots in Figure 60 from the
hydrolysis of AB in the presence of PVP stabilized ruthenium(0) nanoclusters is in
the range of 20-100 mL of H,.min™' for the catalyst concentrations in the range of
0.10-0.50 mM Ru corresponding to TOF value up to 446 mol H,.(mol Ru.min)" at
room temperature. A a straight line with a slope of 1.10 = 1.0 was obtained when
plotting the hydrogen generation rate versus ruthenium concentration, both in
logarithmic scales (the inset of Figure 60) indicating that the hydrolysis of AB is

first-order with respect to the ruthenium concentration.
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Figure 60. Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of
ammonia borane (63.0 mg, 100 mM in 20 mL) catalyzed by PVP stabilized
ruthenium(0) nanoclusters with different ruthenium concentrations at 25.0 + 0.5 °C.
The inset shows the rate of hydrogen generation versus ruthenium concentration both

in logarithmic scale.
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The effect of substrate concentration on the hydrogen generation rate was also
studied by performing a series of experiments starting with varying initial
concentration of AB while the ruthenium concentration is kept constant at 0.30 mM.
Figure 61 shows the plot of hydrogen volume generated versus time for various
initial concentration of AB in the range of 100-500 mM H;NBH;. The slope of the
plot in the inset of Figure 61 which is the hydrogen generation rate versus ruthenium
concentration, both in logarithmic scales shows that the catalytic hydrolysis of AB

proceeds zeroth order with respect to substrate concentration.
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Figure 61.The volume of hydrogen versus time plots depending on the substrate
concentrations at constant catalyst concentration for the hydolysis of ammonia
borane catalyzed by PVP stabilized ruthenium(0) nanoclusters. The inset shows the
plot of hydrogen generation rate versus the concentration of the substrate (both in

logarithmic scale)

Consequently, the rate law for the hydrolysis of AB catalyzed by PVP

stabilized ruthenium(0) nanoclusters can be given as, Eq. (15);
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~3d[H,NBH,]| _d[H,]

- 2 =kIRU] (15)

The hydrolysis of AB was carried out at various temperatures in the range of
15-35 °C starting with a 100 mM initial H3NBH; concentration and an initial
ruthenium concentration of 0.30 mM. The values of rate constant (k,pp,) (Table A8 in
the Appendix A) determined from the linear portions of the hydrogen volume versus
time plots at five different temperatures (Figure 62) are used to construct the
Arrhenius and Eyring plots as shown in the inset of Figue 62 and Figure 63,
respectively. The apparent activation energy was found to be E,™P*" = 38 + 2

kJ.mol .
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Figure 62. Plot of the volume of hydrogen (mL) versus time (s) for the hydrolysis of
H3;NBH3; (63.0 mg, 100 mM in 50 mL) catalyzed by PVP stabilized ruthenium(0)
nanoclusters ( [Ru] = 0.35 mM) at different temperatures in the range of 15-35 °C.

The Eyring plot given in Figure 63 gives the activation enthalpy, AH” = 54 +

2 kJ.mol™; and the activation entropy, AS” = -72 + 3 J.(K-mol)™ for the hydrolysis of
AB catalyzed by PVP stabilized ruthenium(0) nanoclusters.
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Figure 63. Erying plot (In(k/T) versus the reciprocal absolute temperature 1/T (K™")
for the hydrolysis of ammonia borane (100 mM) catalyzed by PVP stabilized
ruthenium(0) nanoclusters (0.35 mM Ru) in the temperature range of 15-35 °C

A catalyst lifetime experiment for PVP stabilized ruthenium(0) nanolcusters
in the hydrolysis of AB was started with 0.10 mM Ru at 25.0 + 0.5 °C. PVP
stabilized ruthenium(0) nanoclusters provided 44320 turnovers in the hydrolysis of
AB over 52 h before deactivation. This is one of the highest TTON value in the
catalytic hydrolysis of AB compared to other catalyst systems tested in the
hydrolysis of AB.
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5.3. PSSA-co-MA Stabilized Nickel(0), Cobalt(0) and Ruthenium(0)

Nanoclusters

5.3.1. In Situ Generation and Characterization of PSSA-co-MA Stabilized
Nickel(0) or Cobalt(0) Nanoclusters

The PSSA-co-MA stabilized nickel(0) or cobalt(0) nanoclusters were
generated in situ from the reduction of nickel(Il) chloride or cobalt(Il) chloride by
minimum amount of sodium borohydride shortly before their employment as
catalysts in the hydrolysis of AB at room temperature. The use of sodium
borohydride was found to be necessary for the reduction of metal ions to their
metallic state because no reduction and hydrogen generation were observed by
performing the catalytic hydrolysis reaction only in the presence of AB under the
same conditions. In the present system, the use of NaBHy as a reducing agent results
in generation of additional hydrogen gas from its hydrolysis. However, the maximum
amount of hydrogen generated from the hydrolysis of sodium borohydride is 11 mL,
which is subtracted from the total volume of hydrogen generated from the system to
find the volume of sole hydrogen generation from the catalytic hydrolysis of AB. In
all the experiments, the molar ratio of the total hydrogen generated from the sole
hydrolysis of AB to the initial AB in the presence of both PSSA-co-MA stabilized
nickel(0) or cobalt(0) nanoclusters was 2.8 - 2.9, very close the theoretical value of
3.0 [69]. These results indicate that the sole hydrolysis of AB is almost completed in
the presence of PSSA-co-MA stabilized nickel(0) or cobalt(0) nanocluster catalysts.

Nickel(0) or cobalt(0) nanoclusters formed from the reduction of the
respective precursor complex by sodium borohydride during the catalytic hydrolysis
of ammonia borane in the presence of polymeric stabilizer are very stable in aqueous
solution. No bulk metal formation was observed in solution standing for weeks at
room temperature in inert gas atmosphere. The PSSA-co-MA stabilized nickel(0) or
cobalt(0) nanoclusters can be isolated from the reaction solution as dark-brown solid
by centrifugation. The isolated nanoclusters can be redispersed in water and still

preserve their catalytic activity in the hydrolysis of AB after redispersion.
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Figure 64. UV-Visible spectra of (a) nickel(IT) chloride and PSSA-co-MA stabilized
nickel(0) nanoclusters, (b) cobalt(Il) chloride and PSSA-co-MA stabilized cobalt(0)

nanoclusters taken from the aqueous solutions.
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Figure 64 shows the UV-visible electronic absorption spectra of the aqueous
solutions of nickel(Il) chloride or cobalt(Il) chloride in the presence of PSSA-co-MA
stabilizer before and after reduction by NaBHi. The UV-visible spectrum of
nickel(II) chloride exhibits absorption bands at 410 nm and 780 nm, attributable to
the d-d transitions (Figure 64a). After reduction, these bands disappeared and one
observed a typical Mie exponential decay profile for the PSSA-co-MA stabilized
nickel(0) nanoclusters [38, 124]. In the case of cobalt (Figure 64b), the d-d
absorption band at 520 nm of cobalt(I) chloride disappeared leaving an absorption
continum characteristic for the cobalt(0) nanoclusters [38, 125]. The weak
absorption around 300 nm in both spectra was attributed to n — ©* excitation of
C=0 groups in PSSA-co-MA molecules, by comparing with the spectrum of PSSA-
co-MA. These observations indicate the reduction of nickel(Il) or cobalt(Il) to their
metallic states and subsequently the formation of nanoclusters in the presence of
PSSA-co-MA upon addition of sodium borohydride. The existence of PSSA-co-MA
in the nanoclusters sample was also proved by comparing the FTIR spectra of
poly(4-styrenesulfonic acid-co-maleic acid) sodium salt and PSSA-co-MA stabilized
metal(0) nanoclusters.

The morphologies and particle size distribution of the as-synthesized PSSA-
co-MA stabilized nickel(0) and cobalt(0) nanoclusters were examined by TEM,
HRTEM (Figure 65). The TEM image of the PSSA-co-MA stabilized nickel(0)
nanoclusters (Figure 65a) reveals that very small nanoclusters were embedded in
polymer matrix. The HRTEM image of PSSA-co-MA stabilized nickel(0)
nanoclusters given in Figure 65c indicated that the nanoclusters having an average
particle size of 2.1 + 0.6 nm were dispersed in and stabilized by polymer matrix. In
the case of the PSSA-co-MA stabilized cobalt(0) nanoclusters, they were not
embedded in the polymer matrix, they were stabilized by polymer and well
dispersed in aqueous solution but show a broader size distribution compared to
nickel nanoclusters, with an average size of 5.3 £ 1.6 nm (Figure 65b and Figure

65d).
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Figure 65. TEM, HRTEM images and corresponding particle size distributions of
PSSA-co-MA stabilized nickel(0) nanoclusters (a,c,e), cobalt(0) nanoclusters (b,d,f)
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The crystallinity of the in-situ generated PSSA-co-MA stabilized nickel(0) or
cobalt(0) nanoclusters were examined by powder X-ray diffraction. Figure 66 shows
the the XRD pattern of the PSSA-co-MA stabilized nickel(0) and cobalt(0)
nanoclusters after washing with ethanol and drying under inert atmosphere. It is clear
that no obvious diffraction pattern was found for cobalt(0) nanoclusters (Figure 66b),
which implies that the in situ generated cobalt(0) nanoclusters were existed in
amorphous phase. However, in the case of nickel(0) nanoclusters, the broad
diffraction observed at 20 = 44.5° belongs to 111 plane of fcc-Ni indicating the fcc
structure of nickel(0) nanoclusters (Figure 66a). The higher activity of the PSSA-co-
MA stabilized cobalt(0) nanoclusters compared to nickel(0) nanoclusters might stem
from the amorphous nature of cobalt in the nanoclusters as reported by Xu et al

[56b,85].
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Figure 66. XRD patterns of PSSA-co-MA stabilized (a) nickel(0) nanoclusters (b)

cobalt(0) nanoclusters
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5.3.2. Kinetics of Hydrolysis of Ammonia Borane Catalyzed By PSSA-co-MA
stabilized Nickel(0) or Cobalt(0) Nanoclusters

Figure 67 shows the plots of volume of hydrogen generated versus time
during the hydrolysis of AB catalyzed by in-situ generated PSSA-co-MA stabilized
nickel(0) or cobalt(0) nanoclusters at different PSSA-co-MA concentrations. The
insets in Figure 67 show the plots of the hydrogen generation rate versus the PSSA-
co-MA]/[Metal] ratio for the hydrolysis of AB catalyzed by PSSA-co-MA stabilized
nickel(0) or cobalt(0) nanoclusters starting with various concentrations of PSSA-co-
MA at 25.0 = 0.5 °C. For both nanoclusters, the hydrogen generation rate decreases
with the increasing concentration of polymeric stabilizer as expected [126]. By
considering both the stability and catalytic activity of the nanoclusters in the
hydrolysis of ammonia borane, it was concluded to perform the further kinetic

experiments with the [PSSA-co-MA]/[Metal] ratio of 1 for both nanoclusters.
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Figure 67. The volume of hydrogen versus time plots depending on the different
[PSSA-co-MA]/[Metal] ratios for (a) nickel nanoclusters (b) cobalt nanoclusters.
The insets show the plots of hydrogen generation rate versus the concentration of

metal (both in logarithmic scale) for the hydrolysis of AB (100 mM) at 25 + 0.5 °C.
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The PSSA-co-MA stabilized nickel(0) or cobalt(0) nanoclusters are found to
be highly active catalysts in the hydrolysis of AB even at low catalyst concentration
and room temperature. Figure 68 shows the plots of the volume of hydrogen
generated versus time during the catalytic hydrolysis of 100 mM AB solution in the
presence of nickel(0) nanoclusters (Figure 68a) or cobalt(0) nanoclusters (Figure
68b) at different catalyst concentrations at 25.0 = 0.5 °C. The hydrogen generation
rate was determined from the linear portion of the plot for each experiment. The
insets in Figure 68 show the plots of hydrogen generation rate versus initial
concentration of nickel or cobalt, both in logarithmic scale. The slopes of 1.09 = 1.00
in the inset of Figure 68a and 0.96 = 1.00 in the inset of Figure 68b indicate that
hydrolysis of AB catalyzed by PSSA-co-MA stabilized nickel(0) or cobalt(0)
nanoclusters is first order with respect to the catalyst concentration.

The effect of substrate concentration on hydrogen generation rate was also
studied by performing a series of experiments starting with varying initial
concentration of AB while keeping the catalyst concentration constant at 2.0 mM Ni
or 2.0 mM Co at 25.0 £ 0.5 °C (Figure 69). It is clearly seen from Figure 69a and 69b
that the hydrogen generation from the catalytic hydrolysis of AB is practically

independent of AB concentration for both catalysts.
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Figure 68. The volume of hydrogen versus time plots depending on the metal
concentrations for PSSA-co-MA stabilized (a) nickel(0) nanoclusters (b) cobalt(0)
nanoclusters at 25.0 £ 0.5 °C. The inset of each figures show the plot of hydrogen

generation rate versus the concentration of metal (both in logarithmic scale).

111



1001 [H,NBH,] (mM) .
- .
£ g0, e 100
- | + 150 §
g‘ : v 200 =
o 60- 250 3 -"-'-"jl )
- ] Inrate =0.12 In [H;NBH;]- 2.81
E P e
E 40 - E -2.0 .Y
@ M s ] T
E | ,

2 24 o 3.0 vy
S 38 a8 5.8
o IANBR]

0 li é 1‘2 1IE- le.'l
Time (min)

1207 [H,NBH ] (mM) ¢
s N ()
—E' 100 4 * 100
= 1 ¢ 150 X
o 250 4
s | i In rate = 0.07 In[H;NBH;] - 1.95
2™ ;2
E 1 = ¢ v
3 1| P
o 20 [ ] T T T T T T v T 1
> 38 48 58

In [H;NBH,]

04— ¥ ¥ T r ¥ - T v ¥ r T r - L 1

0 4 8 12 16

Time (min)

Figure 69. The volume of hydrogen versus time plots depending on AB
concentrations for PSSA-co-MA stabilized (a) nickel(0) nanoclusters (b) cobalt(0)
nanoclusters at 25.0 = 0.5 °C. The inset of each figures show the plot of hydrogen

generation rate versus the concentration of metal (both in logarithmic scale).
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Consequently, the rate law for the catalytic hydrolysis of AB catalyzed by
PSSA-co-MA stabilized nickel(0) or cobalt(0) nanoclusters can be given as in
Eq.(16);

= k[Catalyst] (16)

~3d[NH,BH,] d[H,]
dt ot

The PSSA-co-MA stabilized nickel(0) or cobalt(0) nanoclusters catalyzed
hydrolysis of AB was carried out at various temperatures (15-35 °C) starting with an
initial substrate concentration of 100 mM AB for Ni or Co catalyst and an initial
catalyst concentration of 2.0 mM Ni or 2.0 mM Co. The values of rate constant (Kapp)
at different temperatures (Table A9 and A10 in the Appendix A) for the PSSA-co-
MA stabilized nickel(0) or cobalt(0) nanoclusters catalyzed hydrolysis of AB were
calculated from the slope of the linear part of each plot in Figure 70a and 70b,
respectively. They were also used to calculate the activation energies (Arrhenius
plots are shown in the Insets of Figure 70a and 70b): apparent activation energies
E,PP¥ent — 32 + 2 kJ.mol™! for Ni and E,*P**" = 34 + 1 kJ.mol"! for Co.

Catalyst lifetime experiments were performed starting with a 20 mL solution
of as- prepared PSSA-co-MA stabilized nickel(0) or cobalt(0) nanoclusters
containing 1.0 mM Ni or 1.0 mM Co, and 0.5 M AB at 25.0 + 0.5 °C. The PSSA-co-
MA stabilized nickel(0) nanoclusters provide 22450 turnovers over 48 h in the
hydrolysis of AB at 25.0 + 0.5 °C before deactivation while the PSSA-co-MA
stabilized cobalt(0) nanoclusters provide 17650 turnovers over 36 h for the same
reaction under the same conditions. The ammonia generation during the TTO
experiments for both catalysts in the hydrolysis of AB was checked at certain time
intervals by using acid/base titration test, but no detectable amount of ammonia was
observed. The detection limit for our titration method is ~0.12 % by weight and so
the amount of ammonia generated should be lower than our detection limit [127].
The more sensitive analytical method such as gas chromatography (GC) should be

used for the determination of such a lower ammonia concentration.
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Figure 70. Volume of hydrogen versus time plots at different temperatures for the
hydrolysis of AB (100 mM) catalyzed by PSSA-co-MA stabilized (a) Ni
nanoclusters (2.0 mM) (b) Co nanoclusters (2.0 mM) in the temperature range 15-35
°C. The insets of each figure show Arrhenius plot (In k versus the reciprocal absolute

temperature 1/T (K™)).
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The Eyring plot given in Figure 71 gives the activation enthalpies, AH” =29 +
2 kJ/mol for Ni; AH” = 31 + 2 kJ/mol for Co and the activation entropies, AS*=-165
+ 4 J/K'mol for Ni; AS” = -152 + 4 J/K-mol for Co for the hydrolysis of ammonia
borane catalyzed by PSSA-co-MA stabilized nickel(0) or cobalt(0) nanoclusters.
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Figure 71. Erying plot (In(k/T) versus the reciprocal absolute temperature 1/T (K™
for the hydrolysis of ammonia borane (100 mM) catalyzed by PSSA-co-MA
stabilized (a) nickel(0) nanoclusters (2.0 mM Ni) (b) cobalt(0) nanoclusters (2.0 mM
Co) in the temperature range 15-35 °C
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Table 3 shows the activities in terms of TOF values (mol Ha.catalyst'.min™)
of the various non-noble metal catalyst systems or their alloys which have been
tested in the hydrolysis of AB at 25.0 + 0.5 °C. It can be clearly seen from the table
that PSSA-co-MA stabilized nickel(0) nanoclusters are the best one with a TOF
value of 10.1 min™ among the nickel catalysts and PSSA-co-MA stabilized cobalt(0)
nanoclusters has the second highest activity with a TOF value of 25.7 min"' among

the cobalt catalysts.

Table 3. Activities in terms of TOF values (mol Hy(mol catalyst)'‘min™) of the non-
noble metal catalysts or their alloys have been tested in hydrogen generation from the
hydrolysis of AB at 25 °C. (The TOF values were estimated from the data given in
respective references).

TOF
Catalyst (moL H,.(mol catalyst)-.min™)
In-situ Co(0) nanoparticles 39.8 [128a]
PSSA-co-MA stabilized Co(0)
nanoclusters 25.7 [This study]
In-situ Fe;_xNiy nanoparticles 10.9 [128Db]
PSSA-co-MA stabilized Ni(0)
nanoclusters 10.1 [This study]
Bimetallic Au-Ni 9.8 [128¢]
3.2 nm Ni/C 8.8 [128d]
In-situ Starch-Stabilized Ni nanoparticles 6.6 [128e]
PVP stabilized Ni nanoparticles 4.5 [128f]
Hollow-Ni nanoparticles 4.3 [128g]
In-situ Fe(0) nanoparticles 3.4 [128h]
Intrazeolite Cobalt(0) NCs 2.4 [128i]
Ni/y-ALO; 1.7[128j]
Co/ y-Al,0Os 1.5 [128j]
NiCl, 0.40 [128K]
Cu@Cu,O 0.22 [128m]
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5.3.3. In situ Generation and Characterization of PSSA-co-MA Stabilized

Ruthenium(0) Nanoclusters

The PSSA-co-MA stabilized ruthenium(0) nanoclusters were formed in-situ
during the hydrolysis of ammonia borane. The color change and the UV-vis
electronic absorption spectra show that the reduction of the precursor complexes is
fast and without an observable induction period the hydrolysis of ammonia borane
starts immediately releasing hydrogen gas. Figure 72 shows the UV-Vis electronic
absorption spectra of solutions containing ruthenium(Ill) chloride in the presence of
PSSA-co-MA stabilizer in aqueous solution before and after reduction by ammonia
borane. The UV—visible spectrum of ruthenium(III) chloride exhibits two absorption
bands at 330 and 406 nm, attributable to the ligand to metal charge transfer and d-d
transition, respectively (Figure 72). After reduction these bands of ruthenium(III)
ions disappear and one observes a typical Mie exponential decay profile for the
PSSA-co-MA stabilized ruthenium(0) nanoclusters, in consistence with earlier

studies [86,87].
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Figure 72. UV-Visible spectra of ruthenium(III) chloride and PSSA-co-MA

stabilized ruthenium(0) nanoclusters taken from the aqueous solutions.
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Ruthenium(0) nanoclusters formed from the reduction of the respective
precursor complex by ammonia borane in the presence of PSSA-co-MA are stable in
aqueous solution. No bulk metal formation was observed in solution standing for
weeks at room temperature in inert gas atmosphere. The PSSA-co-MA stabilized
ruthenium(0) nanoclusters can be isolated from the reaction solution as dark-brown
solid by removing the volatiles in vacuum. The nanoclusters isolated can be
redispersed in aqueous solution. When redispersed the nanoclusters are yet
catalytically active in the hydrolysis of ammonia borane (see later).

The morphology and particle size of the PSSA-co-MA stabililized
ruthenium(0) nanoclusters catalysts were studied by using TEM image given in
Figure 73. The average particle size of in-situ prepared PSSA-co-MA stabilized
ruthenium(0) nanoclusters was calculated from the corresponding TEM image as 1.9

+ 0.6 nm.
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Figure 73. (a) TEM image and (b) associated histogram for PSSA-co-MA stabilized
ruthenium(0) formed in-situ from the reduction of ruthenium(III) chloride (0.7 mM).
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The powder X-ray diffraction pattern of a representative sample of PSSA-co-
MA stabilized ruthenium(0) nanoclusters is shown in Figure 74. A broad peak
around 20=44° correlate with (101) plane of face centered cubic structure of metallic
ruthenium [129]. The broadening observed for 101 plane is characteristic for the
particles in nanometer scale [89]. However, the reflectances for other planes (100)
plane at 20=38.5° and (002) plane at 20=42.8° metallic ruthenium were not
observable in the XRD pattern most probably due to the interaction of the PSSA-co-
MA molecule with nanocluster surface atoms by these planes. The another broad
reflectance observed at ~20=32° is also indicative of the presence of polymer on

surface of nanoclusters.

Intensity (a.u)

N
2theta (deg.)

Figure 74. XRD pattern of PSSA-co-MA stabilized ruthenium(0) nanoclusters

5.3.4. Kinetics of Hydrolysis of Ammonia Borane Catalyzed By PSSA-co-MA

Stabilized Rutheenium(0) Nanoclusters

Figure 75 shows the plot of volume of hydrogen generated versus time during

these hydrolysis of ammonia borane catalyzed by PSSA-co-MA stabilized
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ruthenium(0) nanoclusters. The inset in Figure 75 shows the plot of the hydrogen
generation rate versus the [PSSA-co-MA]/[Ru] ratio for the hydrolysis of AB
catalyzed by PSSA-co-MA stabilized ruthenium(0) nanoclusters starting with various
concentration of PSSA-co-MA at 25.0 = 0.5 °C. The hydrogen generation rate
decreases with the increasing concentration of polymeric stabilizer as expected [126].
By considering both the stability and catalytic activity of the nanoclusters in the
hydrolysis of ammonia borane, it was concluded to start the further kinetic
experiments with the [PSSA-co-MA]/[Metal] ratio of 1 for ruthenium(0)

nanoclusters catalyst.
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Figure 75. The volume of hydrogen versus time plots depending on the different
[PSSA-co-MA]/[Metal] ratios for ruthenium(0) nanoclusters. The inset shows the
plot of hydrogen generation rate versus the concentration of Ru (both in logarithmic

scale) for the hydrolysis of AB (100 mM) at 25 £ 0.5 °C.

Figure 76 shows the plot of the volume of hydrogen generated versus time
during the catalytic hydrolysis of 100 mM AB solution in the presence of

ruthenium(0) nanoclusters at different catalyst concentrations at 25.0 + 0.5 °C. The
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hydrogen generation rate was determined from the linear portion of the plot for each
experiment. The inset in Figure 76 shows the plot of hydrogen generation rate versus
initial concentration of ruthenium, both in logarithmic scale. The slope of 1.05 =~ 1.00
in the inset of Figure 76 indicates that hydrolysis of ammonia borane catalyzed by
PSSA-co-MA stabilzied ruthenium(0) nanoclusters is first order with respect to the

Ru concentration.
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Figure 76. The volume of hydrogen versus time plots depending on the metal
concentrations for PSSA-co-MA stabilized ruthenium(0) nanoclusters The inset of
figure shows the plot of hydrogen generation rate versus the concentration of

ruthenium (both in logarithmic scale).

The effect of substrate concentration on the hydrogen generation rate was also
studied by performing a series of experiments starting with varying initial
concentration of AB while keeping the catalsyt concentration constant at 0.7 mM Ru.
Figure 77 shows the volume of hydrogen generated versus time plots depending on
the substrate concentrations at constant catalyst concentration. The inset of Figure 77

shows the plot of hydrogen generation rate versus the concentration of the substrate,
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both in logarithmic scale, for the hydrolysis of AB in the presence of PSSA-co-MA
stabilized ruthenium(0) nanoclusters. The hydrogen generation from the catalytic

hydrolysis of ammonia borane was found to be practically independent of AB

concentration.
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Figure 77. The volume of hydrogen versus time plots depending on the substrate
concentrations at constant catalyst concentration for the hydrolysis of AB catayzed
by PSSA-co-MA stabilized ruthenium(0) nanoclusters (0.7 mM Ru) The inset of
figure shows the plot of hydrogen generation rate versus the concentration of the

substrate (both in logarithmic scale).

Consequently, the rate law for the catalytic hydrolysis of AB catalyzed by
PSSA-co-MA stabilized ruthenium(0) nanoclusters can be given as in Eq.(18).

~3d[NH,BH,] d[H,]
dt ot

= k[Ru] (17)

123



The PSSA-co-MA stabilized ruthenium(0) nanoclusters catalyzed hydrolysis
of ammonia borane was carried out at various temperatures in the range of 15-35 °C
starting with the initial substrate concentration of 150 mM AB and an initial catalyst
concentration of 0.7 mM Ru. The values of rate constant (k.,,) at different
temperatures (Table All in the Appendix A) for PSSA-co-MA stabilized
ruthenium(0) nanoclusters catalyzed hydrolysis of AB were calculated from the
slope of the linear part of each plot in Figure 78. They were also used to calculate the
activation parameters (Arrhenius plots are shown in the inset of Figure 78): apparent
activation energy, E, PP = 54 + 1 kJ.mol ™', activation enthalpy, AH" = 52 + 2
kJ.mol™, activation entropy AS* = -92 + 2 J.(K.mol)" (Figure 79). The activation
energies obtained for the hydrolysis of ammonia borane catalyzed ruthenium(0) is

smaller than the values reported in literature for the same reaction using different

catalysts.
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Figure 78. The volume of hydrogen versus time plots at different temperatures for
the hydrolysis of AB (100 mM) catalyzed by PSSA-co-MA stabilized ruthenium(0)
nanoclusters (0.7 mM) in the temperature range 15-35 °C. The inset of figure shows

Arrhenius plot (In k versus the reciprocal absolute temperature 1/T (K™)).
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Figure 79. Eyring plot (In(k/T) versus the reciprocal absolute temperature 1/T (K™
for the hydrolysis of ammonia borane (100 mM) catalyzed by PSSA-co-MA

stabilized ruthenium(0) nanoclusters (0.7 mM Ru)

A catalyst lifetime experiment for PSSA-co-MA stabilized ruthenium
nanoclusters in the hydrolysis of AB was performed starting with a 20 mL solution
of in-situ prepared PSSA-co-MA stabilized ruthenium(0) nanoclusters containing 0.1
mM Ru and 0.5 M AB at 25.0 £ 0.5 °C. The PSSA-co-MA stabilized ruthenium(0)
nanoclusters provided 51720 turnovers over 58 h in the hydrolysis of ammonia
borane at 25.0 £ 0.5 °C before deactivation which is the one of the best value ever
reported for the hydrolysis of AB. The ammonia generation during the TTO
experiments for both catalyst in the hydrolysis of AB was checked at certain time
intervals by using acid/base titration test, but no detectable amount of ammonia was
observed. The hydrogen generation slows down as the reaction proceeds and
ultimately stops, may be, because of increasing viscosity of the solution or
deactivation effect of increasing metaborate concentration. Therefore, these TTO
values should be considered as a lower limit. Much higher TTO values might be

obtained when the increase in viscosity could be avoided.
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5.3.5. Mercury Poisoning as Heterogeneity Test for In situ Prepared PSSA-co-
MA Stabilized Nickel(0), Cobalt(0) or Ruthenium(0) Nanoclusters

The poisoning experiment is usually performed by adding Hg(0) to the
solution during the catalytic reaction. The suppression of catalysis by Hg(0) is
considered as a compelling evidence for the heterogeneity of the catalysis; if Hg(0)
does not suppress catalysis, that is (negative) evidence for a homogeneous catalysis
[3]. In the case of PSSA-co-MA stabilized nickel(0), cobalt(0) or ruthenium(0)
nanoclusters catalyzed hydrolysis of ammonia borane, the addition of 200 for Ni, 150
for Co and 150 for Ru equivalent mercury into the reaction solution after about 40%
of conversion in a typical hydrolysis experiment at 25.0 £ 0.5 °C ultimately stops the
hydrogen evolution as shown in Figure 80, Figure 81 and Figure 82, respectively.
The cease of the catalytic hydrolysis of ammonia borane completely upon mercury
addition is the evidence that PSSA-co-MA stabilized nickel(0), cobalt(0) and
ruthenium(0) nanoclusters are the heterogeneous catalysts in the hydrolysis of

ammonia borane.
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Figure 80. The volume of hydrogen versus time plots for the hydrolysis of ammonia
borane (200 mM) catalyzed by PSSA-co-MA stabilized nickel(0) nanoclusters (2.0
mM Ni) with and without addition of 200 equiv. Hg(0) at 25.0 + 0.5 °C.
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Figure 81. The volume of hydrogen versus time plots for the hydrolysis of ammonia
borane (200 mM) catalyzed by PSSA-co-MA stabilized cobalt(0) nanoclusters (2.0
mM Co) with and without addition of 150 equiv. Hg(0) at 25.0 + 0.5 °C.
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Figure 82. The volume of hydrogen versus time plots for the hydrolysis of ammonia
borane (300 mM) catalyzed by PSSA-co-MA stabilized ruthenium(0) nanoclusters
(0.7 mM Ru) with and without addition of 150 equiv. Hg(0) at 25.0 = 0.5 °C.
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CHAPTER 6

CONCLUSIONS

In summary, my dissertation on the preparation and characterization of water
soluble polymer stabilized nickel(0), cobalt(0) and ruthenium(0) nanoclusters as
catalyst in hydrogen generation from the hydrolysis of sodium borohydride and

ammonia borane has led to the following conclusions and insights;
Part-1: PVP stabilized transition metal(0) nanoclusters

* PVP stabilized nickel(0), cobalt(0) and ruthenium(0) nanoclusters with an
average particle size of 3.6, 7.2 and 5.1 nm, respectively, can be generated
easily from the reduction of commercially available precursor materials with

NaBHj4 in methanol by using our own developed method.

 TEM analyses of the PVP stabilized nickel(0), cobalt(0) and ruthenium(0)
nanoclusters indicated that all of the nanoclusters are in spherical shape with

narrow particle size distributions.

* XRD patterns of PVP stabilized nickel(0), cobalt(0) and ruthenium(0)
nanoclusters showed that nickel(0) and cobalt(0) nanoclusters are existed in
amorphous phase while ruthenium(0) nanoclusters are existed in fcc crystal

structure.
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The attachment of PVP on the surface of the metal(0) nanoclusters through
the C=0 groups was concluded from the observation of change in C=0O

strecthing frequency of PVP in the FT-IR spectra.

PVP stabilized nickel(0), cobalt(0) and ruthenium(0) nanoclusters were
highly active catalysts in hydrogen generation from the hydrolysis of NaBHy4

and AB at ambient conditions.

Kinetics of hydrogen generation from the hydrolysis of NaBHs and AB
catalyzed by PVP stabilized nickel(0), cobalt(0) and ruthenium(0)

nanoclusters can be summarized in the Table 4;

Table 4. Summary of the kinetic data of hydrogen generation from the hydrolysis of

sodium borohydride and ammonia borane catalyzed by PVP stabilized nickel(0),

cobalt(0) and ruthenium(0) nanoclusters.

Hydrolysis of Sodium Borohydride Hydrolysis of Ammonia Borane
Apparent Apparent
_ Activation | Lifetime Rate L Activation | |jfetime
Catalyst | RHeLaW | puergy (TTON) T | Eneny (TTON)
(Eaapparent) (Eaapparent)
(kJ.mol ) (kJ.mol )
8700 17450
PVP-stabilized K.[Ni] 46 + 2 over K.[Ni] 58 +2 over
Ni(0) NCs 27 h 24h
63 +2 5900 12640
PVP-stabilized | k.[Co][NaBH,] 37 +2 over k.[Co][HzNBH3] 46 + 2 over
Co(0) NCs (in basic medium) 19h 19h
56+2 28800 44320
PVP-stabilized k.[Ru] 33+ 2 over k.[Ru] 38+2 over
RH(O)NCS (in basic medium) 36 h 52 h

* The rate of hydrogen generation from the catalytic hydrolysis of NaBH,4 was

faster than that of AB under the same catalyst concentrations and reaction

conditions in the presence of PVP stabilized nickel(0), cobalt(0) and
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ruthenium(0) nanoclusters. This is most probably due to the acid-catalyzed
self hydrolysis and taking a part of H,O in hydrogen generation from the
hydrolysis of NaBHy4 5.2.2.1°. However, hydrogen generation from the AB
has a big advantage over the hydrolysis of NaBHy4 for on-board applications
that aqueous solution of NaBH4 must be stabilized by using NaOH to prevent
the acid-catalyzed self-hydrolysis.

The both hydrolysis reactions showed first order dependency with respect to
the substrate concentration in the presence of PVP stabilized cobalt(0)
nanoclusters but that of for PVP stabilized nickel(0) or ruthenium(0)
nanoclusters is zeroth order which could be explained by using the effect of
pH on the catalytic activity of cobalt(0) nanoclusters as described in the

section ‘5.2.2.3".

The rate of hydrogen generation from hydrolysis of AB showed less
temperature dependency than hydrolysis of NaBH, in the case of cobalt(0)
nanoclusters taking into consideration of activation energies: E,"***""'= 46 + 2
kI.mol™ for hydrolysis of AB, E,**™ = 63 + 2 kJ.mol™' for hydrolysis
NaBH,4 while the opposite is observed for PVP stabilized nickel(0) and
ruthenium(0) nanoclusters considering the activation energies (Ea: 46 and 58
kJ.mol™ for nickel; E,®P" = 33 and 38 kJmol" for ruthenium,

respectively).

Although the PVP stabilized ruthenium(0) nanoclusters provided the highest
activity in terms of TOF values among the all metal catalysts in both
hydrolysis reactions, they also have higher activation than others. This
complexity can be explained by considering different reaction mechanisms
for the catalytic hydrolysis reactions in the presence of different metal
catalyst. For different catalytic systems, the reaction proceeds on different
pathways and we cannot talk about only one rate constant (k). There are
many rate constants for different reaction steps. Under these circumtances,
we should consider the apparent rate constant (ka,,) which includes all the

rate constant of different reaction steps. Therefore, the activation energy
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calculated by using ke, is called as apparent activation energy (E,"*"*"*"). In
our reaction condition, the calculated rate constants and activation energies
are the kupp and E,"PP°™, respectively. For this reason, the catalyst with the

highest activity can also have the high activation energy.

» PVP stabilized metal(0) nanoclusters had the longer catalytic lifetime in the
hydrolysis of AB providing 17450 TTON for nickel, 12650 TTON
for cobalt and 44320 TTON for ruthenium than the hydrolysis of NaBH4
providing 8700, 5100 and 38800 TTON for nickel, cobalt and ruthenium,

respectively.

* It can be concluded by considering all of the kinetic data that hydrogen
generation from hydrolysis of NaBH4 or AB catalyzed by PVP stabilized

metal(0) nanoclusters follow different reaction mechanisms.

Part-11 : PSSA-co-MA stabilized transition metal(0) nanoclusters

*  Water-soluble PSSA-co-MA stabilized ruthenium(0), nickel(0) and cobalt(0)
nanoclusters with an average particle size of 1.9, 2.1 and 5.3 nm respectively,
can be generated in-situ using commercially available precursor materials

during the hydrolysis of AB.

 TEM analyses of the PSSA-co-MA stabilized ruthenium(0), nickel(0) and
cobalt(0) indicated that all of the nanoclusters are actually embedded in
polymer matrix with a narrow particle size distribution and spherical in

shape.

* XRD patterns of PSSA-co-MA stabilized ruthenium(0), nickel(0) and
cobalt(0) showed that nickel(0) and ruthenium(0) nanoclusters are existed in
fcc crystal structure but cobalt(0) nanoclusters are existed in amorphous
phase. The higher catalytic activity of the cobalt(0) nanoclusters compared to

nickel(0) nanoclusters can be attributed to the its amorphous phase.
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PSSA-co-MA stabilized ruthenium(0), nickel(0) and cobalt(0) nanoclusters
were found to be highly active catalysts in hydrogen generation from the

hydrolysis of AB at ambient conditions.

Kinetics of hydrogen generation from the hydrolysis of AB catalyzed by
PSSA-co-MA stabilized nickel(0), cobalt(0) and ruthenium(0) nanoclusters

can be summarized in the Table 5;

Table 5. Summary of the kinetic data of hydrogen generation from the hydrolysis of

ammonia borane catalyzed by in-situ generated PSSA-co-MA stabilized nickel(0),

cobalt(0) and ruthenium(0) nanoclusters.

Apparent
Catalyst Rate Law Activation Lifetime
Energy (TTON)
(Eaapparent)
(kJ.mol")
51720
PSSA-co-MAstabilized k. [Ru] 54+ 2 over
Ru(0) NCs 48 h
22450
PSS A-co-MA stabilized k_[Ni] 32+ 2 over
Ni(0) NCs 38 h
PSSA -MA stabilized 17659
-co- stabilize
Co(0) NCs k.[Co] 3412 over
27h

PSSA-co-MA stabilized ruthenium(0) nanoclusters provide the second
highest activity with a TOF value of 42.7 mol H,.(mol Ru.min)" among the

all catalyst systems tested in the hydrolysis of ammonia borane.

Compared to PSSA-co-MA stabilized ruthenium(0) nanoclusters, the PSSA-
co-MA stabilized nickel(0) and cobalt(0) nanoclusters showed lower activity
with the TOF values of 10.1 min™ for nickel and 25.7 mol min™ for cobalt,

expectedly. However, compared to the other non-noble metal catalysts tested
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in the hydrolysis of AB, the PSSA-co-MA stabilized nickel(0) nanoclusters is
the best among the all nickel catalysts and the cobalt(0) is the second best

catalyst among the all non-noble metal catalysts.

Although the PSSA-co-MA stabilized ruthenium(0) nanoclusters provided the
highest activity in terms of TOF values among the all metal catalysts in the
hydrolysis of AB, they also have the highest activation energy. This intricacy
can be also explained by the apparent rate constants and activation energy as

we mentioned in the Chapter-2 and the Part-I of conclusion part.

All of the nanoclusters showed first order dependency with respect to the
catalyst concentration and zeroth order dependency with respect to the
substrate concentration in the hydrolysis of AB. Compared to PVP stabilized
nickel(0) and ruthenium(0) nanoclusters, the zeroth order dependency is not
surprising for nickel and ruthenium. However, PVP stabilized cobalt(0)
nanoclusters showed first order dependency with respect to the substrate
concentration but PSSA-co-MA stabilized cobalt(0) nanoclusters showed
zeroth order. The change in the dependency on substrate concentration for
same metal in the same catalytic reaction can be explanied by considering the
acidity of PSSA-co-MA that eliminates the pH effect on the activity of
cobalt(0) nanoclusters as explained with detailed mechanism in the section

5.2.2.3.

PSSA-co-MA stabilized nickel(0), cobalt(0) and ruthenium(0) nanoclusters
were found to be long-lived catalysts in the hydrolysis of AB providing
22450, 17650 and 51720 turnovers, respectively.

As a final remark, easy preparation, high stability, and the high catalytic

performance of the PVP or PSSA-co-MA stabilized nickel(0), cobalt(0) and

ruthenium(0) nanoclusters make them promising candidate to be employed as

catalyst in developing highly efficient portable hydrogen generation systems using

sodium borohydride or ammonia borane as solid hydrogen storage material.
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APPENDIX A

TABLES

Table Al. The values of rate constant (k,pp) for the sole catalytic hydrolysis starting
with a solution of 150 mM NaBH, and 1.4 mM PVP stabilized nickel(0) nanoclusters
at different temperatures, calculated from the hydrogen volume versus time data

corrected by subtracting the volume of hydrogen generated from the self hydrolysis

of sodium borohydride.

Temperature Rate Constant, Kapp
(K) mol H,.(mol Ni)'.s™
298 0.170
303 0.240
308 0.326
313 0.436
318 0.579
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Table A2. The values of rate constant (ka,p) for the catalytic hydrolysis of ammonia
borane starting with a solution of 100 mM H3;NBHj; and 1.4 mM PVP stabilized
nickel(0) nanoclusters at different temperatures, calculated from the hydrogen

volume versus time data.

Rate Constant, Kapp
Temperature (K) mol H,.(mol Ni)'.s™*
293 0,0008
298 0,0013
303 0,0018
308 0,0030
313 0,0037

Table A3. The values of rate constant (k,pp) for the sole catalytic hydrolysis starting
with a solution of 150 mM NaBH,4 and 1.5 mM PVP stabilized cobalt(0) nanoclusters
at different temperatures, calculated from the hydrogen volume versus time data

corrected by subtracting the volume of hydrogen generated from the self hydrolysis

of sodium borohydride
Rate Constant, Kapp
Temperature for hydrolysis of NaBH,4 in aqueous medium
(K) mol H,.(mol Co)™”.(mol NaBH,).s™
293 0.021
298 0.034
303 0.055
308 0.080
313 0.108
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Table A4. The values of rate constant (ka,p) for the catalytic hydrolysis of ammonia
borane starting with a solution of 100 mM H3;NBH; and 2.0 mM PVP stabilized
cobalt(0) nanoclusters at different temperatures, calculated from the hydrogen

volume versus time data.

Rate Constant, Kapp
Temperature for hydrolysis of H;NBH;

(K) mol H,.(mol Co)'l.s'1
293 0.277
208 0.376
303 0.496
308 0.626
313 0.763

Table AS. The values of rate constant (k,p,) for the catalytic hydrolysis of sodium
borohydride (150 mM ) catalyzed by PVP stabilized cobalt(0) nanoclusters (1.5 mM
Co) in 5 wt% NaOH solution at different temperatures, calculated from the hydrogen

volume versus time data.

Rate Constant, Kapp
Temperature for hydrolysis of NaBH, in basic medium
(K) mol H,.(mol Co)”.s™
208 0.376
303 0.496
308 0.626
313 0.763

149



Table A6. The values of rate constant (k,pp) for the sole catalytic hydrolysis starting
with a solution of 150 mM NaBH4 and 0.45 mM PVP stabilized ruthenium(0)
nanoclusters at different temperatures, calculated from the hydrogen volume versus
time data corrected by subtracting the volume of hydrogen generated from the self

hydrolysis of sodium borohydride

Rate Constant, Kapp
Temperature for hydrolysis of NaBH,4 in aqueous solution
(K) mol H,.(mol Ru) s
298 0,266
303 0,508
308 0,704
313 0,904
318 1,208

Table A7. The values of rate constant (kap,) for the catalytic hydrolysis of sodium
borohydride (150 mM ) catalyzed by PVP stabilized ruthenium(0) nanoclusters (0.45
mM Ru) in 5 wt% NaOH solution at different temperatures, calculated from the

hydrogen volume versus time data.

Rate Constant, Kapp
Temperature for hydrolysis of NaBH, in basic medium
(K) mol H,.(mol Ru).s™
288 0.178
293 0.221
298 0.280
303 0.340
308 0.440
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Table A8. The values of rate constant (ka,p) for the catalytic hydrolysis of ammonia
borane starting with a solution of 100 mM H;NBHj and 0.35 mM PVP stabilized
ruthenium(0) nanoclusters at different temperatures, calculated from the hydrogen

volume versus time data.

Rate Constant, Kapp
Temperature for hydrolysis of H;NBH;

(K) mol H,.(mol Ru).s™
288 0.717
293 0.897
298 1.254
303 1.551
308 2.031

Table A9. The values of rate constant (k,,p) for the catalytic hydrolysis of ammonia
borane starting with a solution of 100 mM H3;NBHj3; and 2.0 mM PSSA-co-MA
stabilized nickel(0) nanoclusters at different temperatures, calculated from the

hydrogen volume versus time data.

Rate Constant, Kapp
Temperature for hydrolysis of H;NBH3

(K) mol H,.(mol Ni).s™
288 0.061
293 0.083
298 0.100
303 0.123
308 0.151
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Table A10. The values of rate constant (kapp) for the catalytic hydrolysis of ammonia
borane starting with a solution of 100 mM H;NBH; and 2.0 mM PSSA-co-MA
stabilized cobalt(0) nanoclusters at different temperatures, calculated from the

hydrogen volume versus time data.

Rate Constant, Kapp
Temperature for hydrolysis of H;NBH;

(K) mol H,.(mol Co)'l.s'1
288 0.116
293 0.148
298 0.192
303 0.238
308 0.293

Table A11. The values of rate constant (kap,) for the catalytic hydrolysis of ammonia
borane starting with a solution of 100 mM H3;NBHj; and 0.55 mM PSSA-co-MA
stabilized ruthenium(0) nanoclusters at different temperatures, calculated from the

hydrogen volume versus time data.

Temperature Rate Constant, Kapp
p for hydrolysis of H;NBH;
(K) mol H,.(mol Ru).s™
288 1.444
293 2.171
298 3.127
303 4.703
308 6.256
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