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SUMMARY

The aim of this study was to synthesize a novel, cost effective, highly active
bimetallic nanocatalyst for the dehydrogenation of ammonia borane (AB) and
optimizing the operating conditions of hydrolysis reaction. The most important
advantages of these catalyst are the low price and availability of the activated carbon
used as the support material, positive interactions between metals and support and
synergetic effect between nickel and ruthenium. A series of catalyst synthesized on
different supporting materials with various stoichiometries and loadings in DI-water,
ethanol, methanol, 0.1 M NaOH and, purged DI-water. The reducing agent was
sodium borohydride (SBH-NaBH4) and washed with 4M NHs, 0.1 M NaOH, DI-water
and finally dried in a vacuum oven under vacuum at 40 °C. Four different catalyst
synthesis methods were applied and their impact on the catalytic activity
investigated. X-ray diffraction (XRD), scanning electron microscopy (SEM), energy
dispersive x-ray spectroscopy (EDX), x-ray photoelectron spectroscopy (XPS), zeta
potential measurement techniques were applied to characterize the catalysts. At the
end of the optimization tests RuiNii/AC found as most effective catalyst with a
turnover frequency (TOF) value of 440 mol H, mol Ru? min? and the activation

energy (Ea) of 60.8 + 1.6 kJ/mol.

Keywords: Ammonia borane, ruthenium, activated carbon, nanocatalyst,
dehydrogenation, hydrogen storage.



OZET

Bu tez calismasinda amonyak borandan (AB) hidroliz reaksiyonu ile hidrojen
elde edilmesi igin yenilik¢i, ucuz ve yiksek katalitik etkinlige sahip nanokatalizor
gelistirilmesi ve optimum galisma kosullarinin belirlenmesi amaglanmistir. Katalizor
sisteminin butln iyi 6zellikleri aktif karbonun fiyati, ulasilabilirligi ve kolay eldesi ile
birlikte metallerin birbirleri ve aktif karbon arasindaki olumlu etkilesimden
kaynaklanmaktadir. Bu dogrultuda, farkli destek malzemeleri Gizerinde, farkh metal
ve yukleme-bilesim oranlariyla ve sodyum borhidriir (SBH-NaBH4) ile metaller
indirgenerek katalizor sistemleri de-iyonize su, etanol, metanol, azotla doyurulmus
su, 0.1 M NaOH c¢ozeltisi ortamlarinda sentezlenmis ve ardindan 4 M NHs3, 0.1 M
NaOH ve de-iyonize su ile yikanarak vakumlu etiivde 40 °C'de vakum altinda
kurutulmustur. Calisma dahilinde katalizor sentezlemek icin dort farkh sentez
yontemi kullanilmis ve bu yontemlerin katalitik aktivite Uzerindeki etkileri
incelenmistir. Malzeme karakterizasyonu icin x-isinlari kirinimi (XRD), taramall
elektron mikroskobu (SEM), enerji yayilimli x-1sin1 analizi (EDS), x-1sinlari isilelektron
tayfi (XPS), zeta potansiyel 6lglim yontemleri kullaniimistir. Calismalarin sonunda en
aktif katalizor olarak RuiNii/AC, 440 mol H, mol™* Ru dk* TOF degeri ve (E.) 60.8 + 1.6

kJ/mol aktivasyon enerjisi ile bulunmustur.

Keywords: Amonyak boran, hidrojen depolama, aktif karbon, rutenyum,

nanokatalizér, dehidrojenasyon.
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1. INTRODUCTION

1.1. Energy Consumption and Carbon Emission

From learning of the usage of fire up to now, energy is one of the indispensable
elements of humankind. At least we need energy for cooking and warming
throughout human existence. Energy means life and also, modern societies cannot
continue without energy.

There is a big issue with production of energy. Fossil fuels and potential fossil
fuels, firewood, have been used to produce energy throughout history. Energy have
been obtained by the combustion reaction of those fuels. Issue come up from
byproducts of this burning reaction. Byproducts are NOx, SOy, COx and they create
greenhouse gas (GHG) effect. GHG cause global warming. Global warming is one of
the biggest problems of modern societies.

Since invention of steam machines, in 18™ century, coal consumption had
increased. After invention of internal combustion engine and became popular,
petroleum consumption had increased. Petroleum was followed by natural gas and
finally, nowadays, “hydrogen economy” is talked and researched. From coal to

hydrogen we can observe that there is a hydrogen enrichment in the fuel (Figure 1.1).

CH,

Natural
Gas

H,

CH,
Hydrogen
Gas

Petroleum

Figure 1.1: Timeline of fuels.

Combustion reactions of fuels that given in Figure 1.1, are given in the following

equations (Eq.1.1, Eq.1.2, Eq.1.3, Eq.1.4).



C + %0, > C0O, + Heat (1.1)

CH,+3/2 0, > CO, + H,0 + Heat (1.2)
CH, + 20, > CO, + 2H,0 + Heat (1.3)
H, + 0, 2 H,0 + Heat (1.4)

As seen in equations above, all combustion reactions, out of (Eq. 1.4), form
carbon dioxide, depending on impurities in those fuels, NOy, SOx can also be released.
These gases are named as GHGs. They absorb heat which comes from the sun and
this causes increasing of the temperature of the earth crust, namely global warming.
Fossil fuels have a big share of usage, at about 85.99%, as primary energy source.
Hydropower and nuclear power are following fossil fuels with shares of 6.79% and
4.44% respectively [1]. Renewability of hydropower is a matter of debate. As a result
of deforestation and using fossil fuels 9.86 x 102 kg/year carbon are released to
atmosphere as CO,. The plants have a capacity of absorption 2 x 10*? kg carbon per
year by the help of photosynthesis and the same amount is valid for algae. Excess
carbon gathers in the atmosphere. This amount, at about 5 x 102 kg/year,
corresponds annual increase of 0.4% of the CO2 concentration in the atmosphere due
to human activities. In spite of no significant change in the CO, emission between
2011-2016, there is a big increase, 2.1%, from 2016 to 2017 [2-6].

Renewable energy sources give us a chance to overcome carbon emission
problem and so global warming. Hydrogen is one of the clean energy sources. Like all
of other fuels or energy sources, hydrogen is an energy carrier. Fuels carry us energy
of the sun. Fossil fuels store energy of the sun by the help of photosynthesis and
nutrition of the animals by plants while organisms were alive, and the period of
fossilization occurs by existence of sun power.

As seen in Figure 1.2 the world energy consumption was 5 x 102 kWh/year in
1860, but nowadays it was increased to 1.6 x 10* kWh/year in 2017. It will be

repetition, but 86% of this consumption supplied by fossil fuels [2,7].



Hydrogen is one of the cleanest energy carriers and fuel cells can convert its
chemical potential energy to electricity directly with a by-product, it is only water.
Finding a safe, volume and mass effective, low cost hydrogen storage method is a big
issue for transition to “hydrogen economy”. AB is an assertive material for solid and
portable hydrogen storage which is safe, mass and volume effective, cheap and stable
in agueous media.

AB can release hydrogen via its thermolysis and hydrolysis reactions. Hydrolysis
reaction occurs in the presence of suitable catalysts. This study focused on finding a
suitable catalyst for hydrolysis reaction of ammonia borane. History of hydrogen, its
production, hydrogen storage materials and methods, and catalysis are explained

briefly in the following chapters.
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Figure 1.2: Changes in world energy consumption from 1860 to the period of 1990-
2017.

1.2. History of Hydrogen

One of the ancient philosophers, Aristotle (384 B.C-322B.C) had claimed that

there have been four basic elements. They were fire, water, earth and air [8]. The



properties of these four elements were shown in Figure 1.3. Fire is dry and hot; water
is wet and cold; earth is cold and dry; and finally air is wet and hot [9].

Jan Baptista van Helmont (1580-1644) was against the belief of many
alchemists. Alchemists had believed that metals could be destroyed by dissolving in
acids, but Helmont showed them they were wrong. He solved determined amount of
silver in acid and then recover the silver with first amount by reacting the solution
with copper. He had probably noticed that there was a gas releasing during the
reaction. Based on this observation he discovered that air was not an element and
there was another air with different properties. He called it as Greek word “chaos”

which means “empty space”; and its spelling in Dutch Language is “gas” [10-13].

//’\\\ ot

WATER
Figure 1.3: Four basic elements of Aristotle.

Henry Cavendish discovered that there was a different type of air, this new
realized one was “inflammable air”. He obtained “inflammable air” by reacting zinc
with acid. Then he burnt “inflammable air” and he saw that water was formed as a
result of burning reaction. By this way he ensured that water is consist of hydrogen
and oxygen [14].

When the French Academy of Science had entrusted Antoine Laurent Lavoisier
(1743-1794) to filling flight balloons, he turned to production of “flammable air” by

the cheapest way. He heated a rifle barrel till it became white-hot and then passed



water through the barrel. While water passing through the rifle barrel “oxygen
principle” (at that times, sometimes term of “principle” had been used instead of
“element”) oxidized the iron and “flammable principle” was liberated [15-21].

Lavoisier, Guyton de Morveau (1737-1816), Claude-Louis Berthollet (1748-
1822) and Antoine Francois de Fourcroy (1755-1809) published a work, with the
name of “Méthode de Nomenclature Chimique” (Chemical Nomenclature Methods).
They proposed term of oxygen for life air. “Oxy” means acidic and “gene” for genesis
from the Greek words, so oxygen means that “acid creator”. Lavoisier et al. supposed
that oxygen is the reason of acidity. They proposed the term of “hydrogen” for
“flammable air”. “Hydor” means water former, again in Greek words, because it
forms water with hydrogen. “Bad air” is nitrogen, Sulfuric acid for vitriol acid,
carbonic acid instead of air acid and oxide for calc were proposed by them. Marie
Anne Pierette Paulze, Lavoisier’s wife, supported him during his studies by translating
his reference sources from English to French, taking his experimental notes,
propagandizing his doctrine, designing their house for hosting Lavoisier’s scientist
visitors, imprinting schemes of devices on copper plates in fact she had 13 imprints
in Lavoisier’s one of the most famous works “Traité...” and signed as Paulze Lavoisier
[10,15,17,19,22,23].

Lavoisier and Pierre Laplace had developed “ice calorimeter” (Figure 1.4) and
then measured combustion heat of hydrogen in 1783-1784. Amount of ice melted
was approximately equal to 9.7 x 107 J/kgH2 and this value was not too far from the

exact value of 1.2 x 108 J/kgH,.
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Figure 1.4: Schematic view of Laplace and Lavoisier's ice calorimeter.

In 1800, William Nicholson (1753-1815) heard about invention of Italian
scientist Alessandro Volta’s (1745-1827) electric battery and undertook to build his
own battery. Then Nicholson and Sir Anthony Carlisle (1768-1840) saw that bubbles
occurred when poles of battery were submerged to the water. These bubbles were
hydrogen and oxygen, and this method would be named as electrolysis. They
produced hydrogen by passing electrical current through water [10,24-26].

The first mass produced hydrogen device was “Dobereiner Platinum Lighter” (it
was also called as Dobereiner's Hydrogen Lighter) which was invented by Johann
Wolfgang Débereiner (1780-1849) in 1823. It was sold about 20.000 pieces. Hydrogen
gas which had produced by the reaction of zinc metal with sulfuric acid, flowed into
a cancellous platinum. As a result of catalytic reaction between hydrogen and
platinum, cancellous platinum became so hot and ignited hydrogen. Figure 1.5 gives

a schematic view of lighter [10,27,28].
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Figure 1.5: Dobereiner Platinum Lighter A) Glass cylinder B) Open Bottle C) Platinum
wire D) Zinc E) Stopcock F) Nozzle G) Platinum sponge.

Sir William Grove (1811-1896) invent “gas voltaic battery” based on electrolysis
in 1839. He built an experimental setup which generated electricity by reacting
hydrogen and oxygen to form water without burning on platinum plates (Figure 1.6).
He just reversed the electrolysis reaction. He used generated electricity for

electrolysis of water again. This invention is pioneer of modern fuel cells [29,30].
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Figure 1.6: Gas voltaic battery invented by Grove in 1839. Sulfuric acid was used as
electrolyte. Platinum plates were in contact with oxygen (ox) and hydrogen (hy) in
glass tubes. Generated electricity was used to electrolyze water, in the upper glass.

After the discovery of palladium metal by English Chemist William Hyde
Wollastone (1766-1828) in 1802 [31], Scottish Chemist Thomas Graham (1805-1869)
showed that palladium can absorb large amounts of hydrogen by the way of forming
metal hydride. When hydrogen was not considered to be a metal, this phenomenon
named as occlusion of hydrogen by T. Graham. He was awarded the Keith Prize of the
Royal Society of Edinburgh for this discovery in 1834 [32,33]. Nowadays, metal
hydrides are one of the most studied methods for hydrogen storage.

Famous French Author Jules Verne (1828-1905) predicted that hydrogen would
substitute of coal and he mentioned about it in his famous work L’ile Mystériouse
(The Mysterious Island) in 1874. He suggested water as a fuel by attributing
discussions on phlogiston and electrolysis of water. He expressed that hydrogen has
much more energy density than coal by the help of his fictitious character engineer
Cyrus Smith [34,35].

In 1898, English Chemist James Dewar (1842-1923) succeeded to obtain
liquefied hydrogen by using liquid nitrogen under 180 atm pressure [36,37]. He was
also invented Dewar flask under favor of this invention he is known as father of
modern thermoses [38].

In 1909, Fritz Haber (1868-1934) who is the German Chemist, developed a
catalyzed method for producing ammonia from elemental hydrogen and nitrogen
and he received the Nobel Prize upon this development. War gas of phosgene (COCI)
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was invented by Fritz Haber and thousands of soldiers died because of this gas during
the World War | and this invention made contradictive his Nobel Prize. His wife Clara,
who could not bear to pangs of conscience, pricked herself by Haber’s gun [39-45].

In 1952, the first hydrogen bomb (also called as thermos nuclear bomb) was
ignited by the USA and, it was thousand times more powerful than the dropped one
in Hiroshima [46].

Prof. T. Nejat Veziroglu organized The Hydrogen Economy Miami Energy
Conference (THEME) in 1974 and a small group of scientists including Veziroglu got
together under the name of “Hydrogen Romantics”. International Association for
Hydrogen Energy was formed as a result of THEME and Hydrogen Romantics [26,47].

In 2014 National Hydrogen Association was formed in Turkey [48].

Energy consumption, CO, emissions, history of hydrogen was glanced, and the
queued subject is “hydrogen production”. The methods which used for producing

hydrogen will be touched briefly.



2. HYDROGEN PRODUCTION

Hydrogen is the most abundant element in universe and probably on the earth,

however hydrogen can be found in usable form, namely molecular hydrogen (H>),

inadequate amount. It can be found in the form of hydrocarbons or water as

compounds with carbon or oxygen. Molar abundance percentage of hydrogen in dry

air is only 5.3 x 107, this amount is far from answering energy need of modern

societies [49].

There are several methods to produce hydrogen, some of them ground on fossil

sources and some of them renewable sources (Figure 2.1).

Photo
Fermentation

Liguefaction

Fossil
Fuels
Renewable
Hydrocarbon Sources
Reforming . T ]
Hydrocarbon Biomass Water
Pyrolysis Process Splitting
Electrolysis
|| Steam . — —
Reforming Biological | Thermochemical | __ermo ysis
| Partial Pyrolysis Photolysis
Oxidation Dark
Fermentation Gasification
|| Autothermal .
Reforming Bio-photolysis I Combust|on|

Figure 2.1: Categorical view of hydrogen production methods.

2.1. Hydrogen Production from Fossil Fuels

Fossil fuels can be sources for hydrogen production by several different

methods, which include pyrolysis and hydrocarbon reforming. These two methods

are most studied, commonly used and commercialized methods. About 96% of

hydrogen, produced from fossil fuels and, if it is looked closer, it can be seen that 48%

of produced hydrogen comes from natural gas, 30% comes from heavy oils and
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naphtha, and finally 18% comes from coal. As seen in these data, fossil fuels are still

dominant sources for producing hydrogen.

2.1.1. Hydrocarbon Pyrolysis

In hydrocarbon pyrolysis (HP) method, source of hydrogen is only
hydrocarbons. HP is a well-known way to produce hydrogen. Light hydrocarbons
(LHCs) which has a boiling point between 50-200 °C, are converted to carbon and
hydrogen directly however conversion mechanism of heavy hydrocarbons (HHCs)
which have boiling temperatures above 350 °C, consists of two steps -
hydrogasification and cracking of methane. Thermal decomposition of LHCs occurs
by following the (Eq. 2.1.). Hydrogasification and cracking of methane steps and
overall reaction for HHCs occurs by following (Eq. 2.2.), (Egq. 2.3.) and (Eq. 2.4.)

respectively.

Therm. Decomp. of LHCs: CpHpy> nC + %mH2 (2.1)
Hydrogasification: CH,¢ + 1.2H,>CH, (2.2)
Cracking of methane: CH,~> C + 2H, (2.3)
Overall reaction for HHCs: CHi¢ > C + 0.8H, (2.4)

This reaction needs high temperatures at about 980 °C, atmospheric pressure,
water-free and air-free environment. The energy necessity is 37.6 kJ/mol H, therefore

a determined amount of produced H;is burned for corresponding this requirement.

2.1.2. Hydrocarbon Reforming

In hydrocarbon reforming (HR) methods hydrogen comes from hydrocarbons

and steam, more precisely water. There are three methods under this title as
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reformation processes, namely steam reforming method (SRM), partial oxidation
method (POM), and autothermal reforming method (ARM). SRM is endothermic
reaction, POM is exothermic, and ARM is combination of both of endothermic and
exothermic reactions. A typical HR plant must consist desulphurization unit,
reforming and cleaning sections and the operation units, for example pumps,

expander, heat exchangers, combustors, coolers, etc. [50,51].

2.1.2.1. Steam Reforming Method

SRM is based on a catalytic transformation of hydrocarbons and steam to
hydrogen. SRM consists of syngas (CO + H,) generation, water-gas shift and gas
purification steps. Fossil sources are usually light hydrocarbons which have high H/C
ratio. If feedstock involves sulfur compounds it is necessity to apply a desulfurization
process to get rid of sulfur and to avoid poisoning of catalyst by sulfur. SRM requires
high temperatures at about 900 °C thus it enables to use non-precious metal catalysts
such as nickel. High temperatures, relatively high pressures and H/C ratio about 3.5
avoid coking formation on catalyst surface and provide high purity of hydrogen in
syngas generation step. After syngas generation, the gas mixture is fed into a water-
gas shift reactor to react CO with steam and generate additional hydrogen. As a final
step, there are two choices as COz-removal and methanation to produce methane or
pressure swing adsorption to produce high-purity hydrogen. The reactions for syngas
generation (Eq. 2.5.), water-gas shift (WGS) (Eq. 2.6.) and methanation (Eq. 2.7.) is

given in following equations.

Syngas generation: CoHm + nH0 > nCO + (n + %m) Ha (2.5)
WGS: CO + Hzo 9 COz + Hz (2.6)
Methanation: CO + 3H; = CHs + H20 (2.7)
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In SRM, energy requirement for hydrogen production is 63.3 kJ/mol H, and it
can be supplied by nearly 35% of natural gas which used in process. Nickel-based

catalysts are commonly used in SRM [50,52-55].

2.1.2.2. Partial Oxidation Method

Hydrocarbons and steam are the sources of hydrogen in POM. HCs, steam and
oxygen converted to hydrogen and carbon oxides. There are two types of
mechanisms in POM as catalytic and non-catalytic ones. Fossil sources lie between
methane, naphtha and coal. Sulfur removing is applied as first step before partial
oxidation of HCs with pure oxygen to produce syngas. After syngas generation, water-
gas shift and methanation steps are applied. This method is the most suitable one for
hydrogen production from HHCs. A big part of produced hydrogen comes from steam
due to lower H/C ratios of HHCs, for example, in the partial oxidation of coal all
produced hydrogen comes from steam. The catalytic type of POM occurs at about
950 °C and non-catalytic one occurs up to 1350 °C. Catalytic and non-catalytic
reformation reactions (Eq. 2.8. and Eq. 2.9. respectively) are below, and water-gas
shift and methanation reactions are the same with WGS and methanation reactions

of SRM [50,51,55].

Catalytic reformation rxn: CnHm + % n02 2 nCO + % mH> (2.8)

Non-catalytic ref. rxn: ChHm+ nH20 2 nCO + (n+ % m) Ha (2.9)

2.1.2.3. Autothermal Reforming Method

ATR is a combination of exothermic partial oxidation and endothermic steam
reforming processes. The heat is supplied by exothermic partial oxidation and
hydrogen production increased by steam reforming. Oxygen or air and, steam are
blown into the reforming unit to start reforming and oxidation simultaneously by

following (Eq. 2.10.) [50,51,56].
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CoHm + % nH20 + % n02 2 nCO + (Yan + % m) Hy (2.10)

2.2. Renewable Sources

Methods which expressed up to here, are based on fossil fuels, however they
have major share in hydrogen production. Those methods are time-limited due to the
limitations of fossil fuels. Also, those methods cause greenhouse gases emission like
burning reactions of fossil fuels. Hydrogen production from renewable sources can
be compiled under two titles according to sources. These are biomass and water. It

is expected that renewable sources will override fossil ones.

2.2.1. Water Splitting

Water splitting is based on production of hydrogen from its eponym, water. The
source is one of the most abundant and recyclable so endless raw material on earth.
71% of earth crust is covered by water and it is suggested that volume of the liquid

water is about 1.39 x 10° km? [50,57-59].

2.2.1.1. Electrolysis

Electrolysis is a well-known and most effective method for hydrogen
production from water. The reaction is endothermic, and the energy requirement
supplied by electricity. If electricity is generated by renewable sources such as wind,
solar power, etc. electrolysis is a green way for hydrogen generation. Overall reaction

of electrolysis is given in Eqg. 2.11.

H20 > H + % 0, (2.11)

Some devices were developed for electrolysis to reduce energy requirement
per mole of hydrogen by using catalysts and/or high temperatures. Alkaline

electrolyzer cells (AEC), proton exchange membrane electrolyzer cells (PEMEC), solid
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oxide electrolyzer cells (SOEC) are the types of electrolysis devices. Reactions

according to electrolyzer types are given below [50,58—-61]:

e AECand SOEC

Anode: 40H - 03 + 2H,0 + 4e” (2.12)

Cathode 2H20 + 2e” 2 20H + H; (2.13)
e PEMEC

Anode: 2H,0 2 02+ 4H* + 4e (2.14)

Cathode: 4H* + 4e 2 2H; (2.15)

Electrolysis provides extremely pure hydrogen, but operation costs of these
plants are very high due to high consumption of electricity. AECs need 53.4 kWh of

energy per kilogram of hydrogen.

2.2.1.2. Thermolysis

Water splitting by thermolysis or thermochemical way is based on heating
water up to temperatures which allow decomposition of water to oxygen and
hydrogen. Decomposition of water starts after surpassing of 2500 °C, however the
temperature can be lowered by changing reaction medium and the compounds can
be fully recycled at the end of the hydrogen generation process. Sulfur-iodine,
cerium-chlorine, iron-chlorine, vanadium-chlorine, copper-sulphate and copper-
chlorine cycles were tested in the previous studies. All cycles necessitate high
temperatures at about 850 °C out of copper- chlorine cycle. In copper-chlorine cycle
operating temperature is up to 530 °C and efficiency is about 43%. Reactions and
required temperatures for copper-chlorine cycle steps are given below (Eq.2.16-2.19)

[50,58,62,63].
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T<100 °C -electrolysis, Step1: 2CuCl(aqg) + 2HCl(ag) = Ha(g) + 2CuCla(ag) (2.16)

T<100 °C, Step2: CuCla(ag) = CuClys) (2.17)
T=400 °C, Step3: 2CUClys) + H20(g) = Cu20Clas) + 2HClg) (2.18)
T=500 °C, Step4: Cu20Cly(s) = 2CuCly) + % O2(g) (2.19)

Even the temperature requirement is lowered to 530 °C, this value is still high.

This necessity should be lowered to levels which can be answered by solar energy.

2.2.1.3. Photolysis

Photolysis or photo-electrolysis is based on the interaction between the light
and a semiconductor material. When a photon which has enough energy to
overcome bandgap of semiconductor material interacts with semiconductor, an
electron and hole pair is created. They are separated by the help of potential
difference between semiconductor and electrolyte. The holes remain at the anode
side where water split into H* and electrons move through an external circuit to
cathode side. Created protons move through the electrolyte to the cathode side for
combining with electrons which come to cathode side by the help of external circuit
and they create H,.

There are two types of photolysis system, the first one just generates hydrogen
and the other one generates electricity. However, the efficiency of photolysis is too
low at about 0.06% and hydrogen generation costs are relatively high with the price

of 10.36 $/kgH> [50,58,61,64].

2.3. Biomass Process

Biomass (Bm) is a renewable source for hydrogen production. All product types

of animals and plants which we generally named as wastes are the sources of
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biomass. Plant based products store energy of sunlight by the help of photosynthesis.
CO, emission is occurred while processing of biomass at amount of stored energy.
Biomass process methods can be gathered under two titles as thermochemical and

biological processing. We start with the thermochemical processing.

2.3.1. Thermochemical Processes

Thermochemical ways for processing of biomasses consists 4 different
methods. Biomass pyrolysis and biomass gasification are preferable methods than
liquefaction and combustion. Biomasses transformed into hydrogen and hydrogen-

rich fuels by thermochemical processes.

2.3.1.1. Biomass Pyrolysis

Biomass sources can be transformed to liquid oils, coal and gaseous compounds
by heating raw materials up to temperature range of 380-530 °C under pressure
range of 1-5 bar. This method requires oxygen-free media except partial combustion
reaction where required heat for reactions produced. Biomass type, temperature,
catalyst type, pressure can affect hydrogen production and its cost. Related reactions

(Eq. 2.20 - 2.22) are given below:

Pyrolysis of Bm = H, + CO + CO; + hydrocarbon gases + tar + coal (2.20)
CnHm + nH20 2 nCO + (n+ % m) H, (2.21)
CO +H,0 -2 COz + H2 (2.22)
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Produced syngas is threated again to obtain hydrogen by the way of steam

reforming and for more hydrogen production water-gas shift [50,65].

2.3.1.2. Biomass Gasification

Gasification is one of the thermochemical processes for transforming biomass
to the syngas. This method has a wide operation condition range. It works at the
temperature range between 500 and 1400 °C and pressure range from atmospheric
to 33 bars according to plant scale. The reactions of biomass gasification with air and
steam are shown in Eq. 2.23 and Eq. 2.24 respectively. Biomass type, steam or air to
biomass ratio, particle size of raw materials, catalyst type, temperature and pressure

can affect hydrogen yield [50,61,62,65].

Bm + air > Hz + CO + CO; + N2 + HC gases + tar + coal + H,0 (2.23)

Bm + steam = H; + CO + COz + N2 + HC gases + tar + coal (2.24)

2.3.2. Biological Process

Dark-fermentation, bio-photolysis and photo-fermentation are the main
methods in biological process for hydrogen generation. Due to opportunity of waste
minimization, interest on biological processes is increasing. Some microorganismsi.e.

bacteria and algae, and enzymes are used in biological processes.

2.3.2.1. Bio-Photolysis

Bio-photolysis is based on photosynthesis reaction of plants and algae.
Photosynthesis mechanism has been modified to produce hydrogen gas instead of
carbon-based compounds. Light is absorbed by systems of photosynthesis and
liberates electrons. Liberated electrons of water by photons are used in CO;

reduction or hydrogen generation. In the green plant cells, only CO reduction occurs
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due to absence of an enzyme which is used for hydrogen generation. On the other
hand, microalgae can produce hydrogen because they have hydrogenase enzymes
which green plants don’t have.

However, the rate of hydrogen generation rate is lower than the CO; reduction
rate. Small amount of oxygen blocks the activity of hydrogenase, as a result, hydrogen
generation reduces. Some types of microalgae, which can be classified as “green
algae”, can start producing hydrogen after a period in anaerobic and dark media

[66,67].

2.3.2.2. Dark Fermentation

Fermentation is a biochemical process which occurred in oxygenic or oxygen-
free media by some microorganisms. Organic feed materials are transformed to
alcohols, acetone and hydrogen by microbial processes and, they produced at
minimum amount of produced CO; in the reaction.

Dark fermentation take place under anaerobic (oxygen-free) and dark
conditions. Anaerobic bacteria are the living machines which transform raw materials
to alcohols, acetone and hydrogen. Eq. 2.25 and Eq. 2.26 show the transformation

reaction of glucose to acetic and butyric acids (respectively) and hydrogen.

CeH1206 + 2H20 = 2CH3COOH + 4H; + 2C0O; (2.25)

CsH1206 + 2H,0 = CH3CH>CH,COOH + 2H; + 2CO, (2.26)

Given examples above belong to fermentation of glucose. But it is relatively

expensive and fermentation of glucose at big amount is not readily available. It can

be extracted from agricultural wastes, on the other hand starch or cellulose can be

used as raw materials thus the process can get cheaper [50,66,68,69].
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2.3.2.3. Photo-Fermentation

Photo-fermentation, as the name suggests, takes place in a light environment
in the presence of nitrogen. Under favor of the existence of nitrogenase enzyme,
some photosynthetic bacteria can convert organic acids to hydrogen and carbon
dioxide. Eq. 2.27 shows the transformation reaction of acetic acid to hydrogen and

carbon dioxide by photosynthetic bacteria under light [50].

CH3COOH + 2H30 + light energy = 4H; + 2CO; (2.27)

Production rate and hydrogen yield are directly proportional to intensity of the
light. In industrial scale coloration of water in the pool is a major problem due to
preclusion of penetration of daylight into deeper levels of the pool and this situation
causes toxic material production and known as “coloration”.

Researchers developed a hybrid system to overcome coloration issue. Dark-
fermentation and photo-fermentation methods work together in this hybrid system

[50].
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3. HYDROGEN STORAGE AND TRANSPORTATION

Storage and transportation are also big issues in the field of hydrogen economy.
It can be transferred by pipelines, trucks, ships and barges. Pipeline length reach to
4542 km in the world (2608 km in U.S., 1598 km in Europe and 337 km in rest of the
world) in 2018. Pipeline length was 2220 km in the world in 2008. Hydrogen
transferring tubes can operate at pressure range of 10 to 20 bar. The energy density
of hydrogen is 36% of the natural gas in same amount and pressure. Due to
volumetric energy and viscosity differences the transportation power per energy is

2.2 times higher than natural gas [70-72].
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Figure 3.1: Hydrogen Storage Methods.

Figure 3.1 shows the methods for hydrogen storage. There are three main

topics under hydrogen storage and now we are starting to scrutinize these topics.
3.1. Physical Hydrogen Storage
Under this title two topics will be focused, as compressed and liquid hydrogen

storage.
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3.1.1. Compressed Storage

Storing hydrogen in high-pressure tanks is the most commonly used method
which can be seen even in the laboratories or, as propane cylinder in the kitchens,
LPG storage tanks on the cars. This is most commonly used technique because it is

well-known way.

Liner ( mf‘ﬁ‘) Boss (metal)

Boss - liner

junction Liner (polymer)

Type | I Type Il | Type Ill \ Type IV

Composite (fiber + resin)

Composite (f«bor +resin)

Figure 3.2: 4 Types of high-pressure hydrogen tanks.

Basically, there are four types of pressure tanks, they are shown in Figure 3.2
[73]. Commonly metallic parts made of aluminum 6061 or 7060 and inox or chrome
molybdenum steels; if they are composite, polymer parts are polyethylene or
polyamide-based polymers and reinforcements are aramid, glass or carbon fibers.
The 4t type tanks can operate under the pressure up to 1000 bars. Preferability of
types is changing according to cost effectiveness, resistance to pressure and weight

performance [73-75].

3.1.2. Liquid Hydrogen Storage

Cryogenic vessels are used for about 40 years to store or transport medical and
industrial gases. They can be seen around big hospitals for storage of oxygen. Liquid
hydrogen storage is usually used for stationary applications at customers’ area or
transportation of hydrogen by trucks or devoted ships. This method requires
cryogenic systems at temperature of 20 K. While compressed hydrogen tanks have a
capacity of 0.03 kg L%, liquid hydrogen tanks can store 0.07 kg LX. These tanks need

good isolation to keep the low temperatures. And also, ductility and toughness

22



decreasing due to low temperatures and hydrogen embrittlement are big issues for
liquid hydrogen storage tanks and studies are continuing on development of new

materials for tanks [73,74].

3.2. Material-Based Hydrogen Storage

Liquid and compressed hydrogen storage systems have some disadvantages
and risks such as low temperature requirement (high energy consumption to liquify
the gas and isolation problems of tanks) for cryogenic systems, low weight capacity
per volume or mass for compressed tanks and, flaming or explosion risks for both
methods. These disadvantages and risks make cryogenic and compressed hydrogen
storage unfavorable for mobile applications.

Safety and storage effectiveness are most important criteria for mobile
applications. To answer these expectations carbon-based materials, zeolite, glass,
metal complexes were developed for hydrogen storage.

Before start to explain material-based hydrogen storage, it should be better to
describe adsorption mechanism. This process, namely adsorption, occurs on the
surface of storage material. Hydrogen molecules interact with the atoms at the
surface of the storage material, and the distance between molecules and the surface
atoms decreases. This mechanism has an ability of reducing the operating pressure
and cost of the storage material. The major drawback for adsorption-based hydrogen
storage (material-based) requirement of high pressures and low temperatures
together. The interaction between surface atoms and hydrogen molecules is based
on weak intermolecular interactions, therefore adsorption occurs only at low

temperatures. Now we can scrutinize materials for hydrogen storage [76].

3.2.1. Carbon-Based Materials

Hydrogen molecules hold on to surface of carbon through Van der Waals

interactions which has a bonding energy of 6 kj moll. There are different types of
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carbon structures (fullerene, carbon nanotubes, graphene) and they will be explained

in coming sections.

3.2.1.1. Fullerenes

Fullerenes are pentagonal and hexagonal structures of carbon which comes
together to form a spherical shape. Fullerenes are used to trap hydrogen in their
central space. Alkali metal doping affects the electronegativity of the fullerene thus,
this changes the capacity of hydrogen storage.

Lithium (Li) and potassium (K) doped fullerenes (Cso) were studied to see the
effect of doping metal and electronegativity on hydrogen storage performance. It
was seen that K-doped fullerenes are not stable but Li-doped ones are. However,
lithium is expensive, and its abundance is limited on the earth so, this reduces the

commercialization chance of this type of matter.

3.2.1.2. Carbon Nanotubes

Carbon nanotubes (CNTs) have hollow cylinder structure which have a diameter
at about 2 nm. They can store hydrogen through their microscopic pores. There are
two types of CNTs as single and multiwall carbon nanotubes. CNTs can be modified
by doping transition and alkali metal atoms to change the electronegativity of the
matter namely, attraction ability or hydrogen storage capacity.

A study on Li-doped and K-doped CNTs shows that the storage capacity can be
increased 20 wt.% and 14 wt.% respectively. However, K-doped CNTs are unstable
while Li-doped ones showing stable behavior. On the other hand, in despite of
stability Li is expensive and its abundance is limited as we said shortly before. And Li-
doped CNTs requires high temperatures (200-400 °C) for maximum adsorption and

desorption performance. These values are high for mobile applications.

24



3.2.1.3. Graphene

Graphene is composed of arranging hexagonal carbon units in two dimensions.
It is a layered structure and hydrogen is stored between these layers. Storage
capacity of graphene can be changed by tuning of the distance between layers of
graphene, sheet curvature or by functionalization. Temperature must be about 450
°C for desorption of hydrogen. This method or matter is cheaper, safer and, easier

than CNTs.

3.2.2. Zeolites

Zeolites have sieve-like porous structure. Under high pressure and
temperatures about 300 °C, zeolites enable to involve hydrogen gas. This property
and their sieve-like structure are used in filtering impurities in gases or liquids and
storing. Hydrogen gas is sent into zeolites under high pressure and temperature and
then it is cooled to room temperature, thus hydrogen is trapped in the matter. They
are thermally stable, cheap and compositionally adjustable.

We will investigate porous materials such as metal-organic frameworks,
covalent-organic frameworks etc. under this title because they are all porous

materials and they have ordinate porous.

3.2.2.1. Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are one group of the porous materials which
used to store hydrogen. MOFs are porous materials and, their pore sizes are in
nanometer scale, due to being nanoporous material they have high surface areas.
MOFs have a metallic centers and non-polar organic bridges between metallic
centers. Metal-oxide centered MOFs have higher stability even if they emptied or
heated. First study on MOF-based hydrogen storage published in 2003 and from that
time they have taken growing attention. Rosi et al. stated that metal-hydrides or

carbon materials have had some disadvantages for hydrogen storage, and they
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started to study on a new alternative material, namely metal-organic frameworks. It
is expressed that MOFs are stable, highly porous, have adaptable cavities, large
surface area, configurable pore sizes and properties, sufficient thermal stability
[70,74,75,77]. Molecular structure of IRMOF-10 as an example given in Figure 3.3
[78].

Figure 3.3: An example of metal organic frameworks (IRMOF-10).

3.2.2.2. Covalent Organic Frameworks

This type of material is a little different then MOFs. COFs don’t include metal
ions to make strong and porous material. Instead of metal ions COFs contain strong
C—C, C—0, Si—C, B—0 bonds to produce highly porous and less dense materials.
COF-102-3 shows the gravimetric storage capacity of 26.7 and 6.5 wt.% under
pressure of 100 bar and temperature 77 and 300 K° respectively. However, these
pressure values still very high and energy consumption amounts are still insufficient

[79-81].

3.2.3. Glasses for Hydrogen Storage

3.2.3.1. Glass Capillary Arrays

Glass capillary arrays are combination of lots of glass capillary tubes to form a

mechanically, thermally and chemically stable materials for sample filtration,
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collimating, optical beam line splitting and hydrogen storage. The defects in glass

such as bubbles, grooves and cracks make them less preferable materials [74,82].

3.2.3.2. Glass Microspheres

Hydrogen is sent into glass microspheres under pressure of 350-700 bar and at
300 °C then rapidly cooled to room temperatures by this way hydrogen has been
trapped in glass microspheres. To release hydrogen, microspheres transferred to a
low temperature tank and heated up to range of 200-300 °C for controllable releasing

[74].

3.2.4. Organometallic Complexes for Hydrogen Storage

Organometallic complexes are combination of transition metal and carbon
where transition metals take on a task of increasing hydrogen storage capacity. They
have rapid hydrogen adsorption and desorption ability. Electronegativity difference
in those molecules cause attracting hydrogen towards electropositive side, namely

cation, due to charge polarization mechanism [74].

3.3. Chemical Hydrogen Storage

Chemical hydrogen storage is based on chemical bonding of hydrogen to some
elements such as nitrogen, metals, carbon etc. Hydrogen can be released back

through some chemical reactions.

3.3.1. Ammonia

Ammonia is one of the most produced chemical materials in the world, and it
has been known for approximately for 250 years. Annual production amount of
ammonia was higher than 120 million tons in 2006 and the amount reached to 176

million tons. Ammonia can store hydrogen in liquid form even in room temperature
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and pressure. Ammonia can be used in solid oxide fuel cells (SOFCs) directly, on the
other hand hydrogen must be obtained from ammonia to use as fuel.

Safety is another challenge on usage of ammonia. Ammonia has an explosion
risk, it is inflammable and, it is toxic. To avoid toxicity effect, ammonia transformed
to metal-amines and inflammableness and explosion risks is decreased. Ammonia can
store 17.64 wt.% hydrogen theoretically but, this capacity is decreased when

ammonia transformed to metal-amines [83,84].

3.3.2. Carbohydrates

Carbohydrates can be defined by the formula of Cx(H20)y, in this formulaic
definition x and y can be different however some chemical compounds such as
formaldehyde can be adapted to this definition. Thus, carbohydrates should be
described with a general stoichiometric formula of (CéH100s)n. These are sugars and,
they are one of the most abundant compounds in the world. They can be found in
the structure of plant cell-walls on the other hand carbohydrates are the products of
photosynthesis reaction.

Glucose and xylose are monosaccharides and they form starch and cellulose by
combining with different amounts. Researchers could obtain 12 moles of hydrogen

from aqueous solution of (C12H22011) following by the Eq. 3.1.

C12H22011(aq) + 7H20() = CsH1206(aq) + 12H2(g) + 6CO2g) (3.1)

Carbohydrates can be stocked in powder or liquid form. They are non-toxic,
need low temperatures and pressures. However, as seen in Eq. 3.1 carbohydrates

release carbon dioxide as by-product [74,85,86].

3.3.3. Metal Hydrides

Metal hydrides are solid state hydrogen storage materials which generally

consist of rare earth metals and transition metal as a root. These types of materials
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have crystal structure and, hydrogen settle into vacancies of the crystals. Metal
hydrides require different temperature and pressure regimes. Hydrogen storage in
metal hydrides is recyclable, much safer and has higher volumetric and gravimetric
(up to 14 wt.%) storage capacity than cryogenic or pressure-based storage systems.

Despite of all these advantages highest capacity metal hydrides needs
dehydrogenation temperature up to 500 °C. Contact with skin or eyes causes
irritation in addition, they react with moist of air, unfavorable to handle, give rise to
absorption of impurities into reaction tanks while releasing hydrogen and this last
issue causes reduction on lifetime of tanks. Formation reactions of metal hydrides

are given below, in Eq. 3.2, Eq. 3.3 [74,87-89].

X
M +3 Hy & MH, (3.2)

X

M
+2

X X
Hy0 +5e” & MHy + = OH" (3.3)

3.3.4. Sodium Borohydride

Sodium borohydride (SBH) is examined under title of metal hydrates by some
researchers but we prefer to examine as a specific subject because SBH still draw a
significant attention. Studies have focused on catalyst synthesis for generation of
hydrogen from SBH. Monometallic Ru, Pt, Rh etc., bimetallic RuCo, PtCo, AgCu etc.
and also non-noble metal based catalysts were produced and tested[90-94].

SBH has a gravimetric storage capacity of 10.8 wt.% but its hydrogen releasing
reaction occurs in aqueous or alcoholic media. 4 moles of hydrogen are released per
mol of SBH in aqueous media. While two moles of hydrogen are coming from SBH,
two moles of H, come from water. Catalytic dehydrogenation reaction of SBH is given

in Eg. 3.4 [94].

NaBHa(aq) + H20() 2 NaBO2(aq) + 4H2(g) (3.4)
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As seen in Eq. 3.4 sodium metaborate (NaBO3) is the by-product of hydrolysis
reaction and, it can deactivate the catalyst by covering the catalyst surface and,
because of this phenomenon, controlling of reaction rate becomes more difficult.
Aqueous solution of SBH is not stable when pH is lower than 7, to get better stability
predetermined amount of NaOH is usually added to solution. On the other hand, if
rate of the reaction is wanted to accelerate the pH of the media should be increased.
There is a contradiction between storage media of aqueous SBH (before usage) and

reaction media [95].

3.3.5. Ammonia Borane

Ammonia borane (NH3BHs — AB) is one of the most famous and attractive
materials for hydrogen storage due to its non-toxicity, high gravimetric hydrogen
storage capacity, stability of aqueous solution under ambient conditions, and ability
of releasing hydrogen in the presence of suitable catalysts. Hydrogen storage capacity
of AB is 19.6 wt.%. Hydrogen can be released from AB by solvolysis and thermolysis.
Thermolysis reaction is not suitable for mobile applications because it requires high
temperatures (above 100 °C).

It has an orthorhombic structure, with the lattice parameters of a=5.395A,
b=4.887A, c=4.986A and all angles are 90°. The electronic configurations of atoms in

the complex are given below. Structure views of AB is given in Appendix C:.

o IH:1s!
e 5B:1s22s?22p! -3e > ’He
e /N:1s22s?22p3 +3e° > ONe

Due to their electronic configurations given above, boron tends to give 3
electrons, nitrogen tends to receive 3 electrons and hydrogen can behave according
to the counterparts. By the help of nature of the atoms, hydrogen is partial positive
and nitrogen is partial negative for NH3 side and hydrogen is partial negative, and

boron is partially positive (H%*-N%, H5-B%*). Weak hydrogen bonds were built between
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oppositely charged hydrogen atoms. BHs and NHs species build a complex by using
bonds originated from partial charges.

Solvolysis reaction occurs in the presence of catalysts. Catalysts vary from noble
metal to non-noble metal catalysts and, monometallic or bimetallic systems. Catalytic
releasing reaction of hydrogen from AB occurs according to the following equation

(Eq. 3.5).

NH3BH3 (ag) + 2H20 () 2 NHa* (aq) + BO2 (aq) + 3H2(g) (3.5)

As can be seen in Eq. 3.5 two moles of produced hydrogen come from water
and 1 mol comes from borane side of the AB. AB has high solubility in water up to
0.336 g/mL and this means that 100 mL of saturated aqueous ammonia borane
solution can release more than 3 moles of hydrogen gas [96].

There are several catalyst preparation studies on dehydrogenation of ammonia
borane and it still draws growing attention. Figure 3.4 shows the published papers on
AB and catalyst preparation for dehydrogenation of AB from 1994 to 2018 (data

collected from sciencedirect.com).
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Figure 3.4: Papers on ammonia borane and catalysts for dehydrogenation of AB
between 1994-2018.
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Precious metals, like Pd, Pt, Ru, Rh, Au, Ag etc. based bimetallic and
monometallic catalysts and, non-precious metals, like Co, Cu, Ni, Fe based bimetallic
catalysts were studied previously in the literature not only catalyst composition but
also, solvent type, catalyst support, catalyst structures were investigated [97-106].

Catalyst activity is stated in TOF (Total Turnover Frequency) value and if it is
high, it means that activity of the catalyst is high. TOF calculation will be described in

the following sections.

Table 3.1: Monometallic catalysts for dehydrogenation of AB.

TOF Temp.

Catalyst molH, . Ref.
molRu x min rc)

Rh/CNTs 706 25 | [105]
Ru/CB 429.5 25 [107]
Pt NPs/MIL-101 414 rt [108]
Ru/Al203-NFs 327 - [109]
Ru/TiO: (B) 303 - [110]
Ag/SiO,-CoFe;0,4 264 25 | [111]
Ru/zZrO; 173 - [112]
Ru/HfO, 170 25 [113]
Cu/Si02-CoFe;04 40 25 [114]
Ni/CNT 26.2 25 [115]
Co/Graphene 13.9 25 [116]
Ni/hBN 4.1 - [117]
Amorphous Fe 3.1 rt [118]
Cu/RGO 3.61 - [119]
Cu NPs 0.2 - [120]
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Table 3.2: Bimetallic catalysts for dehydrogenation of AB.

TOF
Temp.
Catalyst molH, . Ref.
- (°c)
molRu x min

PtCo@nanoPG 461.7 rt [121]
Ru@Co/Graphene 344 rt [122]
Ru@Ni/Graphene 340 25 [123]
Pt-CoCu@SiO; 272.8 - [124]
RuCu/Graphene 135 - [125]
Ni@Ru NPs 114 rt [126]
CossPdes/C 22.7 25 [127]

CossPdes/C
35.7 25 [127]

(annealed)
CusMo 14.9 r [120]
CugW 3.6 - [120]
Cuo.95Cro.05 2.0 - [120]

In Table 3.1 and Table 3.2, it can be seen that supporting materials and, their
interactions with catalysts are very important as well as preparing methods. In Table
3.1, 2" (Ru/CB) and 8™ (Ru/Hf0O,) catalysts are ruthenium however, Ru/CB catalyst is
2.5 times faster than Ru/HfO,. Support material-catalyst interactions cause dramatic
increase or decrease on the activity of catalysts. On the other hand, data in Table 3.2
claim that post-synthesis treatments and bimetallic composition types effects the
activity of catalysts, again. The comparison between CossPdes/C and CoszsPdes/C
(annealed) can show the impact of post-synthesis treatment (annealing is a post-
synthesis treatment).

To sum up, ammonia borane still draws growing attention of researchers due
to its high gravimetric and volumetric hydrogen storage capacity, stability in aqueous
solution, high solubility in water and alcohols, high hydrogen releasing rate in the
presence of catalyst, non-toxicity and harmless by-products for catalyst. Figure 3.4
demonstrates this growing attention and the Figure 3.5 shows the gravimetric and

volumetric hydrogen densities of the different materials [128].
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Figure 3.5: A review of hydrogen storage materials (in three phases) according to
their volumetric and gravimetric hydrogen density. The area between vertical and
horizontal parallel lines states the 2020 targets of The U.S. Department of Energy.
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4. CATALYSIS

Catalysis is a phenomenon which means that being accelerated of a chemical
reaction by substances named as catalysts. Catalysts do not affect the
thermodynamics of a reaction, just change the kinetic of the reaction. Catalysts
provide sufficient areas (active sites) for reactants to gather and reacts with. Each
reaction has suitable catalysts, which decrease the energy barrier by bringing their
surface energies into use. Steps include adsorption of reactants to catalyst surface,
reaction between reactants and producing product and finally desorption of product
from catalyst surface. After the last step a new group of reactant adsorbs on catalyst
surface and the other steps occur respectively. Figure 4.1 shows the energy barrier
(Ea) differences between catalyzed and non-catalyzed reactions [129].

It is clearly seen from the Figure 4.1 that bonding of reactants is spontaneous
and exothermic reaction which decrease the free energy; 2™ step is a reaction
between A and B to produce product (P) and, this step has an energy barrier which
must be overcome on the other hand it can be also seen that this energy is not high

as much as non-catalytic reaction; lastly, desorption of P is an endothermic step .

e The presence of catalysts proposes alternative pathways for the catalyzed
reactions and even if these ways are more complicated, they are energetically
more preferable.

e The energy barrier or activation energy of catalyzed reaction is much smaller
than non-catalyzed one thereby, catalyzed reaction will be much faster than the
other one.

e The total free energy changes of the non-catalytic and catalytic reactions are
equal namely, presence of catalyst does not affect the thermodynamic of the
reaction. If a reaction is thermodynamically impossible, catalyst cannot change
this, even if it is most powerful catalyst.

e  (Catalysts accelerate the reaction in both direction (forward and backward).
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Figure 4.1: The energy barrier changing between catalyzed and non-catalyzed
reactions.

e If the catalyst and reactants are not bonded strongly enough, the probability of
reaction will be lower.

e If the catalyst and one of the reactants (denote as A) are bonded more strongly
than the other reactant (denote as B) as a result, the surface of the catalyst will
be mostly covered by the reactant A and reactant B cannot bond to the surface.
To see the catalytic effect, both A and B can bond to the catalyst. Not to bond of
B or relatively more strong bonding of A prevent or make slower the reaction.
This situation known as poisoning of catalyst by A.

e If product (P) is strongly bonded to catalyst, it will be seen the deposition of P on
the catalyst surface, and this phenomenon named as poisoning of catalyst by

product.

There are three main types of catalysis. These are homogeneous,
heterogeneous catalysis and biocatalysis, in addition to these the fourth type of
catalysis is nanocatalysis which is a combination of homogeneous and heterogeneous

catalysis. The catalysis types will be shortly described in the next sections.
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4.1. Biocatalysis

Most people can remember a phrase from biology courses in high school which
is “enzyme substrate interactions”. Enzymes are the catalysts of mother nature which
make organisms live. Enzymes are proteins and they have unique shapes for bonding
to their related substrates. They have active sites according to their shapes and
substrates bond to these sites (each substrate identifies their unique active sites on
the enzymes) then the reaction occurs to produce product, on the enzyme. Eq. 4.1
shows decomposition of hydrogen peroxide to water and oxygen in the presence of

catalyze enzyme [129].

2H,0, > 2H,0 + 0, (4.1)

Enzymes also catalyze biological reactions such as digestion, building-up DNA

molecules, cell division.

4.2. Homogeneous Catalysis

Reactants and catalysts are in the same phases in homogeneous catalysis. Being
in the same phase allows an atomic contact between reactants and catalyst thereby
all the catalyst becomes surface. This means homogeneous catalysts have high
surface area and, high surface area accelerates the reaction rate [129].

Recycling and separation of homogeneous catalyst from the reaction media is
difficult and expensive. On the other hand, a part of liquid catalysts is strong acids
like sulfuric and hydrofluoric acids. They are very toxic and risky to store. To
overcome above-mentioned disadvantages, heterogeneous catalysts were

developed [130].
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4.3. Heterogeneous Catalysis

In heterogeneous catalysis, reactants and catalyst are in different phases. In
heterogeneous catalysis, catalytic reaction occurs only at the catalyst surface. Used
material amount to surface area ratio is lower than homogeneous catalyst but they
are easily separable and recyclable. Separability and recyclability properties make
heterogeneous catalyst most preferable ones for industrial applications.

We use these types of catalyst in our daily life in exhaust systems of internal
combustion engine vehicles. Noble metal such as Pt, Rh and Pd are used to convert
CO to CO; which can be absorbed by green plants to produce oxygen and food. To
overcome the low mass to surface area ratio issue, nanocatalysts were developed
and nanocatalysts will be glanced in the last title of this section as a catalyst type.
Reactions below show the conversion of CO to CO; in the presence of heterogeneous
catalyst. Eq. 4.2 and 4.3 show adsorption of oxygen and carbon monoxide to active

sites (*) of catalysts respectively and Eq. 4.4 is for overall reaction.

02 + ** &> 20* (4.2)
CO + * <> CO* (4.3)
CO* + O* ¢>CO;, + ** (4.4)

4.4. Nanocatalysis

To eliminate the disadvantages of both homogeneous and heterogeneous
catalysts nanocatalysts were developed. Their sizes are in nanoscale, and they
consolidate benefits of other two types.

Nanocatalysts are easily separable from the reaction media, recyclable, they
have high surface to mass ratio. These properties make nanocatalysts mostly used

and produced catalysts.
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To develop a good catalyst, increasing of catalyst’s activity is the necessary and

not enough condition. In addition, researchers should develop:

Heat & mass transfer ability,

e To remove impurities from raw materials and catalyst,

e Phase, porosity and surface area,

e Chemical composition of support, bulk, surface and active sites,

e Chemical and mechanical stability of the support, bulk, surface and, active sites.

Catalytic activity can be described by two terms; total turnover frequency total
turnover number (TTON or TON- Eq. 4.5), and (TTOF or TOF- Eq. 4.6). The formulas of

them are below:

moles of products
TON = fp

4.5
moles of catalyst (4.5)

l duct
TOF — (moles of produc ). (4.6)
(moles of catalyst)x time

Working mechanisms of catalysts (i.e. catalysts for dehydrogenation of AB) are
also based on two important phenomena which named as solid-liquid interface
interactions and solid-gas interface interactions. In the catalytic dehydrogenation of
ammonia borane, solid catalyst will be dispersed in water (without solvation) and AB
must be solved in the water and, its ions become aqueous forms. So, it means that
meeting of AB and the catalysts observes a solid-liquid interface on the other hand,
production of hydrogen gas and removing it from the solid catalyst surface observes
a solid-gas interface. These two phenomena will be discussed briefly (without any

complicated formula) for the next two titles, 4.4.1 and 4.4.2.
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4.4.1. Solid-Liquid Interfaces

Wetting is a term which we certainly hear in our daily life, and this term is used
to characterize the interaction between solid and liquid interfaces. Even if we think
on the daily usage of wetting term, we may recognize it is very important for solid-
phase catalysts which used in the liquid media. Contact angle (CA) is the parameter
which used to determine wetting properties. If catalyst and/or support are not
wetted enough it cause reducing of catalysts and reactant interaction and finally it

reduces the catalytic activity.

Contact
Liquid-gas angle /
interface Solid-liquid
Solid-gas interface /
interface \
total wetting partial wetting partial wetting no wetting
hydrophilic hydrophobic

Figure 4.2: Wetting properties according to contact angle (CA). If CA equals 0° it
means total wetting and the surface known as super-hydrophilic, if between 0° and
90° it is partial wetting, but it called as hydrophilic, between 90° and 180° it is again
partial wetting and called as hydrophobic surface and finally if CA equals 180° there

is no wetting and the surface called as super-hydrophobic. (These denominations
are valid if the liquid is water. For example, if the liquid is oil these terms become
oleophobic and oleophilic).

Wetting is a function of the surface (free) energies (SFE) of solid-gas, solid-liquid
and liquid-gas interfaces. SFE is described as the energy required to create a new
surface per unit area. It depends on the material identity, and even if it is an energy
and energy is a scalar quantity, SFE changes from a surface family to another because
of the numbers of unbonded atoms. SFE is originating from reduction of coordination
number from bulk structure to surface. We will see an example on FCC structure

about changing SFE.
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Figure 4.3: Coordination number for face centered cubic (100)(A), (111)(B), (110)(C)
surfaces.

As shown in Figure 4.3-A (100) surface has 8 coordination atoms while it has 12
coordination atoms in bulk. The SFE originates from bonding energy of missing 4

atoms for unit cell. If it is wanted to calculate for unit surface area the formula is given
in Eq. 4.7:

(CN lost)x(# of Surf.Atoms)
S.F.E = x(Bond.en.of bulk atoms)  (4.7)
Surface Area

Coordination number lost is 4 for (100), 3 for (111) and 5 for (110) surfaces.

Studies for calculating surface free energies of FCC structure shows that (110) surface

has more surface free energy than the others.
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4.4.2. Solid-Gas Interfaces

While solid-liquid interfaces related with meeting reactants solid gas interfaces
related with formation and removing of gaseous products from surface. Mentioned
terms are (H3N-BH3)aq and H,0 (or H3O* and OH") as reactant and Hy) as product.
Surfaces which have higher energy, tend to bond new atoms even if it is product. So,
the amounts of surface free energies must be high enough to let reaction occurs and
low enough to remove the product from the surface. This requirement can explain

why each reaction has unique catalyst types.

4.5. Catalyst Synthesis Methods Used in This Study

The texture, structure and morphology of the synthesized NPs are dependent
on the synthesis methods. The activity of the catalysts is also dependent on the
parameters which are affected by the synthesis methods [131-134]. In this study,
four different catalyst synthesis methods were employed. They were named as Route

A, Route B, Route C and Route D. They will be briefly explained in the next subtitles.

4.5.1. Route A

In Route A procedure, the supporting material was distributed on the bottom
of the 25 mL beakers and pre-mixed stock solutions of the metal salts added onto
supporting material dropwise until getting it completely wet. Once the addition
process ended, the beaker was sealed via perforated tape to let slowly dry for 24h
under ambient conditions. Slow drying enables penetration of metal ions into the
pores of supporting material and adsorption to the surface. After slow drying, the
metal ion impregnated supporting material was put into a vacuum oven to
completely dry at 40 °C and 50 mbar vacuum level for 24h (the processes mentioned
so far will be called as “P1”). When “P1” ends, required amount of reducing agent
(SBH) dissolved in 1 mL water and added directly onto dried supported precursor

dropwise. The reduction reaction produces gas and the gas causes foaming due to
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gas emission from the reduction reaction and, the supported metal catalyst washed
as soon as foaming ended. The supported catalyst washed with 40 mL DI-water in a
50 mL centrifugation tube for 3 times under 9000 rpm and dried at 40 °C, under
vacuum (50 mbar) until getting totally dry (the mentioned washing and drying
processes hereinafter will be referred as “P2”). Figure 4.4 gives a schematic view of

P1 and reduction processes of Route A.

) | 2mgRu _ X mg NaBH,
Xmg Ni E quivalent RuCls I E quivalent NaBH.

E quivalent NiCl, Stock Solution Stock Solution
Stock Solution )

Mixing Drying

Support

Figure 4.4: Schematic view of Route A.

4.5.2. Route B

“P1” procedure applied without any modification and, after “P1” the dried
supported precursor was taken into 10 mL water suspension by stirring it for 15 min.
After 15 min, required amount of SBH dissolved in 1 mL of water and added dropwise
while the suspension was stirring. It was waited for 1h to complete the reduction
reaction and, “P2” applied at the end of 1h. Figure 4.5 gives a schematic view of P1

and reduction processes of Route B.
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Figure 4.5: Schematic view of Route B.

4.5.3. Route C

The stock solutions of metal salts are diluted in 30 mL of water, sonicated for 2
min and stirred for 15 min to obtain homogenous solution, in a 50 mL beaker.
Required amount of supporting material added into the solution while it was stirring
and continued to stir on a hotplate for 1h. The required amount of SBH is dissolved
in 1mL water and added dropwise into the mixture while it is stirring. When the
addition of SBH ended it was waited for 1h to get sure that the reduction reaction
completed and the “P2” applied. Figure 4.6 gives a schematic view of Route C, except

“P2” process.

21 mg NaBH.
465mgNi 2mgRu Equivalent NaBH .

Equivalent NiClz Equivalent RuCk Stock Solution

Stock Solution Stock Solution

6 . .
nose 15 min. mixing

KI“L‘"- Oy
S
¥ 4 .ﬂf‘.l
\{,"4\,_4 %;":

A

Supporting materials Supporting materials

x?*

A
30 mL solvent ey 30 mL solvent

Figure 4.6: Schematic view of Route C.
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4.5.4. Route D

All processes of Route D are similar to Route C, except reaction medium. 0.1 M
NaOH aqueous solution was used instead of DI-water. Figure 4.7 gives a schematic

view of Route D, except “P2” process.

2mgRu X mg NaBH,
_ XmgNi Equnalent RuCt Equivalent NaBH.
Equnalent NCl, Stock Solution Stock Solution

Stock Solution

50 mL 50 mL

Moxing Dryng

—_— _—

[ 0.1 M NaOH
Solution

Figure 4.7: Schematic view of Route D.
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5. EXPERIMENTAL SECTION

5.1. Materials

Ruthenium(lll) chloride hydride (RuCls-xH.O; Alfa Aesar, 99.9 %), nickel(ll)
nitrate hexahydride (Ni(NOs)2:6H,0; Alfa Aesar, 98 %) and nickel(ll) chloride
hexahydride (NiCl,:6H,0; Alfa Aesar, 99.3 %; Sigma-Aldrich, ReagentPlus®), sodium
borohydride (NaBH4 Alfa Aesar, 98 %), ammonium sulfate ((NH4)2SO4; Merck, 99.5 %),
tetrahydrofuran (C4HgO; Merck, 99.0% and Sigma-Aldrich, 99.9 %), methanol (CHsOH;
VWR), ethanol (C;HsOH; Sigma-Aldrich), diethyl ether ((C2Hs).0; Isolab), ammonium
hydroxide (lsolab, min.25% ammonia), carbon mesoporous (Sigma-Aldrich,
hydrophobic pore surface), carbon nanofiber (Sigma-Aldrich, min.98%, carbon basis,
graphitized, platelets-conical- D x L: 100 nm x 20-200 um) multi-walled carbon
nanotube (MWCNT; Sigma-Aldrich, min.90% carbon basis, DxL: 110-170 nm x 5-9
pum), graphite (Sigma-Aldrich, max. 20 um, synthetic), titanium(IV) oxide pellets (TiOy;
Alfa Aesar), y-aluminum oxide pellets (y-Al.Os; Alfa Aesar, 99%), activated carbon
(AC) (Alfa Aesar, in powder form and Sigma-Aldrich in pellet form), acetone (CsHeO;
VWR) were used as received.

In the synthesis of catalyst, analytical balances (Kern ABS 220-4 and Denver
Instruments SI-215D), hot plates (VWR VMS-C7 ADVANCED S040, ISOTEX 98-I1-B 250,
MTOPS MS300HS), micropipette (Transferpette S digital 10-100uL and 100-1000 uL)
vacuum oven (MTI DZF-6050), vacuum pump (ZENSEN VPBW-1S), centrifuge (NUVE
NF-1200), ultrasonic cleaner (VWR USC 300 THD) were used. Heating and cooling
thermostat (LAUDA Proline AP 870), hot plate (IKA RCT CL), gas washing bottle (100
mL) and 4 neck 50 mL glass test reactor (handmade) were employed for catalyst

activation tests.

5.2. Synthesis of Catalysts

The activities of the catalysts are strongly dependent on the catalyst synthesis
methods. Therefore, it is necessary to systematically analyze all important
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preparation parameters. Active metal precursor of catalyst, synthesis method,
support material, stoichiometry (if catalyst is not monometallic) and percentage of
metal loading on support are the key parameters that can affect the affinity of
catalysts. Therefore, in this study catalysts were synthesized by four different
methods and tested. They were named as Route A, Route B, Route C and Route D.
The synthesis methods were briefly explained in title 4.5 as subtitles.

The catalysts supported on different supports were synthesized by following
Route C. In Route C synthesis of catalysts to observe the impact of the supporting
material, 2 mg Ru equivalent RuCl3-xH,0 and 4.65 mg Ni equivalent of NiCl,-6H20
used as metal precursors and, the mass of supporting material was 93.35 mg. The
precursors were mixed in 10mm x 100mm, round bottom glass tube. 20 mg SBH was
added dropwise into the slurry as reducing agent. SiO3, SiO,-Al>03, Al;03, MCM-48,
carbon black, ZrO,, hematite, TiO,, MWCNT and CNF were used and tested as catalyst
supporting materials.

Route B was followed to synthesize samples for investigating the impact of
stoichiometry and, metal loading on the catalytic activity. Used amounts of metals
and supporting material are given in Table 6.3, Table 6.4. The most active catalysts
were additionally synthesized by following the Route A and Route B to investigate the
impact of the synthesis method on catalytic activity. In Route A catalyst synthesis
method, 98 mg of supporting material, 1.27 mg Ru equivalent of RuCls -xH,0 and 0.73
mg Ni equivalent of NiCl,-6H,0 used. In order to achieve the Route A and Route B
preperation, the water absorption capacities of the oxide-based supports were

measured, and the results are listed in Table 5.1.

Table 5.1: Measured water absorption capacities of supporting materials.

Support Water Absorption
Materials Capacities (uL/g)
SiO; 825
Al;03-Si0; 1200
Al;03 1200
ZrO; 825
TiO2 1500
Spherical-Fe;03 1000
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5.3. Hydrogen Generation Measurements

All experiments (except activation energy measurement tests) were performed
at 25 °C under atmospheric pressure while reaction media was stirring at 700 rpm on
a hotplate. The reaction took place in a jacketed 4 neck conical bottom reactor. The
set temperature was fixed by using a thermostat. The volume of generated hydrogen
was measured by displacement of water from a washing bottle into a graduated
cylinder. Experimental setup is shown in Figure 5.1. Once the catalyst was stirred in
9 mL of water for 10 min, 1 mL of 1M ammonia borane was added to the reactor and
the reactor cap was closed and sealed immediately. The time for hydrogen
generation reaction was recorded per 5 mL of water displacement. Volume of water,

molarity of AB was varied during the optimization tests.

700 RPN

Figure 5.1: Catalytic activity test setup.

5.4. Optimization Tests for Catalytic Hydrolysis Reaction of AB

Two different optimization tests as different Ru:AB molar ratio and different Ru
molarity were applied to the catalyst and their impacts were investigated. These
optimization tests do not cause any modification on catalyst, they are only about

operation conditions for the catalytic hydrolysis reaction.
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5.4.1. Optimization of Ru:AB Molar Ratio for Catalytic Hydrolysis of AB

During these tests, the molarity of Ru was changed while the volume of water
and the molarity of AB was stabilized. Only the effect of Ru:AB ratio was dominant on
the catalytic activity. The tests were applied for seven different ratios from 0.007 to

0.002. The results of these tests are in the section 6.2.1.

5.4.2. Optimization of Ru Molarity for Catalytic Hydrolysis of AB

During these tests the mass of Ru and AB was fixed, and the volume of the
water was changed. The optimization tests were carried out for 0.2 to 0.6 mM Ru

concentration. The results of this tests are in the section 6.2.2.

5.5. Durability Tests of Ru-Ni/AC for Dehydrogenation of AB

Durability tests were carried out by using most effective catalyst. In the first
run, catalyst was tested for 1 mmol AB in 4 mL water. After the reaction completed,
3 mL of water was added to reactor and stirred for 5 min then 1 mmol AB added. This
addition procedure was repeated three times. Durability tests also performed in the

setup which is shown in Figure 5.1.
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6. RESULTS AND DISCUSSIONS

6.1. Catalytic Activity Tests for Hydrolysis of AB

In this section, all significant preparation parameters of Ru—Ni based catalysts
were systematically analyzed to obtain a highly efficient catalyst for dehydrogenation
of ammonia borane. Catalytic activity tests were performed for each modified
catalyst, thereby aiming to obtain the most effective catalyst composition and

optimum catalyst operating conditions.

6.1.1. Impact of Supporting Material on Catalytic Activity

It is well known that, specific surface area, adsorption ability, surface charges,
wettability, intermolecular & intramolecular bond structures and electronic structure
affect the behavior of supporting materials. Catalytic activity is strongly depended on
supporting material due to catalyst-support interactions [121,132—-134]. Several
metal oxides and carbon-based materials were compared as catalyst support. They
were alumina (Al203), silica (SiO2), alumina-silica (Al203-Si0z), spherical hematite
(Fe203), titania (TiOy), zirconia (ZrOz), mesoporous silica (MCM48), carbon black,
carbon nanofiber, multi-walled carbon nanotube and activated carbon. To examine
the effects of the support material on catalytic activity, ruthenium and nickel mole
ratio were kept constant as RuNis and were tested for dehydrogenation of 1 mmol
AB at 25 °C under 700 rpm. 2 mg Ru and 4.65 mg Ni equivalent salt solutions were
deposited onto 93.35 mg of catalyst support via Route C. Other catalyst synthesis
parameters such as catalyst loading and reducing agent were identical.

The catalytic activity comparisons of catalysts supported on oxide-based-
materials (OBM) and carbon-based-materials (CBM) are shown in Figure 6.1 and 6.2,
respectively. Also, the most active three catalysts and least active one is shown in
Figure 6.3. The results showed that, as compared to carbon-based supporting
materials, oxide-based materials, except TiO,, showed lower catalytic activities. As it

can be seen in Figure 6.1, Figure 6.2, Figure 6.3, carbon black, titania and AC
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supported RuNis are the most active catalysts respectively. Although TiO, and AC

show almost similar activity, AC was chosen as the support material for further

studies due to ease of production and low cost.
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Figure 6.1: Catalytic activity test results of RuNis/OBM catalysts.
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In order to characterize the electrical condition of the support material surface
in the solution, it is necessary to determine the point of zero charge (PZC) point. The
PZC can be defined as the pH at which the net surface charge resulting from the
adsorption of potential-determining ions H* and OH™ is zero. When the solution pH is
lower than PZC, the surface of the support particles is positively charged, and
opposite is true for pH> PZC. Specific surface area (SSA) (m?/g) and point zero charge
(PZC) values of the used supports are given below in Table 6.1

ACs exhibit slightly different properties according to their raw materials
however, they have a mutual property of being porous material [135]. Due to effect
of raw materials on properties of AC, two different brands were used and tested. It
was mentioned before that the origin of the activated carbon is very important.
Activated carbons can be fabricated from different raw materials i.e. coconut shell,
rice hull, pistachio shells, apricot stones. Each feedstock causes unique properties.
Yeganeh et al. studied on the effect of raw material and some results are shown in
Table 6.2.

lodine number gives a knowledge on adsorption capacity of the material and,
metal ion adsorption has a significant effect on the metal-support interaction. On the

other hand, surface area of the support is important for catalyst surface area,
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distribution and activity. It is shown on the table that there are big differences on

iodine number, surface area and pH [136].

Table 6.1: Specific surface area and PZC values of used supports.

Support | SSA (m?/g) | PZC (pH) Ref.

Al>O3 130 9.0 [137,138]
TiO2 180 6.6 [138,139]
Fe;03 41 8.6 [140,141]
SiO; 400-750 2.0 [142,143]
MCM48 1100 7.1 [144,145]
2rO, 90-220 3.1 [146,147]
AC 50-1500 4.0-9.0 [148-150]
cB 1000 6.4 [151,152]
CNF 970 2.20-7.70 | [153-155]

MWCNT 1600 2.2-11.8 [155,156]

Table 6.2: Effect of raw materials on SSA, iodine number and PZC of AC.

Raw material of lodine number | Surface Area | PZC
activated carbon (mg1/g AC) (m?%/g)

Residues of Liquorice 413 114 4.20
Rice Hulls 435 158 4.14
Pistachio Shells 953 1184 3.96
Apricot Stones 952 1182 3.98
Almond Shells 830 941 4.09
Walnut Shells 806 892 3.92

Figure 6.4 shows the zeta potential measurement depending to pH, and the IEP.
IEP of the used AC calculated as 4.5. Since the catalyst active metals Ru and Ni have
a positive charge, the negative support surface is preferred to electrostatic
adsorption. As the surface becomes more negatively charged by increasing the pH of

the solution, metal ions are strongly adsorbed on the support surface.
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Figure 6.4: Zeta potential measurement of the AC used in the study.

6.1.2. Impact of Post-Treatments of Activated Carbons on Catalytic

Activity

Two different AC from Alfa Aesar and Sigma-Aldrich as catalyst support material
was tested for dehydrogenation of ammonia borane. ACs were treated with boiling
nitric acid for three hours to bind oxygen groups. Untreated and acid washed AC’s
are called as “UT” and “T”, respectively. 2 wt.% metal loading RuNis/ACx catalysts
were synthesized by Route B for investigating the impact of the both AC source and
post-treatment efficiency. T-AC (T) (Alfa Aesar), UT-AC (Alfa Aesar) and UT-AC (Sigma
Aldrich) supported RuNis catalysts were synthesized.

Catalytic activity test results on dehydrogenation of ammonia borane catalyzed
by Ru-Ni catalyst supported on ACs demonstrate that ACs obtained from different
raw materials have unique support characteristics (Figure 6.5). It can be seen that
nitric acid treated activated carbons have lower hydrogen production rates. This can
be explained as the decrease on BET surface area due to nitric acid treatment. Also,

acid treatment leads to changes in the radical surface groups of AC [157].
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Figure 6.5: Catalytic activity test results according to different type of AC supported
RuiNis.

6.1.3. Impact of Synthesis Methods on Catalytic Activity

RuCl3-xH20 is mostly used in ruthenium-based catalyst when NaBHs is used as
reducing agent [78,111,121-124]. Ni(NOs)2:6H20 and NiCl,:6H,0 are favored nickel
precursors [41,42,122,125-129]. Nickel and ruthenium have different reduction
potentials (-0.236 eV and +0.60 eV versus SHE respectively) [130] and as it was
mentioned in the literature, ammonia borane is not suitable reducing agent for
reduction of Ni?*. It can be reduced in the presence of ruthenium particles and due
to the difference between their reduction potentials Ru will be firstly reduced species
and Ni atoms will be deposited onto reduced Ru nanoparticles. This mechanism
causes Ru-core Ni-shell structures [111] and it cannot be changed at room
temperatures without changing pH of solution. Metals which have high oxidation
tendencies might be removed from the catalyst surface and pass through the solution
into ion forms. Unintentionally, it might change (usually reduce) the catalytic activity
because of active material loss. Therefore, prepared catalysts were reduced by
NaBHa. The tests were conducted for 1 mmol ammonia borane in 10 mL of water over

0.8 mmol (~0.8 mg) Ru containing catalyst. The results of these tests are given below.
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Figure 6.7: Activity test results of Ru1Nii/AC synthesized by Route A, Route B,
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In Figure 6.6 and Figure 6.7., Route A, Route B, Route C and Route D are the
synthesis methods which used in this study. As can be clearly seen from the results,
Route B predominates the Route A, Route C and Route D. Interaction period between
supporting material and metal salt stock solution for the catalysts synthesized by
Route B is much longer than Route C, on the other hand the metal ion concentration

is almost 10-15 times higher for Route B than Route C. The drying process increases
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metal-ion adsorption on the support surface certainly in the Route B, while metal-
ions can be reduced anywhere in reaction media (naturally they prefer reducing on
support or the other impurities in the reaction media) in Route C. These are the
possible reasons behind the activity differences.

For the preparation method Route D, NaOH was used as pH adjusting agent and
it cause some additional reactions with SiO, which can be naturally found in AC. No
further XPS characterization could be applied for samples which synthesized via
Route D but, it caused some visible change in the system. During the Route D
preparation, large metal particles visible to the naked eye were observed and it is
clear that they cause a decrease in the specific surface area. Therefore, catalysts
synthesized by Route B and Route C were found to be much more active than that

synthesized by Route D (Figure 6.7.)

6.1.4. Impact of Stoichiometry on Catalytic Activity

Thirteen different catalysts with different Ru:Ni stoichiometries were
synthesized and tested. The synthesis parameters were tabulated in Table 6.3.

Catalysts with different Ru:Ni mole ratios were synthesized by Route B. The
tests were conducted for 1 mmol ammonia borane in 10 mL of water with over 0.8
mmol Ru containing catalyst. Catalytic activity of AC supported RuiNio, RuiNigs3,
RuiNio.s, RuiNig 75, RuiNii, RuiNis,5, RuiNiz, RuiNias, RuiNis, RuiNis, RuiNiio, RuiNiiz and
RuoNi1 were compared for dehydrogenation reaction.

It is clearly seen from Figure 6.8 and Figure 6.9 that presence of nickel
accelerates the catalytic activity up to 1:8 (Ru:Ni) ratio. The effect nickel ratio for 1:6
and 1:8 can be expressed as fixing of hydrogen releasing rate, notwithstanding their
initial rates were slower than pure supported ruthenium, they generated same
amount of hydrogen in shorter period. On the other hand, pure nickel had very low
catalytic activity, and it could not complete the reaction. Activity of the RuiNii/AC
was found higher than the sum of the activities of Ru/AC and Ni/AC, this is how it can
be seen the addition of nickel accelerated the reaction. This higher activity means

there is a synergetic effect between ruthenium and nickel. Stoichiometry can control
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the particle size, shape of nanoparticles, phase, structure and catalyst-support

interaction [157-159].

Table 6.3 Used amounts for determining the stoichiometry.

Code | Stoichiometry | Ru(mg) | Ru (mmol) | Ni(mg) | Nilmmol) | AC (mg)
RNAC1 RuiNio 2 0,0198 0 0 98
RNAC2 Ru1Niog3 2 0,0198 0,348 0,0059 97,65
RNAC3 RuiNig,s 2 0,0198 0,581 0,0099 97,42
RNAC4 Ru1Nig,7s 2 0,0198 0,871 0,0148 97,13
RNAC5 RuiNiy 2 0,0198 1,161 0,0198 96,84
RNAC6 RuiNiys 2 0,0198 1,742 0,0297 96,26
RNAC7 RuiNi; 2 0,0198 2,323 0,0396 95,68
RNAC11 RuiNig 2 0,0198 4,646 0,0792 93,35
RNAC15 RuiNie 2 0,0198 6,969 0,1187 91,03
RNAC19 RuiNisg 2 0,0198 9,292 0,1583 88,71
RNAC23 Ru1Niso 2 0,0198 11,614 0,1979 86,39
RNAC24 RuiNi12 2 0,0198 13,937 0,2375 84,06
RNAC25 RuoNiz 0 0 10 0,1704 90
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Figure 6.8: Activity test results of different stoichiometries (all samples are
supported on AC).
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samples are supported on AC).

6.1.5. Impact of Metal Loading on Catalytic Activity

After determining of the stoichiometry of catalysts (the selected stoichiometry
is hereinafter named as RNAC), new set of catalysts were prepared from 2 wt.% up
to 12 wt.% metal loadings to choose the impact of metal loading of catalysts. The
catalytic tests were practiced for 1 mmol of AB catalyzed by 0.8 mg Ru equivalent

catalysts. Synthesized catalysts and amounts of used material (in mmol and mg) were

given in Table 6.4.

Table 6.4: Used amounts for determining the catalyst loading.
Loading (wt.%) | Ru (mmol) | Ru(mg) | Ni(mmol) | Ni(mg) | AC(mg)
2 0,0125 1,265 0,013 0,735 98
4 0,0250 2,531 0,025 1,470 96
6 0,0376 3,796 0,038 2,204 94
8 0,0501 5,061 0,050 2,939 92
10 0,0626 6,326 0,063 3,674 90
12 0,0751 7,592 0,075 4,409 88
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Figure 6.10. shows that, 2 wt.% Ru1Ni1/AC catalyst loading had highest activity

among all catalysts. Without any TEM images it might only be a speculation but,

blocking of the pores of support material due to higher metal loading, can explain the

activity loss by increased loading. Another possibility can be big particle sizes. It can

be thought that there was a surface area loss according to unit mass of metal. Thus,

all components of the catalyst were determined by metal loading analysis. 2 wt.%

RuiNi1/AC bimetallic nanocatalyst was determined as most active catalyst of this

study. Additionally, when compared to 1 wt.% and 2 wt.% RuiNii/AC catalysts, the

latter provided higher activity (Figure 6.11).
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6.1.6. Impact of Solvent used in Catalyst Synthesis on Catalytic Activity

Methanol, ethanol, distilled water and nitrogen purged distilled water were
used to examine the effects of synthesis solvents on catalytic activity. There is a well-
known rule in chemistry as “like dissolves like”. The metal precursors which used in
this study have polar molecules (ionic metal salts), so polarities of the solvents affect
the solvation of metal precursors and affect the reduced amounts of catalysts on
supports. As a result, the catalytic activity is affected by solvents. Polarities of
ethanol, methanol and, water are 0.654, 0.762 and, 1.000, respectively [158]. As
expected, catalyst which synthesized in aqueous media showed better catalytic
activity, whereas catalyst synthesized in ethanol shows better activity than those
synthesized in methanol in contrast to the polarity values. Due to capillary effect, an
amount of precursor stock solutions which dissolved in methanol were smeared to
the inner walls of the petri dishes, instead of support. This smearing behavior causes
active material loss or unsupported material formation. As it can be seen in Figure
6.12 catalysts synthesized in distilled water and N»-purged distilled water show

almost same catalytic activity, ethanol and methanol follow them respectively.
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Figure 6.12: Activity test results of catalysts which synthesized in different solvents.

6.2. Catalytic Activity Optimization Tests

6.2.1. Optimization of Ru:AB Molar Ratio

Ru:AB ratio differences are not about the structure of catalyst, it's about the
hydrolysis reaction media (post-synthesized). These tests were realized for giving
some hints to device design. In despite it is not about structure of catalyst, activities
changed according to ratios. 0.002 Ru:AB molar ratio gives highest catalytic activity,
turnover frequency of 0.002 ratio is highest one in contrast with the slow hydrogen
releasing rate due to the low metal ratio. Relatively higher amount of AB complexes
will meet lower catalyst amount. This gives a chance to use higher active area of
catalysts, naturally turnover frequency increases while Ru:AB ratio decrease (except
0.006 ratio). Figure 6.13 and Figure 6.14 shows the hydrogen releasing by reaction

time and TOF values by Ru:AB molar ratios respectively.
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Figure 6.13: Activity test results of different Ru:AB ratios.
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6.2.2. Optimization of Ruthenium Molarity

Molarity affects the volume of the media and density of substances increases
while molarity increases. It provides higher contact probability of substances in unit
volume, and it increases the reaction rate. On the other hand, viscosity of the solution
increases when molarity increases due to being in the same media with ammonia
borane. Because of increasing of viscosity, the solution cannot penetrate the narrow
pores, it means even if the catalyst has high surface area it cannot be used effectively.
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At some point viscosity dominates the contact probability and the activity starts to
reduce by increasing of molarity. While Figure 6.15 shows the hydrogen releasing rate
according to reaction time, Figure 6.16 shows the changing of TOF values by changing

the molarity. As it can be seen on the figure, TOF values were increased up to 0.5 mM

Ru.
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Figure 6.15: Activity test results of different ruthenium molarities.
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6.3. Calculation of Activation Energy

While explaining what catalysis is, it was mentioned that they change the
reaction mechanism and reduced the activation energy by this way. Activation energy
is an energy barrier (or cumulative energy difference) between the reactants and the
products. Activation energy can be calculated from Arrhenius Equation which is

formulated as:

Ea
k=Axe RP (6.8)

Where, “k” is the rate constant, “A” is frequency factor, “e” is Euler’s number,
“E." is activation energy, “R” is universal gas constant and “T” is temperature. After
taking the natural logarithm of both sides of the equation, Arrhenius Equation takes

the form of
Ink = InA — (= x ) (6.9)

It can be seen from the Figure 6.17 that the Arrhenius Equation is well-coincide
formula with effect of temperature on the catalytic activity. There is an exponential-
like increase in TOF values according to temperatures. _Tfa is given by the slope of In
(TOF)-(1/T) graph in Figure 6.18. The relation between the slope and the activation
energy ism = — % ,50 when gas constant multiplied by slope, activation energy is
obtained in the unit of (J/mol). Activation energy is calculated as 60.8 +1.6 kJ/mol for
Ru-Ni/AC catalyzed dehydrogenation of ammonia borane reaction. Although this
value is lower than some catalysts given in the literature [123,166—-169], catalysts
with lower activation energy are also present [98,111,126,170,171]. However, it has

a higher turnover frequency value compared to carbon supported ruthenium-based

catalysts given in literature [107,122,123,125].
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Figure 6.18: Arrhenius plot of 2 wt.% RuiNii/AC catalyst.

6.4. Durability Tests

Durability tests were performed to estimate the lifetime of the catalyst.
Hydrogen generation rates for four sequence of durability test was given in Figure
6.19. Reducing on the TOF value during the durability test was shown in Figure 6.20,
after four test catalyst can save 73% of its first activity. Consequently, even after the

fourth trial, it was found to have a higher TOF value than monometallic Ru/AC. This
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reduction in hydrogen production rates is related to the change in catalyst structure.
Although not completely reliable due to the high noise level in the XPS spectra, almost

50% of Ni leached out from the catalyst while preserving Ru.
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6.5. Characterization of Catalysts

RuiNi1/AC synthesized in DIl-water via Route B was determined as the most
effective catalyst. This catalyst is characterized in next sections by SEM-EDS, XRD and
XPS.

6.5.1. Scanning Electron Microscopy and Energy Dispersive X-Ray

Analysis of Catalysts

EDS measurements were done by 4 different samples and 3 different
magnification according to conductivity of the samples (Figure 6.14). The intensity
scale was kept stable at 85k for each sample to see the intensity change according to
NaOH exposure time. Samples got more insulator related with the NaOH exposure
time and the peak intensities starts decreasing while conductivity decreasing. To
overcome this drawback, EDX measurements observed from different
maghnifications.

It was obtained from EDX data that for all samples Ru:Ni atomic ratios are same
but (metal loading):(total catalyst system) ratios change related to reaction media
and washing agent. The peak with the energy of 2.12 keV belongs to Au M radiation
and, the source of gold is thin film coating before SEM process to obtain good
electronical conductivity on the sample surface. On the other hand, the peak with the
energy of 1.739 keV belongs to Si Ka and, it is sourced from the catalyst support
material (AC) and the adhesive agent of the carbon tape which is used for SEM
imaging, this is the reason not to see significant changes on the Si peaks. It seems like
there is a contradiction between the XRD and EDX data, but structure of carbon tape
can explain this situation. To illuminate the structure of adhesive carbon tape, the
XPS data plot of it is given in 0. According to EDX results, mole ratio of Ru: Ni is almost

unity for all RNAC_NN catalysts.
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Figure 6.21: EDS measurements of A) RNAC_NN (500X), B) RNAC_NW (1000X),
C) RNAC_WN (2000X) and D) RNAC_WW (2000X).

SEM micrographs were taken for the same samples with the EDX, in addition

there four micrographs of AC (Figure 6.22) with four different magnifications. It can

be seen from the SEM micrographs that there are no differences between the

micrographs of AC (Figure 6.22.), and the micrographs of A) RNAC_NN, B) RNAC_NW,

C)

RNAC_WN, D) RNAC_WW (letters in brackets are corresponding the samples which

mentioned in Figure 6.23, Figure 6.24, Figure 6.25 and, Figure 6.26.) The micrographs

were given together for all samples and they classified by magnifications to compare

them easily. Seeing no differences between the micrographs is due to the porous

nature of AC, the metal precursor entered the pores and reduced there. The other

possibility for not seeing the metal particles on the support surface is the small

particle sizes of metal nanoparticles.
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Figure 6.22: SEM micrographs of AC, used in this study, A)5000X, B)10000X,
C)20000X and D)50000X magnifications.
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Figure 6.23: 5000X (scale: 5 um) magnified SEM micrographs of A) RNAC_NN,
B) RNAC_NW, C) RNAC_WN and RNAC_WW.
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Figure 6.24: 10000X (scale: 2 um) magnified SEM micrographs of A) RNAC_NN,
B) RNAC_NW, C) RNAC_WN and RNAC_WW.
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B) RNAC_NW, C) RNAC_WN and D) RNAC_WW.

71



.

:
A AoeV Spothagn  Det WD |——————— 500nm 08 B AoV ‘SpotMagn Det WD —————— 5000t
150kV'30 50000 SE 59 GTU " 1504 30 50000x SE 58 GIU

ek R SRR )
C HooV SfotMagn _ Det WD W"Sﬂqm : S D /e SpotMagn D6t WD f—— i 5001
o ay . .

uduvq,g«squjt)x‘&s/ 150kV30 50000x SE 58 GTU

Figure 6.26: 50000X (scale: 500nm)magn|f|ed SEM mlcrographs of A) RNAC NN,
B) RNAC_NW, C) RNAC_WN, and D) RNAC_WW.

The micrograph “A” in Figure 6.26 looks blurrier than the others and this
blurriness is also related with the decreasing in conductivity of the material. Even if
there is a gold coating on the material surface the inner changes (i.e. conductivity)

can cause hardly definable changes.
6.5.2. X-Ray Powder Diffraction Characterization of Catalysts

It can be easily seen from the comparison of x-ray diffraction patterns (Figure
6.27) that the peak around 20=20.8° change dramatically according to pH of the
synthesis media which is adjusted by concentration of NaOH (0.1 M NaOH or DI-
water), and the washing agent (0.1 M NaOH or DI-water). Additionally, another
change is on the peaks about 20=28.2°. Its behavior also changes according to
reaction media and washing agent. The peak 20~=20.8° belongs to SiO2 and there is
a portion for silicate under the peak of 20=26.6° (20=26.6° belongs to carbon (003),
(004) and, graphite 3R (006) faces).

72



26,6

Si02-PhaseX1

Graphite (C)

RNAC_NN

20,74Mw 26,6°
MW ~28,24°

RNAC_NW

126,6° A i bl A ks b

Intensity

20,8° 26,6° RNAC_WN
|
il gty |
- ) i W | o
vl "m'HJ N‘w H.w\/z e
Wy,
LT L P RNAC_WW
i t"'w”v"»’”‘f‘""*%*r‘”‘—www RS PR AN NI
| T T T | L I
20 40 60 80

2-Theta(°)
Figure 6.27: The XRD patterns of RNAC_WW, RNAC _WN, RNAC _NW, RNAC _NN
(from bottom to top respectively).

NaOH has a reaction with silicate, the reaction was given below (Eq. 6.1):
2NaOH + SiO; = Na3SiOs + H20 (6.1)

Sodium silicate (Na;SiOs) is soluble in water, therefore silicate which exists in
AC was transformed to sodium silicate and removed by washing with DI-water. This
is the reason for decreasing of the peak intensity of 20~=20.8°. On the other hand,
etching of silicate by NaOH, caused a change on the intensity of the peak 20=26.6°
(the strongest XRD peak for carbon). The interaction time of NaOH with SiO, was
about 40 hours for the samples which was synthesized in 0.1 M NaOH solution and
about 30 minutes for the samples which washed with 0.1 M NaOH.

The peak at 20=28.2° belongs to NiOOH (111) face, it has lower intensity due
to low metal catalyst loading. It was produced even if synthesis media and washing
agent is DI-water, because OH™ and HsO* ions exist in DI-water, OH bonds can occur
by this way. By the increasing of the [OH"] (by using NaOH) intensity of the NiOOH
increased. The formation of NiOOH is sensitive to existence of aqueous NaOH, but

the step seems like unimportant. The difference between etching of silicate and
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formation of NiOOH is the rate of the reaction. Samples could react with NaOH for 20
minutes during washing procedure, but they have longer time when synthesis media
was 0.1 M NaOH. The order of magnitude of the interaction time (ti) for NaOH and
SiO2 according to samples t rnvac ww < t rRnac_wi < T Rnac_Nw < t rnac_nn @nd, there is a
reverse correlation between interaction time and the peak intensity of 20=20.8°.
Order of magnitude for the peak intensity according to samples is Irnac_ww > [rnac_ wn
> IrRnac_Nw > |IRNAC_NN-

From this point it can be claimed that this hydroxyl layer is a thin layer or
because of being nanoparticles the surface easily hydroxylated and, the intensity of
the peak didn’t show any significant change depending to time. The crystal size

calculations were obtained from XRD data and by using Scherrer Equation (Eq. 6.2):

v KA
" B *cosO

(6.2)
where;

e D:Crystalline size (A)

e K:0.9 (Scherrer Constant-unitless)

e A:1.5406 (A)

e  B: Full width half maximum (FWHM- radian)

©: Peak angle, two theta (radian)

It can be clearly seen from the analysis of NiOOH that crystallite size of this species
is dramatically sensitive to synthesis method/media (Table 6.5).
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Table 6.5: XRD Analysis of NiOOH.

Crystalline B (©) . .
Sample . A (A) K | d(A)
Size (A) | (radian) | (radian)
RNAC-WW 22.8 0,063 0,246 1.5406 | 0.9 | 3,17
RNAC-WN 33 0,043 0,246 1.5406 | 0.9 | 3,17
RNAC-NW 42.5 0,034 0,246 1.5406 | 0.9 | 3,17
RNAC-NN 39.7 0,036 0,246 1.5406 | 0.9 | 3,16

The analysis on plane separation of silicate d-spacing in Table 6.6 showed that
the lattice parameters of samples got widener during etching process. The plane
separation parameters (d) were calculated by the Bragg’s Law (Eq. 6.3).

niA = 2d x sin® (6.3)

Table 6.6: XRD Analysis of SiO».

Sample | O(radian) | A(R) | d(A)
RNAC-WW 0,363 1.5406 2,169
RNAC-WN 0,363 1.5406 2,167
RNAC-NW 0,361 1.5406 2,175

On the other hand, neither peak shift nor widening, only decreasing on the
intensity occurred for carbon peak. The decreasing of carbon peak can be related
with the etching and removing of silicate, due to peak overlapping of SiO2 and carbon
at ~26.6°. There is no peak observable for any species of ruthenium and any species
of nickel out of NiOOH for XRD. It is guessed and hoped that other species behave
like NiOOH. By this way catalytic activities of the prepared samples can get related
with their crystalline sizes. If the particle size is bigger than the crystal size and enough
big to harbor more than one crystal, the density of grain boundaries will increase.
Since the catalytic activity is related with the surface free energy and the auxiliary
sources of SFE are surface defects/ discontinuities (i.e. grain boundaries, dislocations,
edges, sides), increasing the density of the grain boundaries on the surface would

also increase the SFE. As long as the energy of the grain boundaries is sufficient to
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allow the desorption of the (by)products of the catalytic reactions, increasing the
density of grain boundaries at the surface will increase the catalytic activity[159,160].

The calculations on the size had done from XRD data due to lack of TEM
measurement and the device does not work at least for 1 year. Because of this

crystalline size of NIOOH was calculated from the XRD data instead of TEM.

6.5.3. Material Characterization by X-Ray Photoelectron Spectroscopy

XPS spectra of fresh and spent Ru1Nii1/AC, most active nanocatalyst synthesized
in this study by Route B, given below and, they named as RNAC_WW _fresh and
RNAC_WW_spent respectively. The spectra were shifted for -0.512 eV for
RNAC_WW_fresh sample and, -0.514 eV for RNAC_WW _spent sample according to
fermi edge fitting.

XPS fitting procedure for ruthenium was fulfilled on Rusp peaks instead of Rusqg
due to the Cis and Rusq overlapping. Two peaks, which has the energy of 462.6 and
465.2 eV which are assigned to Ru® and RuOy/Ru respectively were obtained from
Rusp region of RNAC_WW._fresh sample (Figure 6.29). For nickel, three main peaks
were observed with binding energies of 854.8 eV, 855.7 eV, 856.9 eV which belongs
to Ni% NiO, NiOOH [161-165] respectively and, 861.7 eV belongs to satellite peak
(Figure 6.28). Nizp window shifted to higher binding energy values for 1 eV and, 0.4
eV positive shift is observed for Rusp, window [166,167]. This shift can prove the
interaction between Ru, Ni and C. To investigate the total interaction between the
species the XPS data of Ru, Ni, C and O must be delicately analyzed. Due to
overlapping of Rusq and Cis spectra, carbon bonds should be investigated via an

auxiliary characterization technique.

76



Ni2p
— Ni’Nizp
NiO Ni2p
—— Ni, O, Ni2p
1800 — Satellite Ni2p
— fit Ni2p
- background Ni2p!

861.7 eV
Satellite | /7

1700 —

1854.8 eV
1 N°

e R e

Intensity (cps)

1500 —

L e sy s e s e s s e s e B B B B s s ey B e e
890eV 885 880 875 870 865 860 855 850 845 840

Binding Energy (eV)
Figure 6.28: X-ray photoelectron spectra of Niyp, in RNAC_WW_fresh sample.
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Figure 6.29: X-ray photoelectron spectra of Rusp in RNAC_WW _fresh sample.

800 —
T

It is estimated that NiOOH formation occurs due to the combination of ionic
nature of the water (OH", H30%), and the dissolved oxygen in the water. Existence of
dissolved oxygen during the reduction and particle growth may cause oxidation of Ni
particles. This may be a reason why oxidized ruthenium was seen in XPS and XRD.
Ruthenium needs a relatively high temperature and, partial oxygen pressure to get
oxidized, but in the case of the synthesis method used in this study, the presence of
dissolved oxygen in the water during the reduction causes the oxidizing agent and
metal to meet when metal particles have metastable particle sizes. The aging process

is used to produce Ni(OH), at room temperature and they formed from Ni
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nanoparticles by waiting in DI-water for a determined amount of time [168]. The

formation reaction of NiOOH from Ni(OH), was given below.
2Ni(OH)z + NaClO - 2NiOOH + NaCl + H,0 (6.4)

When it is divided to two part (partial anode and partial cathode), the reaction

can be described as
2Ni(OH); + 2(OH’) = 2NiOOH + 2e” +2H,0 (6.5)
NaClOs + H,0 + 2e" > NaCl + 20H" (6.6)

In this case, AC can behave like a CIO™ source instead of NaClOa4. By the help of
ionic nature of the water NiOOH formation could occur without any OH" source
addition. AC, especially in granulized form (GAC), used as filtration material to
remove chloride ions and the other unwanted species from water[169]. Chloride
ions, originated from metal precursors, are able to get adsorbed to the carbon
surface. These are the reasons to formation of NiOOH.

According to the calculations obtained from the XPS data of the as-prepared
(fresh) and tested (spent) Rui-Nii/AC the stoichiometric ratio of the Ru:Ni observed

by given formula:

IR_u]
ASFrr,

[(Ag};;u) + (Aé‘NFiNi)]

(6.7)

e [: Peak intensity (area-obtained from the XPS fitting)
e ASF: Atomic sensitivity factor (RSF: Relative sensitivity factor -in some reference

guides-)

The results were summarized in the Table 6.7.
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Table 6.7: XPS fitting results of Rusp3/2 and Nizp 32 for RNAC_WW _fresh and
RNAC_WW_tested samples.

Sample | lru@3p3/2) | Ini2p3/2) | ASFru(zp3/2) | ASFnizp3/2) | Ru:(Ru+Ni)
RNACesh | 1093.66 | 2859.84 1.3 3.0 0.469
RNACspent | 1117.34 | 1216.87 1.3 3.0 0.679

The ASF is not a required parameter to calculate the RuOx/Ru ratio, because the

results will be obtained from the intensity for same element. The calculated results

were presented in Table 6.8.

Table 6.8: Rusp 32 fitting results for RNAC_WW_fresh and RNAC_WW_spent
samples and changing on [Ru®/(Ru®+Ru0Oy)] ratio.

1750 —

Sample lrup3/2) | lruoxzp3/2) | Ru/(Ru+RuOy)
RNACtresh 909.57 184.09 0.832
RNAC;pent 974.15 143.19 0.872
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Figure 6.30: X-ray photoelectron spectra of Nizp in RNAC_WW _spent sample.
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Figure 6.31: X-ray photoelectron spectra of Rusp in RNAC_WW_spent sample.

As it can be seen from the results of the calculations, after first test, different
amounts of ruthenium and nickel removed from the catalyst system. It may be
observed from the differences between the data of fresh and tested catalysts about
57% of nickel got lost and, it is hard to say that there is a core-shell structure for the
metals or, even if there is a core-shell structure, it’s not a preferable Ni: core/ Ru:
shell structure. This can be an evidence for being a synergetic effect between Ru and
Ni. The activity was reduced more than the separated contributions of the lost
materials. On the other hand, there is no significant change for the Rus, but there are
some little changes, which may be originated from the changes on the Ni-based
species.

By analyzing the XPS data for RNAC_WW _spent catalyst 462.3 eV and 464.7 eV
binding energies observed, which assigned to Ru® and RuOx/Ru respectively with little
shift. Ni° NiO, NiOOH species also observed after first test with the binding energies
of 854.2 eV, 855.6 eV and, 857.1 eV respectively.
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7. CONCLUSION

Synthesis and characterization of highly active, ruthenium-based bimetallic
nanocatalysts for dehydrogenation of ammonia borane were mainly aimed within
this study. In addition to this aim, the synthesis of ammonia borane and optimization
of working conditions of the catalyst also studied.

Generating energy in an environmentally friendly way is one of the most
important issues of our modern societies. Hydrogen is one of the best candidates as
an energy carrier by using in fuel cells. Hydrogen has storage and transportation
problems. Even if it can be stored in high-pressure vessels, they are not safe for
mobile applications and not mass and volume-effective. Among hydrogen storage
materials ammonia borane has higher mass effective storage capacity (19.6 wt.%),
environmentally benignity, stability in ambient conditions.

Noble metals are frequently used as heterogeneous catalysts for
dehydrogenation of ammonia borane, they have higher activity than non-noble-
transition metals however their high prices are a drawback for the usage of them.
The main idea of the catalyst technologies to produce cost-effective catalysts by
either using non-noble transition metals or improving the catalytic activities of the
noble-metal-based catalysts in different ways. Catalyst science tries to illuminate the
mechanisms of catalytic reactions, parameters that affect the catalytic activity and
controlling the parameters.

Monometallic and multi-metallic catalyst systems are investigated to improve
the activities. Examples for monometallic and multi-metallic systems were listed
under Title3.3.5 in Table 3.1 and Table 3.2. They supported on different supports.

In this case, thirteen different materials used as support materials and tested.
The most effective ones among them are carbon black, titania, AC respectively. The
reason to choose AC was the combination of low price, easy attainability, modifiable
surface properties and rare usage in academic researches.

The TOF values for RuNis catalysts which supported on different materials were

given in the Table 7.1. Those catalysts were synthesized by following Route C.
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Table 7.1: TOF values of RuNis supported on different materials.
Support Material | TOF

Alumina-Silicate 53

Silicate 87
Hematite 45
MCM48 68

Activated Carbon | 128

Carbon Black 197

Zirconia 45
Alumina 90
Titania 133
MWCNT 76
CNF 74

Two types of AC were tested after choosing it as a support material. Surface
and intrinsic properties of AC is highly dependent on the raw materials, activation
agents, post-activation treatments. The ACs tested within this study were used
without any post-treatment out of separation of hydrophobic parts of AC by filtration.

The Table 7.2 gives the TOF values according to different AC types.

Table 7.2: TOF values of RuNis supported on different ACs.
Carbon Type TOF

Alfa Aesar (Treated) 97

Alfa Aesar (Untreated) 186

Sigma Aldrich (Untreated) | 124

Here the treated AC was boiled in NH3 before synthesis to add new radical
groups on the surface to get a totally hydrophilic surface. However, untreated, only
acetone-washed AC supported catalysts showed the best catalytic activity among
them.

Four different synthesis method used to synthesize RuiNii/AC catalysts and the
most effective one found as Route B. TOF values according to synthesis methods were

discussed in section 6.1.6. Route B offers more time for the adsorption of the metal
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ions to the surface of the support, when the supported precursor was redistributed
in 10-15 mL of water for the reduction reaction, byproducts was randomly distributed
in the suspension and they can be easily removed from the system by washing. In
contrast with Route B, supported catalyst precursor meet much more concentrated
reducing agent solution and this affects the particle size.

RuiNi1/AC had the highest catalytic activity among the other twelve catalysts
and, 2 wt.% loaded one synthesized and tested afterward, reached the highest TOF
value among all other loadings. Changing in the activity due to the stoichiometry
means that there is a synergetic effect between Ru and Ni. Seeing this synergy was
one of the (by)wishes of this study.

It was seen that reduction reaction solvent is also important. Methanol,
ethanol, DI-water and N-purged DI-water was chosen as solvents to see their effects.

The effects of the solvents can be shown in Table 7.3.

Table 7.3: Changes on TOF value by changing the solvents.
Solvent TOF

DI-Water 255

N-purged DI-water | 267

Ethanol 170

Methanol 136

The Ru1Ni1/AC catalyst synthesized in N»-purged DI-water showed the highest
catalytic activity among the others. This activity change is originated from oxidation
of Ni and Ru via dissolved oxygen in water, it was inhibited by purging the water, on
the other hand, the byproduct of the NaBHs dehydrogenation and metal-ion
reduction reaction NaBO; (sodium metaborate) isinsoluble in ethanol because of this
an amount of NaBO; couldn’t remove from the surface and the same reason is valid
for methanol as well.

After completion of determining the parameters of the catalyst, (support,
stoichiometry, loading, solvent, synthesis method), optimization tests performed on
Ru:AB ratio and Ru molarity. Six different ratios were tested and 0.002 Ru:AB ratio

was found as the most active ratio and 0.5 mM Ru had the highest activity.
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DI-water was the best washing agent and basic reduction reaction media cause
decreasing in the catalytic activity. The Best combination for reaction media/washing
agent was DI-water/ DI-water doublet. pH of the reaction media was adjusted to basic
region by NaOH and the effect of NaOH usage was seen on the XRD pattern. The
effect was decreasing of the peak intensity which belongs to silicate and increasing
on the NiOOH peak.

The formation of NiOOH was seen both characterization methods of XRD and
XPS. There was high noise level on XPS measurements, notwithstanding NiOOH,
Ru/RuOx compounds detected from fitting procedures. XPS measurements were
performed for RNAC_WW fresh and tested samples and it was seen that an amount
of Ni was removed from the catalyst during the test, in addition there wasn’t seen
any loss of ruthenium, but an increasement on the amount of metallic ruthenium,
and decreasing on oxide phase was observed. This means that Ru works in metallic
form during the catalysis process, then its surface oxidized-back due to the dissolved
oxygen in reaction media.

Very small crystalline sizes were obtained from the XRD calculations on NiOOH
pattern and an exponential-like relation was seen between the crystalline size and
the TOF. It is well-known that grain boundaries contribute to excess surface free
energy which has a big role on catalysis. Small crystalline sizes have a good impact on
the activity.

SEM micrographs show no differences due to two main possibility. One is very
small particle sizes and the other one can be reduction of the particles in the pores.

As a future work this study should be improved by supporting with TEM images
and impact of density of the grain boundaries can be investigated by this way.
Addition to TEM images, ICP-MS measurements can give the effectiveness of the

synthesis methods.
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APPENDICES

Appendix A: Ruthenium-Nickel phase diagram
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Figure A.1: Ruthenium-Nickel phase diagram.
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Appendix B: X-Ray Photoelectron Spectra of Adhesive Carbon

Tape
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Figure A.2: X-ray photoelectron spectra of adhesive carbon tape (purchased from
Agar Scientific).

Figure A.2. shows the x-ray photoelectron spectra of adhesive conductive
carbon tape (ACCT) used for powder holder for XPS, SEM and EDX. It is seen from the
spectra that ACCT consists Si in addition to C and O. There is only survey scan, C and
O window scans in the database of Surface Physics Laboratory for ACCT, but it is
enough to see it consists Si. About 4 eV peak shift detected for main peaks of Si 2ps3.2

and Si 2s and their binding energies are about 103 and 154 eV, these peaks are related

with the SiO,.
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Appendix C: Crystal Structure Views of AB from Three

Different Directions
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Figure A.3: AB crystal structure view from x-direction (left-bottom), y-direction
(top), z-direction (right-bottom).

The structure was drawn on Vesta 3.4.7 by using the crystal information file

(.cif) in the supporting information of the article [170].
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