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Abstract

There is a growing concern related to increasing energy requirement and
greenhouse gas emissions. Hydrogen gas is recognised as a desirable clean
fuel and may be a sustainable solution. Hydrogen gas can be directly
used as an anodic fuel for Proton Exchange Membrane Fuel Cell that
converts chemical energy of hydrogen into electrical energy with no envi-
ronmentally harmful by-products. Chemical hydrides with high hydrogen
storage capacity in terms of gravimetric and volumetric efficiencies are
the most promising candidates to supply pure hydrogen at room temper-
ature. Among them, Sodium borohydride (SBH) and Ammonia borane
(AB) have drawn a lot of interest as they are stable, non-flammable, non-
toxic, and have a high hydrogen storage capability. Large amount of pure
hydrogen gas is released during the hydrolysis of these chemical hydrides
in presence of certain catalysts. The by-products are non-toxic, environ-
mentally safe and can be recycled. Noble catalysts like Pt and Pd, used
in the past to enhance the hydrogen production rate, do not seem to be
viable for industrial application considering their cost and availability. Co
and Ni borides are considered as good candidates for catalyzed hydrolysis
owing to their good catalytic activity, low cost and effortlessly synthesis.

Transition metals with varying ( metal __ molar ratio were doped in Co-B

Co+metal
catalyst and the effect of metal doJI;ing én surface morphology, electronic
interaction, and catalytic efficiency of the alloy catalyst powder on hy-
drogen production by hydrolysis of SBH and AB were studied. On the
basis of characterization results, the role of each metal species, involved in
hydrolysis and enhanced catalytic performance is discussed. The stability,
reusability, and durability of these catalysts have also been investigated.
Nanoparticle-assembled Co-B-P thin films on Ni foam (by electroless de-
position), along with supported and unsupported Co-B nanoparticles over
carbon films were synthesized by Pulsed Laser Deposition and studied for

catalytic hydrolysis.
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Chapter 1

Introduction

"What you are is what you have been,

and what you will be is what you do now."

-Gautam Buddha

1.1 Energy

1.1.1 Energy perspectives

From the time we wake up and even while we are asleep, energy affects our life.
Whether we notice it or not, we are dependent on abundant and uninterrupted supply
of energy. Energy is also an essential commodity for increasing agricultural and
industrial productivity. The social and economic development of a country has a
positive impact when there is an increase in its energy consumption. Development in
technology and increased standard of living demands increase in the requirement of
energy. Continuous expansion of world population also results in increasing need for
energy to support human existence.

Energy insecurity and rising prices of conventional energy sources are major
threats to economic and political stability. These factors lead to world population
transition, migration, hunger, environmental problem, deteriorating health, diseases,
terrorism, energy and natural resources concerns and wars [1]. The Global economic
recession that began in 2007 and continued into 2009 had profound impact on the
world energy demand. The total world energy consumption contracted by 1.2% in
2008 and estimated 2.2% in 2009 as manufacturing and consumer demand for goods
and services declined [2|. This clearly reflects the interdependence of energy and

economic growth.
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Figure 1.1 — World marketed energy consumption in Btu

Fig. 1.1 presents the world marketed energy consumption from the past and the
predicted consumption for the future. As seen from the graphs, there would be a
steady increase in the energy consumption; it would grow by 49% from 2007 to 2035.
The world energy use will rise from 495 Btu (quardrillion British thermal units) in
2007 to 590 Btu in 2020, and 739 Btu in 2035, i.e. if the current laws and policies
remain unchanged. [2]. With the growing need for energy for the future, there is a
direct need in production of energy.

Presently, the world energy systems are largely based on combustion of fossil fuels,
i.e. petroleum, natural gas, and coal; and are being consumed at an alarming rate.
When we turn on the lights, watch TV, or take a shower, the electricity is being
generated by fossil fuels. We are accustomed to using fossil fuels as our central source
of energy for everyday exploiting. Electricity is the most convenient form of energy
and is largely dependent on coal. Coal is the second most used source of energy. It
is filling much of the growing energy demands of those developing countries, where
energy-intensive industrial production is growing rapidly and large coal reserves exist
with limited reserves of other energy sources. The world coal reserves are estimated
at 909 billion tons, reflecting a current reserves-to-production ratio of 129 years [2].

Crude Oil and its derivatives are used as primary source of energy and thus is
constantly in high demand. As a dense energy source, it powers majority of vehicles
and thus is one of the world’s most important commodities. The price of oil has
been escalating and is likely to continue in the coming years. According to Oil &
Gas Journal (January 2010), world oil reserves were estimated to be 1,354 billion

barrels [3]. While, the worldwide reserves-to-production ratio is estimated at 45
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years |4]. The third major source of energy is Natural gas that is mostly used for
household purposes. LPG (Liquefied Petroleum Gas) is a mixture of hydrocarbons
gases that primarily contains propane, and mostly used for cooking and heating.
CNG (Compressed Natural Gas) mostly contains Methane, a substitute for LPG. As
it is cleaner, they are also used as fuel in CNG-powered vehicles [5]. The natural gas
reserves estimated at 6,609 trillion cubic feet, giving us the reserves-to-production
ratio of 60 years.

These forms of energy are rapidly depleting, i.e., in the next 45 and 60 years we
will run out of both oil and natural gas respectively, while coal will last only for
the next 129 years. In this scenario finding an alternate source of energy become an
urgent need. If countries do not increasingly diversify their reliance upon fossil fuels,

there will be economic tragedies in the near future.

1.1.2 Environmental impacts

With a growing population around the world, the need for more energy increases as
well. Dramatic world wide consumption of fossil fuels has had severe consequences
on the environment. Crude oil and its derivatives that are used as primary sources of
energy and are constantly in high demand. In order to meet this demand in the most
economical fashion, offshore drilling is a common practice by oil companies. However,
offshore drilling is devastating to the environment in several ways. As a result of the
equipment and methods used to extract the oil, high levels of pollution are released
into the atmosphere, disturbing nearby ecosystems. Secondly, the high level of drilling
is consistently depleting the earth’s supply of many natural resources. Furthermore,
organisms and animals in the areas surrounding the drilling are susceptible to many
of the negative side effects of the process. Thus, it is evident that the negative
environmental impacts of offshore drilling greatly outweigh any possible economic
benefits.

Burning of gasoline and coal releases hazardous gases like COs, CO, SO and SO,
NO, [6,7] into the atmosphere giving rise to serious environmental and health issues.
Smog is formed when NiO, reacts with volatile organic compounds in the atmosphere
increasing respiratory problems in humans. The emission of C'O, has increased 10
times in the last century [8]. In fact between 2007 and 2008, C'O, emissions from
the combustion of coal increased by 3% [9]. In Fig. 1.2 we see the Annual changes in
global mean C'Oy concentration (grey bars) and their five-year means.

Global climate change is one of the most severe global environmental consequences.

CO, emissions are classified as one of the main driving forces behind global warming
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today. In Fig.1.3 we see the Annual global mean temperatures represented by the
black dots with linear fits to the data.
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Figure 1.2 — Annual changes in global mean COs concentration

The left hand axis shows temperature anomalies relative to the 1961 to 1990
average and the right hand axis shows estimated actual temperatures, both in °C.
Linear trends are shown for the last 25 (yellow), 50 (orange), 100 (purple) and 150
years (red). The smooth blue curve shows decadal variations, with the decadal 90%
error range shown as a pale blue band about that line. The total temperature increase
from the period 1850 to 1899 to the period 2001 to 2005 is 0.76°C' £ 0.19°C. We can
clearly observe the increase in the world temperature, and this has lead to dramatic
climate changes all over the world.

The world’s hunger for energy is growing matters of concern; while on the other
hand, we need to find a sustainable amount of energy to meet our world’s future needs.
Despite the hunger for energy, the world will also require an energy that does not
produce the greenhouse effect. Fossil fuels have had a crucial role in modern society,
but since they are non-renewable and dangerous, we have to reduce our dependence on
them and explore alternative energy sources. The amount of power generated from
renewable energy sources needs to be increased, as there is little chance of power
consumption decreasing. Recognizing these problems, countries around the world are
relying more and more on renewable energies, not only for the economic benefits, but

also for the environmental benefits. To enable the world to meet the energy demands
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at lower rate of energy consumption with corresponding reduction in pollutant and
C O, emissions a major improvement in energy efficiency of electric power plants and

transportation vehicles is required [8].
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Figure 1.3 — Annual global mean temperatures

Hydrogen economy is an alternative and promising source of fuel. An energy econ-
omy based on hydrogen may prove to be a sustainable solution to growing concerns

related to increasing energy requirement and greenhouse gas emissions [10].

1.2 Hydrogen

1.2.1 Hydrogen as a future energy carrier

With fossil fuels running out, growing concerns for environment problems, and in-
crease in the requirement of pollution-free energy source, there is an urgent need for
an alternate source of energy. Identifying and building a sustainable energy system
are the most critical issues to be addressed. Major improvement in energy efficiency
and use of emission-free energy would be required.

Hydrogen is considered as a strong candidate and environmental desired clean
energy carrier for the future and for this reason, hydrogen based technologies are
largely studied [11|. Hydrogen is environmentally friendly and has the highest heating

value per mass of all the chemicals [12|. Hydrogen is the most abundant element on
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earth, but less than 1% is present in molecular gas form [13|. Hydrogen can be
produced in many ways, i.e. from hydrocarbons, electrolysis of water, and processes
driven by sunlight to name a few. Unlike electricity, hydrogen can be stored relatively
long period of time. Hydrogen can be used in stationary as well as a mobile fuel [1].
Hydrogen energy can also be applicable to heating, cooking, electricity generation,
and automobiles like cars, busses etc. [14].

For the past century, the use of gasoline and diesel fuels to power our vehicles has
been extremely wasteful but they are still perhaps the best forms of energy in terms
of energy density for a given material and ease of refueling and storage. The current
designs of the internal combustion engine using gasoline (petrol) as a fuel are only
18 — 20% efficient in producing usable power [15], the rest of the energy produced is
wasted in the form of heat-loss, friction etc. Hydrogen gas is considered thermally
more efficient than gasoline primarily because it burns better in air and permits use
of higher compression ratio [16].

Utilization of hydrogen for power generating, fuel for mobile applications, and
energy storage for portable devices, will help to control and reduce the negative effect
of fossil fuels in environment. Proton exchange membrane (PEM) or other types
of fuel cells are attracting more and more attention as clean and efficient power

generation devices.

1.2.2 Fuel cell

The fuel cell offers great promise as a pollution free power source for various appli-
cations ranging from mobile phones to automobile [17-19]. Hydrogen fuel cells will
more than likely eventually replace the internal combustion engine entirely. Hydrogen
is much more efficient and safer than the internal combustion engine. As they do not
have any moving parts, they are also very quite and reliable. Lithium ion batteries
that power laptops, cell phones and other electronic devices, deteriorates with time
and use; whereas a fuel cell potentially has an unlimited life time for as long as the
fuel is supplied the fuel cell will continue to generate power.

The power generation process in a fuel cell is analogous to that of a battery, i.e.
converting chemical energy to electrical energy. A fuel cell combines hydrogen and
oxygen to produce electricity, with water and heat as its by-product. Thus, it is a
so-called zero emission engine. [20].

There are several types of fuel cells currently under development, each with its
own advantages, limitations, and potential applications. They are differentiated by

the kind of electrolyte, chemical reaction, fuel, catalyst and temperature required for
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Figure 1.4 — Basic design of a fuel cell [22]

its functioning. Polymer Electrolyte Membrane Fuel Cell (PEMFC), Direct Methanol
Fuel Cell (DMFC), Alkaline Fuel Cell (AFC), Phosphorous Acid Fuel Cell (PAFC),
Solid oxide Fuel Cell (SOFC) to name a few [21]. Most of the fuel cells have similar
basic design. A single fuel cell is made from several layers of different materials as
seen in the Fig.1.4. The three key layers in fuel cell are the Anode, Cathode, and
Electrolyte. The electrodes are porous and normally made of carbon cloth or carbon
fiber |23]. The polymer membrane is sandwiched between the two electrodes. At
the interface between the electrode and the polymer membrane there is a layer with
catalyst particles (typically platinum supported on carbon) [23]. The Anode is the
negative side of the fuel cell, and allows the flow of hydrogen, the platinum catalyst
layer between the anode and the electrolyte assists in splitting of the Hydrogen to
electrons and protons. The anode then conducts electrons to the external circuit,
while protons travel through the membrane. The cathode is the positive side of the
fuel cell, it conducts the electrons back from the external circuit to recombine with

hydrogen ions and oxygen to form water. For basic fuel cell reaction see eq.1.1-
1.3 [24].
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Anode : Hy — 2H™ + 2¢~ (1.1)
Cathode : /20, +2H" + 2e” — H,0 (1.2)
Owverall : Hy 4 1/205 — HyO (1.3)

Hydrogen, Methanol, natural gas and gasoline can be used as fuel in a fuel cell. To
avoid exhaust of carbon dioxide gas, PEMFC is considered to be the best option [17].
PEMFC use pure hydrogen as fuel so there is no need for fuel processor, and the
by-product is pure water. A typical fuel cell can produce between 0.5 and 0.9V of
DC electricity [8]. To produce the required amount of voltage, single fuel cells are
stacked together to have a fuel cell-stack as seen in Fig. 1.5.

Some fuel cells can work on hydrogen rich fuels (Ethanol and hydrocarbon), the
hydrogen is generated inside the fuel cell using reformers. DMFC uses methanol
as the fuel, that is mixed with steam and fed in to the anode. The catalyst in
this fuel cell is very sensitive to impurities and thus affecting the life span of the
fuel cell. The catalyst in AFC works at temperature ranging between 100°C and
250°C and is easily poisoned by C'O,. PAFC are based on phosphoric acid as the
electrolyte. They are more tolerant to impurities but are large and bulky. SOFC does
not need a catalyst but operates at 1000 °C thus requiring a start-up time. Secondly
high temperature is a big disadvantage for vehicular applications. Considering its
low temperature operation and being environmental friendly, PEMFC are currently
in focus of research as they are promising candidates. For proper functioning and

having a better life time of the fuels cells it needs to be fed with pure hydrogen.
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1.2.3 Production, storage and transportation of hydrogen

The most economical way to produce hydrogen is by Steam Methane Reforming
(SMR) of natural gas, most of the hydrogen at industrial level is produced by SMR
[25]. Steam reforming involves the endothermic conversion of methane and water
vapour into hydrogen and carbon monoxide in presence of active nickel catalyst. The
resultant gas contains approximately 12% CO, which can be further converted to

COy and H, through the water-gas shift reaction.

CO+H20—>COQ+H2+h€at (15)

Hydrogen can also be produced from fossil fuels using other techniques like Partial
Oxidation and Autothermal Reforming [26], but the hydrogen produced by all of these
methods are not pure and may contains impurities like C'O,, C'O and Sulphur and
needs further purification.

Another way to produce hydrogen is by water splitting [27]. The process involved
is splitting of water into hydrogen and oxygen by the application of external energy

(see eq. 1.6)
1
H50 + energy — Hsy + 502 (1.6)

The hydrogen produced by this process is pure, clean and free from carbon and
sulphur impurities. Unfortunately, this process requires a lot of energy, making the
process very expensive relative to steam reforming of natural gas.

Even after production of pure hydrogen, one of the main obstacles to the widespread
as an energy carrier, are related to the unsolved problems concerning its storage and
distribution [13,28]. For successful application of hydrogen in stationary and au-
tomobile application, hydrogen storage is important. Secondly, the volumetric and
gravimetric density is also a critical issue [12,29]. The most studied hydrogen stor-
age systems for storage and transport are high pressure tanks, liquid hydrogen [30],
hydrogen stored in metal hydrides and chemical hydrides.

A classical high pressure tanks is made of inexpensive steel and can hold up to 300
bar, and are normally filled up to 200 bar. So storing 4 Kg of hydrogen will require

225 liters. Carbon-fiber reinforced composite materials are also being considered,
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that can hold up to 600 bar. These type of tanks need special inner coating to avoid
high pressure hydrogen reaction [13]. Manufacturing and maintaining of such kind of
tanks would also add to the cost. Energy would be spent in making and storing the
hydrogen as well. High pressure tanks could also be dangerous for transportation and
can be a risk in automobiles. Other way to store hydrogen is in the form of liquid.
The mass per volume of hydrogen can be increased by condensing it to liquid. The
condensation temperature of hydrogen at 1bar is -252°C. The liquid hydrogen also
has problem of hydrogen loss as the containers are open system to prevent strong
over pressure. Considering the energy spent to liquefy hydrogen and the loss from
the tank, they are not an ideal way to store and carry hydrogen to be used for fuel
cells.

Metal hydrides are also considered for hydrogen storage, but have kinetic prob-
lems. Chemical hydrides like Sodium borohydride (NaBH,) [31-34], Ammonia Bo-
rane (N H3BHsj) [35,36], Lithium borohydride (LiBH,) |37], Potassium borohydride
(KBH,) [38], etc. with high hydrogen storage capabilities have drawn a lot of at-
tention in recent years as a hydrogen carrier. Chemical hydrides are considered as a
breakthrough for its safe hydrogen storage capabilities [34]. NaBH4 and N H3BHj
high hydrogen storage of 10.6 wt% and 18 wt% respectively [16,35]. They are non
toxic and extremely stable in air. Large amount of pure hydrogen gas is released
during the hydrolysis of these chemical hydrides in presence of appropriate catalysts.
The by-product obtained after the generation of hydrogen can be recycled. Chemical
hydrides seem to be the most potential candidates to supply pure hydrogen for fuel

cell to be used for portable application.

1.3 Chemical hydrides for hydrogen storage and pro-
duction.

Chemical hydrides appear as capable and promising solution to overcome the issue
related to hydrogen safety and handling and to be competitive with respect to conven-
tional fuel. Ammonia borane (NH3;BHj3) and Sodium borohydride (NaBH,) with
high gravimetric and volumetric hydrogen storage ability are the most prospective
candidates to supply pure hydrogen for portable and on-board application at room

temperature [39, 40|

10
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1.3.1 Sodium borohydride

NaBH, is a crystalline white thermally stable substance. It is a powerful reducing
agent and is extensively used in wastewater processing and paper bleaching [16].
NaBH, in presences of appropriate catalysts, hydrolyse to produce clean hydrogen
gas. Aqueous NaBH, seems to be an ideal hydrogen source for the following reasons

[41]:
e NaBH, solution is non-flammable and is stable in air for months.
e It has a H, storage capability of 10.8 wt.%
e H, produced is clean, without any impurities.
e H, generation can be controlled in presence of selected catalysts .

e The reaction product, Sodium borate (NaBOs), obtained after de-hydrogenation
of NaBHy, is environmentally clean and can be recycled to generate the reac-

tant.
e H, can be generated even at 0°C.

e H, is generated by water-based hydrolysis reaction of NaBH,, during which

half of the hydrogen is produced from the water solvent.

In the 1950s, Schlesinger et al. [42] first observed that NaBH, in presence of appro-
priate catalysts, at room temperature, could be hydrolysed to Hy gas and Sodium
borate, NaBO, (see eq.1.7).

NaBH, + 2H,0O — 4Hy + NaBOy + Heat (300 kJ) (1.7)

NaBH, self hydrolyse even in the absence a catalyst for solution having pH< 9.

The rate of decomposition of the aqueous borohydride solutions is expressed by its
half-life as a function of pH and temperature [43].

log(ti,) = pH — (0.034T — 1.92) (1.8)

where, t1/, is indicated in minutes and T in Kelvin. Sodium hydroxide (NaOH)

is added to NaBH, solution to increase the self-life of the solution, by making the
solution strongly alkaline [44]|. Schlesinger et al. [42] studied effects of many acids for

11
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the hydrolysis of NaBH, (like inorganic protic acids, oxalic acid, phosphorus pen-
toxide, aluminium chloride). These acids could hydrolyse the NaBH, solution, but
the reaction could not be controlled. In 1985 Kaufmanetal. studied the effect of
some metals (Cu, Ni, and Co) and their salts on the overall hydrogen production [45].
Sudaet al. [46] examined the effect of fluorinated metal hydrides catalyst on the hy-
drolysis of alkaline NaBH,. Kojimaet al. [47] studied the effect of Pt metal coated on
metal oxide. Amendolaetal. [16] reported the application of Ru-catalyzed hydrolysis
of aqueous BH, solution as hydrogen generator for PEMFC. Precious metals like
Pt [48] and Pd supported on carbon [49], PtRu supported on metal oxide [50], Ru
on polymer [51], Ru nanoclusters [52| have been extensively studied as catalysts and
have shown excellent catalytic activities. These kinds of catalysts are quite expensive
and cannot be considered due to their high cost. Some metals, such raney Ni and Co,
and even nickel and cobalt borides [53-56], are also used to accelerate the hydrolysis
reaction of NaBH,.

1.3.2 Ammonia Borane

Recently, Ammonia borane (NH3;BHj, AB) has attracted increasing attention as
an efficient hydrogen storage material because of its high hydrogen content. AB
can produce hydrogen by either hydrolysis or thermolysis [57] and the end product,
which is nontoxic and environmentally safe, can be recycled to regenerate AB [58].
While thermolysis of AB requires moderate temperature, the catalytic hydrolysis can

generate sustained amount of hydrogen even at room temperature (see eq. 1.9)
NH3BH3 + 2H,0 — NH} + BO; + 3H, (1.9)

Along with NaBH,, AB is also considered as promising candidate to supply pure
hydrogen for portable and on-board application at room temperature [39,40] because

of their following properties:
e AB has Hj storage capacity of 19.6 wt%.
e They has low molecular weight of 30.7 g/mol [39,59].
e High gravimetric and volumetric hydrogen storage ability.

e AB is highly stable and soluble in water and do not need alkaline solution like
in the case of NaBH,.

12



Chapter 1: Introduction

e The end product, which is non toxic and environmentally safe, can be recycled.

The hydrolysis reaction rate can be effectively increased by using several inorganic and
organic acids but the reaction usually becomes uncontrollable. On the other hand,
solid state catalysts such as precious and transition metals and their salts are found
to be very efficient in accelerating the hydrolysis reaction in a controllable manner.
Noble catalysts like Pt, Rh, and Ru supported on Al,O3 [60], Carbon [61,62] and on
Ti04 |63], KyPtgPt [64], and nanoclusters of Pd(0) [65], Ru(0) [66] and Rh(0) [67]
have been utilized in the past to enhance the hydrogen production rate. However,
these catalysts do not seem to be viable for industrial application considering their
cost and availability. Transition metals such as Co supported on AlsOs, SiOs and
C [68]; Co(0), Ni(0) and Fe(0) nanoclusters [69-71|, Ni based alloy [72], and Ni-SiOs
nanospheres [73] are generally used to accelerate the hydrolysis reaction of N H3 BH3.
The hydrolysis reaction can be effectively controlled by means of heterogeneous cata-
lyst. Although noble metals like Pt, Rh, and Ru [57,58,74| are highly active catalysts
for hydrogen production, their viability for industrial application is uncertain consid-

ering their cost and scarcity.

1.4 Thesis Overview

In the present chapter, we have discussed the need for clean energy for the future. We
have seen how hydrogen can be a promising solution as a future energy source, espe-
cially for vehicular applications and portable devices. Hydrogen can be produced by
catalytic hydrolysis of chemical hydrides using appropriate catalyst. This hydrogen
can then be supplied to fuel cell to produce electricity. The aim of this thesis is to
present catalysts that are economical, easy to synthesise and also have a high hydro-
gen production rate. Chapter 2 describes the techniques for catalysts preparation
and the experimental setup that was used to carry out all the hydrogen generation
measurement. In Chapter 3, we see that doping nickel or phosphorous in Co-B pow-
der enhances the catalytic activity to obtain a higher hydrogen generation rate for
hydrolysis of NaBH,. We discuss the enhanced catalytic activity by studying the
surface electronic states and composition of the catalysts. After having understood
the role of Ni and P in Co-B catalyst, we prepare Co-Ni-B-P catalyst, which has a
superior catalytic activity compared to Ni or P doped catalyst. In Chapter 4, we
will discuss how doping various transition elements (i.e., Cu, Cr, Ni, Fe, Mo and W at

different molar ratios) in Co-B catalyst, enhances the catalytic hydrolysis of NaBHy.
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1.4: Thesis Overview

We study and discuss the role of each doped element in the enhanced catalytic activ-
ity. Later, we also put these doped catalysts through an endurance test, to check if
these catalysts can conserve its enhanced properties and withstand against high tem-
perature, exposure to environment (with time), and extensive use. In Chapter 5,
we synthesise film catalysts of Co-B-P using electrolysis deposition and pulse laser
deposition (PLD). We will see how films catalysts are better than powder catalyst
and can be prepared in a controlled manner. We also discuss the enhanced catalytic
effect of the films and the role of nanoparticle prepared by PLD. We also produce film
of Co-B on Carbon using PLD. In Chapter 6, we study the catalytic hydrolysis of
AB using the doped Co-B powder catalyst; we also study the hydrolysis of AB using
film catalyst of Co-B and Co-B on carbon produced by PLD.

14



Chapter 2

Experimental Techniques

"All the breaks you need in life wait within your imagination,
Imagination is the workshop of your mind, capable of turning
mind enerqgy into accomplishment.”

-Napoleon Hill

2.1 Catalyst preparation techniques

2.1.1 Preparation of Powder catalyst

Co-B powder catalyst is synthesised by chemical reduction method. In a typical pro-
cedure, an appropriate amount of cobalt chloride, CoCls (Sigma-Aldrich) is reduced
using NaBH, at room temperature (see eq.2.1). The molar ratio of NaBH, and
CoCl, was kept larger than 2 to ensure complete reduction of CoCls. NaBH, solu-
tion was added drop wise in a glass beaker containing the aqueous solution of C'oCl,.
The mixture is stirred using a magnetic stirrer until hydrogen liberation stops from

the solution.
1
2000[2 + NCLBH4 — COQB + NaCl + §H2 (21)

The resulting black powder, separated from the solution during the reaction, is
collected using a filtration process. The powder is extensively washed with distilled
water a few times in order to remove CI~ and Na* ions (presence of these ions
may poison the catalytic activity of Co). The powder is finally washed with ethanol
(99.9%) and then dried in continuous nitrogen flow at around 323 K.
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2.1: Catalyst preparation techniques

Co-Ni-B powder catalyst can also be prepared following a similar procedure. An
aqueous solution of cobalt chloride (C'oCly) and nickel chloride (NiCly) is prepared.
The solution is then reduced using NaBH, at room temperature with continuous
stirring . The same procedure is used for washing and drying the powder as used for
Co-B. The C(SFONZ. molar ratio in the final Co-Ni-B powder can be adjusted by varying
the concentration of Co and Ni salts in the starting solution. Similar procedures
have been followed to synthesise powders of Co-Fe-B, Co-Cu-B, Co-Cr-B, Co-Mo-B,

Co-W-B. % molar ratio is denoted by x,s, where, M = Ni, Fe, Cu, Cr, Mo and
W.

2.1.2 Thin film using PLD

The experimental set-up is schematically represented in Fig.2.1. The energy source
used in the experiments is a KrF (A = 248 nm) excimer laser (LPX220i Lambda
Physik) capable of operating at frequencies between 1 — 200 Hz. The pulse width is
about 20 ns (FWHM) and the maximum pulse energy is 450 m.J , having a maximum
average power of 80 W. The pulse energy can be lowered by dropping the pumping
high voltage. The beam dimensions are 8 mm x 23 mm (vertical x horizontal), with
the beam divergence of 1 mrad x 3mrad (V x H). The beam is deflected by 90 ? using
a dielectric mirror. The beam can be focused by a 30 cm focal length lens mounted

on a slide permitting it to be moved along the beam direction.

Slit

Mirror

TARGET-HANDLING

MECHANISM Target holder
Diaphragm .
bellow / A

Stepper

SUBSTRATE
MANIPULATOR

Figure 2.1 — 3D view of our PLD apparatus. [75]
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Chapter 2: Experimental Techniques

The slide is used to change the energy fluence on the target. The focused beam
finally enters the chamber through a fused silica window and impinges on the target
at 45°. To prepare catalyst films, the catalyst powder is first synthesised using the
above mentioned procedure. The powder is then cold pressed to cylindrical disks in a
stainless steel holder and is used as a target. PLD is performed at a repetition rate of
20 Hz. Films are deposited on silicon substrates for the characterization and on glass
substrates for testing its catalytic activity. For ablation in vacuum (2 x 107%Pa),

2. Deposition can also be carried out

the laser fluence is varied from 1 to 10.J/cm
under different Ar gas pressure in chamber by using the laser fluence as required. Ar
gas can be introduced in the chamber through mass flow controller and pumping is
throttled in order to maintain desired gas pressure. The target to sample distance
is maintained at 4 cm. Weight of the catalyst films is evaluated by measuring the
weight of the glass substrate (76 mm x 46 mm), before and after deposition, and can
be kept approximately constant for all laser fluences by varying the number of laser

pulses during deposition.

2.1.3 Catalyst on Ni foam using Electroless Deposition

Ni-foam (Inco Co. LTD, density = 380 g/m?, pore size = 590 um, thickness = 1.7 mm)
was selected as support for catalyst films for its high surface area provided by its
porous structure. Square specimen (2 cm x 2 cm) of Ni-foam is ultrasonically cleaned
with acetone followed by NaOH solution to remove any kind of lubricants. The surface
of specimen was deoxidized and activated by immersing it in HCI solution for 2 min
and then washed with distilled water and dried at 323K in Ny atmosphere. This
pre-treated Ni-foam specimen is then immersed in aqueous solution containing 0.1 M
of cobalt chloride (C'oCly) and sodium hypophosphite (NaH;PO3) for 1 min at room
temperature under stirring condition. Equal volume of NaB H, solution (0.25 M) was
then poured in the solution. The Ni-foam was removed from the mixture once the
bubble generation was ceased. The previous immersion step was repeated several
times in order to obtain several layers on the Ni-foam support. Finally the Ni-foam
was extensively washed with distilled water and ethanol before drying at around
323 K under continuous Ny flow. The molar ratio of 222 and B/P was kept as
desired by selecting appropriate amount of C'oCly, and NaH,PO,. The weight of
Co-P-B film was evaluated by measuring the weight of Ni-foam specimen before and

after deposition.
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2.2: Hydrogen Measurement Set up

2.2 Hydrogen Measurement Set up

2.2.1 Experimental setup

The reaction chamber is composed of a cylindrical flat flange vessel (DuranR glass,
250 ml maximum capacity, HWS) with off-centre bottom outlet valve and a stirrer
guide at the bottom (see Fig. 2.2). It is surrounded by a jacket connected to a heating
circulator bath (Thermo C10, Haake) for temperature control. The temperature is
controlled within +0.1 K by a water bath with a digital temperature controller. The
reactor is closed by a flat flange lid (Duran® glass, HWS) with five necks 29/32 NS

type (a central socket, two angular side sockets and two parallel side sockets).

Figure 2.2 — Schematic diagram of the experimental apparatus for GV analysis: (A) thermo-
static water bath system, (B) reaction chamber, (C) Erlenmeyer flask with water reserve and
elevator, (D) stopcock, (E) graduated cylinder and electronic balance, (F) external pressure
sensor, (G) input-output board and acquisition software, (H) stepper motor controller. The
height-difference Ah between the water level contained in the chamber-flask system and that
in the cylinder is also indicated. [76]

A quick release clamp with a VM(Q O-ring maintains the sealing. The entire

device is supported by a quick fixing Vario-Grip® group with additional clamping
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Chapter 2: Experimental Techniques

unit allowing removal of the vessel or of the lid without disassembling the accessories.
Screw-thread tubes with standard ground cones are connected to the lid sockets,
while sensor, probe and tubes are locked by PTFE screw joints with GL thread.
The central socket was assigned to the stirrer system. The conventional outlying
electrical unit was replaced with a stepper motor (M42SP — 7 model with explosion-
proof feature) placed inside the reactor and controlled with a 2/2.5 A bipolar stepper
motor drive module (GS — D200S, SGS — THOMSON Microelectronics). This
configuration permits a very simple procedure to remove the lid and ensures low wear
of the components. A pressure sensor (XFAM — 115K PASRH sensor, Fujikura)
is placed in one of the angular side sockets and a second sensor is placed outside
the reactor to follow the ambient pressure. Hydrogen evolved from the chemical
reaction can flow through the second angular side socket which is connected to the
measurement system through a polyurethane tube (5 mm inner diameter). One of
the parallel side sockets is devoted to the insertion device which is made up of a tube
(inner diameter 8mm) with a PVC rod inside (diameter 7.8 mm). Along the rod
three slots have been provided for a PTFE O-ring of the right size. The ISP module
is connected to the bottom of the rod. The last socket is sealed with an NS glass tap,
and it is available for additional devices (for instance a probe for pH monitoring).
This configuration ensures an air-tight seal of the whole system with a maximum
inlet pressure up to 105 Pa relative to the ambient pressure.

All electronic devices are controlled via a PC through a data acquisition board
(NI-6036E, National Instruments) with dedicated software developed in our labora-
tories by using LabVIEW6.1 (National Instruments). In particular, it reads inlet and
outlet pressure with two analogue inputs (0.0 — 5.0 V', reference single ended, 0.5 duty
cycle), controls the stepper motor drive module with three digital lines and a clock
line (frequency and direction of rotation) and collects the experimental data both
acquired with a GV system and FM in a text file, thanks to an RS232 line (the GC

system uses a proprietary program).

2.2.2 Gas Volumetric Method

A typical experiment consists in the addition of 200 ml of the alkaline solution of
NaBH, 0.025 M to the reaction chamber. The catalyst (in the form of a film, powder
or liquid) is placed on the ISP module, connected to the insertion device and fixed
to the reactor lid. The latter is placed on the reaction chamber and sealed with a
clamp. The system internal pressure (Fp), with stopcock still closed, is the same

as atmospheric, as shown in Fig.2.3. Using the Bernoulli law, we can describe the
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2.2: Hydrogen Measurement Set up

pressure contribution experienced by the liquid in the flask (left term, where Py =

P,») and in the cylinder (right term) as follows:

PO > Patm - PgAhO (22)

where Ahg is the difference in the water level between the flask and the cylinder

with the stopcock closed, as shown in Fig. 2.2.
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Figure 2.3 — Volume and pressure change when Co-B catalysed hydrolysis takes place

After adjusting the suitable balance controls (calibration in ambient conditions
and taring) the stopcock is opened (see Fig.2.3, ¢ = 0). A small amount of water
flows towards the cylinder, because of the level difference between the latter and the

flask, and the internal pressure drops. When a new hydrostatic equilibrium for the
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Chapter 2: Experimental Techniques

given initial condition is reached the pressure, P;, remains constant (0 <t < 2000 s):

Pz<< Patm) = Patm - pgAhl (23)

where h; is the new altitude difference in the liquid level between the two contain-
ers. Once hydrostatic equilibrium is reached, the catalyst is dipped into the solution
(t = 2000 s) and reaction starts. As a result of hydrogen evolution the pressure inside
the reactor flask increases causing a water flow from the Erlenmeyer flask towards
the graduated cylinder, inducing a new temporary equilibrium pressure condition.
The displaced volume of water, as a function of produced hydrogen, is continuously
monitored by the electronic balance until the reaction ends, ( P(t) = Pf, V(t) =V f).

The mathematical expression for the number of moles of evolved hydrogen ny, (t)

is derived from the ideal gas law as follows. At the beginning of the measure (¢t = 0):

P()% = n(mRT (24)

where Py = Py, and Vg = (1450 +20) ml is the volume of air in the reactor-flask

system.

During the measurement, and therefore with the production of gaseous hydrogen,

the equation becomes
PV (t) = (nair +nm,(t)) RT (2.5)

where V' (t) is given by the sum of the initial volume of air and the volume of water
displaced :V (t) = Vo + v(t)
Hence, from equations (4) and (5) the expression for the estimation of the number

of moles of hydrogen evolved can be obtained:

POVE) BV
RT RT

The mathematical expressions for time dependence of gas yield (%) and the rate

n,(t) = (2.6)

(mlmin~'g™') as a function of the controlled variables are given by

T H, (t)
4n g Hy

where n g Hy is the number of moles of borohydride added, and
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2.2: Hydrogen Measurement Set up

Ratep, = dzgf) (2.8)

is the rate of evolved hydrogen in millilitres per minute and grams of catalyst.
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Chapter 3

Powder catalyst for hydrolysis of
alkaline NaBH,

"All invention and progress comes from finding a link between
two ideas that have never met."
-Theodore Zeldin.

3.1 Introduction

The efficiency of hydrogen production by hydrolysis of NaBH,4 can be significantly
enhanced by use of appropriate catalyst during the reaction. Many organic and
inorganic acids are able to effectively enhance the hydrolysis reaction rate; however
the reaction usually becomes uncontrollable [42]. On the other hand, solid state
catalysts such as noble (generally functionalized with support) or transition metals
and their salts are found to be very efficient in accelerating the hydrolysis reaction
in a controllable manner. Catalysts like Ru supported on anion-exchange resin [16],
fluorinated Mg based alloy [46], Pt [48] and Pd supported on carbon [49], PtRu
supported on metal oxide [50], raney Ni and Co, and even nickel and cobalt borides
[53,77,78] are generally used to accelerate the hydrolysis reaction of NaBH,. Co and
Ni borides are mostly considered as good candidates for catalyzed hydrolysis reaction
of NaBH, owing to their good catalytic activity and low cost. These catalysts can
be effortlessly synthesized by a simple procedure of chemical reduction method in
which transition metal ions are brought to the metallic state by reducing agent [77].
Non-noble metals (Co and Ni) demonstrate the better activity only when used in
boride form, because boron is able to protect the active metal sites (Co or Ni) from

oxidation by electron transfer [79].
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3.2: Ni-doped Co-B catalyst

Elements like boron (B) or phosphorous (P), have been used with Co (Co-B,
Co-P) or Ni (Ni-B, Ni-P) to bring variation in the electronic states of the active
metals for superior catalytic activity [80,81]. This shows that elements like boron
or phosphorous affect the surface properties of catalysts and, hence enhance their
catalytic properties. In the past, it was also reported that the catalytic activity of
Co-B is enhanced by inclusion of P in the catalyst. Better selectivity and activity were
obtained for the hydrogenation of maltose with Co-P-B catalyst powder, as compared
to Co-B and Co-P [82]. A similar effect was reported for Ni by Leeat al. [83], where
the authors have showed that by just regulating the P/B molar ratios, the ultra fine
Ni-P-B amorphous alloy catalyst could be made more efficient for various liquid phase
hydrogenation reactions than Ni-B or Ni-P.

In the present Chapter, we prepare Co-Ni-B catalyst with varying Co/Ni atomic
ratios in order to establish the optimum condition to have the best efficiency in the
catalytic reaction. Co/Ni ratio is an important parameter to determine the efficiency
of the catalyst. In addition, we have also compared Co-Ni-B catalyst powder with Co-
B and Ni-B in order to understand the role of each atomic element in the catalytic
activity. Then, we have synthesized Co-P-B catalyst powders with different B/P
molar ratio by chemical reduction method. Superior catalytic behaviour has also been
found to be exhibited by Co-P-B powder as compared to Co-B and Co-P powders,
which are inferred from the XPS and morphological studies. The core electron binding
energies of Co, P, and B obtained from XPS measurements will help us to infer on
the electronic states of Co-P-B, Co-B, and Co-P and to suggest their roles in NaBH,
hydrolysis process. After understanding the role of Ni and P doped in Co-B catalyst,
it is interesting to investigate the performance of a single mixed catalyst (Co-Ni-
P-B) (possibly including a variety of synergic effects in electron transfer to Co) for
hydrogen generation by hydrolysis of NaBH, solution. The molar ratio of B/P and
Co/Ni is varied in order to understand the role of composition in the Co-Ni-P-B

catalytic activity.

3.2 Ni-doped Co-B catalyst

Effect of different (Cfﬁl) molar ratios

Co-Ni-B catalysts were prepared by adding NaBH, as reducing agent into aqueous
mixture solution of cobalt chloride (C'oCls) and nickel chloride (NiC'ls) under vigorous
stirring at room temperature (see2.1.1). The (000#1)
Ni-B samples was adjusted by varying the concentration of Co and Ni salts in the

molar ratio (x¢,) in the Co-
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Chapter 3: Powder catalyst for hydrolysis of alkaline NaBH,

starting solution. Ni-B (x¢, = 0) and Co-B (xc, = 1) were also prepared in a similar
manner, where only NiCly and CoCly was used in the solution respectively. One set
of Co-Ni-B and Co-B powder was annealed at 773 K for 2h in Ar atmosphere to study

the effect of the lattice structural variation on the catalytic activity.
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Figure 3.1 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH,4 (0.025 M) with Co-B, Ni-B, and Co-Ni-B (x¢, = 0.85) catalyst powder.

Fig. 3.1 presents the hydrogen generation yield as function of time obtained by
the hydrolysis of alkaline NaBH, (0.025M) solution using Co-B, Ni-B, and Co-Ni-
B (xco = 0.85) catalyst powder at 298 K. The expected total amount of Hs has
been measured, for all the catalysts used. The generation rate increases initially
to a maximum value, and then decreases with time as the NaBH, concentration
decreases in the solution: this suggests the non-zero order of the reaction kinetics.
Co-Ni-B (xco = 0.85) catalyst shows much better catalytic activity as compared to
the same amount (=~ 15mg) of Co-B and Ni-B powder. Fitting method' has been
used to obtain maximum hydrogen generation rates (R,,.,) and are summarized in
Table 3.1, Co-Ni-B (xc, = 0.85) shows the highest R,,,, which is nearly 1.7 and 11.5
times higher than the Co-B and Ni-B powder, respectively.

Fig. 3.2 presents SEM images of Co-B, Co-Ni-B (x¢, = 0.85), and Ni-B powders.
Both Co-B and Ni-B are present in form of well-dispersed spherical particles with the

average size of about 30 and 18 nm, respectively. In the case of Co-Ni-B catalyst, the

ISee Appendix A
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3.2: Ni-doped Co-B catalyst

particles sizes seem to be smaller as compared to other powders, and are difficult to
measure as they are embedded in cotton-like filamentary matrix of nanometer size.
This kind of morphology may also be helpful to enhance the active surface area of
the Co-Ni-B catalyst. XRD pattern (fig.3.17) of Co-B, Co-Ni-B (x¢, = 0.85), and
Ni-B powders showed a single broad peak at around 20 = 45° thus indicating the

amorphous nature of the catalyst powders.

Figure 3.2 — SEM micrographs of (A) Ni-B, (B) Co-Ni-B (x¢c, = 0.85) and (C) Co-B catalyst
powder

Catalyst powder (COC#Z) Maximum hydrogen generation
molar ratio (yco) rate (ml/(min g) catalyst)
Ni-B 0 100
Co-Ni-B 0.50 491
Co-Ni-B 0.65 644
Co-Ni-B 0.75 832
Co-Ni-B 0.85 1175
Co-Ni-B 0.90 779
Co-B 1 681

Table 3.1 — Maximum hydrogen generation rate obtained with Co-B, Co-Ni-B (xc, =
0.50,0.65,0.75,0.85, and 0.90) and Ni-B powders by hydrolysis of alkaline NaBH, (0.025 M)
solution.

To understand the enhanced activity of Co-Ni-B (x¢, = 0.85), it is necessary to
study the surface electronic interaction between the atoms in the compound. Thus,
XPS spectra of Co-B, Co-Ni-B (x¢, = 0.85), and Ni-B catalyst powders were ac-
quired and are reported in Fig. 3.3 In all the catalyst powders, two peaks appear in
Cozp,,, and Nigp, , levels with the binding energies of 778.4 and 781.9eV for Co,
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Chapter 3: Powder catalyst for hydrolysis of alkaline NaBH,

and 852.8 and 856.3 eV for Ni indicating that metals exist in both the elemental and
oxidized states respectively. The peaks due to oxidized Co and Ni are mainly re-
lated to Co(OH )y and Ni(OH ), which would have been formed during the catalyst
preparation reaction between NaBH, and metal salts [84,85]. Two XPS peaks with
binding energy (BE) of 188.1 and 192.5¢eV are also observed for the Bj, level, which
are assigned to elemental and oxidized boron, respectively [84]. If one compares the
BE of pure boron (187.1eV) [86] with that of the elemental boron in all the catalyst
powders there is positive shift of 1eV. This shift indicates an electron transfer from
alloying B to vacant d—orbital of metallic Ni and/or Co which makes boron electron
deficient while Ni and/or Co metals are enriched with the electron in all the catalyst
powders. Electron-enriched metal active sites repel the adsorption of oxygen atoms,
while they are strongly adsorbed by the electron deficient B. In other words, alloy-
ing B effectively protects metals from oxidation [87,88]. The BE of metallic Co in
Co-Ni-B is 0.2 eV lower than that in the Co-B, whereas BE of metallic Ni in Co-N-B
is 0.1eV lower than that in Ni-B. This proves that in Co-Ni-B catalyst, Co and Ni
metals may exchange electrons more easily than the Co-B and Ni-B catalyst: this
could be connected to the B-enrichment in Co-Ni-B catalyst as seen by the composi-
tional analysis of XPS spectra (Table3.2) and also reported by Liet al. [89] who also
performed theoretical calculations using Density functional theory (DFT) method to
show that the increase of the B content on surface would contribute more electrons
to metallic Ni or Co in their corresponding amorphous alloys. The H, production
from the metal-catalyzed hydrolysis of NaB H, is proposed to take place by following
three kinetics steps? [49]. In the first step, BHj ions are chemisorbed on the metal
(Ni and/or Co) atoms while in the second step the hydride ion H ™ is transferred from
BH, ion to an unoccupied adjacent (Ni and/or Co) metal atom. In the last step,
this hydrogen atom acquires a negative charge in form of electron from the metal and
leaves the site in hydridic form (H~) which reacts with the water molecule to pro-
duce Hy and OH ion. OH reacts with boron in BHj to produce the BH3(OH) ™
ion. The cycle of hydrogen absorption on the metal sites continues till BH3(OH)~
forms B(OH), . Molecular hydrogen is released during the full cycle. Looking at the
mechanism mentioned above, electron enriched metal active sites will be able to facil-
itate the catalysis reaction by providing the negative charge electron required by the
hydrogen atom in the last step. These electrons are provided by the alloying boron to
the active metal sites, as discussed when reporting the XPS results. Thus, the higher

concentration of boron in Co-Ni-B catalyst, as compared to Co-B and Ni-B, plays a

2See Appendix B
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Figure 3.3 — XPS spectra of Bls, Cogp,,, and Nigy, , level for Co-B, Ni-B, and Co-Ni-B
(xco = 0.85) catalyst powder
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Chapter 3: Powder catalyst for hydrolysis of alkaline NaBH,

significant role in enhancing the catalytic activity. Co and Ni molar ratio was varied
from xc, = 0.50 to 0.9 in the Co-Ni-B powder catalyst in order to study the effect
of active metal concentration on catalytic activity. The Co and Ni molar ratio was
evaluated by EDS and XPS.

Catalyst powders Co (at.%) Ni (at.%) B (at.%)

Co-B 64 - 36
Co-Ni-B (xco = 0.85) 50 9 41
Ni-B - 64 39

Table 3.2 — Surface atomic composition of catalyst powders obtained by the XPS spectra

100- e TTe ey
00.‘.:;5:4'/‘“ v
~—~ 80 n
S
ie)
2
> 60
<
=)
*g' ~=— (Co-B)
g 404 —e— Co-Ni-B (XCO=O.90
D“_N ~-0--Co-Ni-B (x¢,=0.85
I —»— Co-Ni-B =0.75,
20+ i o
—4— Co-Ni-B (xcy=0.65
Co-Ni-B (xc,=0.50
0 . | . | o NiB
0 2000 4000 6000

Time (sec)

Figure 3.4 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025M) with Ni-B, Co-Ni-B (Co = 0.50, 0.65, 0.75, 0.85, and 0.90) and
Co-B catalyst powder.

Fig. 3.4 presents the hydrogen generation yield as function of time measured by
hydrolysis of alkaline NaBH, (0.025 M) solution using Co-Ni-B catalyst powder with
different molar ratio of Ni and Co. The corresponding maximum H, generation rate
(Rimaz) is report in Table3.1. R, obtained by pure Ni-B catalyst is always lower

than that measured by other powders containing Co. By increasing the Co content
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3.2: Ni-doped Co-B catalyst

relative to Ni in the Co-Ni-B powder, the rate increases and reaches the highest R,
of about ~ 1175ml/min/g for molar ratio of Co = 0.85 which is even superior than
pure Co-B powder. With further increase of the molar ratio x¢, to 0.9, the activity
of the powder decreases. The catalytic activity of the powders decrease in following
order: Co-Ni-B(xco, = 0.85) > Co-Ni-B(x¢, = 0.75) > Co-Ni-B(x¢, = 0.90) > Co-
B(xco = 1) > Co-Ni-B(xco = 0.65) > Co-Ni-B(x¢, = 0.50) > Ni-B (x¢, =0). The
measurements were repeated at least three times to verify the results obtained in
the present case. As observed in the previous results, the Co-B shows much higher
catalytic activity as compared to Ni-B thus indicating that Co metal is more active site
than Ni for catalytic hydrolysis reaction. The increment in the activity by increasing
the amount in Co is due to the fact that less active Ni sites are replaced by more
active Co sites. However, the effect of B enrichment on the surface of the Co-Ni-
B (xco = 0.90, 0.85 and 0.75) causes the superior activity than Co-B as discussed

previously.

3.2.1 Activation Energy

In another set of experiments, the hydrogen generation from catalytic hydrolysis
of alkaline NaBH, (0.025M) solution was measured at different solution tempera-
ture ranging from 298 to 313K by using Co-Ni-B (x¢, = 0.85) (Fig. 3.5) and Co-B
(Fig. 3.6) catalyst powders. As expected, Hy generation rate increases with the tem-
perature. The Arrhenius plot (inset of Fig.3.5 and Fig.3.6) of the hydrogen pro-
duction rate gives activation energies of about 34 4= 1 and 45 & 2 kJmol !, within
experimental errors, for Co-Ni-B (x¢, = 0.85) and Co-B powder catalyst, respectively.
This value for Co-Ni-B powder is lower than that found by Amendolaet al. [16] using
Ru catalyst (47 kJmol 1), while Kaufman and Sen [45] obtained 75 kJmol ! for Co,
71 kJmol ™! for Ni, and 63 kJmol ! for Raney nickel. The activation energy for the
Co-B catalyst measured in the present case is same as that obtained by Leeet al. [55]
with structured Co-B catalyst powder (45 kJmol ). The favourable activation en-
ergy value obtained with Co-Ni-B, as compared to Co-B, suggests that electronic
synergetic effects operate with Co and Ni atoms in Co-Ni-B which help to enhance
the catalytic activity. Possibly, transient electronic states are favoured with Co and

Ni atoms in the Co-Ni-B powder at appropriate atomic composition.
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Figure 3.5 — Hydrogen generation yield as a function of reaction time with Co-Ni-B
(xco = 0.85) catalyst measured at four different temperatures by hydrolysis of alkaline NaBH,
(0.025 M) solution. Inset shows the Arrhenius plot of the Ha generation rates.

100 4—4— 298k “':A/ A—A—A—
—n— 303k A
1 308k Co-B
;\380—*'*313k o A
~ w A/
© ]
2 " ‘/g Activation energy = 45 kJ/mol
| | = i = i
>:. 60 J /., / £ 7.8 \ gy
2 /' /A £ 76l .
S "X I \'\
g ;S S 7.4 o
I 40 - Mou 5 .
= S b N
T 7.04 \~
20 / 3 n
/ = 6.8 ]
- 000320 000325 000330  0.00335
0+ T T T T T T T T T T 'UT(Il() T T T
0 500 1000 1500 2000 2500 3000 3500 4000
Time (Sec)

Figure 3.6 — Hydrogen generation yield as a function of reaction time with Co-B catalyst
measured at four different temperatures by hydrolysis of alkaline NaBH, (0.025M) solution.
Inset shows the Arrhenius plot of the Hy generation rates.
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Figure 3.7 — Hydrogen generation yield as a function of reaction time with Co-Ni-B
(xco = 0.85) catalyst of four different concentrations by hydrolysis of alkaline NaBH,4 (0.025M)
solution. Inset shows the plot of In(Hs generationrate) vs. In(concentration of catalyst).

3.2.2 Effect of catalyst concentration

To identify the reaction order in connection to the catalyst concentration, the Hy
generation yield was measured by hydrolysis of alkaline NaBH, (0.025M) solution
using four different amounts of Co-Ni-B (x¢, = 0.85) catalyst, i.e., 10, 15,20, 25 mg
(Fig.3.7) at 298 K. The figure clearly indicates that the hydrolysis of NaBH, depends
on the catalyst concentration because when the amount of catalyst increases, then
the reaction takes much less time to reach the maximum expected Hy generation
yield. The hydrogen generation rate (R) seems to be proportional to the catalyst

concentration when the concentrations of all the other reactants are kept constant:

R  [concentration of catalyst]® (3.1)

By plotting In(R) vs. In(concentrationof catalyst) one obtains the straight line
of the inset of Fig. 3.7 and the slope provides the value of the reaction order (x) with
respect to the concentration of catalyst. The value of the slope is 0.95 thus indicating
that the hydrolysis of NaBH, is first order reaction with respect to the concentration
of Co-Ni-B (x¢, = 0.85) powder catalyst.
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Chapter 3: Powder catalyst for hydrolysis of alkaline NaBH,

3.2.3 Effect of heat-treatment

To study the effect of structural modification on catalytic activity, Co-Ni-B (xc, =
0.85) and Co-B were heat-treated in Ar atmosphere at 773K for 2h. XRD pattern
(Fig. 3.8) of the annealed Co-Ni-B (x¢, = 0.85) powder show that annealing causes
structural modification in the powder leading to the formation of crystalline Co metal
phase with the crystal size of around 15 nm. Morphological studies performed by SEM

also show analogous results for annealed Co-Ni-B powder catalyst.

v MetalCo v Annealed in Ar at 773K|

T T T T T T T T T T T T T
As Prepared

Intensity (Ab. Units)

30 40 50 60 70 80 90
2Theta (deg.)

Figure 3.8 — XRD pattern of Co-Ni-B (x¢c, = 0.85) catalyst powder untreated and treated
in Ar gas atmosphere at 773K for 2h.

The SEM images (Fig. 3.9) clearly demonstrate the transformation from the well-
dispersed spherical particle morphology of the fresh powders (Fig.3.9 A) to porous
crystallite morphology after annealing at 773K (Fig.3.9B). The hydrogen genera-
tion yield, as function of time, obtained by hydrolysis of alkaline NaBH, (0.025M)
solution using annealed Co-Ni-B (x¢, = 0.85) at 293 K, is reported in Fig. 3.10. How-
ever, the structural changes did not bring any differences in the catalytic activity
for the annealed Co-Ni-B (x¢, = 0.85) powder when compared with untreated pow-
der. Co-B powder annealed at 773 K in similar condition, shows analogous structural

modification similar to that of Co-Ni-B.
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3.2: Ni-doped Co-B catalyst

Figure 3.9 — SEM micrographs of Co-Ni-B (x¢, = 0.85) catalyst powder (A) untreated and
(B) treated in Ar gas atmosphere at 773 M for 2h.
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Figure 3.10 — Hydrogen generation yield as a function of reaction time with Co-Ni-B (xco, =

0.85) catalyst powder untreated and heat-treated at 773K obtained by hydrolysis of alkaline
NaBH, (0.025 M) solution.

However, there is now a decrease in the hydrogen generation rate as compared
to the untreated powder (Fig.3.11). Leeetal. [55] and Wuetal. [90] also reported a
decrement in the Hy generation rate for Co-B powder when annealed above 573 K and
the authors discussed the results in terms of the crystallization of Co metal. However,
our present results indicate that even after crystallization of the Co metal phase in
Co-Ni-B powder, the same powder maintains its catalytic efficiency. Thus it shows

that the Co-Ni-B catalyst is stable and useful for high temperature application
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Figure 3.11 — Hydrogen generation yield as a function of reaction time with Co-B catalyst
powder untreated and heat-treated at 773 K obtained by hydrolysis of alkaline NaBH, (0.025 M)
solution

3.3 P-doped Co-B catalyst

Effect of different Co/p molar ratios

Co-P-B powder catalyst was synthesized by chemical reduction of cobalt salt (CoCly)
and sodium hypophosphite (NaH;PO,) in aqueous solution (see 2.1.1). In order to
have the complete reduction of cobalt salt, the molar ratio of (Pg—OB) was kept at about
4. The Co-P powder was prepared as reported elsewhere [83] by heating the aqueous
solution of CoCly and NaH;PO, at 343 K under vigorous stirring. The pH value
(equal to 11) was controlled by using NaOH solution.

Catalyst activity measurement Fig. 3.12 presents the hydrogen generation yield as
a function of time obtained from the hydrolysis of alkaline NaBH, (0.025 M) solution
with Co-P, Co-B, and Co-P-B catalyst powders at 298 K. The B/P molar ratio of 2.5
was used in Co-P-B catalyst. The expected total amount of H, was measured for
all the catalysts used. The Co-P-B catalyst shows much higher catalytic activity as
compared to the same amount (15mg) of Co-B and Co-P powder. The maximum
values of hydrogen generation rate (R,,,.): these values are summarized in Table 3.3.

The Co-P catalyst powder yields negligible R,,,. as compared to that by Co-B and
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Figure 3.12 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis

of alkaline NaBH,4 (0.025 M) solution with Co-B, Co-P, and Co-P-B (B/P molar ratio = 2.5)
catalyst powders. Inset shows the extended plot of hydrogen generation yield as function of

time for Co-P catalyst
Co-P-B catalyst powders. On the contrary, the Co-P-B catalyst yields the highest

R4 which is about 2.5 times higher than that obtained for Co-B catalyst.

Maximum H, generation rate,

Catalyst powder
Rz (mimin—tg™! catalyst)

(15mg)
Co-B 850
Co-P 100
Co-P-B 2120

Table 3.3 — Maximum hydrogen generation rate obtained fromthe hydrolysis of alkaline

NaBH, (0.025M) solution by the catalyst powders
Fig. 3.13 presents the SEM images of Co-B, Co-P, and Co-P-B (molar ratio B/P
= 2.5) powders. The SEM images of Co-B and Co-P-B powders show particle like
morphology with average particle size in the range between 30 — 40 nm. In the cases
of Co-B and Co-P-B catalyst preparations, an efficient reducing agent in the form of
NaBH, was used which is able to cause the rapid reduction of Co ions and thus does
not permit the particles to grow above a few nanometers. This kind of morphology
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Chapter 3: Powder catalyst for hydrolysis of alkaline NaBH,

is helpful to enhance the active surface area of catalyst. On the contrary, crystallite
structure (Fig.3.13b) with bigger irregular particles is clearly visible in the case of
Co-P catalyst. The reduction of Co ions proceeds gradually in presence of NaHy PO,
due to its lower strength as a reducing agent, as compared to that of NaBHy, allowing
the growth of large particles in Co-P catalyst. Thus, small surface area achieved in
Co-P catalyst might be one of the reasons for the low efficiency of Co-P powder for

H, generation.

Figure 3.13 — SEM micrographs of (a) Co-B, (b) Co-P, and (c) Co-P-B (B/P molar ratio= 2.5)
catalyst powders

XRD patterns (Fig. 3.17)? of Co-B, Co-P, and Co-P-B (with molar ratio B/P= 2.5)
powders show a single broad peak at around 20 = 45° attributed to the amorphous
state of cobalt-metalloid alloy [91]. This indicates that all the catalyst powders
produced by chemical reduction method are amorphous. It may be inferred that
a short-range ordered and long-range disordered structure might be helpful for the
catalytic activity [92]. To understand the enhanced efficiency of Co-P-B (with molar
ratio B/P = 2.5) catalyst and low efficiency of Co-P catalyst, it is necessary to
gain insight into the surface electronic interaction between the elemental atoms in
the compound. Thus, XPS spectra of Co-B, Co-P, and Co-P-B (with molar ratio
B/P = 2.5) catalyst powders were acquired and are shown in Fig. 3.14.

3.3.1 XPS Analysis

For Co-B and Co-P-B catalyst powders, two peaks appear corresponding to the
Cogp,,, level at the binding energies of 778.4 and 781.6 eV, indicating that Co metal
exists in both elemental and oxidized states respectively. On the contrary, only one
peak appears corresponding to the Coy, ,, level for Co-P catalyst, at the binding en-
ergy of 781.6 eV, signifying that the element cobalt is present in completely oxidized

3Figure not shown for Co-P
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Figure 3.14 — X-ray photoelectron spectra of Coap, s Pap, and By level for Co-B, Co-P, and
Co-P-B (B/P molar ratio = 2.5) catalyst powders
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state. The peak due to oxidized cobalt is mainly present in form of +2 state at-
tributed to Co(OH )o, which would have been formed during the catalyst preparation
reaction between the reducing agent and the metal salt in aqueous medium [84, 85].
The amount of Co(OH )y is minimum in Co-P-B catalyst as compared to Co-B and
Co-P. Two XPS peaks with binding energy (BE) of 188.2 and 192.1eV are also ob-
served corresponding to the By, level in Co-B and Co-P-B, which are assigned to ele-
mental and oxidized boron respectively [84,85]. By comparing the BE of pure boron
(187.1eV') [86] with that of boron in the catalyst, one observe a positive shift of 1.1 eV.
This shift indicates an electron transfer from alloying B to vacant d—orbital of metallic
Co which makes the boron atom electron deficient and the cobalt atom enriched with
electrons in the catalyst powders. In the X-ray photoelectron spectra corresponding
to the P, level, one observes signature of two kinds of phosphorous species in Co-P-B
catalyst producing peaks with binding energy of 130 eV and 133.3eV. The lower BE
is attributed to the metallic phosphorous while the higher BE is assigned to the oxi-
dized phosphorous. No significant shift in BE of metallic phosphorous was observed
with respect to the elemental one, indicating that the electron transfer between Co
and P in Co-P-B could be neglected. However in Co-P catalyst powder only BE
peak due to oxidized phosphorous is seen. The above XPS results are now considered
to understand the differences observed in catalytic activity with different catalyst
powders. In the case of Co-B and Co-P-B catalyst, boron interacts with cobalt by
transferring electron from alloying B to vacant d orbital of metallic Co which makes
boron electron-deficient and Co electron-enriched. Looking at the mechanism pro-
posed for metal catalyzed hydrolysis of NaBHy, electron-enriched metal active sites
will be able to facilitate the catalysis reaction by providing the electron required by
the hydrogen atom to leave the metal site in hydridic form (H ) which then could re-
act with the water molecule to produce H, and OH ™ ion. This means that the higher
electron density on active metal site is an important aspect for the enhancement of
the catalytic activity of catalyst powder for hydrolysis of NaBH,, as in the present
case of Co-B and Co-P-B catalysts. To this purpose, note that the XPS result clearly
shows that there is no electronic interaction between Co and P atoms in Co-P cata-
lyst. The XPS analysis of Co-P powder prepared in a similar manner, as reported by
H. Lietal. [82], showed no electronic transfer between Co and P. However, in the lit-
erature, many contradictory results are reported for the Ni-P powder: observation of
some authors [93,94] are similar to our Co-P powder while others [83,95] showed that
there is an electron transfer from Ni to P atoms making the former element electron

deficient. Electron transfer also plays an important role in the oxide formation on
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3.3: P-doped Co-B catalyst

the surface of the active metal sites. In Co-B and Co-P-B catalysts, electron enriched
metal active sites repel the adsorption of oxygen atoms from the ambient atmosphere,
while they are strongly adsorbed by the electron-deficient B. In other words, alloying
B effectively protects metals from oxidation in ambient condition [87,88|. Due to
the lack of electronic interaction between metal and metalloid in Co-P catalyst, P is
unable to protect Co from oxidation. This is clearly evidenced by the fact that Co
on the surface is in form of completely oxidized state in our Co-P catalyst powder as
observed in the XPS spectra. Hence it seems that the lack of electronic interaction
between Co and P atoms might be the main reason for the less active nature of Co-P
as catalyst in hydrolysis of NaBH, as compared to Co-B and Co-P-B catalysts. The
surface atomic composition, calculated from XPS spectra, shows that the amount of
the surface Co sites is maximum for Co-P (~77 at.%) and minimum for Co-B (~60
at.%) catalyst. This shows that phosphorus plays some role to favour the enrich-
ment of the catalyst surface with Co sites. In the case of the Co-P-B catalyst, the
concentration of the surface Co sites is between that of Co-P and Co-B, being about
69 at.%. This result reveals that the role of P in the Co-P-B catalyst is to favour
the enrichment of the surface with Co active sites. Liet al. [82] also observed higher
Co concentration on the surface of Co-P and Co-P-B as compared to Co-B catalyst.
Leeet al. [83] reported the same results using Ni-based amorphous alloy (Ni-P-B, Ni-
P, and Ni-B). On the basis of the above results, we may conclude that the higher
catalytic activity of the Co-P-B powder, as compared to Co-B and Co-P, may be
attributed to the synergistic effects occurring from the alloying P and B in which the
former element is able to create high number of Co active sites on the surface, while
the later element provides the necessary electron density to Co active sites for the

catalytic activity.

Role of metalloids (P and B)

After these preliminary studies, Co-P-B amorphous alloys were synthesized with dif-
ferent B/P molar ratio in order to further investigate the effect of B and P concentra-
tion on catalytic activity. The hydrogen generation yield was measured as a function
of time (Fig. 3.15) by hydrolysis of alkaline NaBH, (0.025 M) solution using different
B/P molar ratio in Co-P-B catalyst powders. The inset of Fig. 3.15 shows the value
of R4 obtained with Co-P-B catalyst having different B/P molar ratio. It is clearly
evident that Co-P-B powder shows higher R,,,, than the Co-B independent of B/P
molar ratio used: this further proves that the inclusion of P creates more Co active

sites on the surface while B provides them with the required electron density.
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Figure 3.15 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025 M) solution with Co-B and Co-P-B catalysts with different B/P molar
ratio ranging from 1 to 5. Inset shows the maximum H; generation rate (R,,.) obtained with
Co-P-B catalyst as a function of B/P molar ratio.

Initially R,,.. increases with the B/P ratio, to reach the maximum when B/P
molar ratio is equivalent to 2.5, and then decreases further. At high B/P molar ratio
the concentration of P is unable to provide enough active Co sites on the surface,
while at low B/P molar ratio the concentration of B is insufficient to fulfill the re-
quirement of electron density to all the excess Co active site on the surface. The
above considerations help to explain the trend of the results in the inset of Fig. 3.15,
although the maximum H, generation rate obtained at the B/P molar ratio of 2.5
is not clearly understood. Basic calculations of atomic site occupation as well as of

electron transfer are necessary to further understand the mechanism.

3.4 Co-Ni-P-B powder catalyst.

Earlier in the chapter, we have seen that by adding phosphorous to Co-B, we are
able to increase the catalytic activity of about 2 times with respect to that of Co-B
catalyst. Such an enhancement was attributed to synergic effects of B and P in the
interaction with Co, favouring electron transfer. We also proved that mixing Ni with
Co-B in a proper proportion leads to an enhancement in catalytic ability of the Co-B

catalyst, where Ni is able to provide additional electrons to the Co metal which favours
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3.4: Co-Ni-P-B powder catalyst.

the catalytic reaction. Because of these considerations, it is interesting to investigate
the performance of a single mixed catalyst (Co-Ni-P-B), possibly including a variety

of synergic effects in electron transfer to Co.

Figure 3.16 — SEM micrographs of Co-B, Co-P-B, Co-Ni-B, and Co-Ni-P-B (molar ratio B/P

= 2.5 and COC_:JM = 0.85) catalyst powders

The present work reports on the synthesis and characterization of mixed Co-Ni-
P-B catalyst powder for hydrogen generation by hydrolysis of NaBH, solution. The
molar ratio of B/P and Co/Ni was varied in order to understand the role of compo-
sition in the Co-Ni-P-B catalytic activity which indeed, for appropriate composition,
results greater than that of Co-B, Co-Ni-B, and Co-P-B powders.

In Fig.3.16 we present SEM images of Co-B, Co-P-B, Co-Ni-B, and Co-Ni-P-
B (molar ratio B/P = 2.5 and Coi"m = 0.85) powders. The SEM images of all
the catalyst powders show particle like morphology with average particle size in the

range between 30 and 40nm. During catalyst preparation, an efficient reducing agent
in form of NaBH, was utilized which is able to cause the rapid reduction of Co ions
and thus it does not permit particle growth above a few nanometers. However, this

kind of morphology is helpful in enhancing the active surface area of catalysts.
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Figure 3.17 — XRD pattern of Co-B, Co-P-B, Co-Ni-B, and Co-Ni-P— B (molar ratio of

B/P= 2.5 and of Co(fm = 0.85) catalyst powders.

XRD patterns (Fig.3.17) of Co-B, Co-P-B, Co-Ni-B, and Co-Ni-P-B (molar ra-

tio B/P = 2.5 and C(SFOM = 0.85 ) catalyst powders show a single broad peak at

around 26 = 45° thus indicating that all the catalyst powders, produced by chemical

reduction method, are almost amorphous. Here it may be inferred that a short-
range ordered and long-range disordered structure might be helpful for the catalytic
activity [92].

Catalyst activity measurement

The catalyst powders efficiency was determined by measuring the hydrogen generation
yield as function of time by hydrolysis of alkaline NaBH, (0.025M) solution with
Co-B, Co-P-B, Co-Ni-B, and Co-Ni-P-B catalyst powders at 298 K and presented
in Fig.3.18 The B/P and % molar ratio was kept at 2.5 and 0.85, respectively,
in Co-Ni-P-B catalyst. The hydrogen production starts immediately without any
induction time and reaches the 100% of the theoretical H, yield, irrespective of the
type of catalyst used. The Hy generation rate decreases with time (as it can be easily
seen) because, during reaction, the NaBH, concentration decreases in the solution

by hydrogen evolution : this suggests the non-zero order of the reaction kinetics.
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Figure 3.18 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025 M) solution with Co-B, Co-P-B, Co-Ni-B, and Co-Ni-P-B (molar ratio

of B/P= 2.5 and COC_;_"NZ, = (.85 catalyst powders at 298 K.

This can be further understood by considering the two simple steps involved in the
catalytic hydrolysis reaction of NaBH, on the surface of metal catalyst [49,96]: 1)
absorption of BH, on the surface active sites of the catalyst, and 2) reaction of this
absorbed species to generate Hy. Thus as the concentration of NaBH, decreases the
hydride/catalyst molar ratio decreases in the solution which means that the catalyst
surface is not completely covered with B H, reactants and there are some unsaturated
active sites on the surface available for the reaction. In this case the first order
kinetics involving diffusion of BH, on the catalyst surface is the rate limiting step.
In addition, hydrogen evolution data has been well fitted by using the exponential
function (Fig. 3.18). Hence it shows that by using low hydride/catalyst ratio, as in the
present case, the hydrolysis reaction proceeds with first order kinetics. The Co-Ni-P-B
catalyst shows highest catalytic activity as compared to the same amount (15mg) of
Co-B, Co-Ni-B, and Co-P-B catalyst powders. Fitting numerical procedure, as used
in our previous work [97], has been applied to obtain maximum hydrogen generation
rates (Rpaz), for catalyst powders, which are summarized in Table 3.4.

The Co-Ni-P-B catalyst shows R,,,, which is about 2.8 times higher than that ob-

tained for Co-B catalyst. The R,,,, value acquired with the several catalyst powders
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Chapter 3: Powder catalyst for hydrolysis of alkaline NaBH,

Catalyst powder Maximum H, generation rate R,,q.

(ml/min/g catalyst)

Co-B 680
Co-Ni-B 1170
Co-P-B 2000

Co-Ni-P-B 2400

Table 3.4 — Maximum hydrogen generation rate obtained from the hydrolysis of alkaline
NaBH, (0.025M) solution by the catalyst powders.

decreases in following order: Co-Ni-P-B > Co-P-B > Co-Ni-B> Co-B. The mea-
surements are repeated at least 3 times to verify the results obtained in the present
case. All the catalyst powders exhibit similar morphology (Fig.3.16) and structural
properties (Fig.3.17), hence the above obtained trends in hydrogen generation rate
should be explained in terms of elemental interaction in the catalyst powders. Earlier
in the chapter, we have analyzed Co-Ni-B catalyst powder proving that the presence
of mixed Co-Ni, with B atoms in a proper amount, results in an enhanced catalytic
activity for hydrogen production by hydrolysis of NaBH, with respect to Co-B or
Ni-B powders. The specific role of the atomic elements in the catalyst powders was
established by X-ray Photoelectron Spectroscopy (XPS) [97-99]. The role of B in the
catalyst compound is to protect metal active sites from oxidation and to assist cataly-
sis reaction, by transferring electrons to unfilled d-orbital of the Co metallic element.
XPS analysis of catalyst powders also revealed that Co in Co-Ni-B powder possesses
a greater electron density as compared to Co in Co-B catalyst. This electron enriched
metal active site is able to facilitate the catalysis reaction by providing the electron
required by the hydrogen atom to be released in hydridic form (H) from the catalyst
surface [42|. Thus the role of nickel in the Co-Ni-B catalyst powder is to provide elec-
trons to Co active sites in addition to that provided by B. This explains the higher
activity of Co-Ni-B catalyst as compared to that of the Co-B catalyst. In addition,
we found that ternary alloy catalyst in form of Co-P-B was able to produce hydrogen
with much higher rate as compared to the binary alloy Co-P and Co-B catalyst pow-
ders by hydrolysis of NaBH, [99]. Synergic effects caused by P and B atoms in the
Co-P-B catalyst are the reason found behind this enhancement. In Co-P-B catalyst,
as revealed by XPS analysis, the role of phosphorous is to create high number of Co

active sites on the surface, while the boron provides the necessary electron density to
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3.4: Co-Ni-P-B powder catalyst.

Co active sites for the catalytic activity [99]. The highest Hy generation rate achieved
by Co-Ni-P-B catalyst powder can be understood by considering the fact that the role
of phosphorous is to enrich the catalyst surface with active cobalt sites while boron
and nickel provide electrons to the active Co sites. The highest catalytic performance
achieved by Co-Ni-P-B catalyst powder may be attributed to the combined synergic
effects similar to that obtained with Co-Ni-B and Co-P-B catalysts

3.4.1 Role of metalloids (P and B)

In order to further investigate the effect of B and P concentration on catalytic activity,

the Co-Ni-P-B amorphous alloys were synthesized with different B/P molar ratio by

Co
Co+N1i

measured as a function of time (Fig. 3.19) by hydrolysis of alkaline NaBH, (0.025 M)
solution using different B/P molar ratio in Co-Ni-P-B catalyst powder. The inset
of Fig.3.19 shows the plot of R, as function of B/P molar ratio in Co-Ni-P-B
catalyst. It is clearly evident that Co-Ni-P-B powder shows higher R,,., than the
Co-Ni-B, independent of the used B/P molar ratio: this further proves that the

inclusion of P creates more Co active sites on the surface while B and Ni provide the

keeping molar ratio constant at 0.85. The hydrogen generation yield was

catalytic sites with an increased electron density. Initially R,,., increases with the
B/P ratio, then it reaches the maximum value when B/P molar ratio is equivalent
to 2.5, and then it decreases. At high B/P molar ratio the concentration of P is
unable to provide enough number of active Co sites on the surface, while at low B/P
molar ratio the concentration of B is insufficient to fulfill the requirement of electron
density to all the excess Co active sites on the surface. At B/P molar ratio of 2.5,
there might be enough amount of boron to provide the electron density to all the
active Co sites created by phosphorous thus inducing the highest Hy generation rate.
The above qualitative considerations help to explain the trend of the results in the
inset of Fig. 3.19. Basic calculations of atomic sites occupation as well as of electrons
transfer are necessary to quantitatively understand the mechanisms leading to the
enhanced catalytic activity, but this investigation is outside the scope of the present
study. Here we would like to only remark that the Co-Ni-P-B catalyst powders, for
any B/P molar ratio, exhibit similar particle like morphology with average size of
30 — 40 nm (figure not shown). The above trend of H, generation rate as function of
B/P molar ratio in Co-Ni-P-B catalyst is analogous to that achieved with the Co-P-B
catalyst powder, as investigated in our previous studies, exhibiting the highest R4,

when the B/P molar ratio is equivalent to 2.5.
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Figure 3.19 — Hydrogen generation yield as a function of reaction time obtained, at 298 K,
by hydrolysis of alkaline NaBH,4 (0.025M) solution with Co-Ni-B and Co-Ni-P-B (molar ratio
of Cocfm = 0.85 catalysts with different B/P molar ratio ranging from 1.5 to 3.5. Inset shows
the maximum Hy generation rate (Ry,q.) obtained with Co-Ni-P-B catalyst as a function of

B/P molar ratio.

3.4.2 Effect of Co/Ni molar ratio

Co
Co+N1i

alyst in order to study the effect of active metal concentration on catalytic activity

molar ratio (xc,) was varied from 0.75 to 0.9 in the Co-Ni-P-B powder cat-

while keeping the B/P molar ratio constant at 2.5. Fig. 3.20 presents the hydro-
gen generation yield as function of time measured by hydrolysis of alkaline NaBH,
(0.025M) solution using Co-Ni-P-B catalyst powder with different molar ratio of Ni
and Co. The inset of Fig.3.20 shows the plot of R,,.. as function of yc,. By in-
creasing the Co content with respect to Ni in the Co-Ni-P-B powder, the hydrogen
generation rate increases and it reaches the highest R,,., of about ~2400 mi/min/g
with yc, = 0.85. With further increase of the molar ratio y¢, to 0.9, the activity
of the powder decreases. As observed in the earlier, the Co-B catalyst shows much
higher catalytic activity as compared to Ni-B thus indicating that Co metal is a more
active site than Ni for catalytic hydrolysis reaction. The increment in the activity by
increasing the amount of Co is due to the fact that less active Ni sites are replaced by
more active Co sites. However, when y ¢, exceeds 0.85 the atomic surface composition
and possibly atomic arrangement do not favour the appropriate electrons transfer to

enhance the catalytic activity. Here also, basic calculations are necessary to clarify
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3.4: Co-Ni-P-B powder catalyst.

the experimental results. Similar trend in H, generation rate with respect to COiONZ.

molar ratio was observed with Co-Ni-B catalyst powders earlier.
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Figure 3.20 — Hydrogen generation yield as a function of reaction time obtained, at 298 K,
by hydrolysis of alkaline NaBH, (0.025M) solution with Co-B, Co-P-B and Co-Ni-P-B (molar

ratio of B/P = 2.5 and with different C(SFONZ, molar ratio ranging from 0.75 to 1.00. Inset shows

the maximum Hy generation rate (Ry,q.) obtained with Co-Ni-P-B catalyst as a function of

Co
Co+N1

molar ratio.

3.4.3 Effect of solution temperature

Fig. 3.21 presents the Hsy generation yield as a function of time at different solution
temperatures using alkaline NaBH, (0.025 M) solution and 15mg of Co-Ni-P-B cat-
alyst (molar ratio of B/P = 2.5 and of % = 0.85) powder. As expected, the Ho
generation rate increases with the temperature. The Arrhenius plot of the hydrogen
production rate (inset of Fig.3.21) gives activation energy of the catalytic hydroly-
sis process of about 29 4= 1 kJmol™!, within the experimental errors. The trend in
Hy generation rate obtained with Co-Ni-P-B, Co-P-B, Co-Ni-B, and Co-B catalyst
powders by hydrolysis of NaBH, is also related to their activation energy value. The
Co-Ni-P-B catalyst (molar ratio of B/P = 2.5 and of COiONi = 0.85) powder shows the
lowest activation energy (2941 kJmol™') with respect to Co-P-B (3241 kJmol ™) ,
Co-Ni-B (34 +1 kJmol™'), and Co-B (45 + kJmol™') catalyst powders. This value is

also lower than the activation energy found by Amendola ( 47 kJmol™') [16] by using
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Chapter 3: Powder catalyst for hydrolysis of alkaline NaBH,

Ru catalyst. Kaufman and Sen [45], by using different bulk metal catalysts, obtained
75 kJmol~! for cobalt, 71 kJmol~! for nickel, and 63 kJmol~! for Raney nickel. The
favourable activation energy value obtained in the present work is an evidence of the

synergetic effects of Ni, P, and B in Co-Ni-P-B to enhance the catalytic reaction.
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Figure 3.21 — Hydrogen generation yield as a function of reaction time with Co-Ni-P-B (molar
ratio of B/P= 2.5 and of Co(i"Ni = 0.85) catalyst measured at 5 different solution temperatures
by hydrolysis of alkaline NaBH, (0.025 M) solution. Inset shows the Arrhenius plot of the Hy

generation rates.

3.4.4 Effect of heat-treatment

To study the effect of structural modification on catalytic activity, Co-Ni-P-B powder
(molar ratio of B/P = 2.5 and of C()C+0Ni = 0.85) was heat-treated in Ar atmosphere
at different temperatures up to 573K for 2h. The hydrogen generation yields, as
a function of time, obtained by hydrolysis of alkaline NaBH, (0.025M) solution

using heat-treated Co-Ni-P-B powders (15mg) are reported in Fig. 3.22. There is no

much change in the catalytic activity of the Co-Ni-P-B powder after heat-treatment
up to 523 K, as compared to untreated powder. The heat-treated sample at 573 K
shows a decrease in the Hy generation rate, however reaching 100% of the nominal
H, yield. This decrease in the catalytic activity might be due to the structural
variation or particle agglomeration caused by the heat-treatment. The XRD spectra

of the catalyst powder show amorphous nature for both untreated (Fig.3.17) and
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3.4: Co-Ni-P-B powder catalyst.

heat treated Co-Ni-P-B powder at 523 K in Ar atmosphere (Fig.3.23 A). Co-Ni-P-
B powder annealed below 523 K shows similar structure and morphology as that of

untreated powder and heat-treated at 523 K (figure not shown).
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Figure 3.22 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025M) solution with heat-treated Co-Ni-P-B (molar ratio of B/P= 2.5
and % = 0.85) catalyst powder in Ar atmosphere at different temperatures for 2h.

However SEM micrograph (Fig.3.24 B) of samples treated at 573 K shows a dif-
ferent morphology: we see particles embedded in cotton-like filamentary matrix of
nanometer size (the relevant result of Co-crystallites formation is signaled by XRD).
Co metal can exhibit catalytic activity only when alloyed with metalloid atoms such
as B or P: this suggests that the low catalytic activity after the heat-treatment of
Co-Ni-P-B powder at 573 K may be attributed to the formation of surface Co crys-
tallites [78]. However, heat-treatment at 573 K in Ar atmosphere for 2h causes par-
tial crystallization of the powder as indicated by the presence of weak reflections of
Co peaks in the XRD pattern (Fig.3.23 B). Thus after heat-treatment at 573 K, the
amorphous Co-Ni-P-B powder starts to partially decompose into crystalline Co metal
phase. SEM images clearly show the same surface morphology (particle nature) for
the untreated Co-Ni-P-B powder (Fig.3.16) and heat-treated sample at 523K in Ar
atmosphere (Fig.3.24 A).
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Figure 3.23 — XRD spectra of heat-treated Co-Ni-P-B (molar ratio of B/P = 2.5 and COiONi =
0.85) catalyst powder (A) at 523 K and (B) at 573K in Ar atmosphere for 2h.

Figure 3.24 — SEM micrographs of heat-treated Co-Ni-P-B (molar ratio of B/P = 2.5 and of

CoC—J:-ONi = 0.85) catalyst powder (A) at 523K and (B) at 573K in Ar atmosphere for 2h

3.5 Conclusion

We have studied and compared the catalytic efficiency of amorphous Co-Ni-B, Co-
B-P and Co-Ni-P-B powders in hydrogen generation by hydrolysis of NaBH,. The
Co-Ni-P-B catalyst exhibits the highest catalytic efficiency. To try to understand such
a result we investigated the role of each chemical element in Co-Ni-B, Co-B-P and

Co-Ni-P-B catalysts by regulating the B/P and Co/Ni molar ratios in the analyzed
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3.5: Conclusion

powders. The highest efficiency of the Co-Ni-P-B powder catalyst was attributed
to: 1) large active surface area, 2) amorphous short-range structure, and 3) synergic
effects caused by each chemical element in the catalyst when mixed in well defined
proportion (molar ratio of B/P= 2.5 and of CLSFOM = 0.85). Heat-treatment at 573 K
in Ar atmosphere causes a decrease in hydrogen generation rate that was attributed

to partial Co crystallization in the Co-Ni-P-B powder. The synergic effects observed
with Co-Ni-B and Co-P-B, now act in combined form in Co-Ni-P-B catalyst powder
to lower the activation energy (29 kJmol™!) for hydrolysis of NaBH,.
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Chapter 4

Comparative studies on doped Co-B
powder catalyst for hydrolysis of
alkaline NaBH,

"The greatest discovery of my generation is that a human being
can alter his life by altering his attitudes of mind".

-William James

4.1 Introduction

Amorphous cobalt-boride (Co-B) catalysts, prepared by reduction of metal salts, have
attracted great attention in catalysis owing to their unique properties such as isotropic
structure, high concentration of coordinative unsaturated sites, relevant chemical sta-
bility, and low cost [100]. However, the exothermic nature of the reduction reaction
involves high surface energy causing Co-B particles to agglomerate. This particle ag-
glomeration lowers the effective surface area of the catalyst powder thus limiting its
catalytic activity. In recent years, several routes have been adopted to improve the
catalytic activity of the Co-B catalyst, mainly by increasing the surface area. This
was achieved by depositing Co-B on a support material having high specific surface
area [50,101] or by using organic templates during the reduction reaction [102] : the
final surface area of these catalyst powders is much higher than that of the ‘“‘normal”
Co-B powder. Another efficient route to avoid agglomeration of Co-B particles is
by introducing an atomic diffusion barrier in the form of transition metals like Cr,
Mo, or W [103]. These promoter metals, mainly in form of oxides, are very efficient
and even a small atomic concentration significantly increases the surface area of the

metal-borides catalyst powder [104] by avoiding agglomeration. In addition, they also
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4.2: Metal doped Co-B powder catalyst.

contribute to the overall catalytic reaction by acting as acidic sites to improve the
absorption of the reactant species on the surface [105]. The second metal also acts
as an electron donor ligand, thus increasing the electron density on the active metal
atoms which favours the reaction kinetics [98]. These combined effects, along with the
simple preparation method, make such alloy catalysts very attractive. In the present
chapter, we investigated the effect of various dopant transition metals (such as Ni, Fe,
Cu, Cr, Mo, and W) in Co-B catalyst powder on hydrogen production by hydrolysis
of NaBH,4. These dopant metals behave in a specific manner to enhance the catalytic
performance of the Co-B catalyst. On the basis of characterization results, the role
of each metal species, in the electron exchange mechanisms involved in the NaBH,

hydrolysis is discussed.

4.2 Metal doped Co-B powder catalyst.

Ternary alloy catalysts in the form of Co-Ni-B, Co-Fe-B, Co-W-B, Co-Cu-B, Co-
Cr-B, or Co-Mo-B powder were synthesized by mixing nickel chloride (NiCly), iron
chloride (FeCly), sodium tungstate dihydrate (NasO4W - 2H50) , copper nitrate
(Cu(NOj3)2), chromium nitrate (Cr(NOs)s), or molybdenum chloride (MoCly) salts,
respectively, in the cobalt chloride (C'oCly) aqueous solution. Further, these different
mixture solutions were reduced by sodium borohydride (NaBH,) under vigorous
stirring. An excess amount of borohydride was used in order to completely reduce
the metal cations. The black powder separated from the solution during reaction
course was filtered and then extensively washed with distilled water and ethanol
before drying at around 323 K under continuous N, flow. The metal to cobalt molar
ratio (ya = %, where M = Ni, Fe, Cu, W, Cr or Mo) was adjusted in the final
ternary alloy catalysts by varying the molar concentration of metal salts to cobalt
salt in the aqueous solution. For comparison, we also prepared C'o-B powder with

same procedure by reducing only cobalt salt.

4.2.1 Effect of doped molar ratio on metal in catalyst

Firstly, the effect of dopants concentration on the catalytic activity of Co-B catalyst

metal
Co+metal

Fig.4.1-4.6 presents the hydrogen generation yield, as function of time, measured by
hydrolysis of alkaline NaBH, (0.025M) solution using Co-Ni-B, Co-Fe-B, Co-Cu-B,
Co-Cr-B, Co-Mo-B, and Co-W-B, catalyst powders with different Ni, Fe, Cu, Cr, Mo,
and W concentration, respectively. Inset of Figs.4.1-4.6 presents the plot of R,,..

was studied by synthesizing the alloy catalyst with different molar ratio x .
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Chapter 4: Comparative studies on doped Co-B powder catalyst for hydrolysis of alkaline
NaBH,

value (the maximum H, generation rate, for all the catalyst powders) as a function
of xpr% (where, M = Ni, Fe, Cu, Cr, Mo, and W ). The H, generation rate increases
with the increase in ;% and reaches the maximum with further increase in yy,
the activity of the powder decreases (each measurement is repeated at least three
times). The promoting effect of Cr, Mo, and W on catalytic activity is achieved
at low concentration doping (4 — 5molar %), and it is so evident that even a small
amount of doping (1molar %) is able to double the activity of the Co-B catalyst.
Much higher concentrations of Ni, Fe, and Cu have to be used in Co-B catalyst to
attain a pronounced promoting effect in Hy generation rate. No significant effect was
observed on the catalytic activity of Co-B catalyst with low concentration (below
10 molar%) doping of these metals (Ni, Fe, and Cu)

Comparative analysis of the alloy catalysts powders was carried out with ;%
values where R, is highest (see inset of Figs. 4.1-4.6), for the hydrolysis of NaBH,.
Hydrogen generation yield was measured, as a function of time, during the hydrolysis
of alkaline NaBH,4 (0.025M) solution in presence of Co-B, Co-Ni-B(xn; = 15%),
Co-Fe-B(xre = 35%), Co-Cu-B(xcy = 35%), Co-Cr-B(xcr = 4%), Co-Mo-B(xar0 =
5%), and Co-W-B(xw = 5%) powder catalysts at 298 K (Fig.4.7). The expected
total amount of Hy was measured irrespective of the type of catalyst used. The H,
generation yield values, reported in Fig.4.7, were perfectly fitted by using a single

exponential function [99], as described by:
[Ho](t) = [HoJmae % (1= ™) = 4[[BHJo x (1 — ™) (4.1)

where, [BH, ]y is the initial molar concentration of NaBH, in the solution and k;
is the overall rate constant of the first-order reaction. This indicates that hydrolysis
reaction is first-order reaction with respect to NaBHy. In the present case, a low
hydride/catalyst ratio was used which means that the first-order kinetics involving
diffusion of BH, on the catalyst surface is the rate-limiting step during the hydrolysis
reaction [99]. Ry, for all the catalyst powders, are summarized in Table4.2. We
observe that these values decrease in the following order: Co-Cr-B > Co-Mo-B > Co-
W-B > Co-Cu-B > Co-Fe-B > Co-Ni-B > Co-B. The measurements are repeated to
verify the obtained results. Co-Cr-B catalyst powder (3400 ml/min/g), with xc, =
4%, shows about four times higher H, generation rate when compared to that achieved
with Co-B catalyst powder (850 ml/min/g).
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Figure 4.1 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025M) with Co-Ni-B with different y ;, values. Inset shows the maximum
Hy generation rate (Ryq. ) as a function of y .
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Figure 4.2 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis

of alkaline NaBH, (0.025 M) with Co-Fe-B with different y ., values. Inset shows the maximum
H, generation rate (Ryq. ) as a function of y ..
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Figure 4.3 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis of
alkaline NaBH, (0.025M) with Co-Cu-B with different y ., values. Inset shows the maximum
Hj; generation rate (R4, ) as a function of y,,.
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Figure 4.4 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis

of alkaline NaBH, (0.025 M) with Co-Cr-B with different y . values. Inset shows the maximum
Hj; generation rate (Ryq. ) as a function of y,..
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Figure 4.5 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis of

alkaline NaBH,4 (0.025 M) with Co-Mo-B with different y,,, values. Inset shows the maximum
Hj; generation rate (Ryq, ) as a function of y,,,.
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Figure 4.6 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBHy (0.025 M) with Co-W-B with different y,, values. Inset shows the maximum
Hy, generation rate (Ry,q. ) as a function of y .

o8



Chapter 4: Comparative studies on doped Co-B powder catalyst for hydrolysis of alkaline
NaBH,

1004
80
E’\i ——Co-B
T 60- —— Co-Cu-B
0 Co-Ni-B
%‘ —— Co-FeB
N —<+— Co-Cr-B
ok 40 Co-W-B
S Co-Mo-B
>
T 20-
0 : T T T T T T T
0 1000 2000 3000 4000
Time (sec)

Figure 4.7 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025 M) with of Co-B, Co-Ni-B (yy; = 15%), Co-Fe-B (yxp. = 35%),
Co-Cu-B (y, = 35%), Co-Cr-B (x, = 4%), Co-Mo-B (x,,, = 5%), and Co-W-B (yxy, = 5%)
powder catalysts at 298 K

Above results prove that doping Co-B powder with any of the transition metals
(Cr, Mo, W, Cu, Fe, and Ni), with small or large concentration, enhances the catalytic
efficiency of the catalyst. Morphological, structural, and electronic changes, occurring
in the Co-B powder with addition of the different transition metals, have been studied

to understand the promoting role of each transition metal.

4.2.2 Characterization

Scanning Electron Microscope (SEM)

In Fig. 4.8, we present the SEM images of all the alloy powder catalysts. All samples
show similar particle-like morphology with particles having spherical shape and size
of a few nanometers. During catalyst preparation, the use of NaBH, as a reducing
agent causes a fast reduction of Co ions that inhibits particle growth above a few
nanometers. However, at higher SEM magnification, it is evident that these particles
are mostly in agglomerated state in the case of Co-B, Co-Ni-B, and Co-Fe-B powders.
On the contrary, a lower degree of agglomeration is observed with Co-Cu-B, Co-W-B,
Co-Cr-B, and Co-Mo-B powders, and such a morphology is helpful to enhance the
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4.2: Metal doped Co-B powder catalyst.

Figure 4.8 — SEM micrographs of Co-B, Co-Ni-B (y,; = 15%), Co-Fe-B (3, = 35%), Co-
Cu-B (x¢, = 35%), Co-Cr-B (xo, = 4%), Co-Mo-B (y,,, = 5%), and Co-W-B (y;, = 5%)
powder catalysts.
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active surface area of catalysts (as discussed later on the basis of BET measurement).

X-Ray Diffraction (XRD)

XRD patterns (Fig.4.9) of all the Co-B based alloy powders show a broad peak at
around 20 = 45°, which is assigned to the amorphous state of Co-B alloy. Other
broad peaks at around 35° and 43°, attributed to the presence of CryO3 and Cu
metal, are also observed for Co-Cr-B and Co-Cu-B catalyst powders, respectively.
Finally, the diffraction spectra indicate short-range order and long-range disorder,

and both these features might contribute to enhance the catalytic activity [92].
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Figure 4.9 — XRD pattern of Co-B, Co-Ni-B (y,,; = 15%), Co-Fe-B (¥, = 35%), Co-Cu-B
(xcw = 35%), Co-Cr-B (y¢, = 4%), Co-Mo-B (y,,, = 5%), and Co-W-B (y;, = 5%) powder
catalysts.

X-Ray Photoelectron Spectroscopy (XPS)

XPS was used to gain insight into the electronic states and surface interaction be-
tween atoms in all catalyst compounds. Fig.4.10a and b shows the XPS spectra
of Cogp, " and Bj electronic levels, respectively, in all the catalyst powders. Two
peaks appear, for all the catalyst compounds, corresponding to the Cogp, /Zlevel at
the binding energies (BE) in a range of 778.2 — 778.4eV and 781.6 — 781.8 eV. This
suggests that Co element exists in both elemental and oxidized states, respectively.
The +2 state related to the peak of the oxidized cobalt is attributed to Co(OH ): this
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molecule would have been formed possibly during catalyst preparation [84] or when
it was exposed to ambient atmosphere before transferring to the reaction chamber.
This cobalt hydroxide (Co(OH)y) does not cause major effects on catalytic activity,
because it can be easily reduced by sodium borohydride in the course of the hydrolysis
forming Co-B active phase. Liu and Li [106] showed experimentally that Co(OH )y
intermediate acts as nuclei for the precipitation of Co-B active phase during the re-
action with NaBH,. There is no significant shift in the present Co BE peak when
compared to the standard binding energy of metallic Co for all the catalyst powders,
except for the Co-Ni-B catalyst. Two XPS peaks are also observed at BE values of
188.1—188.3 eV and 192.1—192.3 ¢V, which correspond to elemental and oxidized B
levels, respectively, for all catalyst powders [84]. A positive shift of around 1.0—1.2 eV
is evident when comparing the BE of pure boron (187.1¢V) to that of boron in the
catalyst. This shift indicates an electron transfer from alloying B to vacant d-orbital
of metallic Co, which makes the B atom electron deficient and the Co atom electron
enriched: this is true for all the catalyst powders [94]. The lack of shift in Co peak in
compound catalyst is due to the heavy mass of the atom. Fig.4.11 presents the XPS
spectra of Nig,, Fegp, Cuap, Crap, Mosq, and Wy electronic levels in Co-Ni-B, Co-
Fe-B, Co-Cu-B, Co-Cr-B, Co-Mo-B, and Co-W-B, powders, respectively. The XPS

result for each catalyst powder is separately discussed below:

Co-Ni-B Two peaks appear in Nig,, /2 levels with binding energies of 852.6 and
856.3 eV (Fig.4.11a), indicating that Ni metal exists in both the elemental
and oxidized states, respectively. The oxide is mainly in the form of Ni(OH),
which would have been formed during the catalyst preparation reaction between
NaBH, and metal salts, similarly to cobalt oxide. However, only a few amount
of Ni is present in oxidized form (15at.%), while most of it is in the form
of metallic Ni (85at.%). The BE of metallic Co in Co-Ni-B is 0.2¢eV lower
than that in the Co-B, whereas BE of metallic Ni in Co-Ni-B is also 0.2eV
lower than that in Ni-B [98]. This proves that in Co-Ni-B catalyst, there is
an electronic enrichment on Co and Ni metals when compared with the Co-B
and Ni-B catalysts: this is mainly attributed to the B-enrichment in Co-Ni-B
catalyst as seen by the compositional analysis of XPS spectra (as reported in
our previous Chapter and also reported by Lietal. [89]). These authors also
performed theoretical calculations using DFT method to show that the increase
in the B content on the surface would contribute more electrons to metallic Ni

or Co in their corresponding amorphous alloys.
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Co-Fe-B The elemental Fe in Co-Fe-B catalyst is present in both metallic and oxi-
dized state with binding energies of 707.1 and 712.7 eV, respectively (Fig. 4.11b).
The oxidized Fe species on the catalyst surface is mostly in the form of FeyO;
state (90 at.%) probably formed during the preparation. The metallic Fe (10 at.%)
shows a positive shift of about 0.3 eV in its corresponding BE peak, which sug-
gests electron transfer from Fe to Co atoms. However, no shift is observed in the
BE of the Co peak probably because very few Fe atoms are present in metallic

state to transfer electrons to Co atoms.

Co-Cu-B For Cu, only a single peak corresponding to a metallic state is apparent at
BE of 932.6eV (Fig.4.11¢c). This is consistent with XRD result which signals
indeed the presence of metallic Cu. In addition, no shifts in the BE of Co and
Cu peaks are observed indicating the lack of electronic interaction between these
atoms. The electronic exchange between Co and B atoms is also not affected
by the Cu addition.

Co-Cr-B The Cry, spectrum for Co-Cr-B catalysts exhibits two peaks at 575.7 and
585.3¢V (Fig.4.11d), attributed to Cryy,, and Cryy, ,peaks of Cr®" species,
respectively. This shows that Cr is in completely oxidized state (CryOs3), which
is in agreement with the XRD result. It is also noticed that Cr does not modify
the electronic interaction between Co and B, because their relevant BEs remain

unchanged after the Cr addition.

Co-Mo-B The XPS spectra of Mo 3d levels (Fig. 4.11 e) reveal two peaks assigned to
MoO, (BE of 231.1 and 232.6 eV are ascribed to Mo 3ds;, and Mo 3dsy,levels of
Mo**, respectively) and two peaks assigned to MoO3 (BE of 233.7 and 235.8 eV
are ascribed to Mo 3ds;, and Mo 3ds, levels of Mo, respectively). There is
no evidence of metallic Mo in the spectra indicating that Mo atoms on the
catalyst surface are in completely oxidized state. The BE value for Co and B
is unaffected by the addition of Mo in Co-B catalyst.

Co-W-B The W —4f spectrum (Fig. 4.11f) of Co-W-B catalyst shows the presence
of both oxidized and elemental state of W. The XPS spectrum of Wiy, , (4fs)
shows two peaks at BE values of 31.3 (33.4) eV and 35.5 (36.9) eV assigned to
metallic W and WOj3 species, respectively. About 33% of the XPS signal rises
from elemental W, whereas 67% is associated to the oxidized W. By comparing

with the undoped Co-B sample, no significant change in XPS spectra is observed
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in connection with the presence of the W-dopant: this means that W does not

affect the electronic states of Co and B.

The above XPS results prove that all the transition metal dopants in Co-B catalyst
exist in different states (elemental, oxidized, oxidized in different proportion). This
may be the prime reason to explain the different promoting effects on Co-B catalyst

powders as we will discuss in the following sections.

BET (Brunauer, Emmett & Telle) surface area measurement

Gas adsorption is the most widely used and accurate technique for total surface area
measurements. The BET surface area of the powder catalysts was determined by
nitrogen absorption at 77 K (Micromeritics ASAP 2010) after degassing. The mea-
sured BET surface area of all the catalyst powders is reported in Table4.2. The
specific surface area decreases in following order: Co-Cu-B>Co-W-B >Co-Mo-B >Co-
Cr-B >Co-Fe-B >Co-Ni-B >Co-B. This shows that doping the Co-B catalyst with tran-
sition metals (Cr, Mo, W, Fe, Cu and Ni) causes an increment in the specific surface
area irrespective of the type of dopant. However, the trend obtained in the increment
of the surface area is quite different from that of the catalytic activity (Fig.4.7).
When small amount of Cr, Mo, or W (x¢rmow = 4 —5) is included as a dopant
in Co-B, the specific surface area of the catalyst increases by almost 2 — 2.5 times,
due to the limited particle agglomeration process when compared to pure Co-B (see
Fig.4.8). Surface characterization (Figs.4.8,4.10and4.11) of these catalyst powders
suggests that Cr, Mo, and W in the form of oxides are located on the surface of the
catalyst. These metal oxides act as a kind of atomic barrier between the several Co-B
nanoparticles, thus avoiding agglomeration caused by their high surface energy. As
a result, the effective surface area increases significantly for Co-Cr-B, Co-Mo-B, and
Co-W-B catalyst. A remarkable increment in the surface area, a factor of about 5.5,
is observed for Co-Cu-B catalyst when compared to undoped Co-B. As observed by
XRD and XPS, the Cu on the catalyst surface is in completely metallic state which
prevents the agglomeration of Co-B nanoparticles. The highest surface area of Co-
Cu-B is mainly due to the high concentration of Cu when compared to Cr, Mo, and
W-dopant in Co-B catalyst. When Cr is added at high concentration (xc, = 10%)
in Co-B catalyst, the surface area increases by one order of magnitude when com-
pared to undoped Co-B catalyst [104]. Similar result is reported by Chenetal. for
Mo-promoted Co-B catalyst. However, a deleterious effect in catalytic activity is

detected with high concentration of the dopant metals (Cr, Mo, and W) as we will
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4.2: Metal doped Co-B powder catalyst.

discuss later. Co-Fe-B shows a moderate enhancement in the surface area, when com-
pared to Co-B, even at high concentration of Fe (xr. = 35%), probably attributed to
the formation of FesO3 on the surface. On the other hand, negligible rise in surface
area is monitored for Co-Ni-B catalyst powder. For the moment, it is not clear why

Fe and Ni are ineffective to significantly increase the surface area of Co-B powder.

Role as Lewis acid site

In a binary metal alloy catalyst, the addition of a new metal, or its oxide, may act as
an electrophilic or Lewis acid site for the absorption and activation of the reactants
to increase the overall reaction rate. To establish the possible role of the dopant
metal as a Lewis acid site in CoB catalyst, it is initially important to recall the
NaBH, hydrolysis mechanism involving a solid-state catalyst. The Hs production
from the metal-catalyzed hydrolysis reaction of NaBH, takes place, according to
Guellaetal. [49]', by the following kinetics steps: (1) BH, ions are chemisorbed on
the metal (Co) atoms; (2) H™ is transferred from BH, to an unoccupied adjacent
(Co) metal atom; (3) the hydrogen atom acquires an electron from the metal and
leaves the site in hydridic form (H~), while BH; species remains attached to the
Co atom; (4) this H~ reacts with water molecule to produce Hy and OH~; and
(5) OH~ reacts with boron in BH; to produce the BH3(OH)~ ion. Again, H is
transferred from BH3(OH)~ ion to an unoccupied adjacent (Co) metal atom. The
cycle of hydrogen absorption on metal sites continues till BH3(OH) forms B(OH);
and molecular hydrogen is released during each cycle. However, during the last step,
the reaction between OH~ and BHj; ions is not favoured by the catalyst which
may cause lower reaction rate. In present Co-B-based alloy catalyst, the dopant
metal or its oxides may act as the Lewis acid sites, which are readily available for
the absorption of Lewis base such as OH ions. During the hydrolysis reaction, the
hydroxyl molecule in the solution can be absorbed on these sites via donating the lone
electron from OH group. This bonding polarizes the hydroxyl group, which creates
favourable condition for the reaction with BHj5 ions attached to the neighbouring
active Co sites and thus increasing the overall reaction rate. A set of experiments
was conducted to find out which dopant transition metal in Co-B catalyst acts as
Lewis acid site to assist the absorption of the OH ions. For the catalytic hydrolysis
reaction, two types of hydride solution (0.025M) were prepared, namely: (1) NaBH,
solution stabilized with NaOH (0.025M) (designated as solution A) and (2) NaBH,
solution without NaOH (designated as solution B). The hydrogen generation rate

ISee Appendix B
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Figure 4.12 — Hydrogen generated rate as a function of reaction time obtained by hydrolysis
of alkaline and non-alkaline NaBH, solution using Co-B, and Co-Cr-B (x¢o, = 4%) catalyst
powders

was measured by hydrolysis of solutions A and B using all the alloy catalyst powders
and reported in Table4.2. No significant change in H, generation rate was observed
through hydrolysis of alkaline and non-alkaline NaBH, in the presence of Co-B, Co-
Ni-B, Co-Fe-B, or Co-Cu-B catalyst powders. On the contrary, the Hs generation
rate obtained in the presence of Co-Cr-B, Co-Mo-B, or Co-W-B for solution A was
much higher than that of solution B (see Fig.4.12). This proves that during the
hydrolysis reaction, in the presence of hydroxyl molecule in the solution, Cr, Mo, and
W species, in the form of oxides, act as the Lewis acid sites to absorb the OH group
and catalyze the reaction between OH and boron species (BH;, BH>(OH)~, and
BH(OH); ). However, it is observed that the increment in Hy generation rate, by
addition of NaOH during the hydrolysis of NaBHy, is far better for Co-Cr-B catalyst
when compared to Co-Mo-B or Co-W-B catalyst powders. The Cr3*species might
have a stronger affinity for the oxygen of hydroxyl group than W4+ or Mo** species,
thus Cr-additives exhibit a stronger promoting effect than Mo- or W-additives.

4.2.3 The role of each dopant transition metal in Co-B cata-
lyst, in enhancing the H, generation rate

Co-Ni-B catalyst Nickel on the catalyst surface is mostly in a metallic state, which

neither increases the surface area of Co-B powder significantly nor acts as a
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Lewis acid site for OH~ ions absorption. However, Ni is able to increase the
density of electrons on the Co active sites due to boron enrichment. These
electron-enriched metal active sites will favor the catalysis reaction by provid-
ing the electrons required by the hydrogen atom during the hydrolysis reaction.
Thus, the catalytic activity is moderately higher for Co-Ni-B catalyst, when
compared to the Co-B, due to the electron-enriched active metal site: this is
the case for the Ni-doping concentration with yy; = 10% and 15%. However,
the H, generation rate is maximum with xn; = 15% and further increase in Ni
concentration causes the activity to decrease. As observed in our previous chap-
ter (see Fig.3.4), Co-B showed much higher catalytic activity when compared
to Ni-B for hydrolysis of NaBHy, thus indicating that Co metal is a more active
site than Ni for catalytic hydrolysis reaction. The decrement in the activity by
increasing the amount in Ni is due to the fact that more active Co sites are

replaced by less active Ni sites.

Co-Fe-B catalyst By increasing x ., the activity of Co-Fe-B catalyst first increases
and then decreases. The maximum activity is obtained with yp. = 35%. By
knowing that Fe-B alloy catalyst is less active than Co-B for the hydrolysis of
NaBH,, it is easily understood that only metallic Co acts as a main active site
in the Co-Fe-B alloy and that Fe-dopant behaves as a promoter. At xp. values
from 10% to 35%, the promoting effect of Fe-dopant is mainly attributed to the
increased surface area of the Co-Fe-B catalyst due to the existence of Fe,Os
species, on the catalyst surface, which act as an inhibitor against agglomeration
of the Co-B particles. The presence of a little amount of metallic Fe could also
make a minor contribution to the enhancement of catalytic activity by electron
transfer to the active Co sites as observed by XPS (Fig.4.11b). Electron-
enriched Co active sites will facilitate the catalysis reaction as explained for
previous Co-Ni-B catalyst. At larger concentration of Fe-dopant, the catalytic
activity decreases because too many surface Co active sites would be covered

by inactive Fe species.

Co-Cu-B catalyst As with the above two catalysts, Co-Cu-B catalyst also requires
high dopant (Cu) concentration to have the promoting effect. The catalytic ac-
tivity increases with the amount of Cu-dopant in Co-B alloy catalyst, it reaches
maximum at the optimum concentration of y¢c, = 35%, then it decreases. Cop-
per, in fully metallic state, is unable to either cause any electron transfer to

active Co site or act as Lewis acid site for OH ™ ions absorption. However, Cu
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on the catalyst surface acts as a promoter by increasing the specific surface area
by more than five times, when compared to Co-B catalyst, by preventing particle
agglomeration. According to the above reported hydrolysis reaction mechanism,
the initial reaction occurs between BH, ions and metal sites, which means that
the reaction rate is proportional to the number of available metal sites for the
absorption of BH, ions in the solution. In this reaction scheme, the Co-Cu-B
catalyst powder, having a surface area almost five times higher than that of
Co-B, may provide an ideal condition for BH, ions absorption for catalytic
hydrolysis reaction. However, a concentration of the Cu promoters exceeding
Xcu = 35% is deleterious to the hydrolysis reaction, because major portion of

the surface Co active sites would be covered by the Cu metallic species.

Co-Cr-B, Co-Mo-B, Co-W-B catalysts These three powders seem to be acting
as a catalyst with a similar mechanism, because in all the three cases, a small
amount of dopant (Cr, Mo, or W) is enough to create the promoting effect in
the Co-B catalyst. Even in these cases, by increasing the dopant concentration,
the activity first increases and then decreases. The optimum contents of Cr,
Mo, and W promoters are: xcor = 4%, Xm0 = 5%, and xw = 5%, respectively.
The promoting effect is mainly caused by the corresponding oxide species of the
dopant transition metals (Cr, Mo, or W) which, on the catalyst surface, inhibit
the particle agglomeration thus increasing the surface area of the Co-B catalyst
by favoring a better dispersion of the particles. In addition, the Cr3t, Mo*t,
and W4T species also act as Lewis acid sites for OH~ absorption due to the
strong affinity of these sites toward oxygen of the OH~ group. A polarization
of the O-H bond occurs which favors the reaction between hydroxyl group and
boron species attached to the neighboring Co active sites. In conclusion, the ox-
ide species provide high surface area and act as Lewis absorption sites for OH~
ions: these are the two main reasons involved in the significant enhancement
of R4 observed for Co-Cr-B, Co-Mo-B, and Co-W-B catalysts with respect
to that observed with the Co-B catalyst. Cr-doped Co-B shows the highest
Rpoe when compared to W- and Mo-doping: this is attributed to the superior
capability of Cr3* species to absorb OH group ions. The deleterious effect on
catalytic activity at higher dopant content is attributed to the surface covering
of the active Co metal by Cr, Mo, or W species. To summarize, the transi-
tion metals Ni, Fe, Cu, Cr, Mo, and W, when added to the Co-B, promote the
catalysis efficiency through three effects, namely by: 1. Creating higher elec-

tron density on to the active Co sites. 2. Increasing the specific surface area of

71



4.3: Activation Energy of metal doped Co-B powder catalyst

the final catalyst powder by inhibiting Co-B particle agglomeration and thus
favouring better particle dispersion. 3. Acting, in the form of oxides on the cat-
alyst surface, as the Lewis acid sites for the absorption of OH~ group ions and
catalyzing its reaction with boron species. The investigated transition metals
are able to enhance the catalytic efficiency of the Co-B catalyst by only one
of the three above effects (Co-Ni-B and Co-Cu-B catalyst) or a combination of
two effects (Co-Cr-B, Co-Mo-B, Co-W-B, and Co-Fe-B catalyst).

4.3 Activation Energy of metal doped Co-B powder
catalyst

The H, generation yield as a function of time was measured at different solution
temperatures by hydrolysis of alkaline NaBH, (0.025M) solution using Co-Ni-B
(xn; = 15%), Co-Fe-B (¥, = 35%), Co-Cu-B (., = 35%), Co-Cr-B (y., = 4%),
Co-Mo-B (y,,, = 5%), and Co-W-B (y,, = 5%) powder catalysts as reported in
Figs.4.13-4.18, respectively. As expected, Hy generation rate increases with the
temperature. Using the Arrhenius plot (inset of Figs. 4.13 - 4.18) for the hydrogen pro-
duction rate, the activation energies are obtained and summarized in Table4.2. The
results clearly show that in Co-B catalyst doped with transition metal, the activation
energy is always lower when compared to undoped Co-B catalyst powder (45 kJmol ™)
Fig.3.6 [98]. In general, the obtained activation energies are lower than that ob-
tained with Raney Co (53.7 kJmol™') [53], carbon supported Co-B (57.8 kJmol™!)
and Co-B nanoparticles (42.7 kJmol™') [107]. The values are also lower than that
found by Amendola (47 kJmol™') [16] by using Ru catalyst. Kaufman and Sen [45],
by using different bulk metal catalysts, obtained 75 kJmol™! for cobalt, 71 kJmol™*
for nickel, and 63 kJmol~! for Raney nickel. The activation energy values obtained
in the present case are comparable to that obtained with nanoparticle-assembled
Co-B thin film (30 kJmol™') [97], Pd/C powder (28 kJmol™1)) [108]|, Co supported
on v — AlyO3 (33kJmol™')) [101], Ru nanoclusters (29 kJmol™') [52], and Ru-C
(37 kJmol™1) [109]. The favorable activation energy values obtained in the present
work are attributed to promoting effects, caused by the different transition metals,

to enhance the catalytic hydrolysis reaction.
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Figure 4.13 — Hydrogen generation yield as a function of reaction time by hydrolysis of
alkaline NaBH, (0.025M) solution measured at different solution temperatures with Co-Ni-B
(xn; = 15%) powder catalysts. Inset shows the Arrhenius plot of the Hy generation rates.
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Figure 4.14 — Hydrogen generation yield as a function of reaction time by hydrolysis of
alkaline NaBH,4 (0.025M) solution measured at different solution temperatures with Co-Fe-B
(Xpe = 35%) powder catalysts. Inset shows the Arrhenius plot of the Hy generation rates.
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Figure 4.15 — Hydrogen generation yield as a function of reaction time by hydrolysis of
alkaline NaBH,4 (0.025 M) solution measured at different solution temperatures with Co-Cu-B
(Xp. = 30%) powder catalysts. Inset shows the Arrhenius plot of the Hy generation rates.
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Figure 4.16 — Hydrogen generation yield as a function of reaction time by hydrolysis of
alkaline NaBH,4 (0.025 M) solution measured at different solution temperatures with Co-Cr-B
(X, = 4%) powder catalysts. Inset shows the Arrhenius plot of the Hy generation rates.
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Figure 4.17 — Hydrogen generation yield as a function of reaction time by hydrolysis of
alkaline NaBH, (0.025 M) solution measured at different solution temperatures with Co-Mo-B
(Xaro = 35%) powder catalysts. Inset shows the Arrhenius plot of the H, generation rates.
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Figure 4.18 — Hydrogen generation yield as a function of reaction time by hydrolysis of
alkaline NaBH4 (0.025 M) solution measured at different solution temperatures with Co-W-B
(X = 35%) powder catalysts. Inset shows the Arrhenius plot of the Hy generation rates.
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4.4 Effect of NaBH, and NaOH concentration.

The effect of NaBH, concentration on the hydrogen generation rate was studied for
Co-Cr-B catalyst by performing a series of experiments using several concentrations of
NaBH, while keeping catalyst and NaOH concentration constant. Fig.4.19 presents
the plot of hydrogen generated volume, as a function of time, obtained from hydrolysis
of alkaline NaBH, solution by using four different NaBH, concentrations, namely:
0.05, 0.75, 0.10, and 0.15M in the starting solution. The concentration of NaOH and
Co-Cr-B catalyst (xcor = 4%) was kept constant at 0.1 M and 15mg, respectively,
during the hydrolysis reaction. The figure clearly shows no significant changes in the
hydrogen generation rate with the increase of the NaBH, concentration. Inset of
Fig. 4.19 shows In(R,,.:) vs In(concentration of NaBH,).
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Figure 4.19 — Hydrogen generated volume as a function of reaction time with Co-Cr-B
(xor = 4%) catalyst obtained by hydrolysis of alkaline NaBH, solution with four different
concentrations of NaBH, ranging from 0.05 to 0.15 M. Inset shows the plot of in(Hy generation
rate) vs In(concentration of NaBH,) to determine the reaction order with respect to NaBHj,.

The experimental points were fitted with a line having a slope of 0.09: the near-
zero value of the slope indicates the zero order kinetics of the reaction with respect
to the NaBH, concentration. The zero order of the reaction is explained on the
basis that the initial hydride/catalyst molar ratio used for the measurement is high
leading to BH, induced dynamic saturation of the active sites on the catalyst [99].
Similar zero order kinetics was proposed by Amendolaetal. [110] (Ru catalyst), Ko-
jimaetal. [47] (Pt — LiC0O,), and Ozkaretal. [52] (Ru nanoclusters) for reactions
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with high NaBH, concentration. The hydrolysis reaction of NaBH, in water, with-
out any catalyst, is suppressed by controlling the pH of the reaction solution; there-
fore, it is important to investigate the effect of NaOH concentration on the hydrolysis
reaction. This was carried out by measuring the volume of the generated H, from
hydrolysis of alkaline NaBH, using only Co-Cr-B catalyst by using 5 different NaOH
concentrations, namely: 0.25,0.50, 1.00, 1.85, and 2.50 M in the starting solution. The
results are reported in Fig. 4.20. The concentration of NaBH, and Co-Cr-B catalyst
(xcr = 4) was kept constant at 0.25M and 15mg respectively, during the hydrolysis
reaction. By increasing the NaOH content from 0.25 to 2.5 M, no change is observed
in the hydrogen generation rate (R,..): this proves the zero order reaction, with
respect to NaOH concentration. This behavior can be explained in terms of NaBH,
hydrolysis reaction mechanism, mentioned above, with the Co-Cr-B catalyst. The
reaction between the boron species (BH;y, BHy(OH)~, and BH(OH);) and OH~
ions is catalyzed by absorption of OH~ ions on the Cr3* surface species present in
small amount. Thus a low initial concentration of O H~ ions is enough to dynamically
cover these Cr3™ species and, as the reaction proceeds, the OH ™~ ions are provided
by breaking of H>O molecules. This explains the constant hydrogen generation rate

at higher NaOH concentration.
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Figure 4.20 — Hydrogen generated volume as a function of reaction time with Co-Cr-B
(xor = 4%) catalyst obtained by hydrolysis of alkaline NaBH,4 (0.25M) solution with five
different concentrations of NaOH ranging from 0.25 to 2.5 M. It is noticed that there is no
relevant changes on generated hydrogen volume by changing the NaOH concentration.
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4.5 Endurance test

For the catalyst to be commercially used, the catalyst need to be stable and not
deteriorate with time and use. The catalyst need to be studied thoroughly under
various conditions. For these reasons, four of the best catalysts were chosen, i.e.
(Co-Cu-B(xcu = 35%), Co-Cr-B(xcr = 4%), Co-Mo-B(xmo = 5%), and Co-W-
B(xw = 5%)) and tested their behavior under various condition. We study the effect

of high temperature treatment, durability and repeatability on these catalysts.

4.5.1 Effect of temperature on metal doped Co-B powder cat-
alyst

Since the hydrolysis of NaBH, is highly exothermic with heat of reaction of ca.
210 k.J/mol, the reactor temperature often increases over 100°C, especially when the
reactor is operated in a continuous flow mode. Considering that catalyst in the hy-
drolysis of NaBH, is exposed to a hot caustic environment, catalyst high temperature
durability is crucial for practical application. To study the effect of structural modifi-
cation on catalytic activity, powders were heat-treated in Ar atmosphere at different
temperatures upto 873 K for 2h. The hydrogen generation yield, as a function of
time, were obtained by hydrolysis of alkaline NaBH, (0.025 M) solution using these
heat treated powders. The changes in the catalytic activity are discussed on based
on XRD and SEM analysis.

Co-Cu-B

The hydrogen generation yield, as a function of time, obtained by hydrolysis of alkaline
NaBH, (0.025M) solution using these heat treated Co-Cu-B powders (15mg) are
reported in Fig.4.21 There was no change in the catalytic activity of the Co-Cu-B
powder after heat treatment at 673 K as compared to the untreated powder. On
the contrary, the heat treated sample at 773 K and 873 K shows a decrease in the Ho
generation rate, in any case, it is able to reach the 100% H, yield. This decrease in the
catalytic activity might be due to the structural variation or particle agglomeration
caused by heat treatment at 773 K. XRD pattern (Fig. 4.22) of the catalyst powder
shows amorphous nature for both untreated Co-Cu-B powder and heat-treated sample
at 673 K in Ar atmosphere. However, heat-treatment at 773 K in Ar atmosphere for
2h causes partial crystallization of the powder as indicated by the presence of weak
reflections of Co and Cu peaks at in the XRD pattern. These peaks become more
prominent at 873 K. Thus after heat treatment at 773 K and 873 K the amorphous
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Figure 4.21 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025M) solution with Co-Cu-B catalyst powders untreated and heat-
treated in Ar atmosphere at 673, 773, and 873 K for 2h.
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Figure 4.22 — XRD pattern of Co-Cu-B catalyst powder untreated and heat-treated in Ar
atmosphere at 673, 773, and 873 K for 2h.

Co-Cu-B powder starts to partially decompose into crystalline Co metal phase. The
catalytic activity begins to drop, as Co metal can exhibit catalytic activity only when
alloyed with metalloid atoms such as B [78]. SEM images (Fig.4.23) clearly show
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similar particle like surface morphology for the untreated Co-Cu-B powder and heat-
treated sample at 673K in Ar atmosphere. However at 773K and 873 K, particle
agglomeration can be observed, reducing the surface area and adding to the deterio-

ration of the catalyst.

Figure 4.23 — SEM micrographs of: (a) untreated Co-Cu-B catalyst powder and heat-treated
(b) at 673K, (c) 773K and (d) at 873K in Ar atmosphere for 2h.

Co-W-B

The hydrogen generation yield, as a function of time, obtained by hydrolysis of al-
kaline NaBH, (0.025M) solution using heat treated Co-W-B powders (15mg) are
reported in Fig.4.24. There was no change in the catalytic activity of the Co-W-B
powder after heat treatment at 673 K as compared to the untreated powder, while at
773 K there is slight drop in the catalytic activity. At 873 K, catalytic activity drops
further as the amorphous Co-W-B powder decomposes into crystalline Co metal phase
as seen in XRD pattern (Fig.4.25), in any case, it is able to reach the 100% H; yield.
SEM images (Fig.4.26) clearly show similar particle like surface morphology for the
untreated Co-W-B powder and heat-treated sample at 673 K in Ar atmosphere. At
773 K the Co-Cu-B particle just begins to agglomerate, while at 873 K the agglomer-
ation can be clearly seen in the SEM image resulting in deterioration of the catalytic

activity.
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Figure 4.24 — Hydrogen generation yield as a function of reaction time obtained by hy-
drolysis of alkaline NaBH, (0.025M) solution with Co-W-B catalyst powders untreated and
heat-treated in Ar atmosphere at 673, 773, and 873 K for 2h.
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Figure 4.25 — XRD pattern of Co-W-B catalyst powder untreated and heat-treated in Ar
atmosphere at 673, 773, and 873 K for 2h.
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Figure 4.26 — SEM micrographs of: (a) untreated Co-W-B catalyst powder and heat-treated
(b) at 673K, (c) 773K and (d) at 873K in Ar atmosphere for 2h.

Co-Mo-B

The hydrogen generation yield, as a function of time, obtained by hydrolysis of al-
kaline NaBH, (0.025M) solution using heat treated Co-W-B powders (15mg) are
reported in Fig.4.27. There was hardly any change visible in the catalytic activity
of the Co-W-B powder after heat treatment at 673 K and 773 K as compared to the
untreated powder. Even after heat treatment at 773 K, the catalyst powder is still in
particle form and there is not much sign of agglomeration, as seen in the SEM images
(Fig.4.29). The XRD pattern (Fig.4.28) also shows no signs of crystallization. At
873 K, peaks of metal Co and Co-oxide are clearly visible in the XRD pattern. The
Hydrogen generation rates drops, but is able to reach the 100% H, yield. Co-Mo-B
powder can maintain its catalytic efficiency even at 873 K, thus this shows that the
Co-MoB catalyst is stable and can be useful for high temperature application. The
presence of Mo could be responsible for preserved catalytic effect even after annealing
of the Co-Mo-B powder at 773 K. Further investigation is required to confirm and
better understand the role of Mo.
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Figure 4.27 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH,4 (0.025M) solution with Co-Mo-B catalyst powders untreated and heat-
treated in Ar atmosphere at 673, 773, and 873 K for 2h.
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Figure 4.28 — XRD pattern of Co-Mo-B catalyst powder untreated and heat-treated in Ar
atmosphere at 673, 773, and 873 K for 2h.
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Figure 4.29 — SEM micrographs of: (a) untreated Co-Mo-B catalyst powder and heat-treated
(b) at 673K, (c) 773K and (d) at 873K in Ar atmosphere for 2h.

Co-Cr-B

The hydrogen generation yield, as a function of time, obtained by hydrolysis of alkaline
NaBH, (0.025 M) solution using heat treated Co-Cr-B powders (15mg) are reported
in Fig. 4.30 There was no change in the catalytic activity of the Co-Cr-B powder after
heat treatment at 573K (figure not shown) as compared to the untreated powder,
while at 673 K there is slight drop in the catalytic activity. At 773K and 873 K the
catalytic activity drops further as the amorphous Co-Cr-B powder decomposes into
crystalline Co metal phase as seen in XRD pattern (Fig. 4.31), in any case, it is able to
reach the 100% Hs yield. SEM images (Fig. 4.32) clearly show particle agglomeration
for heat-treated samples. The particle like morphology is completely lost when heat
treated at 873 K.
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Figure 4.30 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025M) solution with Co-Cr-B catalyst powders untreated and heat-
treated in Ar atmosphere at 673, 773, and 873 K for 2h.
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Figure 4.31 — XRD pattern of Co-Cr-B catalyst powder untreated and heat-treated in Ar
atmosphere at 673, 773, and 873 K for 2h.
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as prepared

Figure 4.32 — SEM micrographs of: (a) untreated Co-Cr-B catalyst powder and heat-treated
(b) at 673K, (c) 773K and (d) at 873K in Ar atmosphere for 2h.

4.5.2 Durability of metal doped Co-B powder catalysts

One of the major difficulties for the development of the Borohydride- PEMFC is the
catalyst tolerance to deactivation [111|. In application field, the catalyst generally
remains exposed to the ambient atmosphere and deactivation may intervene. To
investigate the effect of ambient atmosphere on the catalytic properties, four powders
were chosen, ie. (Co-Cu-B(xcu = 35%), Co-Cr-B(xcr = 4%), Co-Mo-B(xmo =
5%), and Co-W-B(xw = 5%)) The catalyst powders were exposed to the ambient
condition and were tested at an interval of 7 days for catalytic hydrolysis of alkaline
NaBH, solution (0.025M) (Figs4.33-Fig4.36). The exposure of these catalysts to
the ambient condition even after 28 days does not cause much change in the case of
Co-Cu-B and Co-W-B. A minor decrease in the reaction rate is observed in case of Co-
Mo-B and Co-Cr-B, as compared to the fresh powder, however, the expected hydrogen
yield is produced. This reduction in efficiency might be due to the formation of an
oxide layer on the surface of the catalyst during exposure to the ambient atmosphere
[83]. Further exposure of the catalyst does not cause much change in R,,,, and each
time 100% hydrogen yield is obtained. This study shows that our catalysts are quite

stable against deactivation from exposure to ambient atmosphere.
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Figure 4.33 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025M) solution with Co-Cu-B catalyst exposed to ambient atmosphere
with time intervals.
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Figure 4.34 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025M) solution with Co-Mo-B catalyst exposed to ambient atmosphere
with time intervals.
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Figure 4.35 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025M) solution with Co-W-B catalyst exposed to ambient atmosphere
with time intervals.
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Figure 4.36 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025M) solution with Co-Cr-B catalyst exposed to ambient atmosphere

with time intervals.
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4.5.3 Repeatability of metal doped Co-B powder catalyst

A good catalyst must be able to completely hydrolyze alkaline solution of NaBH,
even after being used number of times. For this reason a specific experiment was
carried out to recycle the catalyst powder sample for a number of times as described
in the following steps: (1) hydrolysis reaction course, (2) recollection of the powder,
(3) washing with distilled water and ethanol before drying at around 323 K under
continuous N, flow.

Hydrogen generation yield as a function of time was carried out for all the four
catalyst (Co-Cu-B(xcu = 35%), Co-Cr-B(xcr = 4%), Co-Mo-B(xamo = 5%), and
Co-W-B(xw = 5%)) for 6 runs (Fig.4.37-Fig.4.40) For all the catalyst, it can be
clearly observed that after every run the R,,,. decreases, but each time the catalyst
is able to produce 100% hydrogen yield. The small decrease in efficiency may be due
to partial inactivation caused on the surface of the catalyst by the NaBO, formation

during the reaction.
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Figure 4.37 — Cyclic behavior of Co-Mo-B catalyst powder on hydrogen generation yield as
a function of reaction time measured using hydrolysis of 0.025 M NaBH, alkaline solution.
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Figure 4.38 — Cyclic behavior of Co-W-B catalyst powder on hydrogen generation yield as a
function of reaction time measured using hydrolysis of 0.025 M NaBH, alkaline solution.
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Figure 4.39 — Cyclic behavior of Co-Cr-B catalyst powder on hydrogen generation yield as a
function of reaction time measured using hydrolysis of 0.0256M NaBH, alkaline solution.
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Figure 4.40 — Cyclic behavior of Co-Cu-B catalyst powder on hydrogen generation yield as
a function of reaction time measured using hydrolysis of 0.025 M NaBH, alkaline solution.

4.6 Conclusion

We have investigated the role of the dopant transition metals: Ni, Fe, Cu, Cr, Mo, and
W on the catalytic efficiency of the Co-B powder for Hy generation by hydrolysis of
NaBH,. Transition metals added to the Co-B catalyst behave in a different way while
influencing the catalytic activity. Cr, W, Mo, and Cu impose significant catalytic
effects on the Hy generation rate by increasing about 3 — 4 times, as compared to

Co-B catalyst. On the contrary, Ni and Fe cause only marginal increment in the

Metal
Co+Metal

order to study the effect of each metal dopant concentration on the catalytic efficiency.

catalytic performance of the Co-B catalyst. The molar ratio was varied in
The best promoting effects were obtained with specific molar concentration of the
transition metals. The promoting effects of the dopants are related to: (1) large
active surface area of the catalysts (Co-Fe-B, Co-Cu-B, Co-Cr-B, Co-Mo-B, Co-W-
B), (2) ability to act as Lewis acid sites for better absorption of OH groups (Co-Cr-B,
Co-Mo-B, Co-W-B), (3) electronic interaction with Co active metal (Co-Ni-B, Co-
Fe-B), and (4) amorphous nature of the alloy catalyst (all investigated catalysts).
Finally, all the activation energies involved in the catalytic hydrolysis of NaBH,
are comparable to the lowest values of the reported literature catalysts. Stability,
reusability, and durability for Co-Cu-B, Co- Cr-B, Co-Mo-B, Co-W-B catalyst were
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4.6: Conclusion

investigated and found relevant for applications such as on-board hydrogen generation
method for portable PEM fuel cells.
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Chapter 5

Film catalyst for hydrolysis of
alkaline NaBH,

"Every block of stone has a statue inside it
and it 1s the task of the sculptor to discover it.
I saw the angel in the marble and carved until I set him free."

-Michelangelo

A Proton-Exchange-Membrane Fuel Cell (PEMFC) is a system which uses an on-
site Hy generated via NaBH, hydrolysis reaction in the reactor directly connected
with the PEMFC. However, the two main challenges in borohydride based PEMFC
are: 1) the synthesis of low cost catalyst material which provide high reaction con-
version and H, generation rate, and 2) the development of an efficient and compact
reactor to connect the Hy supply to the PEMFC [96,112]|. The former hurdle was
almost overcome in the recent literatures [46, 52, 98] with synthesis of efficient and
durable catalysts for hydrolysis of NaBH, solution. The later can be addressed by
designing compact hydrolysis reactor with controllable continuous flow system, fixed
catalyst bed, easy refuelling system of the fresh NaB H,4 solution, effortless separation
of the by-product, and trouble free path for the Hy to PEMFC.

However, catalysts in the form of very fine powders have been mainly used in
previous studies to investigate the catalytic activity, which are not applicable for
continuous-flow fixed bed reactor system because of the following points : (1) the
separation of the catalyst from the suspension after the reaction could be difficult,
(2) the suspended particles tend to aggregate, especially when they are present at
high concentrations, (3) the particulate suspensions can block the openings of the
reactor in continuous-flow systems. These problems can be solved by synthesizing

the catalyst in the form of thin films either coated on the inner wall of the reactor
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5.1: Co-B-P film catalyst

bed or supported on some substrate like Ni-foam through which the NaB H,4 solution
can be poured. Catalysts in the form of thin films are also beneficial to the reactor
because they can easily be recovered and reused, which means that they are suitable
as an on/off switch for the generation of Hs.

Thin film catalyst also has extra degrees of freedom to change the surface mor-
phology and structure to gain efficiency [108|. Ni-foam certainly offers a better option
as catalyst support because of its high porosity and initial surface area. Thus catalyst
supported on Ni-foam seems the better choice for fixed catalyst bed in continuous-
flow system where NaB H, solution is allowed to pass through the large pores of the

Ni foam by producing H, when coming in contact with catalyst surface.

5.1 Co-B-P film catalyst

In Chapter 3, we have analyzed Co-B, Co-P, and Co-P-B catalyst powders for hy-
drogen generation by catalytic hydrolysis of NaBH,. We found that ternary alloy
catalyst in the form of Co-P-B was able to produce hydrogen with much higher rate
as compared to the binary alloy Co-P and Co-B. This enhancement was explained on
the basis of synergic effects caused by P and B atoms in the Co-P-B catalyst where,
as revealed by X-Photoelectron-Spectroscopy analysis, the role of P is to create high
number of Co active sites on the surface while B provides the necessary electron den-
sity to Co thus enhancing its catalytic activity [78,113]. However, in powder catalyst
there is an intrinsic low active area due to atomic agglomeration. In addition, prob-
lems related to powder recovering, after or during the reaction, restrict such a kind
of catalysts for the applications. To solve these problems it is necessary to synthesize
the catalyst in the form of thin films deposited on support. Catalysts in form of thin
film have a extra degrees of freedom to change the surface morphology and structure.

Co-P-B catalyst, in the form of thin films were synthesised both by Electroless
Deposition (ED) and Pulsed Laser Deposition (PLD)! and compared their catalytic
efficiency with Co-P-B powder catalysts. The catalytic activity of these three different
forms of Co-P-B catalysts was compared by measuring the hydrogen generation yield
as function of time by hydrolysis of alkaline NaBH, (0.025M) solution at 298 K:
results are reported in Fig. 5.1. The hydrogen production starts without any induction
time and reaches 100% of the theoretical Hy yield. The H, generation yield values

reported in Fig. 5.1 were perfectly fitted by using a single exponential function?.

LSee Chapter 2 for more details on film prepration by ED and PLD
2See Appendix A
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Figure 5.1 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH,4 (0.025 M) with Co-P-B powder and the corresponding films synthesized by
ED and PLD.

The Co-P-B catalyst film deposited by PLD shows higher catalytic activity for
hydrogen generation as compared to the same amount of Co-P-B catalyst powder and
film deposited on Ni-foam by ED. Nearly similar value of maximum Hs generation rate
was obtained with chemically synthesized Co-P-B powder (~ 2010ml/min/g cata-
lyst) and film on Ni-foam (~ 2090 ml/min/g catalyst), while Co-P-B film synthesized
by PLD (~ 4230 ml/min/g catalyst) shows about 2 times higher R,,,,. Several films
synthesized by using the same PLD parameters showed almost identical (+5%) Ho
generation rate: this proves the reproducibility of the PLD process. During the reac-
tion process, the catalyst films maintain their stability both in connection to hydrogen
production and bonding with substrate. In Fig. 5.2, we present SEM images of Co-P-
B catalyst powder and films synthesized by both ED and PLD. The SEM images of
catalyst powders show particle-like morphology with particles having spherical shape
and average size of a few nanometers. During catalyst preparation, an efficient re-
ducing agent in the form of NaBH, was used which is able to cause rapid reduction
of Co ions that avoids particle growth above a few nanometers. However, due to the
high surface energy related to these particles, they tend to agglomerate as observed
in the SEM image (Fig.5.2a). Surface morphology of the Co-P-B film (Fig.5.2b)
synthesized by ED on Ni-foam shows two-dimensional nano-flakes like structure with

space separation of a few hundreds of nanometers. The surface of Ni-foam might act
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5.1: Co-B-P film catalyst

as a nucleation site for the Co-P-B catalyst thus favouring the final observed peculiar
structure. As seen in Fig.5.2¢, Co-P-B catalyst films, prepared by PLD, exhibit a
nanocluster assembled structure made of well dispersed spherical particles with size
ranging between 50 and 200nm. Such a cluster-assembled morphology can be ex-
plained on the basis of laser-induced phase explosion process. For a specific choice
of the laser pulse parameters, especially the pulse energy density, in which the target
material under the surface reaches temperature of ~ 0.97, (thermodynamic critical
temperature) causing a very high homogeneous nucleation of vapour bubble. In these
conditions, the liquid makes a rapid transition from superheated liquid to a matrix of
vapor and liquid droplets which leave the irradiated target surface and get deposited
on the substrate [114,115].

Figure 5.2 — SEM images of (a) Co-P-B powder and corresponding films synthesized by (b)
ED and (c) PLD

The nanoparticles on film surface are thought to be highly active sites, for the
hydrolysis reaction, which produce hydrogen immediately after coming in contact with
the solution even at low concentration of NaBH, and room temperature. Despite
the fact that the Co-P-B film synthesized by ED on Ni-foam exhibits activity for
H, production similar to the powder, it however has the advantage of easy recovery
during or after the reaction course. The easiness to prepare this kind of catalyst film
makes it a potential candidate as a catalyst bed in continuous-flow type reactor. Co-
P-B catalyst film synthesized by PLD on glass support shows much better activity

for Hy production and also with the advantage of catalyst recovery and reuse.

5.1.1 Co-B-P catalyst prepared on Ni-foam

The effect of Co-P-B loading on the catalytic activity was studied by synthesizing

Ni-foam specimens covered with increasing number of Co-P-B catalyst layers using

96



Chapter 5: Film catalyst for hydrolysis of alkaline NaBH,

ED. The hydrogen generation yield was measured as a function of time (Fig.5.3)
by hydrolysis of alkaline NaBH, (0.025 M) solution using Co-P-B catalyst films on
Ni-foam with different number of layers. Inset of the (Fig.5.3) shows the maximum

H; generation rate (R,,..) as a function of number of deposited layers on Ni-foam.
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Figure 5.3 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025 M) with different numbers of Co-P-B films synthesized by ED. Inset
shows the maximum Hs generation rate (R,,q..) obtained with Co-P-B catalyst films as a
function of number of layers. Please note that 7-layers Co-P-B film takes less time to reach
100% Hs yield but shows lower R,,,, value than 4 layers film as R,,q; is calculated per gram
of catalyst.

The figure clearly shows that the Hs generation rate increases with the number
of layers and reaches the maximum value with 4 layers. With further increase of
the layers number the R, value decreases. In Fig.5.4 we present SEM images of
Ni-foam substrate, both uncoated (Fig. 5.4 a) and coated with single layer (Fig.5.4b),
four layers (Fig.5.4¢), and seven layers (Fig.5.4d). By looking at these images we
may safely conclude that single layer is not sufficient to fully cover the surface of the
Ni-foam while, on the other hand, 3 - 4 layers of Co-P-B film can completely cover
the foam. However, by depositing more than 4 layers, only the weight of the catalyst
film increases without much improvement of the catalytic efficiency. This implies
that the R,,., value decreases because Hs generation rate is calculated per gram of
catalyst. To gain further insight on the catalytic behaviour of the different number

of Co-P-B layers deposited on Ni-foam, we have acquired SEM images (Fig.5.5) at
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5.1: Co-B-P film catalyst

higher magnification of one, four, and seven layers, respectively. Ni-foam coated with
one (Fig.5.5a) and four layers (Fig.5.5b) show similar nano-flakes type morphology.
However, with seven layers the morphology of the coated Ni-foam becomes like an
agglomerated-particle structure which probably causes the decrease in the effective
surface area of the Co-P-B catalyst. This is also the reason of the R,,,, decrease
with layers number exceeding 4. The agglomeration phenomenon is most probably
related to the minimization of the excess surface free energy which is growing with

the number of the deposited layers.

Figure 5.4 — Low magnification SEM images of Ni-foam: (a) uncovered, and covered by ED
with Co-P-B film: (b) single layer, (c) four layers, and (d) seven layers.

Figure 5.5 — High magnification SEM images of Co-P-B films deposited by ED on Ni-foam:
(a) single layer, (b) four layers, and (c) seven layers.
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Chapter 5: Film catalyst for hydrolysis of alkaline NaBH,

5.1.2 Co-B-P film prepared by PLD

The role of nanoparticles in enhancing the catalytic activity is studied by synthesizing
the Co-P-B films by using various laser energy densities ranging from 1 to 20 J/cm?
during PLD. The hydrogen generation yields, as a function of time, produced by
hydrolysis of alkaline NaBHy4 (0.025 M) solution using these Co-P-B films are reported
in Fig. 5.6 and the corresponding R,,,, values are summarized in Table 5.1. The Co-P-
B film deposited at the lowest laser energy density of 1 .J/cm? shows negligible activity.
The highest Hy generation rate is observed with the film deposited at laser energy
density of 3 J/cm?, while the films deposited at higher laser energy densities (15 and
20 J/em?) showed lower H, generation rate. SEM images (secondary electrons) of
the Co-P-B films deposited with laser energy densities of 1, 3, 9, and 15 J/cm? are
reported in Fig.5.7 (a), (¢), (e), and (g) respectively. Spherical nanoparticles having
similar average size are observed on the surface of all the Co-P-B films irrespective of

the laser deposition energy densities.
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Figure 5.6 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, (0.025 M) with Co-P-B films synthesized by PLD using different laser energy
densities

For this reason we suppose that the different catalytic efficiencies of Co-P-B films
deposited at different energies could be related to the different atomic composi-
tion of the ablated nanoparticles. To clarify this point, the compositional SEM im-

ages of all the Co-P-B films were acquired in back scattered electrons (BSE) mode
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5.1: Co-B-P film catalyst

Fig.5.7(b), (d), (f), and (h). In BSE images, the materials of heavy and light elements
can be readily distinguished through their brightness. By comparing secondary elec-
trons (SE) image in Fig.5.7a and the corresponding BSE image (Fig.5.7b) of the
Co-P-B film deposited at 1 J/cm?, one can clearly conclude that the particles formed
on the surface of the films are essentially P and B light elements having low bright-
ness and hence difficult to be detected in BSE image. Only those particles containing
cobalt are visible because of their brightness. Particles containing Co appear smaller
in size in BSE image (Fig.5.7b) as compared to SE image (Fig.5.7a) because the
Co particles are clearly encapsulated by P and B layers. We tentatively attribute
this special feature of the PLD cluster assembled films to the preferential ablation of
light atoms at low laser pulse energy. The low catalytic activity of the film deposited
at 1 J/em? is explained on the basis of the SEM detected composition where the P
and B particles prevail over the Co particles which, in addition, are covered by the
light elements. Additional information is provided from the elemental composition of
all the films measured by EDS and summarized in Table5.1. The atomic percentage
(at.%) of Co and P are only reported in the table because with EDS it is difficult to
measure the right amount of B. The at.% of Co in the film deposited at 1 J/cm? is

very low as compared to all the other films deposited at higher energy densities.

Laser energy density Maximum Hy Co and P atomic
generation rate content of Co-P-B
films (at.%)
(J/em?) (Rnaz)

(ml/min/g catalyst) Co p
1 ~250 ~45% ~55%
3 ~4320 ~80% ~20%
6 ~3210 ~82% ~18%
9 ~2990 ~86% ~14%
15 ~1640 ~90% ~10%
20 ~1250 ~90% ~10%

Table 5.1 — Co and P atomic content of Co-P-B films synthesized by PLD using different
laser energy densities and their corresponding maximum hydrogen generation rates obtained
from the hydrolysis of alkaline NaBH,4 (0.025M).

The cluster-assembled film deposited at 3 J/cm? contains both Co as well as P and

B particles as deduced by comparing the SE (Fig.5.7¢) and BSE images (Fig.5.7d).
Here, the EDS analysis shows around 80 at.% of Co and 20 at.% of P. Thus, the highest
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Chapter 5: Film catalyst for hydrolysis of alkaline NaBH,

Figure 5.7 — Secondary electron image of the films deposited with laser energy densities of:
(a) 1J/em?, (c) 3J/em?, (e) 9.J/cm?, and (g) 15 J/em? and their corresponding back scattering
electron images (b), (d), (f), and (h) respectively.
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H, generation rate obtained with this film is due to the presence of particles of the
catalyst element in optimum concentration [78|. By preparing cluster-assembled films
with higher laser energy density of 9 J/ecm?, a good catalytic activity still remains
even if the efficiency values are decreasing from the maximum obtained with 3 J/cm?.
EDS analysis indicates that Co becomes prevailing in atomic composition but this is
not the best situation for the Co-P-B catalyst because we have proved that B and P
play a special role to enhance catalytic activity [78]. The same considerations apply
to films prepared with 15 and 20 J/cm?.

Considering the above reported results Ni-foam coated with Co-P-B film by ED
can be used as catalyst fixed screen through which NaBH, solution continuously
flows in the reactor to produce hydrogen. On contrary the inner wall of the reac-
tor tube should be coated with efficient nanoparticle-assembled Co-P-B catalyst film
synthesized by PLD to ensure a very efficient reaction rate. In conclusion, the pro-
posed scheme to use ED- and PLD-catalysts would make sure that 100% NaBH, is

converted into H, with high generation rate®.

5.2 Co-B on carbon film

We have studied the catalytic behivour of Co-P-B nanoparticles-assembled thin film.
In the past we have also seen that Co-B nanoparticles-assembled thin film, and Pd
supported on rough carbon thin film were successfully developed by PLD and tested
for catalytic hydrolysis of NaB H, solution to generate pure Hy gas. Both these kinds
of catalyst films showed excellent activity to produce expected amount of Hy from
hydrolysis of NaBH, with significantly higher rates than the same amount of the
corresponding powders. For Co-B and Co-B-P film, the enhanced catalytic activity
are mainly attributed to the Co-B and Co-B-P nanoparticles, produced during the
ablation process on the film surface and well established spherical form [78,97,116].
These nanoparticles not only increase the surface area of the catalyst but also act as
the active catalytic centres for the hydrolysis reaction of NaBHy. The highly porous
and irregular morphology of carbon support provides very high initial surface area
and better dispersion of Pd particles on the surface [108,117]. These results showed
that the nanoparticles and appropriate carbon film morphology were the main reason
behind the enhanced performance. Considering these results, in the present work

we combine the two features (nanoparticles and rough support surface) to synthesize

3more experiments are required for better understand of the mechanisms related to laser ablating
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Co-B nanoparticles on highly irregular and porous carbon film support to improve
the initial surface area and obtain better dispersion of nanoparticles.

Co-B film supported on carbon was synthesized in two steps: 1) by depositing
carbon film by PLD, on a glass substrate, using a laser fluence of 12 .J/cm? and varying
Ar pressure from 10 to 50 Pa to obtain different surface roughness; 2) by PLD of Co-B
nanoparticles-assembled film over these carbon substrates in vacuum with same laser
parameters as used to deposit unsupported Co-B film. Weight of the catalyst loading
was evaluated by measuring the weight of the glass slide (76 x 46 mm) with carbon
film, before and after deposition of Co-B film: it was kept approximately constant for
all the produced samples (10 mg). Films were deposited on silicon substrates for the

characterization and on glass substrates to test their catalytic activity

100 guuEEEEE - 450
" o 0 0 0 0000 ¢
" B
/. /.

S 80- . ot L 360 =
k=] /' o (]
2 u o/ e
> 60+ / o _ -270 S
c /' /~ —®— Co-B film supported on Carbon o
2 F S e CoBfim 2
S 40 . /’ Co-B powder 180 O
S Va =
=3 2
I 20 / Loo T

i/

// °

0= T T T T T T 0
0 200 400 600 800 1000 1200
Time (sec)

Figure 5.8 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, solution (0.025M) with Co-B catalyst powder and with unsupported and
C-supported Co-B film deposited by PLD. Carbon film used for the measurement was deposited
with Ar pressure of 40 Pa.

Hereafter Co-B film deposited on glass substrate and on carbon film will be desig-
nated as unsupported- and C-supported Co-B film, respectively. The catalytic activity
of C-supported and unsupported Co-B film was compared by measuring the hydro-
gen generation yield as function of time by hydrolysis of alkaline NaBH, (0.025M)
solution at 298 K: results are reported in Fig. 5.8. The figure clearly shows that both

103



5.2: Co-B on carbon film

the Co-B catalysts films are really efficient and produce hydrogen instantaneously as
soon as they come in contact with the NaBH, solution. However, the C-supported
Co-B film exhibits higher catalytic activity as compared to the unsupported Co-B
film and it was able to complete the reaction within 10 mins while the same amount
of unsupported Co-B film catalyst (10 mg) takes about 18 mins and the Co-B powder
catalyst takes 85 mins. The expected total amount of H, was measured irrespective
of the type of catalyst used. The Hs generation yield values reported in Fig. 5.8 are
perfectly fitted by using a single exponential function.

A numerical procedure, was used to obtain the maximum value of the hydro-
gen generation rate (R,..) for all the catalysts. By using same catalyst amount
(10mg), the maximum H, generation rate obtained for C-supported Co-B films
(~ 8100 ml/min/g catalyst) has been found significantly higher (almost 2 times) than
that obtained using the unsupported Co-B film (~ 4330 ml/min/g catalyst). While
the R,,.. value for C-supported Co-B films is about one order of magnitude higher
than Co-B powder catalyst (~ 680 ml/min/gcatalyst). Several films synthesized by
using the same PLD parameters showed almost identical (£5%) Hy generation rate,
thus establishing the reproducibility of our produced PLD films. During the reac-
tion, the catalyst films were quite stable both in terms of hydrogen-production and
bonding with the substrate.

In Fig.5.9 we present SEM images of Co-B catalyst powder and of both films
(unsupported and C-supported) synthesized by PLD. The SEM images of catalyst
powders show typical particle-like morphology with spherical shape and average size
of a few nanometers. However, because of the high surface energy related to these
particles, they tend to agglomerate as observed in the SEM image (Fig. 5.9a). As seen
in Fig.5.9b, the surface of unsupported Co-B catalyst films exhibit a nanoparticles-
assembled structure made of well dispersed spherical particles with size ranging be-
tween 50 to 300nm. In addition to this Co-B nanoparticles we also observed much
smaller Co nanoparticles (NPs) embedded in boron matrix on the film surface by
TEM. Fig.5.10a represents the bright-field TEM micrographs of Co-B film surface
deposited by PLD using laser fluences of 3 J/cm?. The Co-NPs, with well defined
spherical shape and average size of 11 + 4 nm, are observed to be well-dispersed in
the matrix of light element (especially boron or boron-oxide) as confirmed by energy
dispersive X-ray spectroscopy. The histograms of particle size distribution are illus-
trated in Fig5.10b, while the particle density (with size D < 30 nm) calculated from
this plot is about 320 4= 30 N P/pm?. Depending on the laser energy density and tar-
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get material thermodynamic properties, the laser ablation process falls into two main

categories: vaporization (also intense vaporization) and explosive boiling [114,118].

Figure 5.9 — SEM micrographs of Co-B catalyst: (a) powder, (b) unsupported film, and (c)
C-supported film deposited by PLD. (d) Back scattering electron image of C-supported Co-B
film. Carbon film used for the measurement was deposited with Ar pressure of 40 Pa.
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Figure 5.10 — (a) Bright field TEM images and (b) particle size histogram for unsupported
Co-B catalyst film deposited by PLD using energy density of 3.J/cm?

The mechanism of direct nanoparticle formation is here attributed to the phase
explosion process that occurs under extreme conditions of high temperature and pres-
sure produced by the laser pulses irradiating targets in vacuum [119]. As discussed

earlier, high energy density laser beam irradiation causes a superheating of the region
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5.2: Co-B on carbon film

below the target surface beyond the limit of thermodynamic stability of the mate-
rial (~ 90% of the thermodynamic critical temperature, 7,) inducing a homogeneous
nucleation of vapor bubble. The target surface then makes a rapid transition from su-
perheated liquid to a matrix of vapour and liquid nano-size droplets, which leave the
irradiated target surface and get deposited on the substrate: this is the case for Co-B
nanoparticles (50 — 300 nm range) formation on the surface. The phase explosion
process occurs in a superheated liquid near T, and we suppose that the emitted liquid
would have a homogeneous Co-B composition. However, either during the flight from
target to substrate, or just on the substrate, cooling processes will occur that could
lead to phase separation and Co NP formation within the boron matrix occurs on
the surface. However, the involved mechanisms are still to be well understood. SEM
images of C-supported Co-B film (Fig. 5.9 ¢) show dendritic microstructure of carbon
film with highly irregular and porous surface. To clearly identify Co-B particles in
carbon film the compositional SEM image in backscattering electron mode (BSE)
was acquired (Fig.5.9d). In BSE images materials of heavy and light elements can
be readily distinguished through their brightness. Thus, from Fig.5.9d, it is clearly
evident the presence of Co-B nanoparticles (bright particles) embedded in the porous
carbon film with improved dispersion. The mechanism behind the formation of such
rough carbon surface through PLD is discussed below. The above morphological re-
sults confirm the enhanced catalytic activity obtained with Co-B film, as compared
to powder, is primarily attributed to the Co-B nanoparticles which act as active cat-
alytic centres for the hydrolysis reaction. Depositing these active Co-B nanoparticles
on carbon film gives rise to a further enhancement in catalytic activity which is mostly
ascribed to highly rough and porous carbon surface which: 1) favours the better dis-
persion of the nanoparticles, 2) provides high initial surface area, and 3) stabilizes the
nanoparticles against aggregation. To further confirm the role of carbon film we used
different Ar pressure in PLD chamber, ranging from 10 to 50 Pa, to tailor roughness
of deposited C-films. The SEM images of the carbon films deposited under Ar gas
pressure of 20, 30, 40 and 50 Pa are illustrated in Fig5.11(a), (c), (e), and (g), while
Co-B film supported on these carbon films are reported in Fig.5.11(b), (d), (f), and
(h), respectively. Microstructures ranging from flat to highly irregular and to porous
are clearly visible. The carbon film deposited at low Ar pressure (20 Pa) exhibits
columnar structure (observed through cross-section SEM images of the film, figure
not shown) with embedded spherical nodules on the surface. By increasing the pres-
sure (to 30 and 40 Pa) dendritic, highly porous microstructure starts to appear with

extremely irregular surface. The nodes in this case appear bigger, loosely packed, and
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Figure 5.11 — SEM micrographs of the carbon films deposited under different Ar gas pressures
(a) 20, (c) 30, (e) 40 and (g) 50 Pa, while (b), (d), (f) and (h) are the SEM images of Co-B film
supported on these carbon films, respectively
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non-spherical. Film-substrate adhesion is slightly poor than that reached at low Ar
pressure. When using high pressure conditions (50 Pa), the film appears powder-like,
with barely any adhesion to the substrate. The morphology of such a film is very
similar to that of simulated films grown under ballistic deposition conditions. The
collision effects imposed by inert gas (Ar) at high pressure in the deposition chamber
cause a cooling down of plume along with charges recombination and condensation of
carbon clusters in the plume which are deposited on the substrate. In particular, by
increasing the gas pressure, cluster-cluster collision may also occur that contributes to
formation of bigger clusters which when assembled form highly porous and irregular

structure on the film surface.
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Figure 5.12 — Hydrogen generation yield as a function of reaction time obtained by hydrol-
ysis of alkaline NaBH, solution (0.025 M) with Co-B film catalyst supported on carbon films
deposited with various Ar pressures by PLD. Inset shows the R,,., as a function of Ar gas
pressure used to deposit the carbon films

Hydrogen generation yield was measured, as a function of time, during the hydrol-
ysis of alkaline NaBH, solution (0.025 M) at 298 K in presence of Co-B film catalyst
supported on different carbon films deposited with various Ar pressures ranging from
10 to 50 Pa (Fig.5.12). The inset of Fig.5.12 shows the R, as a function of Ar
gas pressure used to deposit the carbon films. Co-B catalysts supported on C-film
deposited at low Ar pressures (10 and 20 Pa) show almost similar catalytic activity
as un-supported Co-B film. We attribute this result to the non-porous structure of

C-films. However, the catalytic activity increases for Co-B catalysts supported on
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Figure 5.13 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, solution (0.025M) with C-supported (40Pa) Co-B film catalyst measured
at 4 different solution temperatures. Inset shows the Arrhenius plot of the Hs generation rates.

C-films deposited at higher Ar pressures (30 and 40Pa). R, reached the max-
imum for C-film deposited at 40 Pa. As indicated by SEM images, the roughness
and surface area of C-film increases with the deposition pressure. This trend is also
followed by the H, generation rate for hydrolysis of NaBH, as demonstrated in the
inset of Fig.5.12. Thus, surface area and roughness of C-films play a vital role in the
increment of catalytic activity for Co-B film catalyst by providing better dispersion
and avoiding aggregation of Co-B nanoparticles. On the contrary, Co-B catalyst sup-
ported on C-film deposited at highest pressure of 50 Pa shows a drastic decrease in the
H, generation rate and was not able to complete the hydrolysis reaction of NaBHy.
The C-film deposited at this pressure has a very week adhesion with the substrate
and thus under vigorous stirring the film slowly detached from the substrate in the
reactant solution during the NaBH, hydrolysis reaction.

In Fig.5.13 the H, generation yields, obtained through hydrolysis of alkaline
NaBH, (0.025M) solution using C-supported Co-B film, is reported as a func-
tion of time at different reaction temperatures. The carbon film deposited with
Ar pressure of 40Pa was used for the measurement. The Arrhenius plot of the
hydrogen production rates (inset of Fig.5.13) gives an activation energy value of
31 & 2kJmol~! for C-supported nanoparticles-Co-B film which is the same as that
obtained with unsupported nanoparticles-Co-B film (30 & 1 kJmol™!) [97] but much
lower than that of Co-B powder (45 + 1kJmol™!) [98]. In general, the obtained
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5.2: Co-B on carbon film

activation energies are lower than that obtained with Co-B supported on different
materials such as carbon (57.8 kJmol™1) [120], and Ni foam (33 kJmol™!) [121]. The
present value is also lower than that of Co-based catalyst for example Raney Co
(53.7 kJmol™!) [53|, Co-B nanoparticles (42.7 kJmol™') [107], Co supported on ac-
tivated carbon (44 kJmol™1) [122|, structured CoyB (45 kJmol™') [55], Co-B thin
film (44.47 kJmol™') [50] and Co supported on v — AlyO3 (33 kJmol™') [101], The
values are also lower than that found by Amendola (47 kJmol™!) [16] by using Ru
catalyst. Kaufman and Sen [45], by using different bulk metal catalysts, obtained
75 kJmol™! for cobalt, 71 kJmol ! for nickel, and 63 kJmol~! for Raney nickel.. The
activation energy values obtained in the present case are comparable to that obtained
with Pd/C powder (28 kJmol™')) [108], Ru nanoclusters (29 kJmol~!) [52], and Ru-C
(37 kJmol™1) [109]. The favourable activation energy values obtained in the present
work are attributed to active nature of Co-B nanoparticles which are well dispersed
in porous carbon film that indeed provides the initial high surface area and avoids

agglomeration thus enhancing the catalytic hydrolysis reaction.

100 = ....-llll:::.....lllllllll e 00® 0000000000
g l... l-... o® ./.K. )
o] 80 I /./. .f /./0/ N — 2 m g
EJ -. ./-/. . /o/. —e—6 mg
> I/. -’./ /./ =38 mg
S 60- A —=—10mg
2 Sr S 14 mg
= N
5 o /I/ ./
-8 40 -/ ./. /./ _ a—n "
E . /./ ./. /./-/'/./.
o~ -./. s ./-/'/.
I "./ - =
20 4 1://0 ././_/I
. ‘E// ’ ./'/./
I/./
0 é T T T T T T T T T
0 300 600 900 1200 1500

Time (sec)

Figure 5.14 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of alkaline NaBH, solution (0.025M) at 298K in presence of Co-B catalyst with different
loadings (2, 6, 8, 10, 14 mg) on carbon film support (40 Pa).

The effect of catalyst loading on catalytic activity of Co-B/C catalyst was stud-
ied by depositing different amount of Co-B catalyst on carbon film (deposited with
40 Pa Ar pressure). Fig. 5.14 presents the hydrogen generation yield, as a function of
time, occurring from the hydrolysis of alkaline NaBH, solution (0.025M) at 298 K
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Chapter 5: Film catalyst for hydrolysis of alkaline NaBH,

in presence of Co-B catalyst with different amount of loading (2, 6, 8, 10, 14mg) on
carbon film support. It is observed that H, generation rate (Hy ml/min) increases
with Co-B loading and takes less amount of time to produce the expected amount
of Hy. However for higher Co-B loading, more than 10 mg, no further increment in
H, generation rate is observed. This result shows that 10 mg is enough to cover the
carbon film with better dispersion of NPs while high loading might decrease the level

of dispersion.

5.3 Conclusion

Co-P-B catalyst thin films have been synthesized on Ni-foam and glass substrate by
using ED and PLD respectively. The efficiency of these catalyst films was tested for
hydrolysis of NaBH, for Hy generation and comparison was made with Co-P-B pow-
der catalyst. Co-P-B films deposited on Ni-foam, with 3-4 layers, show catalytic effi-
ciency comparable to the powder. On contrary Co-P-B films prepared by PLD exhibit
much superior Hy generation rate as compared to Co-P-B powder. Specifically, R,,q.
obtained with chemically synthesized Co-P-B powder is ~ 2010 ml/min/g catalyst,
with films on Ni-foam R, is ~ 2090 ml/min/g catalyst, while with Co-P-B films
synthesized by PLD R, is ~ 4230 ml/min/g catalyst.

The increased efficiency of the PLD films is mainly attributed to the nanoparti-
cles formed on the catalyst surface, due to deposition process, which increases active
surface area and also favours electronic exchange mechanisms to promote efficient
hydrolysis process for Hy gas generation. Nanoparticles observed on PLD films are
generated by phase explosion phenomena occurring in laser-irradiated material for ap-
propriate parameters of the laser pulse. We have proved that nanoparticles must have
a specific atomic composition to exhibit the best catalytic effect. The atomic compo-
sition of the synthesized nanoparticles depends on the laser pulse energy: specifically,
we observed that by increasing the laser pulse energy, the atomic composition of the
heavier element (Co) is prevailing over the light elements.

Co-B nanoparticles supported on carbon films were synthesized by using PLD and
used as catalysts in the hydrolysis of NaBH, to produce Hsy. Several Ar pressures,
in the range from 10 to 50 Pa, were used during PLD of carbon films to tailor the
roughness and porosity of carbon support prior to PLD of Co-B film. The hydrogen
generation rate attained with carbon-supported Co-B catalyst film (Ar pressure of
40 Pa for C deposition) is significantly higher (~ 8100 ml/min/g catalyst) as com-
pared to unsupported Co-B film (~ 4330ml/min/g catalyst) and to conventional
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5.3: Conclusion

Co-B powder (~ 680ml/min/g catalyst). SEM analysis along with NaBH4 hydroly-
sis tests show that the Co-B nanoparticles act as active catalytic centres for hydrolysis
while the carbon support provides both better dispersion of the Co-B nanoparticles
and atomic barriers that avoid nanoparticles segregation. The hydrogen generation
rate obtained by the present carbon-supported Co-B catalyst was also investigated
as a function of Co-B loading and solution temperature. The H, generation rate
increases as function of loading but no further increment is observed for loading ex-
ceeding 10 mg that is indeed enough to cover the carbon film with the best dispersion
of Nanoparticles. Finally, the high performance of our carbon-supported Co-B film is
well supported by the obtained very low activation energy (~ 31kJ (mol) 1) in the
hydrolysis of NaBH,.
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Chapter 6

Catalysts for hydrolysis of Ammonia
Borane

"Enjoy the little things, for one day you may look back
and realize they were the big things."
-Robert Brault

6.1 Metal doped Co-B powder catalyst

In the present work, we investigate the effect of the various dopant transition-metals
(such as Cu, Cr, Mo, and W) in Co-B catalyst powder on hydrogen production by
hydrolysis of Ammonia Borane. We will see that all these dopant metals significantly
improve the catalytic performance of the Co-B catalyst. The role of each metal
species in the alloy catalysts is revealed from the experiments carried out using various
techniques used to characterize the catalysts. In Chapter 4, we have synthesized
and systematically analyzed Co-B based ternary alloy catalysts for Hy generation by
hydrolysis of NaBH,. Various transition metals, namely Ni, Fe, Cu, Cr, Mo, and W,
were doped with Co-B catalyst in different concentration to establish the role of each
dopant metal in the electron exchange mechanism involved in NaBH, hydrolysis.
Cr, W, Mo, and Cu offered considerable promoting effects on the Co-B catalyst by
increasing the Hy generation rate by 3-4 times as compared to the undoped catalyst.
On the contrary, Ni and Fe were only able to create a marginal increment in the
catalytic performance of the Co-B catalyst. Considering these previous results, the
aim of the present work is to test Cr, W, Mo, and Cu doped Co-B ternary alloy
catalysts for the hydrolysis of AB.

We have also learnt (in Chapter 4) that, Co-Cu-B, Co-Cr-B, Co-Mo-B, and Co-
W-B ternary alloy catalyst powders, with molar ratio of xc, = 35%, xor = 4%,
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6.1: Metal doped Co-B powder catalyst
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Figure 6.1 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of AB solution (0.025M) with of Co-B, Co-Cu-B(xcw = 35%), Co-Cr-B(xcr = 4%), Co-Mo-

B(xmo = 5%), and Co-W-B(xw = 5%) powder catalysts at 298 K.

Ximo = 5% and yw = 5%, showed maximum H, generation rate for the hydrolysis
of NaBH, [123]. Therefore presently we consider just these particular molar ratio
values for the catalytic hydrolysis of AB. Hydrogen generation yield was measured,
as a function of time, during the hydrolysis of AB (0.025M) solution in presence
of Co-B, Co-Cu-B(xcy = 35%), Co-Cr-B(xcr = 4%), Co-Mo-B(xao = 5%), and

Co-W-B(xw = 5%), powder catalysts at 298 K (Fig.6.1).
The figure clearly shows that all the catalyst powders are highly active and produce

hydrogen instantaneously as soon as they come in contact with the hydride solutions.

It may be noted that, Cu, Cr, Mo, and W metal doped Co-B catalyst powders exhibit
much higher catalytic activity as compared to the undoped-Co-B powder. Only 25-30
mins were required to complete the reaction by the ternary alloys, while the same

amount of Co-B powder catalyst (~ 10mg) took about 145 mins. The total amount
= 2.88) and

NH3BH3

of hydrogen generated by hydrolysis of AB using Co-Cu-B (
= 2.83) powders is closer to the quantitative yield as expected

Co-Mo-B (ﬁ

from the reaction stoichiometry (ﬁ = 3.0), than that generated by Co-Cr- B
and Co-W-B (ﬁ = 2.7). Nevertheless all the ternary alloy catalysts generate
higher amount of H, gas than undoped-Co-B powder (ﬁ = 2.55). In addition
to the volumetric measurement of Hy generation, the conversion of the AB was also

monitored through B NMR by comparing the intensity of the AB signal in the
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Chapter 6: Catalysts for hydrolysis of Ammonia Borane

NMR spectra during the course of the reaction. The peaks assigned to borate species
are only visible after the completion of reaction.

The H, generation yield values for the undoped-Co-B powders reported in Fig. 6.1
were perfectly fitted by using a single exponential function (see eq. 4.1) indicating that
hydrolysis reaction is first order reaction with respect to AB concentration. On the
contrary, the Hsy generation data produced by the metal-doped Co-B ternary alloy
catalyst powders was fitted with a linear function thus proving zero order reaction
with respect to AB concentration. A numerical procedure!, was used to obtain the
maximum value of Hs generation rate (R,,..) for all the catalyst powders: these
values are summarized in Table 6.1. The R,,,, values measured with the catalyst
powders decrease in the following order: Co-Cu-B > Co-Mo-B > Co-Cr-B > Co-W-B
> Co-B.

The measurements are repeated at least 3 times to verify the obtained results. The
Co-Cu-B catalyst powder (~ 1250ml/min/g catalyst) shows about 3.5 times higher
Hy generation rate as compared to that achieved with only Co-B catalyst powder
(~ 360ml/min/g catalyst). The above results demonstrate that doping Co-B powder
with the transition metals: Cu, Cr, Mo, and W, enhances the catalytic efficiency of the
catalyst. While most of the characterizations of ternary catalysts were accomplished
in Chapter 4, here we present the most relevant results to understand the promoting
effect of each dopant transition metal. All the catalyst powders show similar particle-
like morphology with particles having spherical shape and size in a range of 30—50 nm
as ascertained by SEM (Fig.4.8). However, at higher SEM magnification undoped-
Co-B powder displays particles mostly in agglomerated state, while lower degree of
agglomeration is observed with Co-Cu-B, Co-W-B, Co-Cr-B, and Co-Mo-B powders.
Metal to cobalt ratio in all the alloy catalysts was confirmed by EDS. Structural
characterization indicates the amorphous nature of all the catalyst powders with
a broad peak at around 20 = 45° assigned to the amorphous state of Co-B alloy
(Fig.4.9). Finally, the diffraction spectra indicate short-range order and long-range
disorder and both the features are expected to enhance the catalytic activity. .

The measured BET surface area of all the catalyst powders is reported in Ta-
ble 6.1. The specific surface area decreases in following order: Co-Cu-B > Co-W-B >
Co-Mo-B > Co-Cr-B > Co-B. This shows that doping the Co-B catalyst with tran-
sition metals (Cu, Cr, Mo, and W), causes an increase in the specific surface area
irrespective of the type of dopant. Histograms representing particle size distribution

of all the catalyst powders are shown in Fig.6.2. These plots show the frequency

ISee Appendix A
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6.1: Metal doped Co-B powder catalyst

Catalyst powder Max Hsgeneration rate BET Surface area Activation energy Average Particle size

(Rimaz) (ml/min/g catalyst) (m?g—1) (kJ.mol™1) (nm)
Co-B 362 20 44 1940 nm
Co-Cu-B 1254 115 41 194nm
Co-Cr-B 1058 40 44 410 nm
Co-Mo-B 1231 43 43 641 nm
Co-W-B 1000 54 38 247 & 763 nm

Table 6.1 — Maximum H, generation rate, Surface area, Activation energy, and Average particle size of the as-prepared alloy catalyst powders.
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Chapter 6: Catalysts for hydrolysis of Ammonia Borane

distribution or histogram (% channel) of particle sizes and their cumulative distri-
bution (% passing). The evaluated mean particle diameter of the catalyst powders
is summarized in Table 6.1. The average particle size of undoped-Co-B powder is
around ~ 2um which decreases by the addition of different transition-metal dopants
(Cu, Cr, Mo and W). The Co-B catalyst doped with Cu metal (Co-Cu-B) exhibits
the lowest average particle size of about ~ 200nm: one order of magnitude lower
than the undoped-Co-B catalyst. Two sets of particles with average size of ~ 250 and
~ 750 nm can be seen for Co-W-B catalyst.

As revealed by the particle size analysis, almost all the particulate present in
undoped-Co-B powder have size greater than 1 ym but, the SEM images (see Fig. 4.8)
clearly indicate that the particles on the catalyst surface have size of 30 — 50 nm.
This can be explained by the fact that the high surface energy of particles, during
the exothermic reduction reaction, causes Co-B particles to agglomerate to form big
clusters (size more than 1um) where the active surface area is reduced. When small
amount of Cr, Mo or W <ch~, Mow =4 — 5%) is included as dopant in Co-B, the
specific surface area of the catalyst increases by almost 2 to 2.5 times, which is due to
the limited particle agglomeration as compared to pure Co-B (see Fig.6.2). Surface
characterization (Fig.4.11) of these catalyst powders suggests that Cr, Mo, and W
in form of oxides are located on the surface of the catalyst. These metal oxides act
as a kind of atomic barrier between the several Co-B nanoparticles thus avoiding
agglomeration caused by their high surface energy. As a result, the effective surface
area increases significantly for Co-Cr-B, Co-Mo-B, and Co-W-B catalysts.

In the case of Co-W-B catalyst, tungsten is present in oxidized (67%) as well
as in metallic (33%) form (as confirmed by XPS) and may be due to their dissimilar
tendency to separate the Co-B particles, it leads to development of two sets of clusters
(250 and 750 nm) for this catalyst. However, this point is not yet clear and requires
more experimental evidence. A remarkable increment in the surface area (about 5.5
times), caused by the decrease in average particle size (~ 200nm), is observed for
Co-Cu-B catalyst as compared to the undoped Co-B. As revealed by XPS, the Cu on
the catalyst surface is in completely metallic state which, like other metal oxides, acts
as an atomic barrier to prevent the agglomeration of Co-B nanoparticles. The highest
surface area of Co-Cu-B is mainly due to the high concentration of Cu (ycu = 35%)
as compared to Cr(xcr = 4%), Mo(xao = 5%), and W(xw = 5%) dopant in Co-B
catalyst. In Chapter 4, we have seen that when transition metals are added at high
concentration in Co-B catalyst, there is a very high increase in the surface area as

compared to the undoped Co-B catalyst.
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6.1: Metal doped Co-B powder catalyst
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Figure 6.2 — Histograms representing particle size distribution for Co-B, Co-Cu-B (y, =
35%), Co-Cr-B (x ¢, = 4%), Co-Mo-B (x,,, = 5%), and Co-W-B (y;, = 5%) powder catalysts.

However, a deleterious effect in catalytic activity is detected with high concentra-
tion of the dopant metals (Cr, Mo, and W) due to the surface covering of the active
Co metal by Cr, Mo, or W species. On the basis of the characterization results, the
role of each dopant transition metal in the Co-B based ternary alloy powder catalyst
is to act as atomic barrier to avoid Co-B particle agglomeration and thus favouring
better particle dispersion. This leads to the significant increment in active surface

area formed by smaller cluster as compared to the undoped-Co-B catalyst.
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Chapter 6: Catalysts for hydrolysis of Ammonia Borane

The Hs production from the metal-catalyzed hydrolysis of N H3BHj; takes place,
according to ref. [57], by the following kinetics steps: 1) metal-particle surface and
N H3BH3 molecule form activated complex species where the interaction of the HoO
molecule leads to dissociation of the B-N bond; 2) BH; ions chemisorbed on the
metal (Co) atom transfer H~ to an unoccupied adjacent (Co) metal atom; 3) the
hydrogen atom acquires an electron from the metal and leaves the site in hydridic
form (H™); 4) this H~ reacts with water molecule to produce Hy and OH; 5)
OH~ reacts with boron in BH, to produce the BHy(OH)~ ion. Again, H™ is
transferred from BH2(OH)~ ion to an unoccupied adjacent (Co) metal atom. The
cycle of hydrogen absorption on metal sites continues till BHy(OH)~ forms B(OH);
and molecular hydrogen is released during each cycle. According to this hydrolysis
reaction mechanism, the initial reaction occurs between N H3B Hsreactant and metal
sites which means that the reaction rate is proportional to the number of available
metal sites for the absorption of BHj5 ions in the solution. In this reaction scheme,
the doped Co-B catalyst powder, having a surface area almost 3 to 5 times higher than
that of Co-B, may provide an ideal condition for BHj5 ion absorption for catalytic
hydrolysis reaction: the main reason in enhancing the Hs generation rate. However,
during the last step, the reaction between OH~and BH, ions is not favoured by the
catalyst which may lower the reaction rate. In the present Co-B based alloy catalyst,
the Cr3*, Mo*t, and W** species act as Lewis acid sites for OH~ absorption due
to the strong affinity of these sites towards oxygen of the OH~ group [78]. This
bonding polarizes the hydroxyl group which becomes favourable to the reaction with
boron species attached to the neighbouring Co active sites thus increasing the overall

reaction rate.

6.1.1 Activation energy

The H, generation yield as a function of time was measured at different solution
temperatures by hydrolysis of AB (0.025M) solution using Co-B, Co-Cu-B(xc, =
35%), Co-Cr-B(xc, = 4%), Co-Mo-B(xmo = 5%), and Co-W-B(xw = 5%), powder
catalysts as reported in Figures 6.3-6.7 respectively. As expected, the Hy generation
rate increases with the temperature. The Arrhenius plot (inset of Figs.6.4-6.7) of
the hydrogen production rate permits the evaluation of the activation energies of the
rate limiting steps: the values are summarized in Table6.1. There is a slight decrease
in the activation energy for the transition metal-doped Co-B catalyst powders as

compared to the undoped Co-B catalyst powder (44 kJmol™!).
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Figure 6.3 — Hydrogen generation yield as a function of reaction time by hydrolysis of
NH3BHj3 (0.025M) solution with Co-B catalyst powder, measured at 5 different solution tem-
peratures. Inset shows the Arrhenius plot of the Hs generation rates
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Figure 6.4 — Hydrogen generation yield as a function of reaction time by hydrolysis of AB
(0.025 M) solution measured at different solution temperatures with Co-Cr-B (y,. = 4%) pow-

der catalysts. Inset shows the Arrhenius

plot of the Hs generation rates.
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Figure 6.5 — Hydrogen generation yield as a function of reaction time by hydrolysis of AB

(0.025 M) solution measured at different solution temperatures with Co-Cu-B (y.,, = 35%)

powder catalysts. Inset shows the Arrhenius plot of the Hy generation rates.
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Figure 6.6 — Hydrogen generation yield as a function of reaction time by hydrolysis of AB

(0.025 M) solution measured at different solution temperatures with Co-Mo-B (y,,, = 5%)

powder catalysts. Inset shows the Arrhenius plot of the Hy generation rates.
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Figure 6.7 — Hydrogen generation yield as a function of reaction time by hydrolysis of AB
(0.025 M) solution measured at different solution temperatures with Co-W-B (yy, = 5%) powder
catalysts. Inset shows the Arrhenius plot of the Ho generation rates.

In general, the obtained activation energies are lower than that obtained with Rh
(67 kJmol~1) nanoclusters [64], Ru/C (76 kJmol ™) [58], Ko PtCls (86 kJmol™') [61],
NiAg (51 kJmol™') [69], and Coo/a- AlyO3 (62 kJmol~1) [65]. On the contrary, the ob-
tained values are comparable to that reported for metal catalysts like Ru (47 kJmol ')
[63], Pd metal (44 kJmol™') [62], Co-Mo-B/Ni foam (44 kJmol™') [94], and Co (0)
nanoclusters (46 kJmol™') [66].

6.2 Film catalyst for Hydrolysis of Ammonia borane

6.2.1 Co-B film catalyst

The SEM surface morphologies of the Co-B powder and of PLD films are reported
in Fig.6.8a and b, respectively. The SEM images of catalyst powder show particle-
like morphology with particles having size of a few nanometers. During catalyst
preparation, the use of NaBH, as a reducing agent causes a fast reduction of Co ions
which inhibit particle growth above a few nanometers. However, these particles tend
to agglomerate to minimize their high surface energy. The surface of the PLD Co-B
film shows the presence of spherical particulates with a wide distribution of diameter
values (average size of 270 nm). The observed particles are generated by laser induced

phase explosion process.
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Chapter 6: Catalysts for hydrolysis of Ammonia Borane

Figure 6.8 — SEM micrographs of Co-B catalyst: (a) powder, and (b) film deposited by PLD.

The 3D image (Fig.6.9) obtained with AFM also confirms the rough morphology
of the surface, with average RMS roughness of 264 nm that is consistent with the
particulates formation. XRD patterns (Fig. 6.10) of Co-B powder show a broad peak
at around 20 = 45° which is attributed to the amorphous state of cobalt-metalloid
alloy. The Co-B film does not exhibit any peak in the XRD spectra (see Fig.6.10 in
which only one peak related to the Si substrate is present) indicating an amorphous
structure of the particles which contributes to enhance the catalytic activity. This
special feature is well established in the literature and is attributed to the peculiarities

of the short-range order but long-range disorder structure [92].

pm

Figure 6.9 — 3D-AFM images of Co-B catalyst film deposited by PLD.
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Figure 6.10 — XRD pattern of Co-B catalyst powder and film deposited by PLD.

100 3.0
/a B =-aa-a-u-nE
S 80 S 2.4
© ,g'!’!’ ‘
2 I
>_
& 607 1.8 0O
o) I
o —m— Co-B Powder 2
o Ex . . ™
S ponentia Fit T
T 407 —u— Co-BFlm -2
Linear Fit
20 - 0.6
1l
0 IT T T T T T T T T T T T T T T 0.0
0 2000 4000 6000 8000 10000

Time (sec)

Figure 6.11 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of NH3BHj3 (0.025 M) with Co-B catalyst powder and film deposited by PLD.

The catalytic behaviour of Co-B films, synthesized by PLD, was compared with

that of the corresponding Co-B powder. Hydrogen generation yield was measured,
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Chapter 6: Catalysts for hydrolysis of Ammonia Borane

as a function of time, during the hydrolysis of AB solution (0.025M) in presence of
Co-B powder and of PLD film at 298 K (Fig.6.11). The figure clearly shows that
both the Co-B catalysts are active and produce hydrogen instantaneously as soon
as they come in contact with the AB solution. However, the Co-B film exhibits
much higher catalytic activity as compared to the Co-B powder and it was able to
complete the reaction within 15 min while the same amount of Co-B powder catalyst
(10 mg) took about 145 min. The total amount of hydrogen generated by hydrolysis
of AB using Co-B film (ﬁ = 2.85) is closer to the expected quantitative yield,

from the reaction stoichiometry (ﬁ = 3.0) than that generated by Co-B powder

(ﬁ = 2.55). In addition to the volumetric measurement of H, generation,
the conversion of the AB was also monitored through '*B NMR by comparing the
intensity of the AB signal in the NMR spectra during the course of the reaction. The
intensity of 1' B peak of AB at 23.9 ppm slowly decreases as the reaction proceeds due
to hydrogen evolution. After completion of the reaction, the NMR peak due to AB
entirely disappears whereas a broad peak at +11.6 ppm attributed to borate (BOs
) species is visible in the spectra (Fig.6.12). Thus the above result indicates that
the hydrolysis reaction of NH3zBH; over Co-B film catalyst proceeds by evolution
of nearly 3 moles of H,, leaving NH," and BO, as end products, in agreement with

recent literature reports |71, 124].
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Figure 6.12 — ! B-proton decoupled NMR spectra of: (a) freshly prepared aqueous N Hz BH3
solution, and (b) reaction product after hydrolysis of N HsBHsj.

Several films synthesized by using the same PLD parameters showed almost iden-
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6.2: Film catalyst for Hydrolysis of Ammonia borane

tical (5%) H, generation rate, thus establishing the reproducibility of our produced
PLD films. During the reaction, the catalyst films were quite stable in terms of hy-
drogen production. The maximum H, generation rate obtained for the same amount
of catalyst (10 mg) by using the Co-B films (2420 ml/min/g catalyst) has been found
about 6 times higher than that obtained using the Co-B powder (400 ml/min/g catalyst).
This better catalytic performance is mainly attributed to surface morphology effects
in nanoparticle-assembled films (Fig. 6.8). The nanoparticles, having average size of
around 300 nm, are the highly active sites for the hydrolysis reaction even at low AB
concentration and at room temperature. These active Co- B nanoparticles promote
the hydrogen production immediately after coming in contact with the solution, as
seen by the high initial H, generation rate (Fig.6.11). The relative surface area calcu-
lated on the basis of the AFM image of the nanoparticle-assembled Co-B film shows

70 — 75% increment, with respect to the flat surface
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Figure 6.13 — Hydrogen generation yield as a function of reaction time by hydrolysis of
NH3BHj3 (0.025 M) solution with Co-B catalyst film deposited by PLD, measured at 4 different
solution temperatures. Inset shows the Arrhenius plot of the Hs generation rates.

The H, generation yield as a function of time was measured at different solution
temperatures by hydrolysis of AB (0.025 M) solution using film catalysts as reported
in Figs. 6.13. The Arrhenius plot of the hydrogen production rate (inset of Figs. 6.13)

gives an activation energy value of 34 kJmol~! for Co-B film which is lower than that
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Chapter 6: Catalysts for hydrolysis of Ammonia Borane

obtained with Co-B powder (44 kJmol™') (see fig. 6.3). This value is also much lower
than that reported in the literature.

Recently, Umegakietal. [73,124] demonstrated that Ni is able to generate Ho
from the hydrolysis of NaBH,; and AB mixture at higher rate than from solutions
containing only the AB species. The authors proved that NaBH, is able to activate
the catalyst surface thus enhancing the overall rate. In order to understand if such a
behavior could also observed in our Co-B catalyst film, we measured the Hs generation
yield (Fig. 6.14), as a function of time, through hydrolysis of AB and NaBH4 mixture
with the molar ratio [AB]/[NaBH,4] = 9. The enhancing catalytic effect of the small
amount of NaBH, present into AB solution was clearly visible since we observed an
increment of about 60% in the R,,.. value as measured by hydrolysis of the hydride
mixture (~ 3500ml/min/g catalyst) as compared to that of pure AB solution (~
2200 ml/min/g catalyst). As confirmed by XPS analysis, in present Co-B catalyst
film there is a partial oxidation of Co on the surface. This oxide is in form of cobalt
hydroxide (Co(OH)z) which can be easily reduced by NaBH, in the course of the
hydrolysis thus explaining the enhanced catalytic effect.
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Figure 6.14 — Hydrogen generation yield as a function of reaction time by hydrolysis of
NH;BH;5 (0.025M) solution and mixture of NH3BH3 + NaBH, solution (0.025M) (molar
ratio of NH3BH3 : NaBH, is kept at 9 : 1) with Co-B catalyst film deposited by PLD.

127



6.2: Film catalyst for Hydrolysis of Ammonia borane

6.2.2 Co-B on carbon film catalyst

The Co-B film catalyst was able to produce almost expected amount of Hy (95%) from
AB hydrolysis with significantly higher rate (about 6 times) than the same amount
of the corresponding Co-B powders (Fig.6.15). The enhanced catalytic activity was
mainly attributed to the Co-B nanoparticles, produced during the ablation process on
the film surface, with average size of around ~ 250 nm and well established spherical
form. These nanoparticles not only increase the surface area of the catalyst but also
act as the active catalytic cents for the hydrolysis reaction of AB. However, this
nanoparticles-assembled film was deposited on the plane glass substrate. Thus in
the present work highly irregular and porous carbon film was adopted as a support
for the Co-B nanoparticles to effectively improve the initial surface area and obtain
better dispersion of nanoparticles. Carbon film was deposited on the glass substrate
using Ar gas pressure (40 Pa) in the PLD chamber prior to the deposition of Co-B
film. Hereafter Co-B film deposited on glass substrate and on carbon film will be
designated as unsupported and C-supported Co-B film, respectively. The catalytic
activity of C-supported and unsupported Co-B film was compared by measuring the
hydrogen generation yield as function of time by hydrolysis of NH3BH;3 (0.025M)
solution at 298 K: results are reported in (Fig.6.15). The figure clearly shows that
both the Co-B catalysts films are active and produce hydrogen instantaneously as
soon as they come in contact with the AB solution. However, the C-supported Co-
B film exhibits higher catalytic activity as compared to the unsupported Co-B film
and it was able to complete the reaction within 10 mins while the same amount of
unsupported Co-B film catalyst (~ 10 mg) took about 15 mins. Nevertheless both
these Co-B films took significantly less time than Co-B powder catalyst (145 mins).
The total amount of hydrogen generated by hydrolysis of AB using both the Co-B

films (ﬁ = 2.85) is closer to the quantitative yield expected from the reaction
stoichiometry (ﬁ = 3.0 ) than that generated by Co-B powder (ﬁ = 2.55).

A numerical procedure, was utilized to obtain the maximum value of the hydro-
gen generation rate (R,.) for all the catalysts. By using same catalyst amount
(10mg), the maximum H, generation rate obtained for C-supported Co-B films
(~ 4060 ml/min/g catalyst) has been found significantly higher than that obtained
using the unsupported Co-B film (~ 2420ml/min/g catalyst). Several films synthe-
sized by using the same PLD parameters showed almost identical (£5%) Hs gener-
ation rate, thus establishing the reproducibility of our produced PLD films. During
the reaction, the catalyst films were quite stable in terms of hydrogen-production and

their bonding with the substrate.
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Figure 6.15 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of NH3BHj3 (0.025 M) with Co-B catalyst powder and with unsupported and C-supported Co-B
film deposited by PLD. Carbon film used for the measurement was deposited with Ar pressure

of 40 Pa.
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Figure 6.16 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of NH3BHj3 (0.025 M) with Co-B film catalyst supported on carbon films deposited with various
Ar pressures by PLD. Inset shows the R,,,; as a function of Ar gas pressure used to deposit

the carbon films.
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6.2: Film catalyst for Hydrolysis of Ammonia borane

Hydrogen generation yield was measured, as a function of time, by the hydrolysis
of AB solution (0.025M) at 298 K in presence of Co-B film catalyst supported on
different carbon films deposited with various Ar pressures ranging from 10 to 50 Pa
(Fig.6.16). The inset of figure 6.16 shows the R, as a function of Ar gas pressure
used to deposit the carbon films. Co-B catalysts supported on C-film deposited at low
Ar pressures (10 and 20 Pa) show almost similar catalytic activity as un-supported
Co-B film. We attribute this result to the non-porous structure of C-films. However,
the catalytic activity increases for Co-B catalysts supported on C-films deposited at
higher Ar pressures (30 and 40 Pa). R, reached the maximum for C-film deposited
at 40 Pa. As indicated by SEM images (Fig. 5.11), the roughness and surface area of
C-film increases with the deposition pressure. This trend is also followed by the Hs
generation rate for hydrolysis of AB as demonstrated in the inset of Fig.6.16. Thus,
surface area and roughness of C-films play a vital role in the increment of catalytic
activity for Co-B film catalyst by providing better dispersion and avoiding aggregation
of Co-B nanoparticles. On the contrary, Co-B catalyst supported on C-film deposited
at highest pressure of 50 Pa showed drastic decrease in the H, generation rate and
was not able to complete the hydrolysis reaction of AB. The C-film deposited at this
pressure had a very week adhesion with the substrate and thus under vigorous stirring
the film slowly detached from the substrate in the reactant solution during the AB
hydrolysis reaction.

In Figs. 6.17 the H generation yields, obtained through hydrolysis of AB (0.025 M)
solution using C-supported Co-B film, is reported as a function of time at different
reaction temperatures. The carbon film deposited with Ar pressure of 40 Pa was used
for the measurement. The Arrhenius plot of the hydrogen production rate (inset of
Figs. 6.17) gives an activation energy value of 29 4+ 2 kJmol ™! for C-supported Co-B
film which is lower than that obtained with unsupported Co-B film (34 +1kJmol™1)
and Co-B powder (44 +1 kJmol™'). This value is also much lower than that reported
in the literature when using various noble and non-noble metal catalysts.

Finally, we compare the Hy generation rates obtained with the present C-supported
Co-B nanoparticles catalyst with those reported in the literature for different solid
catalysts. Generally most of these reports indicate the Hs generation rate per gram
of the active metal catalyst (i.e. ml/min.g of metal catalyst). In our case, only
Co is the active metal catalyst and, therefore, the Hy generation rate, as calculated
after linear fitting of our data, is ~ 13500 ml Homin!(gof Co)~! by hydrolysis of
AB. The H, generation rate value obtained in the present case is far better than
those found for catalysts such as Co/C (~ 2000ml Hymin='(gof Co)~' [68], PVP
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Chapter 6: Catalysts for hydrolysis of Ammonia Borane

stabilized Co(0) nanoclusters (~ 1500 ml Homin=(gof Co)™') |70], Co — AlyO3 (~
630 ml Hymin™'(gof Co)~! [62], PVP stabilized Ni (~ 1100 ml Hymin~'(gof Ni)~*
[124], Fe nanoparticles (~ 1000 ml Hymin™*(gof Fe)™' [71] and Pt/AlyO3 (~ 8500 ml
Hoymin™'(gof Pt)~! [60] catalyst.
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Figure 6.17 — Hydrogen generation yield as a function of reaction time obtained by hydrolysis
of NH3BHj3 (0.025 M) with C-supported (40Pa) Co-B film catalyst measured at 4 different
solution temperatures. Inset shows the Arrhenius plot of the Hy generation rates.

6.3 Conclusion

The Co-B catalyst was doped, separately, with Cu, Cr, Mo, and W transition met-
als. The doped catalysts were characterized by XPS, XRD, SEM, BET surface area
measurement, and particle size analysis and were tested on Hy generation process
through hydrolysis of Ammonia Borane. All the transition metals induce significant
promoting effects on the Co-B catalyst by increasing the H, generation rate by about
3 times as compared to the undoped Co-B. It was established that dopant transition-
metals, in either oxidized or/and metallic state, act as an atomic barrier that prevents
Co-B particle agglomeration thus preserving considerable effective surface area. In
addition, the oxidized species such as Cr3*, Mo**, and W4, act as Lewis acid sites
for better absorption of OH ™ group to further assist the hydrolysis reaction over alloy

catalysts. The promoting feature of the investigated transition metals on Co-B alloy
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powders is also proved by the very low activation energy and high H, generation rate
measured in hydrolysis of AB.

We have proved that nanoparticle-assembled Co-B thin films, synthesized by PLD,
act as efficient catalysts for hydrolysis of AB to produce hydrogen. The comparison
was made with same amount of Co-B powders which exhibit a lower rate (about
6 times) of Hy generation. Almost complete conversion of AB was obtained, as
confirmed by !B NMR, with Co-B films at room temperature: 2.85 moles of Hy have
been generated instead of the maximum expected, i.e. 3.0 equivalents. The activation
energy of the rate limiting process involved in the final hydrogen production is as low
as 34 kJ mol~! and the H generation rate is similar to that reported in the literature
for noble metal like Pt/AlyO3. The peculiarities of the Co-B nanoparticles, produced
by PLD, are related to their well established spherical form and to their density
distribution which is preserved against coalescence. In presence of the Co-B film
catalyst, the order of the reaction with respect to the AB concentration is zero, a
kinetics feature related to the morphological properties of the nanoparticles that are
able to confine the hydrogen generation to a surface reaction. On the contrary, the first
order kinetics, involving diffusion of BH, on the catalyst surface, is the rate limiting
step in the case of Co-B powder. Finally we found that adding a small amount
of NaBH,4 to the AB solution, the efficiency of the Co-B catalyst films increases
thus generating H, with higher rate. The role of NaBH, is to activate the catalyst
by reducing oxidized forms of Cobalt (Co(OH),) as observed by XPS and FT-IR
analysis.

We synthesized thin films of C-supported Co-B nanoparticles by PLD to be used
as catalysts in hydrolysis of AB to produce Hs. PLD deposition of C-film was per-
formed at different Ar pressures (from 10 to 50 Pa) to tailor film roughness in order
to investigate the role of porous and irregular C-surface on supporting Co-B nanopar-
ticles acting as catalysts. The hydrogen generation rate attained with C-supported
Co-B catalyst film is significantly higher than both unsupported-Co-B film and con-
ventional Co-B powder. Comparative SEM analysis of the different C-films proves
that C-support provides high initial surface area to accommodate Co-B nanoparticles
thus favouring better dispersion and tolerance against their aggregation. The rele-
vant performance of our C-supported Co-B film is manifested by the very high H,
generation rate (~ 13500ml Hymin=' (gof Co)™') from the hydrolysis of AB that
is governed by a very low activation energy (~ 29kJ(mol)™!) of the rate limiting

process.
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Chapter 7

Conclusions and future work

“Fvery new beginning comes from some other beginning’s end.”

-Lucius Seneca

7.1 Conclusions

With ever growing demand for an efficient and environmentally friendly energy source,
hydrogen is forecasted to become a major energy carrier. Hydrogen powered PEM fuel
cells are attractive power sources for providing clean energy for transportation and
personal electronic applications especially where low system weight and portability are
important. Currently, hydrogen is primarily used in the chemical industry, but in the
near future it will become a significant fuel. There are many processes for hydrogen
production and tremendous amount of research being pursued in the development
of hydrogen generation and storage systems. Hydrolysis of chemical hydride (stable
aqueous solutions of Sodium Borohydride NaBH,; and Ammonia Borane, AB) in
presence of suitable catalyst is a simple, convenient, and safe chemical process that
generates high purity hydrogen gas on demand. The catalysts used in the process (like
Pt and Pd), are quite expensive and cannot be considered for application purpose due
to their high cost. This thesis was aimed at developing new kinds of catalyst that are
economical, easy to synthesise and at the same time show high catalytic activity.

The present study reported 12 new types of Co-based catalysts that were syn-
thesised and studied. Eight of them were in form of powder (Co-Ni-B, Co-Fe-B,
Co-Cu-B, Co-Cr-B, Co-Mo-B, Co-W-B, Co-P-B, Co-Ni-B-P), while four were synthe-
sised in form of films by using Electroless deposition (ED) technique (Co-P-B film)
and by using Pulsed Laser Deposition (PLD) technique (Co-B film, Co-B on carbon,
Co-P-B film)
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Metal
Co+Metal

effect of each metal dopant concentration on the catalytic efficiency. The catalysts

For powder catalyst, the molar ratio was varied in order to study the
were characterized by XPS, XRD, SEM, BET surface area measurement, and particle
size analysis and were then tested by catalytic hydrolysis of NaBH, and AB for Hy
generation. The present investigation has unveiled that the best promoting effects
were obtained only with specific molar concentration of the transition metals. Co-
Cr-B with y¢, = 4% catalyst powder, showed the highest H, generation rate (Ryuqz)
of 3400 ml/min/g for hydrolysis of alkaline NaBH, (0.025M), While for hydrolysis
of AB (0.025M), Co-Cu-B with y,, = 35%, was found to yield the highest R,
of 1254 ml/min/g. The results demonstrated that transition metals added to Co-B
catalyst impose significant catalytic effects on the Hs generation rate and increases up
to 4 times, as compared to Co-B catalyst accompanied with lower activation energy.
The promoting effects (depending on the dopand) were related to: (1) large active
surface area of the catalysts (2) ability to act as Lewis acid sites for better absorption
of OH groups in case of NaBH, (3) electronic interaction with Co active metal and
(4) amorphous nature of the alloy catalyst.

Film catalysts of Co-B-P were produced by PLD on glass-substrate and by ED
on Ni-substrate for the catalytic hydrolysis of NaBHy. R,,.. obtained with electro-
less deposited films was found to be ~ 2090 ml/min/g catalyst, while that synthe-
sized by PLD was ~ 4230 ml/min/g catalyst. Co-B thin films were also synthesised
for catalytic hydrolysis of AB, The maximum H, generation rate obtained for the
same amount of catalyst (10mg) by using the Co-B films (2420 ml/min/g catalyst)
has been found about 6 times higher than that obtained using the Co-B powder
(400 ml/min/g catalyst). The increased efficiency of the PLD films is mainly at-
tributed to the nanoparticles formed on the catalyst surface, by phase explosion
phenomena occurring in laser-irradiated material at an appropriate parameters of
the laser pulse. These nanoparticles increase the active surface area and also favours
electronic exchange mechanisms to promote efficient hydrolysis process for Hy gas
generation.

Thin films of Carbon (C) supported Co-B nanoparticle catalysts were also synthe-
sized by PLD for the hydrolysis of NaBH4 and AB to produce H,. PLD deposition
of C-film was performed at different Ar pressures (from 10 to 50 Pa) to tailor film
roughness and to study the role of porous and irregular C-surface that supported Co-B
nanoparticles. The hydrogen generation rate attained with C-supported Co-B catalyst
film is significantly higher than both unsupported-Co-B film and conventional Co-B
powder. Comparative SEM analysis of the different C-films proves that C-support
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provides high initial surface area to accommodate Co-B nanoparticles thus favouring
better dispersion and tolerance against their aggregation. The hydrogen generation
rate attained with carbon-supported Co-B catalyst film (Ar pressure of 40 Pa for C de-
position) was found to be ~ 8100 ml/min/g catalyst and ~ 4060 ml/min/g catalyst
for catalytic hydrolysis of NaBH, and AB respectively. The highest hydrogen gener-

ation rate and the activation energies for all the catalysts are summerised in Table. 7.1

Catalyst powders Max H, generation Activation energy
rate
(ml/min/g catalyst) (kJmol™t)

NaBH, AB NaBH, AB
Co-B 850 400 45 44
Co-Ni-B (xa = 15) 1175 - 34 -
Co-Fe-B (xar = 35) 1300 - 31 -
Co-Cu-B (xumr = 35) 2210 1254 30 41
Co-Cr-B (xum =4) 3400 1058 37 44
Co-Mo-B (xar =5) 2875 1231 39 43
Co-W-B (xar =5) 2570 1000 41 38
Co-B-P (2 =25) 2120 - - -
Co-Ni-B-P (xar =15, =2.5) 2400 - 29 -
Co-B film (PLD) 4330 2420 - 34
Co-B-P Film (PLD) 4320 - - -
Co-B-P Film (ED) 2090 - - -
Co-B on Carbon (PLD) 8100 4060 31 29

Table 7.1 — Maximum H, generation rate and activation energy of catalyst powders and films

7.2 Future Work

Most of the efforts in the future can be devoted to improvement and development
of the catalyst for hydrogen production. Probing deeper, the results in this thesis

provide several lines of research arising which should be pursued.

e We have observed that metal doped Co-B catalytic powders and Co-B film pro-
duced by PLD have higher efficiencies than Co-B powder catalyst. Combining
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7.2: Future Work

them both, metal doped Co-B films using PLD technique can be developed and
studied for Hydrolysis of NaBH, and AB in the future.

e Co-B catalyst powder can be doped with more than one metal; the combined
effect of the metals could result in even higher catalytic activity and can be
studied.

e The atomic composition of the synthesized nanoparticles depends on the laser
pulse energy: specifically, we have observed that by increasing the laser pulse
energy, the atomic composition of the heavier element (Co) is prevailing over
the light elements. A dedicated investigation is required for understanding the

ablalation process for binary and ternary alloy powders.

e Until now the PLD film that were prepared, lacked very good adhesion with
the glass substrate, and hence they tend to peal out when used for a very long
time. An alternative substrate such as Ni-foam can be used to deposit these
films using PLD for better adhesion.

e Fuel cells that are used for the portable device to generate power, can be tested
by attaching it to the present H, generation reactor system. The H, produced
by catalytic hydrolysis of NaBH, can be directly supplied as fuel to generate

power.

e A compact hydrolysis reactor with controllable continuous flow system having
a fixed catalyst bed can be developed that can be refuelled with fresh NaBH,
or AB solution. Ni-foam coated with film by ED can be used as catalyst fixed
screen through which the solution continuously flows in the reactor to produce
hydrogen, while the inner wall of the reactor tube should be coated with effi-
cient nanoparticle-assembled catalyst film synthesized by PLD to ensure a very

efficient reaction.
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Appendix A

Fitting for H- generation rate.

In the zero-order reaction, plotting Hy production yield as a function of time results

in a linear dependence, and the rate of reagent |[BH, | consumption is given by

[BH,]
dt
Since every mole of BH, produces 4 mol of Hs, the rate of hydrogen production

= k‘o[BHzf]O = ko (A1)

is thus given by

d[H,]
dt
In the first-order reaction, plotting Hs production yield as a function of time

= 4k, (A.2)

results in an exponential dependence as described by

[Ho](t) = [Halmaz (1 — e7') = 4[[BH[ Jo(1 — e™")] (A.3)

where [BH, | is the initial molar concentration of sodium borohydride in the

solution and k; is the overall rate constant of the reaction given by

—d|BH, |
dt

or in terms of hydrogen concentration

= k1[BH, | = knya[H20][catalyst|[BH, | (A.4)

% = 4k1[BH, | = knya[H20][catalyst||[BH, | (A.5)

By fitting the curve of Hy production yield as a function of time by using eq. A.2 or
eq. A.5, both reaction order and rate constant k; can be evaluated. The last quantity
may be used to calculate the Hy generation rate in terms of mL/(min gof catalyst)
by taking into account the concentration of the NaBH, (molarity of the solution,

M) and of catalyst. In fact, the initial molar concentration of sodium borohydride
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in the solution is known, and when the reaction is exhausted (100% conversion), it
is simple to calculate the total volume of produced Hy (Vg,). By considering a first-
order hydrolysis reaction and rewriting eq. A.3 in terms of produced volume of Hs

gas, instead of molar concentration, we have

V(t) = Vi, (1 — e ™11 (A.6)
with production rate given by

av
E = VHQk?l@_klt (A7)

The maximum H, generation rate (mL/(min gof catalyst)) was estimated, when
[BH, | is maximum (first-order reaction), i.e., for ¢ = 0, as follows:
AV Vi,k

A A8
dt Yeatalyst ( )

maximimrate =
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Appendix B

Proposed mechanism for the NaBH,
hydrolysis reaction on Co-B catalyst.

T H
H H
\5 —=H \IL -------- H
/ A
H H k’
B Co = Co B == Co — Co
(a) (b)
; oH l
H
HO_ | N
N N H l H
B —=H H—H N o /6
~ H B H 0
/e N :
\ - -
B Co Co £
@ N
OH-
\H (|)H
H HO
e A
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