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Abstract
1 040N} O

The objective of this thesis is to present and evaluate hydrous hydrazine as a suitable liquid
storage compound for the production of hydrogen that can be utilised for hydrogen fuel cells.
Catalytic decomposition dfydrous hydrazinat mild conditionss considered for application

for hydrogen generatioim portable devicedocusingon the(l) productivity, (II) reusability of

the catalysts anthe yield of hydrogemnd (lll)avoiding the production of ammonia which is
harmful to the fuel cell membrandr-based nanoparticles were synthesised and deposited
on a range of supports and different preparation methods were used to tune their structural
and catalytic properties. Moreover, computational calculations were used to elucidate the
mechanism of reaatn and the interaction of the catalytic surface with the hydrazine and

intermediates.

The catalytic performance of a synthesised Ir/Ga®reference material is presented in order

to optimise the reaction conditions for idefiting the kinetic regime of the studied reaction.
Characterisation techniques and computational calculations are used to provide possible
reaction pathways for tuning the yield of the reaction toward hydrogen production. After the
determination of the optimal reaction parametershe preparation methods of supported
monometallic Ir nanoparticles were modified in order (I) to tune the catalytic properties of
active metal, (Ilexplorepossible metakupport interactionsoy using different metal oxides

as syport and finally (Ill) optimising the yield of the reaction towards hydrogen.-IRTR
studies were carried out in order to identify adsorbed species on the surface of the desired
model catalyst in specific chosen reaction conditions and validate the p@sadchanisms

of the reaction. Once dbased catalysts were optimised-biased catalysts were subsequently
investigated to perform hydrous hydrazine catalytic decomposition with higher yield toward
molecular hydrogen. From the knowledge obtained by thealydic and characterisation
studies of monometallic Ir and Ni catalystsnetallic IFNi catalysts were synthesised and
characterised in order to combine the higher selectivity and higher activity of the two
monometallic catalysts. Characterisations weexfprmed to investigate and elucidate the
properties of the bimetallic materials synthesised. Findilg mainconclusion®f the results

are reportedand a set of options to continue this reseaiistpresented
[
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Chapter 1

1. Introduction

1.1. Energy Overview

Our modernday society utilises a range of energy sournesder to an ever growing request
Every activity perform in the dap-day life requires energy in a way or another, from
charging a phone to driving to store to buy food, fromavelling tonew countries to keep a
house warm in winter. In order to maintathe modern standard of living is vital to have a
continuous and adequate source of energhhese energies sourcadeally should be
abundant and with low environmental impact, or in alternatitiey have to be possibly to be
regenerated by some of these sourcesom the data of the International Energy Agency, IEA,
the world energy consumption in 2015 was 9358 Mtoe (million tonnes of oil equivadl&hs.
expected growth in global population jtiv 8.5 billion people estimated by the United Nations
to be reached by 2049and increasing economic condition of populous countries, such as
India and China, IEA estimated an increase of the total world energy consumption of 28%

from 2015 to 20406.

Until now humanity main sources of energy have been fossil fuels, therefore oil, coal and
natural gas. IEA data indicates that in 2015 81% of the global energy production was derived
from fossil fuels. These sources are reaching their peak in demand, espec@ll and crude

oil by 2020% and are expected to be completely depleted by the end of thiéc&htury;? with

coal and crude oil to consumed already by 2@8F0° Besides, most of the reserve of fossil
fuelsare located in areas where political instability and conflicts lead to variability in price of
the fuel. Furthermore, the combustion of fossil fuel generates gases and other volatile
molecules which are linked to climate change and health problsoch asasthma
deteriorating the quality of life and, more importantly, posing a threat to the global

environment.

1.1.1. Alternative energy sources
For these reasons (resource depletion, price instability and environmental cost) the search
for new reliable and renewae energy source became vit@l Over the years biomagdants
solar plants,wind plantsand geothermal plants have become more efficient and common

and in addition to the studies on alternative high energy fuels have been increased. A proof
1
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of this trend is the worldwide investments in renewable energy technology which reached
286 billion US$ in 2015 with all the major world economic leading the source for a sustainable
future. Nonetheless, only a minor part of the world energy consumptioobigined by

renewable energy sources, 19% as of data from 2015.

Most of the renewable energy produced8% at2017 derives from hydroelectric power
plants, as shown in Figuiel .’ Hydroelectric energy is generated by the movement of water,
usually it requires theonstruction of dams, since the energy amount of energy produced is
related to the volume of moving water and the difference in altitude between the reservoir
and the generator. Another major renewable source of energy is wind, which can move the
large tubines used to produce energy, from 600 kW to 5 MW for each turbine. Solar energy
is also a largely studied and applied field. Solar energy cédmavestedin different waysas
thermal energy,using concentratedsolar thermal systemsor as electric energ, using
photovoltaic panelsThe conversion of solar energy to electrical energy can happen directly,
such as with photovoltaic panels easy to install and versatile to use also in residential building,
or pass through a thermal stage, like for concentdagslar power plant where solar light is
concentrated in single point to overheat a medium that later is used to generate electricity,
which more efficient and reliable but require large deployment space. Considering all its
forms, solar energy plants cotitite approximately 21% of renewable energy globally.
Biomass refers to all the plabiased waste that can be used to produce energy, either by
direct combustion or by the conversion to greener biofuels such as ethanol or biodibssk

fuels allow to epture, at least partially, the CG@roduced during the growth of the crops,
even if large scale application would need large agriculture areas to be devoted to these
productions Geothermal energy plants take advantage of the higher temperature of the

internal part of the Earth crust to produce energy.

Another main energy source adopted until now in order to reduce the usage of fossil fuel is
nuclear energy, which has high energy output. Nuclear plants cover 2.3% of the total energy
consumption. Howeverthe future of nuclear energy plants seems to be limited due to the

difficulties in the process and stock the dangerous radioactive waste and the general risk
linked to accidents, of which the Fukushima Daiichi nuclear disaster in March of 2011 have

been last reminderl®
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m Hydropower capacity

® Wind power capacity

m Solar photovoltaic capacity
Bio-power capacity

m Geothermal power
capacity

Figurel.1.Overview of globalenewable poweproduction from hydroelectric, bimass, solar power, wind
power and geothermaldata fromRenewables 2019 global status repbdrt

The renewable energy sources listed here above have the potential to satisfy the future
energy needs of humanity. The use of renewable energy can have a beneficial effect on
human health and on the environment and climate. However, solar energy and wantbar
constant during time, depending on weather and daylight time, and to this day one of the
main challenges in the application of renewable energies is the development of an efficient
way to store the energy produced by wind or solar light and to late it whenever it is
needed. Therefore, a lot of attention has been focused on battery technology and the

synthesis of highly energetic fuels to store electrical energy as chemical energy.

1.1.2.Molecular Hydrogen

Hydrogen is commonly present in water, hydrdmans and other organic and inorganic
compounds bonded to other atoms. Hydrogen is, therefore, the tenth most abundant
element on the crust of our planet, constituting 0.14% of its nta&nce hydrogen in nature

is found in compounds energy is required the conversion to molecular hydrogen, which is
consequently more appropriately considered an energy vector than an energy sé(ice.

use of molecular hydrogen as vehicle fuel or in fuel cells to generate electricity was then
investigated with crescdninterest over the past few years as a potential means to
accumulate and transport energy which can be released when it is necessary by the final user.

The ideal is then to combine renewable sources dependent to external factor like wind and
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solar to geneate hydrogerduring periodsf high production and then use that hydrogen the

production is energy production is low or to use it diredtlyproximity ofthe final usert3

Molecular hydrogen attractiveness as energy carrier comes from two main facydrsgll
energy density, Tablg.1, and (Il) harmless gyroduct produced during the conversion. The
energy density of hydrogen molecules is 120-kdvgich the highest values among the fuel
used, almost three times higher than petfdf® Molecular hydrogn, either used as direct
combustible or in fuel cell, undergoes to combustion with oxygen to create water molecules

which are harmless for the environmeht18

Tablel.1 Energy density for different fuel considering the net calorific vidueifferentsolid, liquid and gas
fuels416

Fuel Energy Density (kJ%y
Hydrogen 120

Methane 50

Natural gas 46

Petrol 44

Crude oil 43

Diesel 43

Ethanol 27

Coal 26

Methanol 20

1.1.3.Fuel Cell systems

Fuel cells are electrochemical devices which eceslysts in order to convert the chemical
energy contained in specific fuel, such as molecular hydrogen, methanol or ammonia, into
electrical energy via the reaction with oxygen. These devices can convert fuel into energy with
higher efficiency than trational internal combustion engines (ICE), without the production

of harmful sideproducts like NQ CQ and particulate’*® Moreover, fuel cells produce less
noise than ICE which can be a remedy to the acoustic pollution of which city suffer today. All
these reasons have made, in recent year, fuel cells increasingly attractive alternative for

portable devices and transportatioit?® Nevertheless, to this day fuel cells still have a high

4
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cost of manufacture and have lifetime issues, while molecular hyrbgs a problem related

to its transportation and storage and there is still no profitable renewable way to produce it.
These difficulties are limiting the application and commercialisation of fuel cells
worldwide.*®*?*The research reported in this thesis focused on the solution of some these

issues such as safety and affordability lmbth storage and transportation of hydrogen

1.1.3.1. Types of fuel cells

Commercially available fuel cells are divided into five major class of devices:

Proton exchange membrarfael cdls (PEMFCSs)
Alkaline fuel cells (AFCs)

Phosphoric acid fuel cellsAPCs)
Molten-carbonate fuel cells (KAFCs)

Solid oxide fuel cells ¢&Cs)

= =2 =2 =2 =

1.1.3.2. Proton exchange membrane fuel cells
These devices most commonly use molecular hydrogen as fuel, buétheology can be
adapted to use low chain alcohols, such as methanol or ethanol, as fuel instead. In these
devices, the fuel reacts on an anode to produce protoris,addelectrons €. The protons
travel through a proton exchange membrane to reach théhode where they then react
with oxygen molecules. At the same time, the free electrons are forced into an electrical
circuit where a load, i.e. an engine or battery, is present before reaching the cathode to
complete the reaction of the fuel cell, as st in Figurel.2. Hydrogen PEMFCs can operate
at temperatures as high as 150 °C with efficiency up to 60% producing only water, heat and
electricity. On the other hand, direct methanol fuel cells operate up to 80 °C, using a solution

of methanol in water ® produce electricity, heat, water and €8



Chapter 1

Hydrogen

v

Anode 2H, —> 4H" + 4de

@]

H* ions through electrolyte ll

v
Cathode 0, + 4e + 4H* —> 2H,0

r'y

Oxygen/air

Figurel.2. Schematic of proton exchange membrane fuel cell working with hydraggaying flow of
protons and electrons in the circuit

This class of devices was developed in the 1960s for military andpeee applications, but

it was later abandoned due to the short lifetime of the devices and their high cost. Even if
these limitations remain the main barrier to the largeale commercialisation of these
devices the interest around them is growing dwethe possible application to a variety of
system from smartphones to vehicles. The cost and durability issues of PEMFCs can be
associated with the catalysts used at the anode of the electrochemical circuit. In order to
achieve high hydrogen conversionarshort period of time, the anode is covered with Pt or
Pt-based catalysts. Pt is one of the most expensive metals on the planet with limited
availability, which drive up the cost of PEMFCs, and at the same tirbasPd catalysts tend

to be sensible to pisoning from a series of small molecules, most noticeably carbon
monoxide, which limits the lifespan of the device. Therefore, therent researcles are
focused on the optimisation on the replacement of Pt to reduce costs and increase durability,
or in the alternative, the optimisation of Riased catalysts in order to reduce the amount of

Pt used and increase is stability in operating condition.

1.1.3.3. Alkaline fuel cells
AFCs are schematically similar to PEMFCs, with the reaction of hydrogen and oxygen
happenng on two electrodes separated by a medium which allows the transfer of ions to
balance the chemical reaction, as shown in Figu8e In this case at the anode molecular
hydrogen reacts with hydroxyl ions to produce water and electrons which travel ghran

external electrical circuit. Hydroxyl ions are formed at the cathode by the reaction of oxygen

6
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with water and electrons. The transfer of Oid possible by the presence between the
electrodes of a porous material saturated with a solution of KOH.sAd&{ierate at
temperature up to 8CC with an efficiency of 70% producing only water, heat and electricity.
The main drawback of AFCs is that are sensitive toM@@h can transform the KOH inGQ

and, therefore, stopping the transfer of Otd the anode Because of this the cathode has to

be fed with pure oxygen, while PEMFCs can work with air as a source for oxygen decreasing

cost of the fuel and volume of the devi¢&20

Hydrogen

\

Anode 2H, + 40H — 4H,0 + 4de

LOAE

OH- ions through electrolyte]

Cathode 0, + 4e + 2H,0—> 40H

A

Oxygen/air

Figurel.3. Schematic of an alkaline fuel ¢allsplaying flow of hydroxy! isrand electrons in the circuit

1.1.3.4. Phosphoric acid fuel cells
PAFCs are systems similar to PEMFCs performing the same reactions on the two electrodes,
while the transfer of protons, in this case, is done by the use of a silicon carbide matrix
saturated with fnosphoric acid concentrated. PAFCs have to be maintained above 42 °C which
is the freezing point of phosphoric acid, but they are more tolerant ofad@ CO until 1.5%.
PAFCs have an efficiency of up to 50%, but when operated at a higher temperatu250
°C, the steam formed can be recovered and used boosting the efficiency to 70%. They can
also be adapted to use fuel different from molecular hydrogen, such as gasoline. For these
reasons PAFCs are becoming an appealing alternative to traditional pgsvesration

systems, to be used in banks, hospitals and computer facitfti®s.

1.1.3.5. Molten carbonates fuel cells
MCFCs senteaction are different from the ones reported before for the other fuel cells, as

shown in Figurd.4. At the anode, molecular hydrogen reacts with carbonate ions to form
7
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water, carbon dioxide and electrenwhich travel in an external electrical circuit. On the
cathode oxygen reacts with carbon dioxide and electrons to produced carbonates atoms,
closinga zero net cycle of GOLike in the case of PAFCs the replenish of ions at the anode is
performed by a liquid electrolyte in an inert matrix, in this case, molten alkaline carbonates
in porous aluminium oxide. This system requires that the operating ezatpre of the fuel

cells stay around 650 °C in order to maintain liquid the carbonate salts. This higher operating
temperature allows to use of neprecious metals as catalysts for the fuel cell and usually, Ni
and NiO are used at the anode and cathodspexctively. MCFCs can reach efficiency to 60%,
and if combine to heat recovery systems the efficiency can increase to 85%. On the other
hand, the use of molten carbonates is an issue due to the corrosion due to the salts on the

fuel cells component¥

Hydrogen

v

Anode 2H, + 2CO,> —> 2H,0 + C20, + 4e

‘ LOAD ‘

CO4% ions through eIectront{]‘[

Cathode 0, + 4e + 2CO, — 2C0;*

F 3

'y

Oxygen/air
Fgure1.4.Schematic of molten carbonates fuel cdlsplaying flow of carbonate ions and electrons in the
circuit
1.1.3.6. Solid oxide fuel cells

SOFCs, such as MCFCs, use an electrolyte to move negatively charged ions from one electrode
to an another, Figurd.5. In the case of SOFCs at the anode molecular hydrogen reacts with
O?% ions coming through the electrolyte to produce water and electrons. At the cathode
molecular oxygen reacts with the electron coming from the external electrical circuit to
produce @& to replenish the electrolyte. The electrolytes in SOFCs are ceramic material
opportunely doped in order to increase the transportation of the oxygen ions. Among the

materiakused as electrolyte there is zirconia, with yttrium or scandium up to 10%, ai&] ce

8
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with gadolinium doping. In order to increase the ion transfer the fuel cell as to operate at a
temperature between 500 °C and 1000 °C and the start of operation is crucial to avoid fracture
in the solid electrolyte due to thermal expansion. In orderé¢ducethe mechanicabtress
due to the expansion the catalysts are directly deposited on the ceramic electrolyte and the
most common is nickel for the anode arstrontiumrdoped lanthanum manganite

La: :35MnQOs, for the cathode?®

Hydrogen
v
Anode 2H, + 0* — 2H,0 + 4de
LOAD |
0% ions through electrolyte
Cathode 0, + 4e —> 20*
A
Oxygen/air

Figurel.5.Schemait of solid oxide fuel celisplaying flow of oxygen ions and electrons in the circuit

1.1.4.Hydrogen generation methods
The most of fuel cell systems discussed before requiring the use as fuel of hydrogen and
oxygen for the production of electricity. Theregy the adoption of fuel cells has to be
associated with the generation of hydrogen from another source locally available, since

molecular hydrogen does not naturally occur.

Until this point in this thesis, the adoption of hydrogen fuel cells has beeractaised as an
alternative to fossil fuels. Nonetheless, 96% of hydrogen produced annually currentlg come

from treatment of fossil fuels, in particular, natural ¢fas.

The production of hydrogen is currently performed by different processes: (I) Steam
reforming of natural gas; (Il) partial oxidation of oil; (Ill) coal gasification; (IV) and only 4% is
produced by norfossil fuel related processes, like electrolysis or biological processes. The

distribution in the production between the different processeshown in Figuré.6.2°

9
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m Steam reforming: natural gas
m Partial oxidation: refinery oil
m Coal gasification

Others sources

Figurel.6. Hydrogen processes distribution in percentual by mass of hydrogen produced anoulaiyide
data fromEnergy Technology Essenti&ls

From these data it can be deduced how, even if fuel cells are sroreonmentally friendly,
nowadays they rely on fossil fuel for the generation of hydrogen, being, therefore, non
sustainable, expensive and less environmentally friendly than they may appear if considering

only energy production unit.

1.1.4.1. Steam reforming
Stean reforming is currently the most common process for the production of hydrogen gas.
The success of this process is due to its high efficiency and low cost, both for the material and
the operations. Steam reforming converts natural gas, or more genenalisobarbons, into

CO and blby reaction with water.

H,O

Meth.

Hydrocarbons %| HDS TSR )|WGS —H,
PROX

Figurel.7. Representative schematic process of steam reforming of hydrocgrbomposed of
hydrodesulphurisation, tubular stream reformer, water gas shift, methanation or preferential oxidation

As $iown in Figurel.7, firstly the hydrocarbons undergo a hydrodesulphurisation process
(HDS) in order to remove the sulphur compounds normally presents in hydrocarbons,

especially b5. This step is crucial since catalysts used in successive step are genSible
10
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poisoning which can lead to an early deactivation of the catalytic sy&tetDS is performed
by the absorption of k6 on a bed of active carbon or ZnO, which reacts to form ZnS by the

reaction:

DY ©E® 00 weEY O 1%
Then the stream of hydrocarbons is mixed with aqueous steam to perform the steam
reforming reaction. The reaction takes place in a tubular reformer (TSR) where the feed enters
at a temperature between 45650 °C an@xits the reactor at 85@50°C26 At the exit of the
TSR, the stream is composed of a mixture gamtl CO commonly known as syngas. Syngas

composition varies depending on the hydrocarbon used as feed for the steam reforming by

the Eq.1.2, with methane giing a ratio CO:4tatio of 1:3.
. R« o~
00 €0uL%¢co00UL ¢ < O O g

The reaction is catalysed by Group VIII elements both from the first row, like Ni, or from the
third row, like Pt or Rh. The reactisperformed in severe conditions both for temperature
and pressure, 30 bar can be reached during the process. For this reasonnaregaérticles

tend to grow and, therefore, deactivate over time and support have to carefully choose since

they have tosustain the high pressure in the reactor.

The syngas is then treated in a catalytic converter where CO aDdré#ct following the
water-gas shift, WGS, reaction in order to eliminate CO from the stream and increase the yield
in hydrogen, Edl.3.

806 060 86 O O D

Two main WGS system are reportadhichdiffer by the operation temperature used. A high
temperature shift which is performed at a temperature between & °C ad which use
as catalyst made oFeQOs;, CpOs and MgO,where iron oxide is the active species and
chromium is used to stabilise it and prevent its sintedhdhe lowtemperature shift is
performed at a temperature of 22230 °C with a catalyst composeti@uO, ZnO and £
containing 2 wt. % MnO and MgO and 5 wt. %A% In this case, copper oxide is the active

catalyst while the other oxides are used as additives to increase the performances of the

11
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catalysts, i.e. ZnO act both as support and as gésuisation agent in order to prevent

poisoning of coppef’

The WGS reaction can occur at the same time as the steam reforming, due to the high
temperatures used in the process. Nonetheless, the WGS reaction equililzriumited at

high temperature, wiah prevents the conversion of CO below 1% of the total exiting feed.
Since PEMFCs have to be used with a feed of hydrogen with a maximum conter2®f 10
ppm in order to avoid poisoning of the anode catalyst the CO content of the gas has to be
further reduced by performing preferential oxidation (PROX) or by methanation (meth.).
PROX uses oxygen from the air to convert CO tg i@@rder to reach 10 ppm of CO in the
final gas mixture. However, oxygen can react to hydrogen to produce water and, thus,
reduchg the production of molecular hydrogen of the process. On the other hand,
methanation uses part of the hydrogen produced to convert CO to methane reducing both
CO and Hproduction. Consequently, PROX is currently usually used for the reduction of the

COcontent?28

Reforming can also be performed in absence of steam, using&reagent for the reaction
in a process called dry reforming or &€forming, Eql.4. Dry reforming of methane, DRM,

uses two greenhouse gases likes@Rd CQto produce valuble syngas.

00 060 9¢60 ¢O Orpad
Mixed reforming has been developed using both steam andt@@erform the reforming
reaction. DRM and mixed reforming have energy and environmental advantages compared
with traditional steam reforming, and they use similar nickel catalysts which undergoes rapid
deactivation due to carbon deposit and sinteringNifparticles due to severe conditions of
the reaction. An important parameter for the determination of the overall efficiency is the

H:C molar ratio in the feedstock of the process. Higher H:C ratios lead to lepso@@ction
and higher thermal efficieryoof hydrogen generation by steam reformimgaching70¢85 %

Since the tubular nature of the reactors used the production can be scaled by adding more
tubes with proportional costs. The production nowadays for steam reactor can reach 300000
Nm*h! of hydrogen?622 This system is the most economically viable for small and medium

size plants apresent date

12
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1.1.4.2. Hydrocarbon partial oxidation
Hydrocarbon partial oxidation is more economically viabl@rasentfor large scale plants
and is used for 30% of théodpal production of hydrogen. The process usesddeact with
hydrocarbons in a combustion chamber producing a CO anutalso HO and C@ Typical

feed for this process is heavy oil fractions, but also lighter hydrocarbons can be used.

The partial aidation can be performed as a naatalytic process, POX, using oxygen and the
gasified hydrocarbon as feed in the combustion chamber where the reaction is performed at
3-8 MPa of pressure and temperature of 13DB00°C. Partial oxidation produces more CO

than steam reforming, but it then converted through WGS reactfon.

60 gij 060 O QA ¢ 1 RIE & O fip@
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The partial oxidation of hydrocarbons is an exothermic reaction and it produces enough
energy tosustain the process when started, for this reasomeijuires lessadded energy
during the process than steam reforming in spite of the higher temperature tismd the

steam reforming?® Moreover, since POX does not use catalysts can be performed on heavier
petroleum fraction without the necessity of hydrodesulphurisation to remove S compounds,
usually present in large amount in these fractions. Nonetheless, this process is suitable only
for large scale application and due to theothermicity of the process moredifficult to hold

at desired temperaturehan steam reforming

The partial oxidation can be also performed in the presence of a catalyst, CPOX. Either first
row transition metds, such as Ni, and noble metal, such as Rh, can be used as a catalyst. Ni is
cheaper than other metals and in metallic form can promote partial oxidation, however, Ni
aLISOASE 6 A (K 22Bdtddatalysethe tofalicbnib@stion of hydrocarbhsli

also promotes the production of coke. A major issue for the catalyst is the presence of sulphur
in the feed. In order to increase the stability of Ni catalysts many promoters, added as an alloy

to Ni, have been studied, such as Co, Cu, Pt, Au and Pd.
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CPOX works at temperature between 70000 °C and it is less efficient when compared to
steam reforming producing less hydrogen per molecule of hydrocarbon, as can be seen from
Eq.1.2 and1.6.22 Thermal efficiency of CPOX is in the range ef ®%. Howeve the absence

of steam lead to a general simplification of the system which can make CPOX more appealing
than steam reforming for some application, suchsasallscale cogeneration plantslespite

the lower efficiency??.28:31

1.1.4.3. Coal gasification
During the19" century and the beginning of the 2@&entury a mixture of hydrogen, carbon
oxides, organic liquids and residual coke, named town gas, was produced by coal gasification.
Nowadays, the coal gasification has been improved to generate hydrogen byattt®rewith
steam and oxygen at high temperaturdsg-1.10. The kind of products and their proportion
is relative to various factor among which there are the type of coal, temperature and pressure

of the reaction and amount of oxygen and steam uged.

6 00060 'O YA po@Ea (ofc: ot
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The process can be performed in different gasifiers. Firstly, moving bad gasifiers work at
relatively low temperature, 45850 °C. The coal feed and the oxidant flow move in opposite
directions. The gases produced are myinethane and ethane, while also a liquid stream
gets produced containing naphtha, tars, oils and phenols with ratio varying from the

composition of coal used as feed.

Entrained bed gasifiers use higher temperature, 21800 °C, and pressure, 4 MPa. listh
case, the feedstock and the oxidising agent are inserted {ouceent. Since the residence
time isof only few secondshigh temperature and small particle dimension are necessary. In
order to avoid the formation of NCat hightemperature Q is preferred to air. The system
produces a gas composed of hydrogen and carbon oxides, while the production of

hydrocarbons is limited®
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Fluidised bed uses an operating temperature between the two systems already discussed,
925-1050°C. In this gasifier, the feedstock is moved and mixed by the action of the flow of

oxidising agent to increase heat and mass tran&fer.

(A) moving-bed gasifier (B) Entrained-bed gasifier (C) Fluidised-bed gasifier

Feedstock Feedstock  Air/O, Feadetndh

- [ /J\k/f

0 =g G5

Ashes Slag

Figurel.8. Representative schemes of different classes of coal gasifibrsh differ from each other for
temperaure, feeding position and exit of the products

The heat required t@arry outthe reaction is provided by the partial oxidation of coal. Even

if the gasification is performed commonly in the absence of a catalyst, many researches have
been reported ovethe years about catalysts. Most elements of the periodic table have been
tested from alkali and transition metals to noble metals and lanthant&sNonetheless,

due to the large variety of parameter which influences the gasification a consensus on an

optimal catalyst has yet to be fourid.

The products of coal gasification have to be purified in order to remove contaminants to avoid
the poisoning of the fuel cell catalyst. Moreover, WGS reaction has to be performed to
decrease the content in CO of thagystream. The condition of the gasification can also be

optimised so that the HCO ratio in the products increases.

Gasification process has a low heat efficiency53%, due to the vaporisation of moisture in
the coal?®>28This reason and the costrf &, separation necessary to avoid the formation of
NQO. make coal gasification less economically viable than partial oxidation and steam

reforming. Moreover, gasifier needs to be coupled with, C&pture schemé’
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1.1.4.4. Electrolysis
Other technologies based dhe conversion of fossil fuel mentioned above, the currently
most used process for the production of hydrogen is electrolysis, constituting approximately
4% of the global hydrogen productidh?® Electrolysis uses a direct current applied to two
electrodes immersed in a water solution to split tii&H bonds of water and generate-@nd

Ho.

6 3® QO tTQ °c¢Oo 10O O/ p
¢ ¢@W0O0 G OO T1Q OWpP ¢
"Y¢ odfX00 0 6 O 0D o

The reaction can be performed using sulphuric acid as electrolyte and platinwtnoelies.
However, in industrial application stainless steels and nibkskd electrodes are used

immersed in a KOH solution at a temperature betweer860C3®

The process is energgtensive compared with the previously reported hydrogen production
systens. However, electrolysis (I) produces high purity hydrogen, without the need of
cleaning procedure or WGS reaction, (lI) does not produce greenhouse gases and (lll)

produces pure oxygen which can be used for other industrial applications.

Theoretically, Ectrolysis can reach 85% energy efficieffyut in commercial applications,

the efficiency is lower, 5@5%, due to the optimisation of other parametesfs.

To increase the efficiency of the electrolysis, Higimperature and higkpressure systems
have leen tested. The higkemperature process reaches a temperature between-8000°C

and uses the heat to provide part of the energy to the system instead of electricity. If the heat
is recovered from another process the overall efficiency of the hydrogedugt®mn is

increased. The higtemperature electrolysis consumes 5 kWH/of hydrogen.

Highpressure electrolysis pressurises water to -BBD bar, this pressurisation is less energy
intense on the water than on hydrogetherefore the water is pumped irhe electrolyser at
high pressureAs a consequencéhe hydrogen gas produced agssolved in water at high
pressure and can be separatedter at the desired pressuren this way, compressors for

hydrogenafter the electrolyseare no longer necessary athe overall efficiency is improved
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by lower energy required for the pressurisati®hNormal and higkpressure electrolysis
consumes b kWhm3, require a voltage of 1.88.05 V tooperateat temperatures between
70-90°C.

The hydrogen produced Islectrolytic systems can reach 99.8% purity. Nonetheless, these
systems require a large amount of energy to operate. In order to be commercially viable and
sustainable electrolysis has to be coupled with large renewable sources (hydroelectric, solar

or wind), and that explained the limited application of this system up to Aow

Hereafter in Tabld.2 is an overview of the method of production of hydrogen feed for fuel

cells.

Tablel.2. Hydrogen production technologies summary.

Technology Feedstock Thermal efficiency (%)
Steam reforming Methane 70-85

Partial oxidation Methane 60-75

Coal gasification Coal 3550

Electrolysis Water + electricity 50¢75 (Commercial)

1.1.5.Drawbacks of hydrogen usage

The abovementioned hydrogen production processes showed how industas
manufacture is still limited by price and use of fossil fuels. Nonetheless, the main limitation
to the extensiveapplication of hydrogen as an energy carrier is the hydrogen géora
technology, both for the restricted capacity of storage and safety issues associated to storage
and transportation at mild conditions, which is a problem for widespread use of the
technology?® The safety issues arise from the high flammability of hgdmy which is
flammable between 4.0% and 77.0% in volume in air at 1 atm, whereas in oxygen the upper

limit rises to 94.0% in volunv&.

The energy density per unit of mass of hydrogen is the highest among the fuels currently used,
but due to its gaseousate at standard condition, the energy of hydrogen per unit of volume
is, therefore, lower than any liquid fuel. For this reason, hydrogen requires an ulterior energy

intense process in order to modify its conditions (pressure, temperature or phase) sib that
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can be used in technology similar by volume to the ones already exiting that hydrogen
application aims to replace. 1 kg of hydrogen at 15 bar occupies 800 L, which can explain why
the traditional way to store hydrogen is under 800 bar of pressure d@ermto decrease the
volume of the cylinder used for the storage or using liquified 4rydrogen, both methods
require highenergy and specialised instrumentation for the us&f@oreover, if transported

in pipelines, like it is done for natural gais,would require20-30%more energyper unit of

energy transported due to pressure dropghan the distribution of natural gas? This
consideration leads to the conclusion thaelative long distances above 100 km,

transportation of hydrogen has major ecamic drawbackg3

1.1.6.Alternative solutions to hydrogen storage

To overcome the issue linked to transportation and storage of hydrogen many researches
currentlytry to address tlis problem by studying new systems to produce hydrogesity,
close to the final users. These methods are focused on theofipertable devices, so are

limited in many cases to smatale applications.

In the first instance, the solutions can lotassifed into: physical processes and chemical
processes, as shown in Figur®. Among the physical processes used to store molecular
hydrogen physisorption on porous material is the most researched. In this process, hydrogen
is stored in theporesof a solid naterial such as zeolit¥,carbon material*4°>metalorganic
frameworks (MOF$j or organic polymeré’ The system is straight forward, but the amount

of hydrogen that is possible to store is limited and there are issues over reusability and full

desorgion of gas from the porous materiét.

Chemical hydrogen storage systewith high hydrogen contents are able to store hydrogen
by forming chemical bonds. Sobthte materialssuch as metal and nemetal hydridesmay
have a high capacity for hydrogentarage, but the kinetics of releass often slow and
requires high temperature to match the requirements of fuel cells. Furthermore, these
materials sufferfrom degradation after some cycles of use and require a completely new
system of distribution andecharging’®#° Liquid chemical storage systems show the great
advantage to use the prexisting recharging station system already in use for gasoline
distribution>® Among these a lot of interest has been given to decomposition of hydrogen

rich small moleule like methanot! formic acid3?> hydrous hydrazin€ amines$* and
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borohydrates*® Since most of the liquid chemical storage material require the use of a
catalysis in order to release their hydrogen content a deeper analysis of these systems is

reported later in the chapter.

<% Zeolites
Hydrogen adsorbed ++ Metal-organicframework
into a porous network %+ Polymers

%+ Various carbon materials

Physisorption

<+ Metal and non-metal hydrides
< Amines

< Amides

<+ Ammonia-like complexes

<+ Alcohols

<+ Formic acid

Hydrogen-rich
materials subjectto a
decomposition process

Chemical release system

Figurel.9. Scheme of most common hydrogen storage system and classificatiim division being between
physical methods and chemical methods

1.2.  Catalysis
IUPAC defines a catalyst @sk & dzo adl yOS GKI G reaftoNBthoiitSa K ¢
modifying the overall standard Gibbs energy change in the reaction; the process is called
Ordrtearnad ¢KS OFdlfead Aa o0.2Théefdre, theksdtalyst | v

does not change the thermodynamic nor the finaldidprium of a reaction, but it provides an

alternative reaction pathway with lower activation barrier, thus, increasing the rate of
reaction without for an ideal systerrbeing consumed during the reactiéhCatalysis is of
extreme importance for life Bce enzymes catalyse most of the reaction which takes place in
biological cells. The importance of catalysts in lowering the energy requirement and
increasing rate for reactions have been largely exploited also by industry. It is estimated that
85-90% of d the material produced require at least one catalysed step, both for economic

and environmental reasor$:>’

The general mechanism of reaction for catalysts follow a series of elenyesteps that are
common between the catalysts and can be summara&d(l) a reaction between a reagent
and the catalyst to form an intermediate species; (Il) possible reaction between the
intermediate and another reagent, that can also be bonded or not to the catalyst; (lIl) the split

of the bond between the catalyst arte product. The increase in the rate of the reaction is
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related to the lower maximum of activation energy required to complete the catalysed

reaction compared to the nopatalysed reaction.

1.2.1.Type of catalysis

The catalytic processes are divided in clagghe typology of catalyst used: baatalysis,

homogeneous and heterogeneous.

1.2.2.Bio-Catalysis

Bio-catalysis is performed by large proteins called enzymes. Enzymes are natadatby

living cells and are used tauild-up protein and DNAbreakdown complg molecules and
convert molecules like sugars to energy. Enzymes are highly specialised catalysts able to
recognise specific groups thanks to the chain of amincsacidstituting the active site, Figure
1.10, and they can achieve high efficiency and sitgbiFor example, decomposition of
hydrogen peroxide by enzymes can reach rates éfnmi@lecules per second per enzyrtre.
Nonetheless, enzymes are sensitive to the reaction condition since changes in temperature,
pH or ions concentration can lead to dengdtion of the protein, the modification of the 3D
structure of the protein due to the weakening of the intramolecular bond in the protein. The
modification of the 3D structure of the enzyme can lead to the modification of the active
site >’ The optimal caditions of utilisation of specific an enzyme usually are environmental

conditions of the habitat of the cell that expressed the enzyme.

Product

NP
— ‘\‘

Figurel.10 Representative schenfer enzymessubstrate reactionpassing through the formation of enzyme
substrateand enzymeproduct complexes

Substrate
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1.2.3.Homogeneous catalysis
Catalysis is classified homogeneous when reagents and catalysis are in the samesgilthse (
liquid and gas), usually liquid. Among the most common homogeneous catalysts, there are
acids and bases (botBransted and Lewis), porphyrin complexes and organometallic
complexes. Organometallic catalysts, in particular, consist of one or more metal atoms
coordinated with various ligands. The organometallic catalysts are highly influenced by the
ligands used wish are coordinated with metal atoms, so that it is possible to tune the
selectivity of the reaction toward selected products by varying the ligands, i.e. reaction of

butadiene with Ni catalysts in Figutel 158

o
N
Lo— =

N N

g C

n

Figurel.11l Products of the reaction of butadiene in the presence of nickel complexes with various ligands.

In the case of homogeneous catalysts almost all the atom of the active metal participates as
an active site in the catalytic reaction, this increases theieffay of the catalytic process and
favour the economic aspects of the application. The absence of multiphase processes and the
possibility of singlesite mechanism allow a deeper understanding of the reaction mechanism
and, therefore, a smarter design dfé catalyst to fit better the reaction to be improvéd.
Nonetheless, since the catalysts and the products are in the same phase, for this kind
catalysis, the separation and recovery of the catalysts at the end of the reaction is difficult

and expensive,ra it possible the contamination of the products by the cataly$ts.

1.2.4.Heterogeneous catalysis

It is classified as heterogeneous the catalytic process in which the catalyst is in a different

phase than the reagents. Usually, in heterogeneous catalysscdtalyst is solid while the
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reagents are liquids or gases. The heterogeneous catalysis follows the same three steps stated
for the general catalysis and the creation of a bond between the catalyst and the reagents is

the adsorption on the surface, as sk in Figurel.12.

Non-catalytic
energy barrier

5

Potential energy

Catalytic
energy barrier

Reaction coordinate

Figurel.12 Representative mechanism of reaction during heterogeneous catdbyisving absorption,
reaction and desorption mechanism

Among the various heterogeneous catalysts a classification can be done on the base of
composition and conformation of the catalysts themselvesu(i$upported or bulk catalysts;

() supported catalysts; (Ill) coated catalysts.

Unsupported catalysts are used especially when the use of support can affect the reaction or
absorb the products. Unsupped heterogeneous catalysts can be metal oxides, carbide,
nitrides, insoluble salts or metals. Examples of oxides catalyst are NiO, used as cathode in
some fuel cell, and perovskite (Cadjivhich are used for combustion reactions. Metal gauze
and grid ae used when the reactions are highly exothermic and it is desirable to contain the
height of the catalytic bed, such as in the case eRRigauze for ammonia oxidation during

the production of nitric acid, or Ag grids, used in methane dehydrogenati@bidés and
nitrides, formed by the inclusion of C or N atom in interstitial position of metals, are good

catalysts used for hydrogenation and anhydrous hydrazine decompoSition.
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Supported heterogeneous catalysts have a vital role in the economy of magtrial
processes. The use biilk precious metal can be a disadvantage for industrial processes, so
the use of supporteanetal nanoparticles increases the effective surface area of the active
metal allowing to use less metal. As support for the actiwtaiis usually chosen an inert
material like metal oxides, carbon or organic resins. Nonetheless, the support may display
interaction with the active metal to meet two main objectives: () the stabilisatiospetific
nanoparticlesstructures controlling the electronic properties of the particlesd, therefore,
modifying catalytic proprietieg(ll) avoiding the agglomeration, which tend to happened at
high temperature, and favour good dispersion on the surface in order to maintain a high value
of surfa@ area. This phenomenon is called strong mstgiport interaction, SMSI, and it is

key for the success aofianycatalytic processe¥.

In order to optimise catalytic processes bimetallic or muiétallic nanoparticles can be used
instead of monometallic wes. The use of a second metal can be necessary to increase the
activity of a specific catalyst, to inhitatspecific side reaction or to enhance the stability
toward agglomeration or poisoning. Moreover, using a {poecious metal to modify a
precious méal nanoparticle the cost of the catalyst may be reduced. This is the caseNif Cu
alloys, where the surface is rich in Cu due to its lower surface energy compared to Ni and the

alloy offer more active sites per mass than bulk€u.

Asmentionedbefore, sipport metal nanoparticles are largely used in industry, due to activity
and simplicity of recovery after the reaction, but the cost of the metals may be a drawback.
For this reason, discovering how to synthesise and tailor the nanoparticles size, magyholo

and composition has been the focus of many researches over the §/4rs.

Coated catalyst typically applied to monolithic honeycomlase becoming more popular in
recent years andhey consist in the deposition of a thin layer of actisygecieson an inert
structure. The layer deposited on the surface of the inert material can be composed of the

active metal directly or of a supported catalyst its8If.

Heterogeneous catalysts imdustrial application display many advantages such as ()
elimination of liquid waste and corrosion, due to free liquid acid; (Il) Simple separation of the
catalyst after the reaction; (l11) stability at a wide range of conditfgt§:5°0On the other had

heterogeneous catalysts (I) can suffer from mass transfer limitations, which can reduce the
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efficiency of the catalysts; (Il) can lose active metal due to leaching; (lll) can suffer of
agglomeration of the nanoparticles overtime at the reaction condgiogiving problem of
stability on longterm applications and (IV) in some cases it can induce pressure drop in the

system which can be problematic for the entire proc&s¥:6°

Successful examples of industrial heterogeneous catalysis are the-Babelnmethod for
ammonia and FischéFropsch synthesis to produce hydrocarbons. The H&msch method
converts N and H to ammonia using four catalytic bed at 400°C and 15MPa follo&mg
1.14:

06 0o ¢b™ Oy 1
The reaction is performed using iron as catalyst promoted wit, ICaO, Sk@and AbOs. Ru
based catalysts are a family of catalysts found to be potentially more active than iron, working
at lower pressure. Nonetheless, the larg@mount of expensive catalyst required to compete
with the HaberBosch process commercially makes the use ofbd&ded catalysts less

economically viabl€? In fact, currently 450 million tonnes of nitrogen fertilisers every year

are manufactured by the Halp-Bosch process.
FischefTropsch synthesis proceeds by the E45

EO0U0 ¢¢ p0OOOO €00 Orpd v
Industrially the reaction is performed at 22810 °C and -2 MPa with catalysts that can be
made of Fe, Co and Ru. Irand cobalt catalysts are used more than ruthenium ones due to
the lower cost of those metals. Iron catalysts are less sensitive 1onGe feed due to the
possibility to performed WGS reaction but are prone to inhibition by water molecules. Cobalt
catalysts can operate at lower temperatures and are more stable than iron ones. Hence,
cobaltbased catalysts can last up to five years in the reactor whilebesed catalysts need

to be replaced every approximately six months, but cobalt is more expensiaxtensive

analysis has to be performed in order to choose the most advantageous c&falyst.

1.2.5.Preparation of supported heterogeneous catalysts
Small dimensions of nanoparticles, in the range-@DInm, by prediction of physicists should
present particularelectronic structure due to quantum size effect which give nanoparticles

properties different from both bulk metal and molecular compounds. This effect appears
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when de Broglie wavelength of the valence electraml theparticle itselfare of the same
order of size®* This means that nanoparticles present unique properties which can be tuned
by adapting the size and shape of the particles through the application of different
preparation method$27° Moreover, the properties of nanoparticles can be tuneygl the
choice of the support material which through megalpport interaction can alter the

dispersion of the metal on the surface and the particle &7é.

In researckslike the one presented in this thestbe catalysts arsynthetisedn smaliscale

batch reaction, which produces enough catalyst for the study to perform, is less expensive
than continuous flow system for small amount of catalysts and the parameter can be modified
to tailor the preparation more easily. However, for induest application largescale
preparation are needed, which can raise issues due to inhomogeneity on among batches from
heat and mass transport limitation associated with the larger volume used to scale up. For
this reason, continuous flow preparations asadied in order to reduced heat and mass
transfer issues and, therefore, obtain more homogeneous catalysts. Moreover, these systems

can be automatised to increase efficien@y.

Nanopatrticles preparation can be classifiedasdownor bottom-up approache. Topdown
methods use physical method to reduce the dimension of the particles starting from bulk
metal. These methods can produce a large number of nanocrystals but control the particles
size distribution and mean particle size is comgfeX.On the dher hand, bottomup
methods growth nanoparticles starting from individual atoms, from the nucleation and
growth of the crystals. These methods allow better control over size and distribution of
particles and, therefore, were chosen as principal method®doused in this thesis, sol

immobilisation and depositioprecipitation.

1.2.5.1. Soklimmobilisation
This method consists in the immobilisation of preformed nanoparticles from a colloidal
solution on the surface of the support material. This method provides g@tol over mean
particle size, particle size distribution and shape of the nanopartielgsecially fothe case
of noble metals®® The preparation method generally requires to follow five main steps: (1)

preparation of a aqueous or solvehtaised solubn of metal salt precursor and stabiliser; (II)

25



Chapter 1

addition of a reducing agent; (lll) addition of the support and immobilisation of the

nanoparticles; (IV) removing the stabiliser by washing the catalyst and (V) drying the sample.

Solimmobilisation is a faity of preparation technique which differs primarily by the reducing
agent and the stabiliser used for the preparation of the colloidal solution. Many reducing
agents used and reported in the literature are many, for examples NdB#drous hydrazine

and dcohols, and also thermal, electrochemical and photochemical processes can be used to

achieve the reduction of the precursor salt.

The stabiliser role is to avoid that free nanopatrticles in solution interact with each other and
agglomerate to the collapsef the colloidal solution. For some metal, the production of a
colloidal solution does not require the presence of a stabilizer. However, the use of stabilising
agent helps to control particle size distribution and mean particle size and increase the
stabiity of the colloidal metal solution over time. Three mechanisms of stabilisation are used

in solimmobilisation:

1 Increasingcharge densityand/or surface potentiaby the adsorption of ions on the
surface of the particles, which create a charged doubjerl@around the particle that
repel over particles, as shown in Figdr&3. This mechanism is used by citrate and
tetrakis(hydroxymethyl)phosphonium chloride;

1 Adsorption of relatively rigid hydrophilic macromoleculas the surface, in this way,
enhancinghe interaction with the solvenby reducing the Van der Waals forces and
reducing the interaction with other nanoparticlebhis mechanism is used Hdgxtrin
andstarch

9 Steric stabilisation by deposition on the surface of high molecular weight molecules
which sterically impede the contact between patrticles, as shown in FigiB This

mechanism is the main one displayed by polymers like PVA or PVP.

Since the metal nanoparticles are pi@med by chemical reduction and then
immobilised, in many cases thanoparticles are already present at metallic state without
the necessity for a further reduction step, especially for noble metal nanoparfitles.
However, for more reducible metals the drying at mild temperature may induce oxidation
of the surface of te nanoparticles. This method usually provides a good distribution of

the nanopatrticles on the surface.
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ELECTROSTATIC STABILIZATION STERIC STABILIZATION
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Figurel.13 Representation of electrostatidue to charges surrounding the nanopartickasg steric
stabilisation of nanoparticles, due to lon chaiolymers adsorbed on the surfae

However, seimmobilisation faces challenges in the seafeof the preparation method due
to impurity introduced by the higher amount of reagents used possible inhomogeneity in the
nucleation of the particles derived from the different stirring. Anottesuie is the limitation
of the support that can be used for the preparation since the immobilisation is highly

dependent on thepoint of zero chargéZP@ of the support’”:’8

1.2.5.2. Depositionprecipitation
The depositiomprecipitation method, DP, consist of timeicleation and growth of hydroxides
and oxides nanoparticles on the surface of a support by the increase of the pH of the solution.
The mechanism starts with the generation of hydromgtal complexes in solution, which
then react to with other complexes foolymerise or with the hydroxyl groups on the surface
of the support. Some reports indicate that the interaction with the surface is preferemitial
respect to the interaction with other hydroxyl complexes it creates nucleation centres

where complers can polymerise to grow the oxide nanoparticle®

The pH can be adjusted using different basic substances that act directly, such as alkaline
hydroxide or carbonates, and indirectly, like urea that increases gradually the pH by
generating in situ N by thermal decompositior”.7%8% The morphology, particle size
distribution and mean particles size can be controlled by the use of different precipitating
agents, but also by the pH values astbw modificationof values of pH during the
preparation.After nucleation and growth processes the resulting partiohes/have a particle
sizetoo largeand a more heterogeneous particle distributioiherefore,the control of the
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pH is crucial, while different counter ions can guide the growth in different wiiyencing

the morphology of the particle§.

This method requasonly a system to control the pH and precipitation agents that are usually
cheap and common chemicals, this made of DP one of the mostkm@Wn and used
methods for supported catalysts pvaration. Nonetheless, the deposition efficiency is
affected by the characteristics of the support, especiallpdisit of zero chargéPZ@, so that

the range of pH to be utilised is limited by the choice of the supffditence, this preparation
method is sensitive to the reaction conditions (temperature, pH, ions concentration),
therefore, the tuning and reproducibility of the catalysts are more complicated. Moreover,
the nanoparticles produced by this method are oxides nanoparticles after the finaigdry
step, this means that the catalysts have to be reduced by-tegiperature reduction, or
calcination in the case of gold, which can lead to the growth of the particles due to increased

mobility of the particles and atoms.

A more detailed explanation dfe protocols used for the catalyst preparations used in this

Thesis is reported in Chapter 2, Section 2.2. .

1.3. Liquidphase chemical hydrogen storage systems

As discussed in Section 1.1.6., a possible solution to overcome the issues regarding the safety
and economy of hydrogen as an energy carrier is the use of {ghege chemical hydrogen
storage systemsThese systems are usually used in combination with homogeneous and
heterogeneous catalysts in order to release efficiently hydrogen when nece3éargriteria

for applicability of the systemare several from the cost to the charging/recharging system,

the handling pressure and temperature and the gravimetric and volumetric cafaétty.
Guidelines for hydrogen storage material applications have lbegacted by several national

and international organisations. Among thethe U.S. Department of Energy has set some
targets, like reaching a target 6f5wt%asthe gravimetric capacity an80 g L* asvolumetric
capacity®? In Tablel.3 somephysical properties of liquiphase hydrogen storage materials

are reported.
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Tablel.3. Physical properties for potential liquthase hydrogen storage materials.

Liquid chemical

storage

Density at room

temperature (gcnr3)

Hydrogen
content (wt. %)

Chapter 1

Ref

Sodium borohydride
Lithium borohydride
Ammonia borane
Ammonia

Hydrous Hydrazine
Hydrazine borane
Methanol

Ethanol

Formic acid

1.07
0.67
0.74
0.73
1.03
0.78
0.79
0.79
1.22

10.8
18.4
19.6
17.6
7.9

15.4
12.5
13.0
4.4

84

85

84

85

85

84

85

86

87

One of the class of liquid compounds studied are borohydrates and boranes, especially

sodium and lithium borohydrate, and ammonia and hydrazine borane. These systems are

relatively safe and loweost but tend to show difficultie into the recover or treatment of the

waste producecp 880

GCbased storage materials are also well studied, among them methanol, ethanol and formic

acid. Methanol can be used as a reagent in direct methanol fuel cells, but it can also be treated

with seam reforming process, at 2€800°C, to produced hydrogen, with a series of by

products®! More interesting is the catalytic decomposition of methanolic sodium hydroxide

which produces only molecular hydrogen and carbonates, reducing the waste, whicthas a

moment limited by the use of expensive homogeneous catalysts that need to be

recovered®.92
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countries like Brazil and the USA, therefore, the distributigstesm for a future application

as hydrogen storage is already operating. As for methanol, the main drawback for the catalytic

decomposition is the use of homogeneous catalysts, such as Rh or Ru coniplextss

case, another issue is the production ethyl acetate and acetaldehyde that need to be

treated before to be released in the environméit.

29



Chapter 1

Formic acid is also a potential candidate as liquid hydrogen storage material. Currently, it is
produced as a byproduct of several industrial processes, Iswas acetic acid production or
O2y DOSNEA2Z2Y 2 Falerd&foriedzin@ fod thé Rydralysis of methyl formate
generated by the reaction between methanol and CO. Heterogeneotsa®ed and Au
based catalysts have been proven to be effective for thlgtic decomposition of formic

acid>?

Gbased liquid storage materials tend to produce>C&®greenhouse gas, as afypduct of
the hydrogen production. Nonetheless, they can also be produced by fermentation of a
different kind of biomass so there ikd possibility to use the G@roduced by the hydrogen

generation creating a netero CQcycle.

N-based liquid hydrogen storage material, like ammonia, amides and hydrous hydrazine, have
been studied as well. Ammonia is a commodity product angrivsluction from the Haber

Bosch process is well established. However, ammonia is really stable and high temperatures
are necessary in order to perform its decomposition, temperatures of approximately 500 K

are required in order to have good efficien®y.

1.3.1.Hydrous Hydrazine

In this project, we are focusing our attention on the decomposition of hydrous hydrazine.
Anhydrous hydrazine is a w#hown monopropellant for rocket due to its rapid
decomposition in particular on Ir/ADs catalysts’® NFbNH: has a higthydrogen content of

12.5 wt% and it is an oily liquid at room temperature. Anhydrous hydrazine easily decomposes
on a series of different material from noble metals to metal carbides and nitrides producing
a large volume of gas and potentially hydrogethd temperature reached is high enough,

increasing, therefore, the risk of fire and explosion during the storage.

In order to avoid any explosive danger related to the storing of hydrazine, the use of the
monohydrate form is preferred to the anhydrous wtderpart. Hydrazine monohydrate,
despite the addition of one mole of water for each one of hydrazine, maintains a hydrogen
content of 7.9 wt%, above most of the requirement for hydrogen storage material, and it is
more stable and has the tendency to degomse to ammonia reducing the explosion risk

during storing. NENH-HO s liquid betweenr60 and 120°C, this characteristic makes it a
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promising candidate for the replacement of gasoline in the already existent recharging

networks for internal combustionrgines.

1.3.1.1. Production of hydrazine
Currently, the production of hydrazine is one of the main drawbacks to the application of
hydrazine monohydrate as suitable hydrogen storage material. The most common synthesis
process used are ammonia oxidation processesngi chlorine or hydrogen peroxide as
oxidants. These processes follow and adapt to the mechanism of Raschig synthesis. This
follows the synthesis described by Hgl6-1.18. As it can be seen as full conversion this
process only utilised 2/3 of the moledf ammonia for hydrazine production, while the
remaining is converted to ammonium chloride. Moreover, in this condition,-1IX5C,
chloroamine and hydrazine are unstable, so low concentration, 1%, have to be maintained

and the hydrazine need to be disaile.®’

CO &0 08 80 6 OO 6 OO HOO O’pD @
6&OG6E00 6°08a 0G0 0 O X
W0 HOd® 6O OB A O ’pD U

The Bayer process produces the chloroamine by direct reactionl@fine with ammonia and

then uses it to form diaziridine thremembered ring by the reaction with imine, generate by
the reaction of ammonia with a ketone. The diaziridine then reacts with a ketone molecule to
form azine which is hydrolysed in acid twey hydrazine. This process can work at room
temperature and at higher concentration. Due to the presence of acid hydrazine have to be

extracted at the end of the reactioH.

Ugine Kuhkmanmrocess is chlorinéree, using a combination of hydrogen peroxided

nitrile to oxidise the imine and create a thre@eembered oxaziridine, which later reacts with

a ketone molecule and ammonia to form the azine intermediate. This process has the
advantage to create less waste since the ketones and the nitrile can deneeated,

consuming only hydrogen peroxidé.

An alternative to these processes over the y@rradiolysis of ammonia, (Il) glow discharge

electrolysis of ammonfd and (lll) nitrogen fixation processes have been studie®f

LI NG AOdzE F NJ AYGSNBada F2NJ FLIWIX AOFGAZ2Y & a3NE
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of molecular nitrogen to generate ammonia or hydrazine. The fixation can be done
catalytically using homogeneous irtwased catalysts or electrochemicalfyThe possibility
to generate ammonia from nitrogen and water applying electrical curf@ématpen to the
option of the generation of hydrazine using the excess of energy generated by renewable

sources.

1.3.1.2. Hydrous Hydrazine decompaosition
Hydrous Hydrazine sdy decomposes following two main pathways: decomposition to
molecular hydrogen, E4.19, and decomposition to ammonia, Ef20. The decomposition
toward hydrogen is the desired reaction pathway for application in fuel cell, leading to the
highest hydrgen yield without the formation of undesired and harmful ammonia. Ammonia
interacts with proton membranes, like Nafion, poisoning them and leading to a premature
deactivation of the fuel cell systeti®1°*Nonetheless, as it can be seen the production of
ammonia is thermodynamically favourjtso a kinetic control from the catalyst is required to
achieve high yield toward hydrogeHydrous Hydrazine also as the great advantage that the
complete decomposition produces as-psoduct only N that can be dispesed in the

atmosphere without any harms for the environme¥.
000000 ¢O YO w®Qd:éa OpP w
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Hydrazine miecule presents only two types of bond: theH\ with an energy of 84 kJ migl

and NN, with an energy 60 kJ mol®1 This can indicate why achieving decomposition toward

hydrogen at mild condition is a challenge.

1.3.1.3. Heterogeneous catalysed hydrous hydragidecomposition
Catalytic studies on the decomposition of hydrous hydrazine have been performed using
mainly heterogeneous catalystsAs a consequengean overview on unsupported

nanoparticles catalytic activityill be provided before t@wonsidersupported catalysts

Singh et al. reported the activity of a series of monometallic nanopafiie Co, Ru, Ir, Cu,
Ni, Fe, Pt and Pd} catalyst for hydrazine decomposition. Among those Cu, Ni, Fe and Pt were

inactive for the decomposition while the other métgroduced gases. However, while Co, Ir
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and Ru showed only 7% of selectivity toward hydrogen, Rh nanoparticles were able to achieve

43.8% of selectivity to the desired reaction at 25°C.
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Figurel.14 Timedependent plots of hydrazine decomposition in aqueous solutions with differeapported
metal NPs as catalysts (metal/N2H4 : 10)298 K that show how Rh reaches highest yields, while Ru, Ir and
Co are active, and Fe, Ni, Cu, Pd and Pt areive&ét

In a later paper Singh et al. have exhibited how Ni nanoparticles are able to decompose
hydrous hydrazine increasing the temperature reaching 33% of selectivity to hydrogen at 50
°C1921n this case, selectivity and activity increased with the iaseeof the temperature of

the reaction. However, a different tendency was displayed by Rh nanoparticles for which the
increase in temperature increased the activity but at the same time decreased the selectivity
toward hydrogen, dropping from 43.8% at 25to 34% at 70C8 The different behaviour of

the two catalysts can be associated to different reaction mechal¥fsor to a stability
problem of Ni nanopatrticles which lead to modification of selectivity over time, therefore, the
increase in activity deito the temperature preserve for longer during the reaction the most

selective morphology of the nanoparticles.

Hydrazine is Brgnsted base capable to acegptoton from the water. This interaction, eq.
1.3, with the reaction medium increas¢he presene in solution of MHs* which, after a first
mechanist step of cleavage of theNN lead to a preferential formation of NHcompeting
with the deprotonation of hydrazinegg. 1.4.2%4 For this reason in literature the use of a base
as an additive to the reation medium is often repodd to increase the selectivity dhe

system to hydrogen generation. Moreover, the use of an alkaline solution increases the
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basicity of the surface of the catalyst leading to an inhibiting effect on the formation of basic

ammoria.l04

A fewbimetallic nanopatrticle catalysts formed by two noble metals have been tested for this
reaction. One example is-Rd alloy nanocages reported by Xia andaokers, that were
able to reach approximately 67% of selectivity toward moleculardgyeh® More often
bimetallic nanoparticles are composed by a noble metal, expensivevdindiigher ratesand

a firstrow transition metal, cheaper amnglower to reacbut potentially more selective for the
production of hydrogen. RNi nanoparticles &ve been studied in a series of paper in
literature. Singh et al. reported that optimal atomic ratio between Ni:Rh of 4:1, with
approximately 3 nm of diameter, is optimal for this bimetallic system reaching 100%
selectivity to hydrogen at 25 °C, while @ 7C more nanoparticles with different ratios

achieved 100% selectivity, between atomic ratio of Ni:Rh of 2:8 t829%.
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Figurel.15 Selectivity for hydrogen generation from hydrous hydrazatalysed by RkNiy with Rh/NeH4 1:10
at 25°C1oe

Another interesting bimetallic system is-Ri which exhibited full conversion and 100%
selectivity to hydrogen when the Pt content is betweef3IP6 of the molar composition of

the nanoparticles?’ In another study the best atomic ratio between the two metals was
found to be Ni:Pt of 6:4 atomic ratio, with 1.1 + 0.3 nm patrticles size, reaching 100% selectivity
to hydrogen and a TOF of 156.H2 To be noticed that both these metals as monometallic
catalysts are reported to be inactive, however when are present as part of alloy bimetallic

nanoparticles, they display optimal selectivity and RIgbF
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Moreover, in the case of NRd alloy nanoparticke with particles size between£nm, the
optimal atomic ratio between the Ni:Pd is reported to be 6:4, like fePt\ireaching 100%
selectivity in the presence of NaOMFinally, I¥Ni nanoparticles are reported to have a trend
closer to the one repaded for RhNi nanopatrticles, with 100% selectivity to hydrogen achieved

only for low content of Ir, 80 mol.%1°

Other bimetallic nanoparticles of firsbw transition metals with noble metals, were reported
to be less successful than theldised one. Foexample, CoRiteached only 21.1% selectivity
to molecular hydrogen and FeRreached 30% selectivity® They Ir alternative reported
even lower selectivity while no €éhased catalyst with noble metal was able to perform the

decomposition of hydrous hydzine.

A series of noble metdiee nanopatrticles have also been tested for the reaction. In contrast
with bimetallic nanoparticles containing noble metals, these nanopatrticles are inactive at
25°C, while NFe, with 10 nm particle size and alloy strucdy was able to reach 100%
selectivity when the reaction was performed at 70°C. NiCo and NiCu in the same conditions

only reachedselectivity 0f18% and 15% respectivefil.

Also, the influence o metal oxidesupporthas been studied over the years. Fexample,
Haung et al. deposited small amount of G&@ Ni nanoparticles which demonstrated the
existence of strong metaupport interaction between Ni and Ce(CeQ presented a ratio
Ce3Ce™ of 1.33 indicating a high number of vacancies in the oxide, these vacancies perturb
the electronic structure of Ni, therefore, modifying the interaction between nickel and
hydrous hydrazine increasing the selectivity to molecular hydrogen to 99%. lartie\gork,

CeQ was reported to have the best beneficial effects on the catalytic properties of Ni among
other oxides such as @, MgO and Zr® All the systems mentioned above are examples of
unsupported nanoparticles catalysts, these systems have tivarddge of better contact
between particles and reagents but are difficult to separate from the reaction mixture, for

this reason, supported nanoparticles are usually preferred to theltise.

Supported monometallic nanoparticles, on the other hagidplayed more limitations to the
catalytic performances of the active metals. Noble metals supported nanoparticles are
reported to have low selectivity toward hydrogen. As shown by Dai et al, Ig/Cg0Orted

only 7% total selectivity to hydrogen at 5042 while only in 2018 Qiu et al. reported a
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selectivity of 34% with a highOF 8571 h., using a low substrate/metal molar ratio and high
loading of iridium on the surface, by galvanic replacement with a particle size of

approximately3 nm.1%4

Ni-based catalysts, instead, displayed low activity requiring a long time to complete the
reaction but achieving higher selectivity to hydrogen. Examples of this are®s6kINi/CeQ
which reported 93% and 100% selectivity respectivEly®

More promising a& bimetallic Ninoble metal nanoparticles catalysts. Between theNir
supported catalysts can be reported dsdNi/Al-Oz*® and 1r3Nis7meso-CeQ, with a Ni@Nilr
structure!!* that reached 99% and 100% selectivity respectively, and the latter had a
calallated TOF of 343*h Moreover, also NiPt and NiRh catalysts were reported to be able to
reach 100% maintaining a high level of activity, for exanitigNio 4PDArGO903 ht.1Y’

Tablel.4. Catalytic data from literature for etal nanoparticles for hy@zine decomposition at mild conditions.

Catalyst Temperature (°C) TOF ()  H:selectivity (%) Reference
Rh 25 2.5 43.8 53
Nio.oslr0.05 25 2.2 100 110
NigsPt12@MIL-101 50 350 100 118
Ni-0.08CeQ 30 51.6 99 112
Iro.05dNi/Al 203 50 n.d. 99 116
Pto.eNio.4/PDATGO 30 903 100 117
Ir13Nig77meso-CeQ 50 343 100 114
Ir/meso-CeQ 50 8571 34 114
Ir/ICeQ, 50 n.d. 7 113
Nig1lro/CeQe 50 94 100 113

1.4.  Aims of the study

As seen in the literature review many potential candidates for the catalgwtomposition of
hydrous hydrazine have been proposed. Nonetheless, 1acgée application of this
technology is still limited by the cost of the material, the mass of catalysts to be used (since
most of the experiment reported substrate/metal ratio <26g)ectivity/yield to hydrogen and

overall stability.
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Thus, the objectives of the following presented studies are:

1 Study first the effect of reactioronditionson the activity and selectivitpf the
catalytic decomposition of hydrous hydrazite hydrogen. Modifying parameters
such agemperature, mass of catalyst, stirring speed amhcentration of basethe
optimal conditionsof reaction which allow performing the test ikinetically limited
regimecan be found(Chapters 3).

1 Study the adsorption of ldrous hydrazine molecules on Ir surface from experimental
ATRIR and theoretical calculation by computational studies in order to obtain
information about the reaction mechanism and preferential reaction pathway in order
to find an optimised structure anagnaximise selectivity/yield toward hydrogen,
(Chapter 3 and 4).

1 Synthesis of monometallic -based and Nbased monometallic supported
nanoparticles on different supports in order to identify and understand possible
strong metalsupport interaction (Chaptet and 5).

1 Comparison of different preparation methodsuch as depositieprecipitation, sol
immobilisation and solid grindingncluding different heatreatment protocols to
study the influence of mean particle size of Ir, oxidation state and surfacerage
can influence the catalytic performances of monometallic catalysts (Chapter 4 and 5).

1 Preparation and optimisation of bimetallicNi catalysts to understand the influence
on the catalytic performances and identify potential interaction of the tmetal

through characterisation, (Chapter 6).
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Chapter 2

2. Experimental

2.1. Introduction

In this chapter, the materials and experimentalethods used during the preparation
methods and the evaluation of catalytic performance the catalgstsreported. Descriptions
of the experimental procedures used and of the principles on which the characterisation

techniques usedo carry out this thes work are also reported in this chapter.

Hereafter are reported abbreviations, equations and material used throughout this Thesis.
211.' 00NBDAIl GA2Y A

DP: depositiorprecipitation

Sotimm.: solimmobilisation

THPC: tetrakis(hydroxymethyl)phosphonium chloride

PVA: poly(vinyl)alcohol

EDS: energy disperggray) spectroscopy

SEM: scanning electron microscopy

TEM: transmission electron microscopy

XPS: Xay photoelectron spectroscopy

p-XRD: powder-Xay diffraction

TOF: Turnover frequency

FWHM: Full Width at Halflaximum

2.1.2.Equations
Here are reported some basic mathematical formulas and equations used during this thesis:
w/ 2YOSNRAAZ2Y

a a
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TORdefines thenumber of moles of substrate converted over time by moles of active site.
Over the years, this value heen largely used to quantify the rate of the reaction catalysed
and derives from biologicatudies. The use of turnover frequency also in heterogeise
catalysiss commonly accepted as a fast way to quantify the rate of reaction and compare the
catalytic performances of materials with good approximation in sdefined conditions.
Nonetheless, many crigues can be done to the use of T@Fheterogeeous catalysis such

as the factthat it is a function of the condition used, especially temperature and
concentration of the reagents. The dependency of TOF from the concentrations leads to
another critical aspect of its usés dependency from the instdaneous conditions since
during the reaction the substrate is consumed, not necessarily linearly, therefore TOF
calculated as dévative of the turnover over time to reduce the averaging of the value over
long period of tim& Moreover, in heterogeneousatalysis the number of active sites, in most

of the cases, is not easily quantifiable since not all the metal used, for example for bulk metal
or nanoparticles, is exposed to the reagent as surface atoms, likewise, not all the superficial
metal atoms on ananoparticles are active or have the activity since the catalytic proprieties
can be linked to specific facet of a metal or edge atémshe difficulties to quantify over

time the species in solutioaver time during this project and the linearity of a@rsion of

the substrate in the first part of the reaction (until 50% of the total conversion approximately)
allowed to use TOF in this thesis work with a good degree of approximation maintaining

constant the parameter of reaction.

Other equations are premted through the thesis there a deeper discussion and analysis are

required for the explanation.
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2.1.3.Reagents

Table2.1 list of chemicals used throughout the thesis.

Chapter 2

Name Formula Company Purity Use
(catalogue n®)
Cerium (IV) oxide | CeQ SigmaAldrich ~ N.d. Catalysts
(544841) support
Titanium (IV)| TiC (aeroxide,P25) Fisher Scientific »x oo P p:’z  Catalysts
_ (10646903) support
oxide
Aluminium  (lll)| *-AkGs Alfa-Aesar 99.9% Catalysts
) (1344281) support
oxide, gamma
phase
Magnesium MgALOs SigmaAldrich  99.99% Catalysts
) i (635073) support
aluminate, spinel
Dihydrogen KalrCh Alfa-Aesar 99% Metal precursor
. (11031)
hexachloroiridiate
Iridium (1) | I(CHCOCHKCOCH); SigmaAldrich  97% Metal precursor
(333352)
acetylacetonate
Nickel (II) chloride NiCh AlfaAesar 98% Metal precursor
(771854-9)
THPC solution (HOCHR)4PCI SigmaAldrich ~ 80% in HO Reducing agent
(404861)
Sodium NaBH SigmaAldrich ~ 99.99 % Reducing agent
. (480886)
borohydride
Sulphuric acid H.SQ SigmaAldrich  95¢ 98 % pH corrector
(258105)
Sodium NaOH Fisher Scientific x o 1572 pH corrector
. (131073-2)
hydroxide, pellet
Urea (NH).CO SigmaAldrich X b P p:’z  pH corrector
(U1250)
Hydrazine NzH; - O SigmaAldrich  98% Reagent
OHNT (N HI
monohydrate
Hydrazine*N NoHs - HO SigmaAldrich  98% Reagent
(492787)
monohydrate
Ethanol CHCHOH Fisher Scientific 99.9% Solvent

(13225483)

46



Chapter 2

Hydrochloric acid | HCI SigmaAldrich 37% pH corrector
(7647010)
4- (CH):NGH.CHO SigmaAldrich 99% Reagent

. . (156477)
(Dimethylamino)

benzaldehyde

2.2. Preparation of Supported Metal Nanoparticles

The catalytic performances of supported metal nanoparticles are influenced by the
morphology and structure of the nanoparticles themselves, which in turrreleged to the
preparation methods utilised for the synthesis of the catalyst. The catalysts tested have to be
reliable, therefore, the reproducibility of the method used, is of great importance.
Throughout the thesis, three main preparation methods hagerbused: seimmobilisation,

depositionprecipitation and soliestate grinding.

2.2.1.Colloidal methods

In Chapter 1, it has been explained and discussed how the preparation of colloidal metal
solutions allow to (I) control mean metal particle size and parside distribution and (ll) the
morphology of the supported nanoparticles on the final catalysts. The colloidal methods tend
to follow straightforwardprocedures, but in literature are reported many detailed studies on
the relationship between the conditis used during the preparation method and the
colloidal metal nanoparticles formett! The colloidal method in principle, consists in the
dissolution of a metal precursor salt in a solvent, either water or organic, and when reduced
by a reducing agent (idi or strong reducing agent), like> dr NaBH, in the presence of a
stabilising agent, electrostatic and/or steric, like PVA, THPC, citrate. The use of stabiliser is
essential in order to avoid nanoparticle agglomeration and collapse of the metal
nanoparicles in the solution. The colloidal metal nanoparticle solution is then immobilised
on the support, usually by varying the pH of the colloidal metal nanoparticle solution and the
support added, in order to increase the interaction between the preformedtaine

nanoparticles and the surface of the chosen support.
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2.2.1.1. Soklimmobilisation with tetrakis(hydroxymethyl)phosphonium
chloride (THPC)

Solimmobilisation with THPC is a particular type of colloidal method in which the reducing
agent acts also as stabiliser? In fact, THPC in basic solution decomposes following the
reaction pathways shown in the scheme in Fig2ie THPC in alkaline solution loses one of
the hydroxymethyl group, that turns into formaldehyde, and reduces the P centre ffam P
P!. P(CHOH} then re-oxidises tatetrakis(hydroxymethyl)phosphoniumxide, THPO, using
the oxygen from kD, in the process Hs formed. Both formaldehyde and Ean reduce the
metal precursor to form metal nanoparticlé$The stabilisation of the nanopticles is related
to the adsorption of THPO on the surface (as a positive charge phosphonium centre) and it is
balanced by chloride ions. This concentration of charges near the surface acts as an
electrostatic barrier avoiding the contact between the naadgles in solution and it can be
removed partially or completely, by washing the immobilised catalyst. In this way, the surface
of the metal nanopatrticles produced is more accessible to the reagent than when steric

stabilisers are use8l.
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Figure2.1. Shieme of reduction of metal for the production of nanoparticles by THPC.
Figure2.2 displays the experimental procedure followed for the preparation of the catalysts
by solimmobilisation. Typically, for the sohmobilisation method with THPC the followgi
experimental procedure was followeth a 100 mL beaker deionised water was added with
the final volume of 50 mL after the initial addition of reagents for the preparation of the
colloidal metal solution, as shown in Tald2. Then, under stirring (75@m), a volume of
0.0675M THPC, calculateth order to havanetat THPC molar ratio of 3:4, was added to the
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agueous solution with 0.2 M NaOH with a volume ratio of NaOH/THPC of 1.5. After the
addition of THPC to the alkaline solution, the metal precussution was added and then

left to react under continuous stirring for 30 minutes to achieve the complete reduction of
the metal precursor. The reduction of the metal precursor to metal nanoparticles is
accompanied by a modification of the absorptiorespa in the UV/vis region which can be
analysed andmonitored by UV/vis spectroscopy. Therefore, after 25 minutes from the
addition of the metal precursor, a UV spectrum was recorded in order to check the state of

chemical reduction of the metal beforeghmmobilisation.

THPC
NaOH

= .7{. HIrCly
t\{. 30 min
é

Reduction in
Drying H,/Ar

- . -

Figure2.2. Schematic representation of sahmobilisation with THPC for Ir catalysts used in this thesis.

110°C
16h

Immobilisation was then performed by adding the support, (for 1 g of 1 wt. % the mass of the
support is 0.999), to the colloitianetal solution under stirring. Depending on the support
(point of zero chargeof support) used an acidification step may be required. In case
acidification is needed.-1.5 mLof HLSQ concentrated, 98%, was added in order to decrease
the pH of the slurry dispersion to a value of 2. The dispersion was left under stirring for 1 h
before it was filtrated and washed, with 1 L of deionised water in order to remove the residues
of the reducton reaction. Finally, the filter was collected and dried in an oven at 90°C

overnight and the filtrated solution was collected for analysis withM=P

Bimetallic I¥Ni catalysts were also prepared by this method. The standard procedure for
bimetallic atalysts followed the same steps as the experimental procedure for the
monometallic Ir catalysts, using an aqueous solution containing both the desired precursor
salts. This method should favour the contemporaneous reduction of both metals, leading, if
possible, to the formation of alloy metal nanoparticles. The tstep reduction, instead, used

two separate metal precursor solutions which are reduced in two phases. First, one of the
metals was reduced using a specific volume of THPC solution and NaOkbnsolut
proportionate to the moles of the first metal used; after 30 minutes of stirring and the
confirmation of the first metal reduction, an additional amount of the same reducing agent

and the second metal precursor were then added. The principle of théaodeis that the
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second metal uses the metal nanopatrticles already formed in the first colloidal metal solution
as a nucleation preferential site leading to the formation of nanoparticles of the second metal
on the surface of the preformed colloidal metamoparticles. Therefore, the possibility to
partially or fully covering the surface of the initial solution of metal nanopatrticles and creating
coreshell structures could be achieved. Finally, the step immobilisation procedure
consisted of two sepatad solimmobilisation procedures of the same methodology. During
each preparation method, a monometallic colloidal metal solution was produced and then
immobilised onto the support. The immobilisation of the first metal colloid was done on a
bare supportliike in the normal methodology discussed. However, the immobilisation of the
second metal colloid was carried out on the previously produced supported metal catalyst.
This procedure can produce structures like bimetallic alloy nanoparticlessbetestucture

and segregated monometallic.

Table2.2. Volume of precursor solutions and reducing agent used during the preparation of 1 wt. % supported
metal nanoparticles. [HrCk] = 3.25 mg/dm, [NiC}] = 9.73 mg/driand [THPC] = 0.0675 M.

Catalysts Ir loading Ni loading Volume of Volume of Ir Volume of Ni
(Wt.%) (wt.%) THPC use( precursor precursor
(cn?) used used
(cm®lg car) (cmP/gcar)
Ir/ support 1.0 - 1.02 3.08 -
Ni/ support - 1.0 3.36 - 1.03
IroNiz/ support | 0.97 0.03 1.10 2.98 0.03
Ir3Nis/ support | 0.91 0.09 1.24 2.79 0.09
IriNiy/ support | 0.76 0.24 1.575 2.36 0.24
Ir1Nis.3/ support | 0.5 0.5 2.19 1.54 0.51
IriNio/ support | 0.27 0.73 2.74 0.81 0.75

2.2.2.Depositionprecipitation methods
Depositionprecipitation methods consist of thgrecipitation of metal oxide particles by the
use of a precipitating agent followed by a heat treatment step to form metallic or oxide forms
of metal nanopatrticles, depending on the choice of gagaff and temperature during heat

treatment. In particula, the precursor salt in solution at higher pH form hydroxide species
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that interacting with the oxeandhydroxy species on the surface of the support, leading the
precipitation of the metal hydroxide on the surfateDue to the possibleslectrostatic
repulsion between the hydroxyspecies that prevent the aggregation ihre deposition on

the negatively charged surfacBepositionprecipitation methods tend to follow simple and
practical manufacture procedure and, therefore, are commonly used for indiistri
applications. Nonetheless, these methods are sensitive to the small variation of pH and ions
concentration both in terms of final loading of metal and mean particle %i2&. For this

reason, these methods tend to be more difficult to reproduce toémers.

2.2.2.1. Depositionprecipitation with NaOH
This method follows a simple preparation procedure. Firstly, in a 100 mL beaker, 50 mL of
water and the support are added and stirred. The dispersion of the support in water is then
treated with a NaOldolution of 0.IM dropwise until the desired pH is reached, in this project
usually 10. When the pH of the dispersion is stable, the metal precursor is added. The pH is
adjusted to 10 by adding NaOH aqueous solution dropwise and it is kept constant at that
value, for the time necessary for the full theoretical deposition in this thesis the duration was
8 hours. This method is sensitive to parameters like the variation of pH kept during the
experimental procedure and the use of different precipitation agemstisch as KOH and
NaCQ. Therefore, continuous control has to be maintained during the preparation of the
catalysts, in order to maintain the same M(QE)throughout the preparation. In the case of
Ir this method was not able to deposit all the meta¢dss a precursor, therefore, deposition

precipitation with urea was used to achieve better depositton

The catalyst was then filtered, dried in an oven at 80 °C and finally reduced at high

temperature to obtain metallic nanoparticles.

/ i 4 Reduction in

== Support = — K,IrClg Drying H,/Ar
_ \ { pH 10 ‘ \{ | pHI0 110°C - -
i ] 8-24h
-V 3 ;‘,_3 16h -

Figure2.3. Schematic representation of the depositiprecipitation method with NaOH for Ir catalysts used in
this thesis particular importance is covered by the reaction under stirring at controlled pH
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2.2.2.2. Depositionprecipitation with Urea
Depositionprecipitationwith urea follows the sample principles of the DP with NaOH, but
the method is modified since in this case the precipitation agent is slowly produced through
the preparation, this method allows to deposit higher amount of active metal compared with
other DP methods. First, the support was added with the salt precursor to 400 mL of deionised
water and then the dispersion was heated to 80°C and kept at that temperature, as shown in
Figure2.4. When the temperature was constant the desired amount of ureathvs added
and left to react for 3 hours after pH 7 was finally reached. Urea in acidic solution hydrolyses
producing ammonia that gradually raises the pH to a value of 7 and acts as a precipitation
agent, as illustrated in EG.5. The catalyst was theiitéred and dried in an oven at 80°C. In
order to remove ammonium bproducts of the hydrolysis of urea the material needed to be

calcined before the reduction inztdt high temperature.

00 600 000 ©¢d™O0 060 ¢0O oEd

' K,IrClg {
= Support Urea
i \{ 80°C pH 7
2

Calcination
Drying in air 300°C

3 >
- Reduction in -
. k H,/Ar

Figure2.4. Schematic representation of depositiprecipitation with urea for Ir catalysts used in this thesis
particular importance is covered by the reaction under stirring at controlled pH

2.2.3.Solid-State grinding

110°C
16h

3h

Solidstate grindingis a dry preparation technigue since it does not require the use of any
solvents? Typically, 0.99 g of support required was added in a mortar and it was ground
manually for 30 minutes using 26.6mg of Ir(acacjhe solid mixture without a mesh
selection, was then calcined in order to decompose the organic courderof the Ir
precursor, acetylacetonate. The material was then reduce®Qfi°Cto obtain metallic Ir

particles.

2.2.4.Heat Treatment Protocols
The catalysts prepared by the aforementionedtinods need highemperature treatment in
order to be activated and produce metal nanopatrticles. Two heat treatment procedures have
been followed: (I) calcination and (Il) reduction. The heat treatments, when necessary, were

performed in a horizontal furree, equipped with a quartz tube, capable to reach
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temperatures as high as 800°C using a calcination boat in ceramic to contain the catalyst
powder during the treatment. Calcination was performed under a flow of air, 120 mt, min
with a temperature increse of 10°C/min until a hedteatment temperature of 300°C, or
400°C and 500°C to be reached. The chosen temperatures were chosen in order to vary and
study the effect of the growth of the nanopatrticles and activate mstglport interaction.

After reachiry the final heattreatment temperature the sample was kept at the desired
temperature for 3 h. The furnace was then let to cool down to room temperature without
external aids. Similar parameters were used for the reduction, but instead air a 1D0AH
flowed, 7680 mL min', in the furnace during the heat treatment. Particular attention was
focused on the removal of the sample since if the temperature of the material was still high
the surface of the catalyst can then be easilyorgdised by the atmospgric air outside the
furnace when the calcination boat is extractétherefore, the sample as left in reducing gas

flow until a temperature near to ambient was reached in the furnace.

2.3.  Catalytic testing

The typical catalytic tests were performed in a seddatth reactor, Figur2.5 and Figur.6.
The decomposition of hydrous hydrazine was followed either by the volume of gas produced
and then collected or by the pressure changes inside a completely sealed reactor. Batch

reactions were performed to obtainretics data in an accurate and reproducible way.

2.3.1.Volumetric quantification

The main catalytic test protocol used in this thesis is the decomposition of hydrous hydrazine

in sealed batch reactor and quantification by volumetric water displacement.

The setup, that is displayed in Figure 2.5, is composed by a sireglke sealed cap round
bottom flask used as reactor. The typical experimental protocol for the reaction was the
following: The weighted mass of the desired catalyst was added in the reacto8 withof a
NaOH solution in water and a magnetic stirrer bar. The reactor is placed in an oil bath on a
magnetic stirring hot plate, which was set to reach a chosen temperature. The temperature
of reaction varied, throughout this thesis, between 30°C antC7/@nd the magnetic stirring

was initiated. While the reactor was warming the valve on the lid was kept closed to avoid
evaporation of the aqueous solution. When the reaction temperature was reached and was

stable the magnetic stirrer was shortly stoppem allow the addition of 0.3 mL of 3.3 M
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hydrous hydrazine solution. Then, the system was purged witfallin order to eliminate O

and, therefore, maintain the gas mixture outside the explosion limits.ofTHe valve on the

lid of the reactor was thenonnecter via flexible tubes to a washing bottle filled with 1 M HCI
solution and, after, to a burette filled with water were the gasses can be collected. Parameters
like temperature of the reaction, stirring rate, mass of catalyst and concentration oHNaO

have been optimised for the reaction and results are presented in Chapter 3.

Figure2.5. Photograph of the reaction seip used for the volumetric quantification of hydrous hydrazine
decomposition.

Once the lid is connected to the gas collection systima valve on the lid was open and the
stirring was initiated again in order to start the reaction. The acid washing bottle was used to
trap possible ammonia generated during the decomposition and evaporated so that the
volume read from the displacemert related only to Hand N. The volume of gas produced

was quantified using a burette filled with water and rotated upsititevn in a beaker filled

with water. When the gas is collected in the burette, it displaces the water, therefore from
the variation n the position of the meniscus in the burette the total volume of gas produced
can be quantified. From the volume of gas produced using the ideal gas law, as shown in Eq.
2.3, it is possible to calculate the moles ofahd N. Van der Waals corrections Y& been

tried too, but these correctiosdid not vary significantly the number of malealculated at

the working condition of the set uplhe reaction was then performed more than once in
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order to guarantee the reproducibility of the reaction. At the eoflthe reaction, the
remaining hydrous hydrazine in solution was quantified by colourimetric method, as it is

presented in Section 2.3.3.

The yield of the reaction was then calculated by a formula derived from the two

stoichiometric reactions, EQ.6-2.8.

6006 O Ok
ol 0% O 100 [0]:: ¢ ¢
o0 ' O° p cwo w0 T W00 ok

Where X is the selectivity of the reaction to hydrogevith a value ofl for complete
decomposition to hydrogen. Since ammonia, if produced, is trapped using the washing bottle
filled acid and the moles Nand H have to be considered as moles of total gas, since it is not
possible to distinguish the moles thfe two gasses from the volume collected, Bd.0, the
moles of gas are quantified and, therefore, ammonia is then removed from the equation, Eq.
209.

o0 O° p cwlbd OO O’ &
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Later calculating the moles of gas produced, »m({), from the moles of hydrazine

consumed, n(bHa).
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When decomposition is completethe n(H+Ne)/n(N2Hs) parameterreachesa value of 1/3
in case ofcomplete decomposition to ammonigX = 0), and 3,in case ofcomplete
decomposition to hydroge(X=1), as it can calculated from E2,10. At the same time, the
selectivity to hydrogepX at full conversion is equivalent to the valuetioé yield to hydrogen,
\ &

55



Chapter 2

Oé O 0
c0 0O
U

For the analysis of the gas produced by the decompositiorcti@® the reactor was

o o

o

connected to a gas sealed bag instead that the gas burette so that the gas could be fed later

to the portable mass spectrometer and analysed by the method described in section 2.3.3. .

Reusability tests were performed following thanse experimental procedure of the batch
reaction quantified by the volumetric method. From the second reaction, fresh hydrous
hydrazine solution was added in order to restart the experimental test, while the catalyst was

kept in the reaction solution betwen the reaction cycles.

2.3.2.Pressure detection system
The experimental tests with homogeneous catalysts due to the smaller volume involved were
performed using a sealed pressure round bottom flask which lid was equipped with a pressure
sensor, as shown in Fige2.6. The lid has mounted on topg3away valvethat can be switched
between two positions (189. In one position the flask connects to the exterior so that it can
be purged with N. In the other position the flask connects to the pressure sensor, thezef

the system is closed.

switchable

<— 3-way valve

data transmitter oressure

& powet

oriae P to
inert gas
vaccum
manifold

- ‘

Figure2.6. Photograph of the reaction seip used for the volumetric quantification of hydrous hydrazine
decompositiorused fortesthomogeneous catalysts
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The reaction was performed by placing 8 mL of 0.5 M NaOH solutiotheseélected amount

of catalyst in the pressure round bottom flask with a magnetic stirring bath. The reactor was
sealed and purged with N\before being placed in the oil bath where heat and stirring are
provided. Once the temperature reached the desiredue of 50°C and the pressure inside
the reactor was stable 0.1 mL of 3.3M hydrous hydrazine solution were injected with a syringe
through a septum that closes the second neck of the reactor. The solution was then let react
until the pressure inside the &etion was stable again, indicating the end of the

decomposition reaction.

2.3.3.Gas quantification via Mass spectroscopy
The yield to hydrogen calculated by volumetric quantification was then validated by repeating
some representative experimental tests in whithe gases were analysed by MS technique.
As mention before, the gases for the MS analyses were collected in a sealed gas bag and then
injected into amass spectrometer Hiden analytical atmospheric gas anajysidrupole gas

analyser (QGAArgon gas waiused as carrier during the analyses.

Using a standard mixture of2Ml2 at fixed ratios the internal sensitivity parameters were
corrected, therefore, ulterior external calibration was not required to obtain a correct

guantification of Hand N.

The analyses were performed using fragmentn&’z = 2 and 28as referencefor the
guantification of hydrogen and nitrogen respectively. Contribution from water at the
fragment m/z = 2, were taken in consideration for the quantification of hydrogen. While the
fragment at m/z = 32, oxygen, was used as a reference to compensate passibibution

from air to the nitrogen quantification.

2.3.4.Hydrous lydrazine  quantification via  colourimetric

spectrophotometry
At the end of the gas evolution from the reaction mixture, to control the final conversion of
hydrous hydrazine, a sample of the dodn was treated in order to perform a colourimetric

quantification of the undecomposed reagetit!®

22.25 mLwater were placed n a 50 mL beakeand then 2.5 mLof p(dimethyl)-
amindbenzaldehyden 1:1 (vol/vol)EtOH/HCséolutionwas added. 1.5 mL of trsslution from
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the reactor was taken and centrifugeo separate the catalyst. Then, 1 mL was collected in a
50 mL volumetric flask with 6 drops ofrexentrated HCand t was made up t&®0 mLwith
deionised water0.25 mL of the dilutedolution was then dded to thesolution in thebeaker
and left to stir for 10 minutes. tnL was then collectetb record theUV spectum taken in

order to determine theconcentration of hydrous hydrazine at the end of the reaction.

o6 - W oD T
The absorption of thep-(dimethyl)aminobenzaldehyde azine the UV/Vis region was
guantified and calibrated, at the maximum peak at 456 nm, using the LarBaent law, as
showninEqR.14. Aistl® 0 A2NDB I yOS i GKS OK2aSy ¢l @St Sy
at that wavelength (criM1), | is the optical pathway (cm) and c is the species concentration
(M). To confirm the absence of response from ammonia, 1 mmol of ammonia instead of
hydrous hydrazine was added in the reaction mixture and tested, as shown in Riguiehe
calibration showed a linear response between the concentration of 0 and 3.96/4; 1 the
wavelength of the maximum of the peak, which cover the range of concentration used during

the tests after the dilution, as shown in Figx8.

3.0

——— Blank
—— Ammonia
——243*10°M
——5.004 *10° M
——1.01*10° M
——2.02%10°M
——3.16*10°M
4.03*10° M

Absorbance

2 300 400 500 600 700 800
Wavelength (nm)

Figure2.7. UV/Vis spectra of different concentration e{gimethyl)aminobenzaldehyde azine.
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Absorbance
N

% 1x10™ 2x10° 3x10” 4x10°
Conctration of Hydrazine (M)

Figure2.8. Absorbance at 456 nm versus concentration of hydrous hydrazine functionalised as p
(dimethyl)aminobenzaldehydezine.

2.4.  Catalysts Characterisation

2.4.1.Powder XRay Bwder Diffraction (3XRD)
Powder XRay diffraction is 2 Y & A R&WNEStRictiéE crystallographic techniquéor

bulk material, while on nanoparticles can affect the oxidation state of the metal
nanoparticles Its main use is for the determination ofystalline species present on the

analysed sample by the study of diffraction patterns. The sample to be analysed is exposed

to an Xray beam which is scattered by the interaction with the material in all the directions,

these scattered radiations are théfme cancelled by destructive interference. Nevertheless,

when the Xray beam hit the sample with certain angles, constructive interferences are
generated and can be detected and analysed, as shown in FX@uwd&hese constructive
interactions produce aadtern which provides structural information about the sample. A
diffractogram is then created which displays the intensity of the diffractedyX against the
Fy3ftSs H' X Fd 6KAOK (GKS 02y aidNMHzOGA DS Ay i SN
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crystalline phase and chemical composition of the crystal; therefore, it can be used for the

identification of the sample using specialised databases.

Figure2.9. lllustration of constructive interferences and Bragg's.taw
The angles at which construtiS Ay i SNFSNBy O0Sa 200dzNJ Oy 6S C
21521
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A unit cell is the smallest assembly of atoms that constitute the repeating pattern in a lattice.
A unit cell is defined by three integers and three asgighich are called unit cell parameters.
The repetitive translation of the unit cell along its vectors creates the crystal lattice. The lattice

planes are sets of equally spaced and parallel defined by Miller indigd<?h

Another important information that can be extrapolated from the diffractogram produced by
p-XRD is the size of crystallite, regions with identical and continuous crystalline structure. This
crystallite size can bestimatedusing the Scherrer equation, Ej16, which is related to the
broadening of the peak with the crystallite size.

0

0 R o ¢

GKSNBE 5 Aa (GKS OWR&a lislf 93WiSy RAAS i <mHE SO Ita
O2NNBOUGAZ2Y FILOG2NI NBfIFGSR (2 ONRadloftheA (S aKk
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maximum of reflection As can be noted, peaks broaden with the decrease of the mean
crystallite size, therefore, for small crystallites, the peaks cannotib#nguished by the

background of the analysis. This limit is usually around a crystallite size of 5 nm.

t! blkylfedAOINE & RWIFNING WO 2YSGISNI dzaAy3a (GKS [/ dz
operated at 40 kV and 40 mA, was used to collectedy difraction (XRD) data at ambient

temperature. Xray diffraction patterns were recorded in the rangeytO1c  H Fd I ads

0.017°. Samples were mounted on sample holders.

2.4.2. X-ray Photoelectron Spectroscopy (XPS)

To obtain information on the elemental dace composition and the oxidation state of the
elements of the surface XPBas used, which is a surface sensitive technique. This
spectroscopic technique irradiates the sample surface with a monochromatig Beam in
ultra-high vacuum conditions. Theradiation causes the atoms of the sample to emit
photoelectrons from their core energy levels which are then measured. XPS is surface
sensitive because the maximum depth from which electrons are emitted is of approximately
5 nm. Of these photoelectrons cdre measured kinetic energy and from that is possible to

determine the binding energy of the atoms according to ZE#j7.

o G O 8B od X
Where Eanis the kinetic ensgy (KE)hA & t £ | y O | AGsdthe Oedjuedicyl of thel-gay
beamBmnAda GKS 0AYRAY3I SyYySNHE YR uv A& (0KS g2NJ

gap between the vacuum energy level and the Fermi energy level, as shown inFlgure

XPS sgctra are reported as plots of the intensity of the electrons emitted, usually as electron
counts, versus the energy of the electrons, usually as binding energy. Every element emits
photoelectrons at characteristic binding energies associated with eaah atomic orbital

and this allows the identification of the species on the surface of the sample.

Electron peaks are identified by the quantum numbers (n, | and s) of the orbital which emits

the electrons, i.e. for Ir the most common peaks analysed aretteeemitted by 4f orbital.

vdzl yidzy ydzYoSNIy Aad |y AyGS3aISNI x mMXI f A& 2ND
Oandnl,itisalsocalledass=0,p=1,d=2,f=3, sis the spin momentum and can be either
+1/2 or-1/2, and the total momentums j =|| + §.2! Therefore, every orbital, except for s
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orbitals, have two sublevels associated with j leading to the formation of a doublet of peaks.

Thus, the Ir 4f level gives two peaksyAfwith j = 3 + 1/2) and 4£ (with j = 3¢ 1/2).

Photoelectron

7 Kinetic energy
Vacuum level
% °
4 Fermi level

X-ray
Binding energy

F
S

Photoemission

Figure2.10 lllustration of the photoemission performed during XPS analysis

Thermo Scientific dlpha+ spectrometer was used to perforidray photoelectron
spectroscopy (XPS) analys@hie spectrometer uses a monochromatic Afa){ source
operating at 72 W (6 mA x 12 kMhe signalwas averagedon an ovalshaped area of
approximately 600 x 400 microns. Data was recorded using pass energies of 150 eV for survey
scans and 40 eV for highsolution scans with a 1eV and 0.1 eV step respectively. Charges on
the samples were neutralised using a combination of low energy electrons and argon ions
(less than 1 eV) in order to have a C 1s binding energy for adventitious carbon of 284.8 eV.
The eyerimental spectra were fitted after subtraction of Shid&# or U2 Tougaard
background using CasaXPS (v2.3.17 PR1.1) and Scofield sensitivity factors with an energy
exponent of-0.6. The Ir 4f region, more characteristic, presents two doublets @fd 4f/2,

both for metallic and oxidised Ir species. The second peak has the same width as first and 3/4
of the area of thedf7> due to their multiplicities proportional to 2j+1, which results in 8:6.

4fs;2 has binding energy 3 eV higher tham#41° Ni2pare the most characteristic peaks for Ni.

Due to the satellite peaks related to the shake of the main 2p peak the shape of Ni2p is
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not clearly defined and model have been created in order to obtain accurate fitting of the
oxidised species. Also, only2iss/> was analysed since Nigpis fully proportional to the other

peak?®

2.4.3.Electron Microscopy
lfft26Ay3 (02 RAAGAYIdzA aK FSEGdzZNBE& dzy G A€ | LILIN
visible light, optical microscopy is not useful in the characterisatfdhe surface of a catalyst.
To overcome this limitation electron microscopy was developed. Due to the small wavelength
of electrons, this technique nowadays can reach magnifications on the order of one million
times and resolutions of approximately (hn.Electron Microscopy can be used to determine
the nanopatrticle size, shape and morphology of heterogeneous catalysts. The analysis of the
electrons emitted by the interaction of the sample with the electron beam can give important
information about thecomposition of the sample. Depending on the kafélectron detected
and analysed, as shown in Fig@r#l, various electron microscopy techniques can be elhss
In thisthesis Transmission Electron Microscopy and Scanning Electron Microscoplydeave

used.

Primary electron beams

X-Rays

Backscattered electrons

Photons
Secondary electrons

Auger electrons

Sample

Diffracted electrons Loss electrons

Transmitted electrons

Figure2.11 Interaction between the electron beam and the santpleéngelectron microscop the position of
the detector and of the lenses with respect of the beam can allow to select specific electron or radiation
emitted.

63



Chapter 2

2.1.1.1. Transmission Eléon Microscopy (TEM)
Transmission Electron Microscopy usesedectrongun that emits a primary electron beam
at high energy and intensity which is passed through a condenser to obtain parallel beams
that are focused on the sample. Only a fraction of éhectrons passsthrough the sample
without energy loss and are called transmitted electrons. Like in optical microscopy; a two
dimensional projection of the sample is created by the transmitted electrons, which are later
magnified by electromagnetic lense Finally, a brigHield image is formed when the
transmitted electron beam hits a fluorescent screen. Diagld images can be also collected
if, instead of the transmitted electrons, diffracted electrons are magnified and focused on the
fluorescent saeen. If the particles are oriented towards the beam, the electraas offer

crystallographic information.

K) Electron gun

Condenser lenses

Sample aperture

Objective lens

Lenses

Image plane

Figure2.12 Schematidesignof a transmission electron microscope.
Particle size distributions and mean nanopatrticle size was obtained perfofiframgmission
Electron Microscopy using a JEOL JEM 2100 TEM operating at 200 keV. For examination
powder samples were dispersed in high purity ethanol and a drop of the suspension was
deposited on a holey carbon film supported by a 308sh copper TEM griand then let

evaporate. In order to obtain a reliable mean nanoparticle size of the desired metal
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nanoparticles and particle size distributions determination at least 200 particles from

different areas were measured.

TEM performed in Leeds by Dr Tom Chanain group were prepared by the following
experimental procedure. The samples were dispersed in 10 mL of isopropanol and sonicated
for 10 minutes. Then 3 drops of this solution were deposited on cadoated copper TEM

grids. HRTEM and STEM were penied at 200 kV (Leeds Electron Microscopy and
Spectroscopy Centre, LEMAS). Nanopatrticles sizing was performed by measuring a statistically
valid number of individual NPs using the TEM data. EDX mapping was performed in STEM

mode.

The analyses performed aeligh University by prof. Chris Kiely growpre analged in a
JEOL ARM 200CF analygtattron microscopequippedwith a4th order ASCOR probe
corrector anda JEOCenturiosilicon drift detector XEDS systemperating at200 kV. Images
were colected in the HAADBETEMmode. STEM imagacquisition andnterpretations were
performed in DigitalMicrograph. XEDS data were acquired and aedlyusing Thermo

Scientific NSS software.

2.4.3.1. Scanning Electron Microscopy (SEM)
SEM can be used to obtain informatiabout the macroscopic morphology of the catalyst. In
this technique, the electrons aproducedby a metallic filament, usually tungsten due to the
high melting point, by the application of a voltage under vacuum. The electron beam hitting
the sample ernits secondary and backscattered electrons which are then detected as a

function of the position of the primary beam, as shown in FigLig.

Backscattered electrons are generated deeper in the sample, they have higher energy, and
have differentresponse based on the atom that emits them, with heavier atoms having higher

response resulting in brighter region in the final image.

Secondary electrons are generated from the surface atoms and have lower energy. To amplify
the response from these elecins they get collected and fired at a scintillator that releases
flashes of light into a photomultiplier. This amplified signal is then displayed as an intensity
distribution pattern. The intensity of the signal in each region depend on the number of

eledrons detected. The orientation of surface influence, therefore, the intensity of the signal.
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If the surface directly faces the detector, it will collect more electrons, resulting brighter than

surfaces pointing to other directions.

U Electron gun

Condenser lenses

Scan coils

X X
X X

Objective lens

Detector

Sample

Figure2.13 Schemat of a scanning electron microscope.
After exposing the main difference in functioning between SEM and TEM, as to be also noted
that the maximum resolution range is1D nm for SEM analyses, while with TEM it is possible

to reach subnanometre resolution.

Powders were dispersed on angtlb and examined in a Hitachi TM3030PLUS SEM equipped
using 15kV to generate the electron beam with a Quantax70 erdigpersive ay

spectrometer.

A range of selected samples for which TEM analyses resulted problemesiicanalysed by
Scanning ElectroMicroscopy performed on a Tescan Maia3 field emission gun scanning
electron microscope (FE&EM) fitted with an Oxford Instruments XMAXN 80 energy
dispersive Xay detector (EDX). Images were acquired using the secoralacjron and
backscattered electron detectors. Samples were dispersed as a powder onto 300 mesh

copper grids coated with holey carbon film.

66



Chapter 2

2.4.3.2. Energy Dispersive-Kay (EDX)
EM techniques are often coupled with an enedjgpersive Xay spectrometer (EDX)
detector so that elemental composition can be analysed. In EDX detector, ststédlevice
consisting of lithiunrdoped silicon, Xays are absorbed and turned into electron by
ionisation. This process dissipates kinetic energy crgattectrorhole pairs in the
semiconductor. The pulse heights of the curremtich is proportional to the number of
electronhole pairs, are measured to know the kinetic energy of the photoelectrons and,
therefore, the energy of the-Xay emitted by the ample. This energy is characteristic for each
element and in this way, elements can be recognised and the image mapped element by
element. EDX as a limitation in the recognition of the species on the surface due to the

proximity of energy of Xay emittedby atoms with similar electronic structuré.

The relative elemental composition can be assessed by EDX since the quantitaysf X

emitted at specific energy values is proportional to the amount of each specific atom.

2.4.4.BET (Brunauer, Emmett and Tell&)rface Area Analysis

Since heterogeneous catalysis is performed on the surface of the catalytic material the
extension of its surface area plays a relevant role in defining the catalyst activity. Gas
adsorption is used in order to measure the surface afga® materials used and the size and
volume of its pores if the material presents porosity. For this technique, an inert gas, at its
condensation temperature, is physically adsorbed on the surface of the material analysed.
The typical choice for the inegas is W since it is abundant and cheap, and its condensation
temperature can be achieved immerging the sample in liquid nitrogen. BrugBoanett

Teller (BET) equatiodescribes multilayer absorption and it derived from the Langmuir
model for monolger molecular adsorption andvith some assumptionst can be used for

an assessmenof the surface area of the sample. However, some assumptions have to be
done: (l) the gas molecules adsorb in layers on a solid, (ll) the interaction between each
adsorpion layer is negligibl€lll) the Langmuir theory can be applied to each larmedt (IV)

the enthalpy of asorption of the first layer is greater than for the second and other layers,
which is the liquefaction energylhe result of the analysis of an isetm function of the

volume of the gas adsorbed versus the relative pressure, as illustrated 21184’
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covered by one nitrogen molecule, 0.162 hth®

BET surface area was measured from the adsmmpgdesorption of N at liquid nitrogen
temperature, 77 K, using a Quantachrome NOVA 2200e. Samples were degassed for 3 h under
vacuum at 500 K before the BET analysis. The total surface area was determined using the

BET (BrunaueEmmeti;Teller) equatiorand the multipoint method

2.4.5. Temperature Programmed Reduction Analysis (TPR)
Temperatureprogrammed (TP) analysis is a class of techniques in which a chemical reaction
or desorption is monitored while the is progressively increased temperature. In thssaflas
analysis are collected Temperature Programmed Desorption (TPD), Temperature
Programmed Reduction (TPR) and Temperature Programmed Oxidation (TPO), which are
commonly used for the characterisation of heterogeneous catalysts. During this thesis, TPR
wasperformed. The technique passes a flow efA through the sample under wetlefined
conditions and quantifies the gases produced over time during the reduction. Different
species reduces at different temperature and in the case of metal nanoparticles can give
information about the nanopatrticles strture and the interaction between the nanoparticles

and support?®
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TPR was performed using a Quantachrome ChemBET TPR/TPD chemisorption analyser with a
TCD. During the preeatment step 50 mg of sample, in adbdaped quartz tube, is heated at

15 °C/min upto 130 °C left at that temperature for 1 h with a flow of He at 120 ml/min, in
order to remove physisorbed species on the surface. The sample was then cooled down to
room temperature with He flow. The last step is the reduction of samples by heating up to
800°C (at 10°C/min) in 10%/Ar, monitoring the evolution of reduction product with a

Thermal Conductivity Detector (TCD) at attenuation 1 and current 180 mV.

2.4.6.Attenuate Total Reflectance (ATR)situ Infrared spectroscopy

Infrared radiation is capable texcite particular modes of vibration of the chemical bonds
present in molecules. This excitation happerigen the IR radiation incident to a material has
an energy that matches a mode of vibration of a bond present in the material irradiated,
which, therdore, absorbs the radiation. Since the energy required to excite a bond depend
from the nature of the atoms who constitute the bond and the length of the bond, related to
its strength, IR spectroscopy is of particular interest for the study of chemieailespand their
modification through a reactionRIspectroscopy usually is focused on the #fdregion of

the spectrum, between 600 to 4000 ¢m

ATRIR is a technique used to obtain information about liquids or solids in contact with the
crystal used dung the analysis. In fact, this techniquélises the effect called evanescent
wave to perform the analysis. First, an IR light source is used to generate a beam that passes
through a crystal so that it is reflected off the internal surface at least ot reflection
creates an evanescent wave which extends itself from the external surface of crystal that is in
contact with the samplé® The penetration deptlof the evanescent wavis typicallyfew um,
dependingon the wavelength of light, the angle ofcidence and the indices of refraction for

the ATR crystal and threamples to analysé'he beam is collected at the exit of the crystal
and then focused on a detector in order to analyse the IR radiation. Since the penetration of
the evanescent wave iglited to few pumor less ATRIR allows to record spectra of medium
that usually would strongly attenuate the IR radiation. In heterogeneous catalysid RACER

be performed depositing a thin layer of catalyst and flow a solution containing the reagents
on the catalyst. Thim-situ spectroscopy can give insights on the most stable intermediates

created during the reaction and from that information on the mechanism of reactién.
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In-sitw/ operandoinfrared spectroscopy measurements were carried outha attenuated

total reflection mode (ATHR) using a Vertex 70V spectrometer (Bruker) at the Paul Scherrer
Institut equipped with a liquid Ncooled HgCdTe detector and a commercial mirror accessory
(6 reflections attachment 11244, Specac). All spectraewacquired by averaging 20
interferograms at 4 cmresolution and 10 kHz scanner velocitihe collected data are then
elaborated using a Fourier transformatiofin aqueous suspension of the sample (10 mg) was
dropped on a parallelogram ZnSe internal éefion element (IRE; 45°, 50x20x2 &rand

dried in ambient air to generate a homogeneous layer. The coated IRE was mounted within
the walls of a homemade cell heated using a heating foil and connected to a peristaltic pump
(Ismatec) by Teflon tubingandthe analyses were performed at 50. ‘e cell was connected

to a washing bottle enabling separation of liquid and gas components.

2.5.  Spectroscopic methods

2.5.1.Ultraviolet/visible spectroscopy (UWis)
UV/Visspectroscopyis a quantitative and qualitativeechniquewhich analyses the sample
via the interaction of the samples with a light beaits a matter of factmoleculescontaining
" -electrons or nonbonding electrons-electrons are capabléo adsorb photois and in tlis

way exciting these electrons to higher antibonding molecular orbitals.

Thespectrophotometerquantifiesthe intensity of light passing through the sample (I) and

then relatesit to the intensity of lightgeneratedby the source (). Thel/lp ratio isthe
transmittance Nonethelessabsorbance A, defined a®giol, is commonly used to quantify

the portion of light absorbed by the sampldsing the LambetBeer equation, EQ.14, and

keeping the optical path fixed, usually 1 cm, and knowing the ex@inéti O2 ST T A OA Sy (

possible to quantify the concentration of UV/Vis active species

Themore common UV/Vis spectrophotometers ugght source which provide a radiation
spectrumin the range of UWisible This beanpasse through a monochromatqrwhich
selects a specific wavelength at the tinaad is then focused alternative througie sample
cell and the reference cell till it reachdébe detector whichconvertsthe photons ito an

electrical signalvhich can be measured and recorded with a computer
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In thisthesiswas usé a singlebeam spectrophotometer. In this cagbe reference spectrum
and the sample spectrum are recorded at different times and then the reference spectrum
was subtracted from the sample spectrum by the compuitére spectra weréhen recorded

in transmission mode.

UV Viswasused tocontrol the reduction of the metal precurssby thechange ofcolourof

the solutionand, if possible the creationnoble metal nanoparticleby the exhibitionof
typical sirface plasmon resonancebsorptiors. These resonances amue to the free
conduction electrons collective oscillatipmovokedby the interaction with electromagnetic
radiation333* UV Vis spectroscopy was also used to quantify the amount of hydrous

hydrazine remain in the reacin solution.

UVMis spectroscopic analyses were performedvette using irsitu AvaSoft UWis
Spectrometrysetup displayed inFigure 2.14in a 1 cm quartz. The solutioo be analysed

was placed in the quartz cuvette, at room temperatuasd the UWis spectium (200900

nm) of thesolution wasrecorded.

Figure2.14. (Up-left) AvaLightDHS deuterium halogen source, {tight) AvaSpetJLS2048XL EVO
spectrometer and (bottom) CUW/VISTC temperatureontrolled cuvette holder.

2.5.2.MassSpectrometry
Mass spectrometry (MS) is a class of analytical techniques used to detexttify and
identify molecules and ions and that can be associated with separation technique, such as gas
and liquid chromatography, in order emalysethe isolated ompounds, as shown in Figure
2.15. The analysis performed the measures by the mass to charge ratio m/z of the detected
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fragments versus the intensity of the signal generated by the fragment. The first step of the
analysis is the ionisation of the molecukssd atoms in the sample. The ionisation is usually
accomplished by bombarding the sample with a high energy beam of partigeending

from the energy sourceThe ions source used is one of distinction between the different MS
technique, since more engetic sources produce smaller fragment, and less energetic ones
are able to maintain larger fragments of the molecules, therefore, the fragmentation
signature of the same molecule change based on the source energy. The selection of the
fragments is then ddeved by accelerating the ions in a beam which is accelerated by either
a magnetic or electric field and then selected by speed (i.e. lighter and more charged ions are
faster), timeto-flight, or by selectively focusing specific m/z to the detector. Tétector is

typically an electron multiplier.

Filament

1
GD  tonbear

T

Magnetic field

Sample

Focus ion beam

Detector

Figure2.15 Diagram of arepresentativaMassSpectrometerthe sample is injected into a low pressure
chamber where it is ionised using an high energy source, it is then focused using magnetic field defore th
detector.

2.5.2.1. Inductively coupled plasma& Mass spectroscopy (IGHS)
An inductively coupled plasma is #@ns source that uses@asmaof inert gas, usually Ar,
inductively heagd byan electromagneti¢o temperatures in the range 800010000 KThe
plasma generated in this way can generate ions and electrameking it electrically

conductive keep the total neutral charge of the plasi#aThe energy of plasma is high
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enough to atomise every molecule so that the fragments detected are related to the total

elemental content of the sample, as shown in Fig2ide.

Induction coil

"\ Plasma

Sample ‘
carrier LY T Detector

Argon
Cooling gas

Figure2.16. Diagram of the ion source and interfacelie ICP instrument.

The torch is constituted of three concentric quartz tubes that are placed inside an induction
coil which is supplied with a radfcequency electric current. An electric spark generates free
electron in the Ar gas flowed between the two outermost tubeg, tadiofrequency magnetic

field then accelerates the electron in gas changing the directions based on the high frequency
of the electric current. These electrons accelerated by the magnetic field interact with Ar
atom creating new electron and Awhich ae also accelerated. This process continues until
the rate of recombination of electron and Anatches the rate of release of new electrons.
When the plasma is generated the sample to be analysed is introduced through the central

tube as gas or nebulisedlsition .

ICRMSanalyse®f solutions ofthe preparation of catalysafter the filtration and separation

of the solid catalystwas performed to quantify theamount of metal that was not
immobilised/deposited during the preparation of the catalyatsd, therefore, remained in
solution. The analysis was performam an Agilent 7900 ICMS with full calibration foitr
(ImgL?, 0.1mgLt, 0.01mg-?, 0.001md-t and blank) prepared with certified standards from
Waters.The analyses have been performed ¢ pn the collected filtrated solution after
washing the solid with an exact amount of deionised water so that the total volume is known.
Therefore, the amount of metal remained in solution can be calculated by multiplying the

volume of the solution by theoncentration found by the IGMS analyses.
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2.5.2.2. Microwave Plasmaatomic Emission Spectrometry (MRES)
The microwave plasma was used in combination with Atomic emission spectroscopy (AES) as
a detection method. AES identify and quantify atom species by anglyfse spectra of the
photons emitted by the atoms from the sample. The identification is performed by comparing
the wavelength of the photons emitted from the sample with the atomic spectral line
characteristic of each element. The intensity of the rédmais directly proportional to the

concentration of that particular atom in the sample, which allows the element quantification.

The microwave plasma ions source operates with a principle similar to the aforementioned
ICP. In this case, & Nlasma is @ated in the torch by a concentrated axial magnetic field

generated through excitation by microwaves. The plasma produced is toroidal with a
temperature of approximately 5000 K to the external part and a cooler central channel where
the liquid samples ar@ebulised. MPAES using a2 Nplasma and AES detection method,

require lower operating costs and can operate at higher maximum concentration than the
ICRMS. As withdrawal MHAES as a higher detection limit that makes it less useful in case of

traces elemets.

MP-AES analyses were performed to control the concentration of the metal precursor
solution. The analysis was performed on an Agilent 4100AEB with full calibration for Ir
(5mg/l, 3mg/l and 1mg/l) and foNi (10mg/l, 5mg/l and 1mg/ljrom standard slution
provided by Agilent.

2.6.  Computational methods

2.6.1.Density Functional TheoryDF) studies
DFT calculations werdone to support the mechanistic studies obtained from AR
spectroscopy and MS gas analysis of the decomposition'>df labelled hydrazine
monohydrate. DFT calculations permit testimate the adsorption energy of each
intermediate on Ir surface and potentiaénergy of the elementary steps for the
decomposition of hydrazine. The transition states of the elementary steps were also
calculated to obtain kinetic information about the reaction on Ir surfasech as energy

barriers for the forward and reverse reamn. This information is crucial to the determination
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of the optimal surface for the decomposition of hydrous hydrazine reducing to the minimum

the production of ammonia which detrimental for the stability of fuel cells.

The calculationswere carried outthroughthe Vienna Ahnitio Simulation Package (VASP)
using spinpolarized density functional theory (DPT¥ PerdewBurkeErnzerhof (PBE)

form of the generalized gradient approximation (G8#Jas used to calculate the exchange
correlation energy, aththe effect of inner cores, including n@pherical contributions to the
gradient corrections, wereharacterisedby the projector augmented wave (PAW)? The

Van der Waals (VdW) corrections by employing the zero dampingDBFfiethod of
Grimme? which has been proven to be an enhancement on several systems, was utilised to
improve the description of the longange interactior*46 Plane wave basis sets were used
with a kinetic energy cubff of 500 eV.Optimisedstructures were convergeth a limit of
internal forces smaller than 0.02 eV/A with the conjugate gradient algorithm and an

electronic relaxatioimit of 105 eV.

In good agreement with the experimental value of 3.839 A, lattice parameter for iridium were
calculated as 3.843 & The Ir surfae was simulated by a p(4x4) supercell slab model with 5

atomic layers, with the three more superficial fully relaxed, while the two on the bottom are

fixed at the bulk lattice. Different slab thicknesses were tested until convergence was
achieved within IY S+ LISNJ F 62Y®d ¢ KS . NR f fcehuzed/3xIxBy S 4|
MonkhorstPack grid with Methfesse¢l I EG 2y &aYSI NAy3a O6NRBFRSyAy3 2
precise account of the total energy. A vacuum space of 15 Angag perpendicular to the

surfacein orderto preventfalse interaction with periodic images of the slap.addition to

molecular interaction, dipole correction along thexiswas applied tamprovethe energy

convergence. All adsorbates were relaxed during structural optimization.

Hydrazine in the gas phase can assume three main conformations: gauche, trans and eclipsed.
Of these conformations, gauche is the most stable, while the energy of trans and eclipsed
conformations have energies higher than the gauche conformation by 0.13 &6de¥
respectively®® Therefore, the energy of the gauche conformation was used as thelyzse
hydrazine energy reference to calculate the adsorption energy of hydrazine and the relative
energy values of intermediates species along with the energylesadif reaction, calculated

by Eq2.20.
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% % T % ¢ U%

T @ ¢ U p% % %R T

Where % is the total energy of the adsorbed M on a surface%s and% are the

total energies of single adsorbed atom of hydrogen and nitrogen, on the surface, respectively.
Additionally,% is the energy of the bare surfa@ad % is the energy of an isolated

hydrazine molecule in gas phase.

The climbimage nudged lastic band, eNEB:*>* and the improved dimer method, IDRA,

were used togethein order to find the saddle point of the transition states, &Ssuringthat

the imaginary frequency along with the reaction coordinastenique The energy of reaction,

E, is calculated by the difference between the energy of the final state, FS, and the energy of
initial state, IS, as reported in Eq. 21. Exothermic reactions are characterised by negative
values for E Activation energy barriers,,Both forward and reerse, is calculated as the
energy gap between the TS and the IS and the FS, respectively, as reporte2l22 Bgd Eq.

2.23.

O O © oxg p
O M¢ivwni@ © Ok ¢
O i Qu Qi i0OQ © og o

The adsorption energies calculated during the DFT analysis were used to create
thermodynamic profiles of reactions for the most representative reaction pathways. ahe E
were then used to study the kinetic aspects of each elementary step, giving ardeep
comprehension of the mechanism of reaction for hydrous hydrazine decomposition on Ir

surface.

2.6.2.Supercomputer and software

The Advanced Research Computing at Cardiff (ARCCA) Division which provides the support to
develop research using computing servit@sthe University, in particular through the Raven

supercomputing cluster, was used to perfoBDR T studies.

VESTA software was ustedvisuali® the 3D structural models.
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Chapter 3

3. Catalytic decomposition of Hydrous

Hydrazine over Ir/Ce®

3.1. Introduction

As it has been discussed in Chapter 1 the goal ofélsmarch projects to study the catalytic
decomposition of hydrous hydrazine in the liquid phase using metal nanoparticles (NPs) as
the active materialto produced gaseous hydrogen, E8l. As mentioned previously
anhydroushydrazineis too reactive to a future safe wedpread use, for this reason the tests
have been performed on more diluted forms of Hydrazine, in particuteidrazine
monohydrate (N2Hs-HO) has been selected as the reagent to conduct the catalytic tests

hereafter.

The project started investigating the activity of a wealbwn active and selective metal,
Iridium. Iridium catalysts have been benchmark materials for hydrazine propéltadtérs

for many years, but researches on liquid phase hydrous hydrazine decomposition have shown
that were Ir nanoparticles maintain high activity and their selectivity shift toward the

generation of ammonia, an undesirable side product, Eq.2.
00O©° 0 O O 19
ob O° 0 10 O 1y

To better study the kinetics of the decomposition reaction and compare a rangéeredt
catalysts or experimental conditions, mass transfer (external and internal) limitations have to
be avoided to obtain kinetic data from the reactions perform&ghetic regime is achieved
when the determining step for the reaction rate is reactimm the surface, while when the

rate is determined by the diffusionf reagents and produdirom the bulk solution to the
surface and vice versa the regime is of external mass transfer. Finally, if the catalytic material
present porous structure and the mtis determined by the diffusion through the pores of

reagents and products the reaction is under internal mass transfer eegimir/CeQcatalyst
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prepared by deposition precipitation has been used as reference catalytic material to
determinate the inflence of internal and external mass transfer effects in the batch reactor

used to perform the catalytic tests.

Reusability tests have also been performed to confirm the activity and stability of the catalyst
used and explore a possible future r@@brld apgdication studying the longerm performance

of the catalyst.

Moreover, periodiaensity functional theory (DFT) calculatidres/e been performed tbelp
to identify the lower energy reaction pathway on the most common Iridium surface, the (111)

facet.

3.2.  Optimisation of reaction parameters

In order to provide accurate and reproducible sets of kinetic data, the hydrous hydrazine
decomposition tests were performed in a batch reactor under optimised reaction conditions.
The tests were monitored by collecting tigases produced, +and N, during the reaction

and, as explained in Chapter 2 Section 2.3.1., quantifying the moles of gaseous product
produced during the catalytic test. The optimisation of the reaction conditions was performed
using as catalysts Ir/Ce@ith a nominal loading of 1 wt.% prepared following the deposition
precipitation (DP) method with NaOH and reduced at 600°C in BA%How for 3 hours
(I/CeQ pr 600 3h O 6 hourslf/CeQ pr soo 6p Due to the large amount of catalyst required for
the tests and limited amount of catalyst prepared with this method, 2 grams per batch, the
effect of the stirring rate was studied using 1 wt.% Ir/@8®@ reduced at 400°C in 5%/At

flow (Ir/CeQ pp 400 3p Since the evaluation of the kinetic data reli@s the volumetric
guantification of evolved gases, a study of the evaporation of reaction mixture and variation
of pressure inside the sealed reactor due to the effect of the temperature is necessary in order
to reduce the experimental error on the analgsperformed and ensure a high level of
reproducibility. The evaluation of the impact of these factors on the final value of the volume
of gas collected wasarried outby blank reactions carried out using the same experimental
reaction conditions in the a®nce of catalyst. In FiguBl, is displayed the volume of gas
collected over the reaction time at the different reaction temperatures,7/80C, used during

the experiments conducted in the successive part of the project. In addition, catalytic tests
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on deionised water were performed to be certain that the reagent did not undergo

guantifiable thermal decomposition in the batch reactor.
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Figure3.1 Volume of gas generated from reactor versus reaction time for 8.3 ml of hydrous hydrazine solution
containing 1mmol of NENH: in presence of catalyst at 50°C and blank reaction at 30°C, 50°C and 70°C.

To ensure that the tests were reproducible, the reactions were performed in the same
reaction condition twice or three times, as exemplified in FigB2 wheae the value of

n(H+N)/N(N2Hs) is plotted against the reaction time.

1.2
1.0 g i E E

-~ .

T 0.8

= 'y

= 08 i3

z ad

o~

L 04 i

c
02
0. 30 50 30 170

Time (min)

Figure3.2 n(HA+N)/n(N2Hs) versus time for reaction of 0.3 mL, 3.3 M of hydrazine monohydrate in 8 mL 0.5 M
of NaOH solution using 152.4 mgld€eQ or s00 shat 50°C and 105@pm of stirring rate.
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As it can be observed, the initial values of 7{)/n(N2Hs) are the most affected by the
experimental error of measurements. This is due to both a larger effect of the experimental
error of the blank reaction, which tends to be mastable on longer reaction times, and a
general larger relative error that decrease when the value of the measurement increase,
remaining the absolute error on the measurement the same over the duration of the reaction.
During the project, the reactions wercompared by the value of final yield, the time for the
complete decomposition of the reagent and using the turnover frequencies (TOF) at 50 % of
total conversion in order to limit the influence of the error on the initial readings on the

catalytic compason of different samples tested.

An accurate evaluation of the catalytic activity of a material requires the confirmation that
the reaction has been performed under kinetic conditions, which means that the reaction rate
is dependent only on theurface ractionrate without influences from internal and external
mass transfer effects. The external mass transfer is the diffusion of reactant from the bulk
solution to the surface of the material and the migration of the products from the surface to
the solutian, this phenomenon is influenced by the concentration of the reagents, the stirring
rate, the amount of catalyst and the temperature of the solution. Whilst, the internal mass
transfer is the migration in and out of the pores of the materials of reagentspaoducts,

that is influenced by the concentration of the reagents on the surface, the amount of catalyst

used and the temperature.

3.2.1.Effect of the stirring rate

External mass limitations are related with the diffusion of the reactants through the
interphase layer between liquid and solid, this is influenced by three main factors: the surface
of the interphase, the concentration of the species on the two phases and the thickness of
the interphase itself. The surface is strictly linked with the amount adlgst used and the
dimension of the particles, that can be considered constant for the same catalyst and amount.
As explained in Chapter 2, the initial concentration of the hydrous hydrazine in the solution
have been kept constant for reason related to teperimental set up used. On the other
side increasing the stirring rate on the reactor decreases the thickness of the interphase,
allowing, therefore, faster diffusion of the reactants. The stirring rate was consequently

varied in the range between 600nd 1200 rpm, whereas the temperature and
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substrate/metal molar ratio were kept at 50°C and 250:1 substrate/metal molar ratio and 0.3
mL of 3.3 M hydrous hydrazine solution in 8 mL of 0.5 M NaOH were used. From the
comparison of the T@ksusing different #rring rates, Figurd.3, a plateau was reached for

values above 900 rpm, confirming the achievement of kinetic regimes above this stirring rate.
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Figure3.3. n(Fo+Ne)/n(N2Hs) versus time for hydrous hydrazine decomposition tW€eQ pp 400 3kising0.3mL
of 3.3M hydrazine monohydrate in 8mL 0.5M of NaOH solution, at 50°C and 152.4 mg of catalyst, varying the
stirring rate from 600 to 1200 rpm.

The gas evolution over time, displayed in FigdiBs showed how in this case the variation of
the stirringrate did not affect only the rate of the reaction, but at lower stirring rate the final
yield toward molecular hydrogen of the system was lower. For both parameters, such as
reaction rate and selectivity, 1050 and 1200 rpm were equally feasible stirriag ta be

used in the hydrous hydrazine decomposition catalytic tests, as it is shown in Biguiie
decide which of the two rates to use in the succeeding tests the stability of the rotation of the
stirrer during the reaction was considered. Higheratain speed decreases the stability of
the magnetic stirrer on the rotation axis which can lead to droplet of the solution on the walls
of the reactor and general instability of the stirrer bar. For these reasons, 1050 rpm was

chosen as the optimal stirrgrate for the following catalytic tests.
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Figure3.4. Turnover frequency, left y axis, and yield toward hydrogen, right y axis, of the reactidri©s€xr
pp 400 3t different stirring rates.

3.2.2.Effect of the mass of catalyst

In a purely kinetically limited reaction, the rate of reaction is proportional to the number of
active sites, for this reason varying the amount of catalyst used in the reaction, therefore the
number of active sites, is one of the primary tests to iderttily presence of mass transfer
limitations. In the latter case modifying the amount of catalyst lead to a-praportional
variation on the activity of the catalysts since in this situation the reaction is controlled by the
speed of the diffusion of the extant from the bulk solution through the interface between
the liquid and solid and, if the material present pores, the diffusion in and out of the pores.
The preliminary tests on the influence of the mass of the catalyst used a temperature of
reaction of50°C, 0.3 mL of hydrous hydrazine 3.3 M in 8 ml of 0.5 M NaOH solution, as
described in Chapter 2, andCeQ pr s00 31@S catalyst. The reaction mixture was left to react
until the production of gases was stopped for at least 30 min. The stirring sai for these

tests was set to a value of 1050 rpm after the study reported in the previous section. These
catalytic tests were performed varying the amount of catalyst used from 38.1 mg to 152.4
mg, which correspond to a substrate/metal molar ratio of 30@ 125:1. This range of values
was chosen for two reasons, firstly, molar ratios lower than 125:1 requires high amounts of

catalyst which would have precluded the possibility of higher the number of catalytic tests on
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these catalysts, secondly, for molatios lower than 500:1, following the trend demonstrated

by the catalytic tests performed, would have required a longer reaction time to record good
readings of the data in the final stages of the reaction. The reaction profiles of these catalytic
tests, displayed in Figui@5, demonstrate that the amount of catalyst used did not have any
sensible influence on the final yield of the reaction at the specific studied range. However, in
order to identify a possible influence of mass transfer effect th&ue/aof TOFoy was
calculated in order to weight the activity of the reaction with the amount of active metal used
in the reaction. These T@#have been calculated to be 297.6, 358.3 and 366-@oh the

ratio 125:1, 250:1 and 500:1 respectively, wherdlas final yields are 24.5%, 23.9% and
24.1%, which can be considered constant within the experimental error of the measurement.
These data showed that as expected the final yield of the reaction is independent from the
mass of catalysts used in the reactj but the activity increases between the ratios 125:1 and
250:1, while the difference in TOF between 250:1 and 500:1 stay within the error of the
analyses. The observed catalytic behaviour indicated the higher amount of catalysts (ratio
125:1) tend to Init the diffusion of the reagent in the solution whereas the kinetic regime

was achieved above the 125:1 molar ratio.
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Figure3.5. n(H+N2)/n(N2Hs) versus time for hydrous hydrazine decomposition &6¥€eQ op s00 stising 0.3mL
of 3.3M hydrazine monolglyate in 8mL 0.5M of NaOH solution, at 50°C and 1050 rpm of stirring rate, with
different amount of catalyst 38.1, 76.2 and 152.4mg for the ratio 500:1, 250:1 and 125:1 respectively.
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The 250:1 substrate/metal molar ratio, corresponding to 76.2 mg in tise cd 1 wt.% Ir
catalysts, was chosen as optimal value of the following catalytic tests, as a reasonable
compromise between the time of reaction and the amount of catalyst used, allowing to
perform at least two catalytic reactions per day per experimes&lup and more than 10

reactions per batch of catalyst synthesised.

3.2.3.Effect of NaOH concentration

As the final step of the optimisation process, the influence of the concentration of sodium
hydroxide on the reaction solutiomas studied. As previous worksliterature have displayed

that the presence of NaOH in the decomposition of hydrous hydrazine in aqueous solution
has a beneficial effect on the selectivity of the reaction, and in some cases also on the activity
of catalysts!? This effect is mostnpbably related to the formation, in neutral solutions, of
the protonated form of hydrazine @Nk*). A deeper analysis of the reaction pathway will be
discussed later in this chapter, but the presence iRgNof a third hydrogen atom bonded to

a nitrogenprobably leads, to the direct formation on the surface of the metal of ammonia
which is more stable than other species derived froptHi\and therefore decreasing the
formation molecular hydrogen. Hence, the effect of the concentration of NaOH in solution
was studied varying its value between 0 M and 1 M, and results are presented in Eigure
using the previously optimised values of substrate/metal molar ratio, 250:1, and stirring rate,
1050rpm, at 50°C and usiigCeQ pr s00 6taS the reference catalyst. Figuder displays the
increase in final yield with the concentration of sodium hydroxide, till a plateau is reached
around a concentration value of 0.5Mhereas the activityf these catalysts decreases with

the decrease of th concentration of sodium hydroxide.
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Figure3.6. n(Fb+Ne)/n(N2Hs) versus time for hydrous hydrazine decomposition t¥€eQ pr s00 stising 0.3mL
of 3.3M hydrazine monohydrate in 8mL of NaOH solution with a concentration between 0 and 1.0 M, at 50°C,
1050 rpm of stirring rate and 250:1 substrate to meta molar ratio.

The observed catalytic behaviour can be due to different explanations, such as (I) the lower

rate of adsorption of the reagents and/or (Il) the slower individual elemental steps. With the

aim of achieving the highest selectivity possible from the catalytic system using the lowest

possible amount of additive, to increase the economy of the system itself, it was decided to

perform the consequent tests with a NaOH concentration of 0.5M, simisevtas the lowest

value on plateau of the yield versus concentration as showing in the following graph.
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Figure3.7. Turnover frequency, left y axis, and yield toward hydrogen, right y axis, of the reactidri©s€x

op 600 6AS function of the concrrations of NaOH.
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3.2.4.Effect of the reaction temperature
The last parameter to optimise for the liquid phase catalytic decomposition of hydrous
hydrazine was the temperature of the reaction. In literature is reported that for many
catalysts the increase of ¢htemperature of the reaction mixture led to a decrease in the final
yield of hydrogen of the system, whereas the activity incredseto confirm this trend, the
reaction was performed at 30, 50 and 70°C with the experimental conditions optimised in the

previous reported catalytic tests, as shown in FigRiBe
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Figure3.8. n(Fb+Ne)/n(N2Hs) versus time for hydrous hydrazine decomposition tW€eQ pr s00 3tising 0.3mL
of 3.3M hydrazine monohydrate in 8mL of 0.5M NaOH solution at 1050 rpm of staténgnd 250:1 substrate
to metal molar ratio and temperature of 30°C, 50°C and 70°C.

Figure3.9 displays that the tendency of the decrease of selectivity is respected also in the
case oflr/CeQ pp 600 3wwhere the final yield decreased from 25.6% at@@6 20.4% at 70°C.

On the other hand, the T@fwof this reaction went from 107.3hto 923.0 ht, for 30 and 70

°C. The temperature chosen for the succeeding tests was 50 °C, which showed values of
activity and selectivity intermediate, permitting to dealso catalysts with lower activity,

without sacrificing much in terms of selectivity.
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Figure3.9. Turnover frequency, left y axis, and yield toward hydrogen, right y axis, of the reactidri©s€x
pp 600 3rAS function otemperatures.

3.3. Preliminary Reusability studies

In order to assess the stability of the catalytic material under the experimental reaction
conditions, a preliminary reusability test was performedld€eQ pr s00 3n Reusability tests

were conducted, as desbed in Chapter 2, by adding a fresh hydrous hydrazine solution of
known concentration, when gases stop to evolve from the reaction mixture, which is
considered a signal of complete decomposition of hydrous hydrazine (100% conversion). The

same catalyshas been used up to five reaction cycles, as can be seen in BigQre
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Figure3.10 n(He+N2)/n(Nz2Hs) versus time for hydrous hydrazine decomposition &6¥€eQ or so0o atusing 8mL
of 0.5M NaOH solution at 50°C, 1050 rpm of stirring rate and 250strsid to metal molar ratio, 0.3mL of
3.3M hydrazine monohydrate was added before each reaction.

The final yield toward molecular hydrogen of the reaction decreases after each run, whereas
the activity measured by the T@ksreaches a minimum in the thindin and increases in the
fourth and fifth run, as shown in Figugell. Firstly, to be noticed is that the reaction restarts
when new aqueous solution of hydrous hydrazine is added in the sealed reactor, indicating a
preliminary proof in this way that athe end of the gas evolution is related to a complete
decomposition of the reagent, this assumption was later verified during the project by
colourimetric quantification of hydrazine in the reaction mixture, reported in Chapter 4
Section 4.3.6. . Secondlthe variations in terms of activity and the decrease in final yield
during the subsequent reactions can indicate a possible change of the catalytic species
presented on the surface of the support. The aqueous catalytic decomposition of hydrous
hydrazine ca take multiple pathways also for the production of the same products, so the
poisoning of specific catalytic sifeor the reconstruction of the surface can vary specific
pathways with respect to the others. The increase of the TOF, between the thdrébarth

and fifth runs, strongly suggest a mechanism of modification of the surface since the creation
of the type of catalytic active species on the surface of the nanoparticles would agree with a
change on reaction pathway for the production of hydrodiée the one exhibited by the
Ir/CeQ catalyst in this specific reaction test. This modification of the nanoparticles would

agree with the comparison among preparation methods that produce small mean particle
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size and larger mean particle size, in whioh katest show higher activity but lower selectivity

than the material with smaller mean particle size, as reported in Chapter 4 Section 4.2.1. .
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Figure3.11 Turnover frequency, left y axis, and yield toward hydrogen, right y axis, of the reaction@eéx
op 600 3rat during the reusability tests.

3.4.  Characterisation of fresh and used catalysts

In order to better understand the catalytic materials tested, a series of different
characterisation techniques and measurements have been conducted. Hereafter are
reported some of the preliminary characterisations I0fCeQ pp s00and Ir/CeQ pp 600 3h
performed to measure specifically (I) surface area, (lI) mean particle size and particle size

distribution, (lll) superficial oxidation state and surface coverage and (IV) thermal reduction

profile.

3.4.1.BET(BrunauerEmmettTeller) method surface area
As explaned in Chapter 2, the total surface area of the samples can be determined from the
BET equatiofi? Bare Ce@have been analysed besidé$CeQ pp 600 3N order to assess
possible change on the total surface area of the catalyst occurred duringréparation of
the samples. The total surface area for the bare support has been calculated &g/44md
the Ir/CeQ catalyst one as 40 g*. Firstly, to be noticed is that the bare support has value
of high surface area for a ngorous oxide, sinr to the value reported for T®d Hp O F p n
m? g1), confirming that the support was composed by nanoparticles of.C8€rondly, even
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if there is an increase in the surface area between the supgdithe catalyst, the increase

of the value is at the limh of the 5% experimental error range of the analytical instrument
used so no clear determination on the extent of the surface area of the Ir nanoparticles
deposited on the support. For this reason, other characterisation techniques, like XRD and
TEM, havdeen employed from hereafter to determine crystalline phase, crystallite/particle

size and dispersion of Ir nanopatrticles.

3.4.2.Powder Xray diffraction (p-XRD)

X-ray diffraction analyses were performed on the catalysts in order to define the crystal
structure of the different chemical species in the samples and their mean crystallite size by

the use of the Scherrer equatioiq.2.16). In this chapter are studied Ir/Ce€atalysts so

CeQ and different Ir species are used as a reference. For the; @Gein chaacteristic

diffraction peaks to assign, are related with the (111), (200), (220) and (311) planes, which
GSYR (2 KI@S GKS KAIKSNI AYyGSyariaarSabntheli w' T
other hand, Iridium can be presented on the surfdm#h as metallic Ir and IDthe most

common and stable oxide form. The first of these speci®s, ra K2 g & RAFTFNI OGA2Y
40.8°, 47.2°, 69.1° and 83.6° corresponding to the (111), (200), (220) and (311)‘ptames,

the other hand Ir@diffracth 2y LIS+ {1 & 4 W' T Hy®dmcI opdncsz
(110), (101), (200) and (211) plariés.
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Figure3.12 XRD pattern df/CeQ pr sodecorded between 10° and 80°
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Figure3.12, the Xray patternof Ir/CeQ pp sodused as examplesxhibits the characteristic
diffraction peaks of CeQand it can be observed that the diffraction peaks are not narrow
and sharp. Thiphenomenonis related with the nanometric size, 25 nm nominally, of the
CeQ powder used, since as it can be seen frdme tScherrer equation the width of the
diffraction peak is inversely related to the dimension of the crystallite, this dimension can be
calculated as 21.6 nm through the Scherrer equation (0.38° of full wide of maximum for the
peak at 28.6°). Most of the me intense peaks for the Iridium species are in the range of less
than 2° to some diffraction peaks of GeOue to the small amount of Iridium present on the
catalysts, 1 wt.%, the best region where to look for the presence of Ir species is around 40°
where Ir(111), 40.8°, and 1s220), 39.8°, are located. From Fig@r&3 it is evident there is

no presence of diffraction peaks in the 44 region, which can be attributed to the
following explanations: first the crystallite size of the Ir particlesrialsp§nm) so that the
broadening of the diffraction peak and the low intensity due to the small amount present,
make the peak undistinguishable from the baseline of the analysis; second the Iridium can be
an oxide but amorphous, in this way not havingliscrete diffraction pattern at the -Xay

analysis.
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Figure3.13 XRD pattern df/CeQ pr sodnagnified in the 30%50° region.

3.4.3.Inductively Coupled PlasmaMass Spectroscopy (IGRS)
ICRMS was used to quantify the amount of Ir immobilised/depositedCe® support during
the immobilisation/deposition step of the preparation method. A part of the filtrated
solution, 5 ml of 500ml, was collected before the final washing of the catalysts favi8CP
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analysis. The used of ICP as ionisation method couplédiédtmass spectrometer permit to
analyse ppb and ppt level of concentration of metal. The result of the analysis, after dilution
of the filtrate solution, is a concentration of Ir of 12.06 my Considered a total volume of

the solution of 500 mL, thimdicates that 6.03 mg of Ir were not immobilised on the surface,
with respect to the 20 mg used for the synthesis, giving a deposition efficiency of 69.9 wt.%.
The metal loading calculated by HOFS is therefore usetb calculate the substrate/metal

molarratio and TOF values.

3.4.4.Scanning Electron Microscopy (SEM) and Energy Dispensg X
Spectroscopy (EDS)

Different typologies of electron microscopy techniques are used in material characterisation.
One of the most used among them is SEM. This techniquesatlee imaging of the surface

of the material and therefore the detection of macroscopic changes on the morphology of
the catalyst, especially the support. SEM is often coupled with an Energy Disperge X
detector (EDX) in order to analyse theay emited by samples under the electron beam
during the analyses. Since each element emitayXwith a precise energy signature EDS
combined the mapping of the surface gives an elemental mapping sample. With the
elemental mapping of the sample dispersion of thé&erent elements can be investigated
and also the total amount of the different elements can be quantified inside a certain degree

of confidence.
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Figure3.14. Example of SEM ImaginglofCeQ op o0 shvith an x6.0k magnification.
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Figure3.14 shows aepresentative image olf/CeQ pp 600 sicatalyst morphology on the 10

pm scale. Figur8.15 instead shows some surface mapping of Ir/€é@om the EDX the
average total value of Ir loading onto the support, is 0.70 wt.% + 0.1 with a good dispersion
over the sample, with no empty zone of Ir nanoparticles in the Ir map. The 0.70 wt.% is lower
than the calculated 1.0 wt.% by the amount of precursor used during the preparation of the
catalyst, but it agrees with the IS analyses reported before. This Ewoading is
probably related to the depositieprecipitation method employed for the synthesis which
can be greatly influenced by pH, temperature and time of deposition. For this reason, the
depositionprecipitation catalysts have been used with a calted loading of 0.7 wt.%

instead of the nominal 1%.

Figure3.15 SEMEDX mapping of a portion bfCeQ or s00 stsample that displays and homogeneous
distribution of Ce, O and Ir across the material as expected

3.4.5. Transmission ElectroMicroscopy (TEM)

For the characterisation of metal nanoparticles in terms of mean patrticle size and particle size
distribution, the use of transmission electron microscopy is of primary importance for the
characterisation of the catalytic species. Thisit@que allows the measurement of individual
nanoparticle size from which statistical data such as mean particles size and distribution can
be obtainedIr/CeQ pp s0ovas analysed both before (fresh) and after (used) the reaction. One
of the requiremens, in order to achieve a good resolution of the images, is the difference in
atomic mass of the metal of nanoparticles and the other elements in the sample since heavier
element diffract the electron beam more than lighter ones, therefore, creating darker 2

projection on the fluorescent screen. Even if Ir has an atomic mass higher than Ce the
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difference of the diffraction between the elements is not high, which can lead to a more

difficult count e measurement of the Ir nanoparticles over the cerium oxidgaup

Figure3.16. TEM images df/CeQ pp sodresh, ad, and used, 4. Ir nanopatrticles can be seen as dark spots in
the higher magnification imagesvhile grey larger particles are the CefOpport
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In Figure3.16, representative images of the freahd used catalysts are displayed. As can be
seen, the Cefis present as crystals in the range of3® nm. On the other hand, only few
nanoparticles of Ir can be distinguished from the background due to low contrast with the
support, so only nanopartickeon a thin layer of oxide or on the edge of its particles, and also
because their dimensions are small. Gé&&hds to get charged on the surface during the
analysis, with effect to increase interferences and therefore it makes more difficult the
acquisiton of high magnification pictures, which are required to see the presence of very
small nanoparticles (below 2 nm). For these reasons the amount of Ir nanoparticles measured
was not enough to obtain a statistically valid sample pool, but this can be sedfiest
indication for nanoparticles size before the measurement of other catalysts with different

supports or preparation method, and so more easily analysable.

The fresh catalystir/CeQ pp 40p has a mean particle size of 0.9 £ 0.2 nm (counting 33
nanoparticles for this sample), whereas the same catalyst after being used has a mean particle
size of 12 + 0.4 nm (with a 21 particles sample). This indication can help us d@rglaihy

XRD analys did not showthe presence of diffractiompeak that couldbe related with Ir
species since >1nm particles have very broad diffraction peaks that could merge with the
background of the analysi¥he difference between the mean particle size of fresh aratlus

catalysts is in the range of the error of the analyses

Because of the poor contrast and the very small dimension of the nanoparticles, no lattice
fringes have been found during the analysis of the samples, therefore no information on the

Ir species plaes have been discovered.

3.4.6. Temperature Programmed Reduction (TPR)

Temperature programmed reduction has been performed on the catalysts before the
reduction at high temperature in ##Ar flow in order to optimise the experimental protocol

and after that tocharacterise the synthesised material.
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Figure3.17. TPR analysis of fre&iiCeQ prbefore utilising higtemperature H treatment, showing reduction
of Ir at 130°C, and of Ce&t 350 and 550°C

In Figure3.17 and 3.18 are reported the profile of reduction folr/CeQ pp s00 3nbefore
reduction with H2 at high temperature and after this treatment. The untreated catalyst shows
an intense and quite narrow peak centred at 130°C which can be identified as the reduction
of IrG; even if at a lower temperature than what is reported in literature (206°Qhe low
reduction temperature of the Iridium nanoparticles can be explained by their small
nanoparticle size but also by the use of @eCeQis known to be a reducible oxideghacts

in synergy with the presence of metal nanoparticles on its surface during many redox
processes and reduction of the NP itself can be among these processes. To be noticed on the
untreated Ir/CeQ pp 600 srare also the two broad peaks at around 3208nd 540°€* These
peaks are reported in the literature to be related to the reduction of the £&@se to the

metal NPs. This is particularly interesting since it is evidence of a strong metal support
interaction (SMSI), which is very important foreafing activity, selectivity and stability. On

the bare support the reduction of the oxide is achieved only at higher temperature (>800°C),
the lower reduction temperature for some of the Cefd due to the interaction of the O
species with NP that can fiéitate the reduction. Moreover, the O in the Cgl@ttice can move

more freely than on other metal oxides that lead to migration of O toward the edge of the

nanoparticles at higher temperature in order to compensate the vacancy on the lattice left by
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the reduction, this can lead to reduction not only of Ge®xt the particles but also a broader
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Figure3.18 TPR analysis 6fCeQ or s00 srafter employing highemperatureHz/Ar treatment, which does not
display significant reduction peaks

On the other hand, the analysis of the reduced catalyst does not exhibit particular peaks, with
the exception of two small and very broad peak at 380°C and 480°C, Bigj@réelhese can
be related to the Cegxreduction, as explained for the untreated sample, probably due to the

partial re-oxidation of the Ce@by the exposition to air at room temperature, a condition in

which the samples have been stored.

3.4.7.X-ray Photoelectron SpectroscopyxpPS)

XPS analysis offers information on the quantitative surface composition (surface metal
coverage), presence of impurities and the oxidation state of the different atoms of the
surface. These kind of information in catalysis are of paramount importdacehe
understanding of the catalytic behaviour of the materials. XPS analyses have been performed
on different Ir/CeQ prepared by deposition precipitation method that had undergone
different reduction treatment, as it is shown in Figued 9. Also,Ir/CeQ: pp s00 3n I1/CeQ
prepared by depositioiprecipitation with NaOH, was tested before and after the reaction

and also at the end of the reusability study, so after a cycle of 10 reactions in row, FRfure
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The main analytical parameters used for theconvolution of the Ir 4f are the one reported

in Chapter 2, Section 2.4.2. . All the iridium species in the Ir 4f region display doublet spins
due to the spirorbit splitting that lead to the creation of the Ir 4, in the range 60.%2.8

eV, and Ir 42, in the range of 63-85.8 eV. Moreover, the area of the two peaks of the
doublet are related by a specific ratio that in the case of the 4f orbital is 3:4 for 5/2:7/2 peaks.
In particular, using as reference the Ir/4fin literature metallic Ir igeported to have a
binding energy of 60:81.2 eV, where else Ip®as a binding energy of 6162.5 eV and Ir¢l

has one of 62.552.6 eV In the case of Ce 3d, the analysis of the XPS spectrum is more
difficult because due to the shake down of the peaks that lead to the formation of two
satellite peaks at lower energies for each one of the peaks of the doublet. Therefore, in order
to simplfy the analyses, fitting for Ceand Cé*have been prepared on standard materials,

commercial Ce@and a reduced CeQand after applied on the XPS spectra.
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Figure3.19 XP&®xperimentakpectraand fitting of Ir 4ffor Ir/CeQ praoo, Ir/CeQ prsoo, I/CeQ bp 600 32N
Ir/CeQ pr 600 6n I1/CeQ prepared by depositioprecipitation with NaOH treated under How at different
temperatures, from bottom to top, with the deconvolution of peaks.

In Figure3.19 are reported the spectra of different Ir/@e prepared by deposition
precipitation treatedin H/Ar flow at different temperature (400°C, 500°C and 600°C) and
time (3h and 6h)For these XPS spectra, the unfitted data showed a peak for theJdiadf
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61.661.8 eV that can mislead to the assignmehthis as Ir@ but that would be in contrast

with the TPR data discussed earlier that confirm the high degree of reduction of the iridium
precursor. Therefore, they were fitted with two different peaks and the range of binding
energies used were enlardeat higher values than the ones reported in the literature in order

to get a more precise fitting of the signal. The best fitting gives two peaks one in the range
61.561.8 eV and the other 62-62.9 eV that have been assumed to deaind Ir4which are
higher than the literature values. A similar phenomenon, but with a down shift, can be noticed
frequently during the analyses of Au NPs where small nanoparticles due to partial negative
charges on the surface induced by the small particle dimensions. Qaersity, the peaks at
61.561.8 eV, that undergo an up shift, have been assigned to metallic iridium nanoparticles
with partial positive charges due to the small dimensions and interaction with the support,
the peaks at 6252.9 eV have been assigned t@Jdspecies. The comparison between the
catalysts shows similar binding energies for the same two doublet peaks of the two Ir species,
but the samples have different ratio between metallic Ir ancbIfThe atom surface coverage
exhibits an increase in thquantity of metallic Ir with the increase of temperature and
duration of the reduction treatment, as can be seen in Tdble The presence of oxidised
form of Ir in the samples reduced below 600°C can be linked to the peaks of redudtigi at
temperature that were seen with the TPR analyses, so a part@tication of the Ir NPs can

be due to the action of the support close to the edge of these and higher temperature

treatment help to stabilise the metallic form of Ir.
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—— Experimental
Ir°
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Fresh Na 2s

—— Fitting
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Intensity (a.u.)
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Binding energy (eV)

Figure3.20. XP@®xpeimental spectraand fitting of Ir 4f forlr/CeQ or 600 afresh and after one and five uses
with the deconvolution of the peaks

The comparison between fresh and used catalyst, as shown in Bfi@reis less accurate
due to the presence of traces of @ the samples that derive from the NaOH used in the
catalytic reaction. Na 2S orbital has a broad single peak at@BM®eV this overlap with the

Ir 4f region and therefore a precise quantification of the different Ir species is not possible,
but the presence of peaks at 616l.4 eV can be found also on the used samples. This small
downshift for the used samples may indicate that aggregation may have occurred and,
therefore, an increase in the mean particle siZaking into account the aforementioned
observations, no final andltimate conclusion can be derived due to the overlapping of the

elements.
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Experimental
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Figure3.21 XPS®xperimentakpectraand fitting of Ce 3d region fdr/CeQ pr s00 3with the deconvolution of
the peaks

Figure3.21 shows the spdra of the Ce 3d region for the different spectra, these are similar

and only traces of Géhave been detected and most of the Ce is present &4 CeQ.

Table3.1 XPS values for the Ir species binding energy (BE), ratios on the totaiotiedatbm surface coverage
of Ir for Ir/CeQ@ prepared by deposition precipitation with NaOH reduced at 400°C, 500°C,a&@D600°C for
6h.

Sample Ir 4f7;2 (eV) Metal coverage (%) Ir atomic surface
IrO Ir'v IrO v coverage (%)

IR/CEQpp 400 61.6 62.1 42.9 57.1 0.53

IR/CEQpp 500 61.5 62.5 87.6 12.4 0.40

IR/ICEQpP6eoo3H | 61.6 n.d. 100 - 0.28

IRICEQprPeoosH | 61.6 62.3 77.9 221 0.35

Table 3.1 reports the value of atom surface coverage for théerent elements on the
samples analysed. The difference among the values remain in the range of the error the
technique, which can be at 10% for such small amount, so can be concluded that the thermal
treatment at higher temperature in #Ar flow does ot lead at a higher rate of aggregation

of the nanoparticles in the range tested for the reduction of Ir precut&éf.
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3.5.  Density Functional Theory (DFT)

The decomposition of hydrazine, as described by3Hgand Eg3.2, can produce N H and

NHs following two different stoichiometric reactions and each of these reactions can follow
different possible pathways formed by several individual elemental steps. DFT calculations
were performed to calculate the absorption energies of the possible interatedormed
during the reaction and the transition states of the elementary steps. All this information can
be used to get insights about the preferential pathway of reaction on specific Ir surfaces,
calculating the free energy and the activation energyath induvial step. DFT calculation
combined within-situ ATRIR, reported in Chapter 4 Section 4.3.7., and the experimental data
can give crucial information for the intelligent design of new more Ir catalysts more efficient

for the decomposition of hydrus hydrazine to hydrogen.

In the first place, the adsorption of the different species was calculated on the most stable
facet IrQ and metallic Ir. Adsorption energya(g, Eq.3.3, of reagents and products can be
used to probe the viability of the redons, while looking at the adsorbed species (from here
on referenced with * after the moleculek&and the activation energiesaEnvolved in each

elemental step gives information about the possible reaction pathways.
O O O O O B

Where Eoi+surfiS the energy of the molecule absorbed on the surfagg;i&the energy of the

surface alone, fi is the energy of the molecule.

3.5.1.Adsorption on the IrQ Surface
Duringtt§ O2f f I 02N> GA2Yy 6A0GK 5NJ ! f gsBridde2nengydr Rl y Q&
different surfaces were calculated to find out whistwrfacehas the lowest energy, therefore
which one is the most stable The calculations reveal this stability order:
(101)>(110)>(100)>(001)>(111). Consequentially the most stable surface (101), (110) and
(100) have been optimised and the moleculesHNand NH, and atoms, H and N, were

adsorbed on norequivalent sites and theirakhave been calculated following theg 3.

The adsorption energies reported in TaBl& can be deduced that the species studied have

an irreversible binding on the surfaces of dr€imulated. This behaviour would bring the
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surface to be rapidly covered by the adsorbates and therefore toraatun of the oxide

surface and the end of the catalytic activity of the material.

Table3.2. Adsorption energies calculate fogHN, H, N and Nkon the most stables Ir&urfaces (101, 110 and
100).

Lattice plane (eV)

Adsorbate
101 110 100
N -3.16 -3.65 -3.92
H -3.13 -3.57 -3.46
NHz -2.02 -2.46 -2.69
N2H4 -2.35 -3.24 -3.8

3.5.2.Adsorption on the Ir (111) Surface

As a typical representation of the metallic Ir surface, the surface (111) was used since it is the
most stable and it presents a clopacked plane of the fcc structure. In this facet, atoms are
arranged in a hexagonal lattice in which neighbouring atoressaparated by 2.692 A. The
interaction of different species with this particular surface was calculated and the most stable
conformation has been found to be the one represented in Figl22 and the ksvalues

and bond distances are reported in TaBI8.

Table3.3. Adsorption energiesads calculated for reagent, product and intermediate on Ir (111) and bond length,
d, and coordination, . Hydrazine gaseous is added as a comparison.

Eads d(Ir i N%) d(Ir i N?) d(N%i d(N%i H) d(N?i H)
Adsorbate

ev) A A N2 (R) (A A)
NoHsgas - -- -- 1.450 d (2):d (2);
1.020 1.020
N2H 270 2.158 2.159 1eso 0 (2)id (205
0.977 0.977
_ d (2);
N2Hs -2.97 2.119 d (2); 1417 1.016
1.067
HNNH 247 d (2);d (2); 1533 0963 1.073
: d (2);
NNH; 279 d (3); 1.341 101
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NNH -3.06 2.059 2.011 1.330 1.005 -

NH3 -1.95 2.130 - - 1 (3)5
1.037

NH; -3.72  2.104 - - 1 (2):
1.022

NH 431 d (3); - - 1.025 -

N2 114 1.927 - 1.128 - -

H; 053 - - - - -

N 056 d (2305

H -0.86 - - - - -

Figure3.22 Schematic representation ofii (x = 64), NH (x = 63) and H on the surface (111) of Ir. Ir atoms
are large yellow spheres, N atoms are blue spheres and H atoms are white spheres. The distances are reported

in A
N2Hs can be placed in four different: top, bridge, fcc hollow and hcp hollow. The most stable
confomation is the binding of hydrazine through the N atoms almost parallel to the surface
in bride site Fig.3.22a In this conformation the averageN distance is of 2.158 A, while the
N-N bond was stretched from 1.450 A to 1.650 A and tHd dondswere shortened from

1.024 A to 0.977 A. This adsorption is an exothermic process witkygof £.70 eV.
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N2Hs formation derives from the dehydrogenation of hydrazine and has preferential
adsorption with the NH part on the hcp site, where the N bridge2t L NJ ), wBhvaa =
bond distance of 2.160,4ig.3.22b. The NI, on the other side, sits on the Ir atom with an

Ir-N length of 2.125 A. The resultingNNbond is stretched to 1.417 A and the adsorption

energy of this species{2.97 eV.

Two diffeent isomers of bHx could be formed during the reaction, HNNH and NNFg.
3.22c¢ and Fig3.22d. The HNNH bind almost parallel to the surface on hcp hollow sites with
both N with an adsorption energy of 2.47 eV. On the other hand,Nidkbrbs on a hcpte

with a single N atom perpendicularly to the surface and am=E2.79 eV. The two
intermediates have different N orbitals conformation that is related also on tH¢ ibbnd
length of 1.533 and 1.341 A, for HNNH and Biidpectively.

N2H derivesfrom the dehydrogenation of both the 2Np isomers. This intermediate bind
strongly on the surface,ak=-3,06 eV, on a bridge sité&ig.3.22e. The NN bond length is
1.330 A and it is shorter than the other intermediates discussed above, remaining tbager

the gas phase M which is 1.150 A, showing that the bond order is increased.

The most stable adsorption site ok M a top site with perpendicular adsorption of the
molecule and an IN distance of 1.927 A and theNbond is 1.128 A compared with098A
Fig.3.22f. The Egscalculated for this process is 1.14 eV.

N atoms are adsorbed on the surface preferentially on hcp hollow sites binding three Ir atoms
releasing 0.56 eV from the adsorption from the gas phase. The average bond length is 2.005

Abetween Ir and NFig.3.22g

The most stable adsorption of ammonia on Ir(111) is on top site, withdistance of 2.130
A, and releases 1.95 eV due to interaction between the lone pair electrons and the electrons
in the orbital 3d of IyFig.3.22h.

NH: adsorbs on the bridge site of the Ir surface with an averagedistance of 2.104 Aig.
3.22i. The kyscalculated for this intermediate #8.72 eV which lower than any:Nadsorbed

reported before.
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Similarly, to N atoms, NH is adsorbed on hcpdwoBite with an kb (3)bond length of 2.044
A and a distance of 1.33 A from the surfaBeg.3.22]. The adsorption energy4.31 eV, and

the Ir-N distance are shown to be negatively correlated.

H. physisorbs on top site o hcp hollow site releasing @82exhibiting longange interaction,

with Ir-H distances of 2.578 and 2.190 A for top and hcp position respegtRiglg.22k

As N atoms, also H atom bind in hcp hollow site with a distarce #1.042 A releasing 0.81
eV in the processrig.3.22l.

Thesebond lengthsare similar toworks previously reported in literaturéor other metal

surfaceg®2

3.5.3.Hydrazine reaction pathways on Ir (111)

In this section, elementary reaction steps are studied for each possible intermediate, in order
to understand the mechanism of the catalytic decomposition of hydrazine on Ir (111). The
comparison between competitive elementary step was made by mean of the reaction
energies (B and the activation energy {Eof the steps in both directions. Here on each

elemental step will be presented in five main mechanisms and discussed.

3.5.3.1. Intramolecular dehydrogenation
This mechanism considers the dehydrogenation of hydrazine by the progretsavageof
the N-H bond from hydrazine molecules and their successive rmiediates. The first N
bondsevering process, as shown in FigB28a, is an endothermic step;£0.18 eV, with an
E. of 1.08 eV. Following this step-i can be dehydrogenated in a symmetrical or
asymmetrical way. The formation of HNNH is an endatherprocess, & 0.54 eV, with a
high energy barrier of 1.77 eV. On the other hand, NKiHnation is endothermic as the
symmetrical isomer, \/&= 0.57 eV, but the activation energy is lower, 1.02 eV. Further
dehydrogenation of the pH> isomers have reaain energies close to 0; £-0.19 and 0.11 eV
for symmetric and asymmetric one respectively, and wifbfiD.70 eV, symmetrical isomer,
and 0.83 eV, asymmetrical isomers, to produce NNH. The final dehydrogenation of NNH to N
and H is lightly exothermi&; =-0.02 eV, but with a relatively high energy barrier=EL.31

eV, so that this process is energetically not favourable.

109



Chapter 3

Figure3.23 Schematic representation of initial, transition and final state for the reaction: a)hydrazine
dehydrogenation; b)bHs asymmetrical dehydrogenation; o symmetrical dehydrogenatio)NNH
dehydrogenatione)HNNH dehydrogenation; )NNH dehydrogenation. Ir atoms are large yellow spheres, N
atoms are blue spheres and H atoms are white sphé&res.

3.5.3.2. N-N bondcleavage
The cleavage of the-N bond of the MHs* is an exothermic reactior;0.52 eV, with an
activation energy of 0.71 eV and lead to the formation of two amide species on the surface,
NH*, Figure3.24. Compared with the mechanism of dehydrogenatioparted previously,

this reaction pathway is more energetically favourable, in agreement with studies already
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present in literature. Any of the dehydrogenated intermediates shown before could possibly
undergo to this mechanism..Nz can split forming NH* ahNH* with an energetic gain,:E

0.71 eV, and an activation energy similar to the hydrazine cleavage).E8 eV. In the case

of the NH isomers the reaction energies are different for the two speci@$3 and-1.49

eV for asymmetrical and symmaetal isomer respectively, due to the products since
symmetrical HNNH produce two NH*, while the asymmetrical Nt to the formation of

N* and NH*. The isomers NN cleavage have similar Ea, 0.73 eV. The dissociation ofsSNNH
exothermic & =-1.21 eV but very activation energy, 1.43 eV, limit the formation of N* and

NH*.

d.HNNH

Figure3.24. Schematic representation of initial, transition and final state for the reaction: a)hydradihe N
bond cleavage; b} N-N bond cleavage; c)NNN-N bond cleavaged)HNNH NN bond cleavage; e)NNH N
N bond cleavage. Ir atoms are large yellow spheres, N atoms are blue spheres and H atoms are white spheres.
18
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3.5.3.3. Intermolecular dehydrogenation

a.NH,+N,H, a.NH;+N,H; H

3.360. -

b.NH,+N,H, b.NH,+NNH,

d.NH,+NNH,

d.NH,+NNH

3.02}_ 1.639

-

-

¢.NH,+HNNH . TS16 e.NH,+NNH
. 3.290 1.674
f.NH,+HNNH £.TS17 e.NH +N,

Figure3.25 Schematic representation of initial, transition and final stateHaabstraction by Niia)NeHs;
b)NeHs asymmetrical reaction; cyNs symmetrical reactiong)NNH; e)HNNH; )NNH. Ir atoms are large yellow
spheres, N atoms are blue spheres and H atoms are white spHeres.
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Once NK(x = 02) are formed on the surface following the aforementionedNNleavage
mechanism, this species can dehydrogenate thadsorbed species been more nucleophilic

than NeHx (x = 14) species driving, therefore, the proton transfer, FigB25.

The adsorption of pHs in presence of N# destabilise the system by 0.13 eV respect to the
isolated species. This dehydrogenation has low activation energy, 0.20 eV, and is exothermic,
E =-0.47 eV. All these IRk interaction with NH similarly destabise the surface by 0.2 eV

and they have small energy barriers below 0.60 eV, except for the asymmetricaliiH

have E= 1.02 eV. The low activation energies and energy gains suggest that this mechanism
is the most likely to happen once NI presenton the surface. This is also driven by the

formation of NH.

3.5.3.4. Intermolecular amides dehydrogenation
In Figure3.26, similar dehydrogenation process can occur betweep*Hd NH* (x = 12)
to form NH. The reaction between two NHhas small activation engy, 0.34 eV, and a
favourable reaction energy 0f0.59 eV. On the contrary, the NH* and Nkhhteraction is
more energetically driven,,E-0.91, but the energy barrier to overcome is higher, Ea = 0.98.
Since the minimum activation energy required ftvetformation of NH* is 0.71 eV is less
probable the reaction of pHs with NH* then with NH*.

Figure3.26. Schematic representation of initial, transition and final state for the reaction efnithla)NH
and b)NH. Ir atoms are large yellow spheresidirs are blue spheres and H atoms are white sphétes.
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3.5.3.5. NH(dehydrogenation
Similarly to the dehydrogenation of hydrazine, also/NM = £3) species may react with the
surface leading to the severing of theHNbond and the formation of adtom H and N, Figure
3.27. These atoms on the surface can recombine further to produan#i N. The steps of
dehydrogenation of Niare endothemic processes with a minimum value of 0.07 eV when
NH* is the starting point. Moreover, this mechanism is kinetically impeded by high activation

energies higher than 1 eV.

1822

Figure3.27. Schematic representation of initial, transition and final statetlfie@ reaction: a)NH
dehydrogenation; b)Nttlehydrogenation; c)NH dehydrogenation. Ir atoms are large yellow spheres, N atoms
are blue spheres and H atoms are white sphéfes.

From all these analyses can be deduced that the more favourable mechanismasuioon
Ir(111) are the initial NN cleavage followed by the intermolecular dehydrogenation of

hydrazine by the NH created by the severing of the-N bond of some hydrazine molecules.
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Table3.4. Reaction (B andactivation(E) energies fortie forward and reverse elementateps. Evalues of the
adsorption and desorption processes are equal to thevBlues (i.e. relative to the gasIK 8 S0 X | y R
imaginary frequencies of thatermediates

Iridium (111)
Reactions B &
E(eV) forward reverse . 0 @)Y
(eV) (eV)
Adsorptiondesorption
R1 NoHsZ  NoHg* 2.7
R2 NH* 2z NHs 1.95
R3 No* 2 N2 1.14
R4 H*z H 1.37
Dehydrogenation
R5 NoHs* 2 NoHs* + H* 0.18 1.08 0.91 956.9
R6 NoHs* 2 HNNH*+ H* 0.54 2.05 151 1126.8
R7 NoHs* 2 NNH* + H* 0.57 1.02 0.45 482.8
R8 HNNH*Z NNH* + H* -0.19 0.70 0.89 11158
R9 NNH* 2 NNH* + H* 0.11 0.83 0.72 386.1
R10 NNH*zZ No* + H* -0.02 1.31 1.33 910.2
N-N dissociation
R11 NoHs* 2 2NH* -0.52 0.71 1.23 154.3
R12 NoHs* 2 NH* + NH* -0.71 0.78 1.48 356.9
R13 NNH* 2 NH* + N* -0.53 0.73 1.26 398.7
R14 NHNH*z 2NH* -1.49 0.73 2.22 549.7
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R15 NNH*Z NH* + N*
Intermolecular dehydrogenation
R16  NoHs* + NH* 2 NoHs* + NR*
R17  NoHs* + NH* 2 HNNH* + Nk
R18 HNNH* + NbF 2 NNH* + N
R19  NoHs* + NH* 2 NNH* +NH:*
R20 NNR* + NB* 2 NNH* +NH*
R21 NNH* + N 2 N2* + NH*

NH (x = 1,2,3) dehydrogenation

R22 NH* 2 NHp* + H*
R23 NH* 2 NH* + H*
R24 NH*z N* + H*

Interaction of NHintermediates

R25 2NH* 2 NH* + NH*

R26 NH* + NH* 2 N* + NH*

N2 generation
R27 2N*Zz Np*
Hz generation
R28 2H*Z Hy*

-1.21

-0.47

-0.13

-1.03

-0.28

-0.49

-1.35

0.76

1.66

0.07

-0.59

-0.91

-0.59

0.31

1.43

0.20

0.23

0.19

0.37

1.02

0.55

1.79

1.96

1.18

0.34

0.98

2.02

051

2.64

0.67

0.36

1.22

0.64

1.5

1.89

1.038

0.30

1.12

0.93

1.89

2.61

0.20

Chapter 3

571.9

335.8
268.3
322.9
252.5
654.9

1291.0
1229.5
1274.3

1154.5

124.1

213.9

568.3

271.1
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3.5.4.Desorption of the products
Some of theprocesses described above lead to the production ehmmns N and H on the
Ir(111), that can later recombine to form molecular hydrogen and nitrogerfohation is
exothermic, E=-0.59 eV, but it has a high activation energy=R.02 eV. The recomiation
of H atoms, instead, is an endothermic process; 836 eV, with a really accessible energy
barrier, E=0.20 eV. These data are in agreement with the literature about the decomposition
of hydrazine over Ir, where temperature above 200°C arentepdo be necessary to achieve

high yields toward FKproduction.

The desorption of the products;H\b, and NHfrom the Ir surface is an endothermic process
with Ejes Of 1.37, 1.14 and 1.95 eV respectively. Both decomposition reactions are overall
exothemic processes, therefore the energy required for the desorption of the products can

be provided by the exothermic steps of the reaction.

3.5.5.Analysis of the Energy Profiles

In this section, the energy profiles of the three reaction mechanisms are discussed as
displayed in Figurd.28, Figure3.29 and Figur&.30.

/TS31 - - - - Symmetry
! Asymmetry

Figure3.28 Intramolecular dehydrogenation pathways for the decomposition:bi biver Ir(111) surface.
These pathways produces nitrogen and hydrog&n.

Figure 3.28 summarises the two reaction pathways that follow the intermolecular
dehydration. From the values reported in TaBlé and that can be seen in FiguB28, R6 is

the limiting step for the symmetricehydrogenation pathway with an energy barrier of 2.05
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eV. R10 is the main energetic barrier in asymmetrical pathway withaid B7 eV. Moreover,
H> desorption on Ir(111) is an endothermic process. For these reasons on this surface, these

pathways may béess likely to happen than other pathways considered in the study.

NS

H,N —N N,
Yerzidreors

H 1
Bt o

|—N—nN—H

TSI12 SR

'l - ,’////f/,’},’/

1L 1 H
-2 I~ \_\-/ﬂ \‘N'/
F Filexresety ;

3 ILN—X  NH,

Figure3.29. Intermolecular hydrazine dehydrogenation pathways for the decompositiosHatoMer 1r(111)
surface.This pathways produces nitrogen and ammoffia.

The thermodynamic suggés that NHx species adsorbed on the surface undergo to break of
the NFN bond as preferential pathway during the decomposition process, Figiage R11
lead to the formation of Nkt which later assist the dehydrogenation of hydrazine molecules
co-adsorbal in the surface. Moreover,-N bond breaks of other IR species like R12, R13
and R14 can lead to the formation of RHNH* and N* with relatively low energy barrier and
small energy gains. On the other hand, successive dehydrogenations’ob\tthe surface

are limited by the high activation energies, as shown in Fi§L3e.
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TS821

Figure3.30. Amide dehydrogenation pathway for the decomposition gfddver Ir(111) surfacelhis
pathways produces nitrogen and hydrog&n.

The large energy required to detipgenate NR, R22, and the low relatively low energy
barrier of all the intermolecular dehydrogenation of all theHNassisted by N#, which
produces NH| increase the yield toward it. Between the two pathways, the symmetrical
pathway as a maximuma&alue of 0.55 eV, R21, while the asymmetrical pathway reaches
1.02 eV in R20, therefore the symmetrical intermolecular dehydrogenation is the most

probable pathway to be followed during the decomposition of hydrazine over Ir(111).

From these calculationd,¢an be seen that on the Ir(111) surface the first elemental step to

take place is the breaking of theMlbond of the hydrazine creating Natisorbed species on

the surface which later assist to the decomposition of hydrazine molecules adsorbed on the
surface leading to the formation of2ldnd NH. The dehydrogenations by the surface of NNH

and NH are impeded by high activation energies bese steps, while the final selectivity

G261 NR KE@RNRISY LINBPRdAzOGAZ2Y A& fAYAGSHAReVOE (KS
3 Ayad -17K &V ohtle rdaction to ammonia and the stability on the surface of
ammonia which pushes the selectivibvard ammonia productionTherefore, the strategies

should be to decrease energies barrier selectively of the pathways that lead to the production

of hydrogen to have a kinetic control other the reactittnovercome the thermodynamic

limitations of the tydrogen production

3.5.6.Simulated Infrared Spectra
Having simulated the adsorption of the most common intermediate species it is possible to
calculate the simulated infrared spectra for these species. These spectra are important to the
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characterisation of théridium catalysts since in combination with experimental IR analyses it
can help to identify the species more presents on the surface and, therefore, they give
information about the mechanism of reaction on the actual catalytic material. In F&j8te

are reported the simulatedspectra of the hHx species adsorbed on the surface. It can be
seen that the strength of the hydrogen vibration decreases with dehydrogenation of the
hydrazine, the NN bond frequency increases indicating the decrease in lengtheobond

and its increase in strength and stability, in agreement with the dissociation energies reported

for reaction R14R15.

— NI,

NaH3

HMNMNH

NN,

NMH

IR intensity(arb. units)

I

. A

L ] x 1 L ] L ] : 1 2 |
300 1000 1500 2000 2500 3000 3500 4000

Wavenum ba{cm_1 )

Figure3.31Infrared spectra for adsorbate hydrazinel®), intermediate species éNs, NoHz, NNH)and Ne. 18

In Figure3.32 displays the IR spectra for Népecies adsorbed on the surfacenfoniahas

a distinctive stretching at 1a.cmt.?? This distinctive vibrational frequenshifts to lower

wavenumberdor the dehydrog@ated speciesand it becomesRactive at 750 cm for NH

intermediate.Also, the HN-H scissoring vibration decrease in wavenumber from ammonia to

NH, from 1569 cmt to 1466 cnt.
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Figure3.32.Simulatednfraredspectra for adsord ammonia andntermediate speciesN, NHand N. 8

Table3.5.Imaginary infrared frequencies of adsorbed reagent, products and intermediate species on Ir(111).

Species Wavenumber (crrt)
NoHs | 881 1154 1552 3408
N2Hs 543 933 114 1555 3372 3425
HNNH | 1064 1194 3417
NNH | 1229 1550 3418
NNH 12 1449 3348
N2 2251
NHs 1569 3411.2 3521
NH 609 1466 3452
NH 595 786 345%
N 554
3.6.  Conclusions

In this chapter, Ir/Ce@catalysts prepared by depositigprecipitation method were used as

initial reference materials for the studies on the feasibility of Ir as suitable catalytic material

for the decomposition of hydrous hydrazine in an aqueous environment with the production

of molecular hydrogen, reported as the preferential product only at higher temperature in
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gas phase reaction. Ir/Ce@epositionprecipitation were used after for the optimisation of
the reaction conditions in order to obtain kinetic data excluding thespnce of limitions

by mass transfeeffectsin solution or on the surface of the catalyst. The optimal reaction
conditions were found to be a substrate/metal molar ratio of 250:1 or higher, NaOH
concentration of 0.5M and stirring rate of 1050 rpm. Aese experimental conditions,
Ir/CeQ ppreduced at 600°C for 3h, presented a final yield toward molecular hydrogen of

23.9% toward the production ofdnd a TOdgs0f 1018 ht.

To establish a potential structure/activity relationship and lay the groamduture catalytic
improvement a series of different characterisation methods have been deployed. Firstly, BET
analyses have not displayedipparentincrease in surface area after the deposition of the Ir
nanoparticles, 4 to 49 n? gl. The increase ohe surface area is too small to permit us to
guantify the surface area of the nanoparticles in an accurate way. Particles size dimensions
were therefore studied by othemethods,like XRD or TEM. The XRD diffractogram did not
exhibit the presence of diffidion peaks characteristic of metallic Ir or ir@he two most
stable species at normal conditions. The absende diffraction peaks is an indication dj (

the presence of amorphous Ir on the surfad®, I¢ nanoparticles deposited onto the surface

of the support have small mean patrticles size, so that the characteristic diffraction peaks from
XRD analysis are broadened and it is difficult to distinguish them from the background of the
analysis, < 5 nm. To obtain a definitive measurement of the loparicle size, TEM
technique was employed. Due to the difficulties to obtain clear images of the Irél&=d

to the support used and the dimension of the particliésyas not possible to capture a pool

of data large enough to be statistically valitowever, TEM analysis\g a clear indication

that Ir nanoparticlesvere present and with small nanoparticle size and narrow particle size

distribution, < 2 nm.

To confirm the presence of metallic Ir, TPR and XPS analyses were performed on the samples
in order to identify the oxidation state, surface coverage and ratio of Ir species and finally
tendency towards reduction of Ir/CeOFrom these analyses can be deduced that under H
atmosphere the Ir is readily reduced at a temperature around 130°C. Ir naies seems

to be partially reoxidised over time in contact with air, also at mild conditions, due to the

interaction between the particles and the oxide support. The thermal treatment plays a
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crucial role in the stabilisation of the metallic speciethvmetallic Ir ratio passing from3%o
to 100% as the reduction temperature increases from 400°C to 600°C and the time of the
treatment doubles. The XPS spectra also display a shift of*aeHigher energy, indicating

a partial charge of the Ir surfadele to the small dimensions and interaction with the support.

ICRMS analysis and SEIMDX mappinghowedthat the depositionprecipitation method is

not capable to deposit all the Ir on the surface leading to a real loading of about 70% of the
theoreticalmetal loading. Iridium is one of the most expensive metal on earth, therefore a
preparation method that does not deposit all the metal put a limitation to the economical
availability of all the system. Therefore, teudy of additional preparation methodwhich

may replace the depositicprecipitation displaying similar catalytic activity and better
deposition efficiency has been pursued. The SHMX also confired a good distribution of

Ir nanoparticles on the surface of Cei@ the catalysts used for theeaction optimisation

process.

A preliminary reusability test exhibits that after an initial high activity and good selectivity a
rapid deactivation of the catalyst occurs. The yield in particular decrease from 26.9% to 3.6%,
this result indicates the paocatalytic stability of Ir catalysts for possible application for
hydrogen production systems. Therefore, it is important to search for alternative

methodologies and identify the cause of deactivation.

To identify the causes of deactivation, TEM and X®8ysis was used. In terms of XPS
analysis, high concentration of sodium used during the reaction to regulate the pH, make
difficult to analyse the used sample. In the Ir 4f region, Na 2s has a strong response that
precludes a clear analysis of the spectrat the position of the peak seems to exclude the
aggregation of metallic NPs. The TEM suggests that the particles only slightly instdlase

the margin of error of theechnique,during the reaction. Therefore, possible causes of the
deactivation of the catalysts are (I) the irreversible adsorption of some products, (II)

modification of the active surface of iridium, (Ill) aggregation of the nanoparticles.

The DFT calculations were performed to study the thermodynamics of the reaction involved
andthe different elemental steps on Ie@nd Ir(111) surfaces. The oxide surface irreversibly
binds with reagent and products which would lead to rapid deactivation of the catalyst. On

the Ir(111), three main catalytic mechanisms were studied (intramolecular hydrazine
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dehydrogenation, intramoladar amide dehydrogenation and intermolecular hydrazine
dehydrogenation), with five reaction pathways, including adsorption, activation energies and
thermodynamics of each step. From these calculations, the first step to take place is the
cleavage of the M bond of the hydrazine adsorbed on Ir(111) lead to the formation of NH
species. Afterwards, NFHmay interact with different MHx (x = 24), assisting the extraction

of H and producing, therefore, NH and subsequently leaving N Another possible
medhanism is the interaction between NHand NH* (x = 2£2) to produce Nkt and adatom

N on the surface. On Ir(111) the recombination ofaadms H has a high energy barrier that

limits the production of molecular hydrogen on this particular surface at outetlitions.
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4. Optimisation of the supported Ir
nanoparticles for the catalytic liquid
phase decomposition of hydrous

hydrazine

4.1. Introduction

In the previous Chapter 3, we demonstrated the catalytic performance Ge® as a
potential catalyst for the liquigphase decomposition of hydrous hydrazine at mild conditions.
Characterisation of these catalysts have provided valuable structural information about both
bulk and superficial features of the materialich as paicle dimensions and oxidation state

of the surface speciethat can give insights on possible structure/activity relationshipgese
insights are hereafter used to tune the formation of nanoparticles to better accomplish the

goal of the thesis

Changesn surface and bulk characteristics, even the slightest, may have a drastic impact on
the final catalytic activity of similar materials. For this reason, in this chapter different
experimental parameters during the preparation of the catalysts were emplayerder to

tune the catalysselectivity, rate of reactiorreusability and economic profitability. These are
the main factors on which the attention was focused to imprdke final yield toward
hydrogen gas byr-based catalysts in this thesigvercaning the thermodynamic limitation

by mean of a kinetic control of the reaction by the catalytiaterial

For example, nanoparticles can be produced following a number of different experimental

procedures, for example, they can be formed on the surfacedéyosition method or

immobilised by a preformed colloidal metal solution. Moreover, the formation of metal

nanoparticles may be assisted jptecting ligandssuch as PVA or PVP, or not, and different

additives tend to cover the surface in different wapdl. these factors lead to the possibility

of tuning the particle size of the metal nanoparticle that can be achieved but also can
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influence the amount of active metal loaded onto the surface of the support with respect to
the nominal amount of metal depdsd. Also, the choice of the material used as support has
a great influence on the final catalyst, from cost to effectiveness of the preparation method
and catalytic performance. Metal oxides have different proprieties from wettabilifydiot

of zero clarge(PZ¢and surface area. Some of these supports are inert while others can play
a role in the activity of the catalyst by influencing the oxidation state of the active metal and

activating the oxygen speciés.

In the previous chapter the experimentaaction conditiondhiave been optimisetbr a series

of Ir/CeQ catalysts prepared by depositiggrecipitation method, and iprincipleparameters

like substrate/metal molar ratio and stirring should be optimised for each of catalysts tested.
Since the opthisation of the reaction for each single catalyst would have required a large
amount of time and catalyst and since the materials chosen have similar properties, the
reaction conditions have been set at the optimal one for Ir/ge@pared by deposition
precipitation, while the most active was subject to a further optimisation of the experimental

condition for their synthesis

To find the best catalyst for this reaction, a number of experimental parameters, such as
different preparation methodmedium, hightemperature heat treatment of the catalytic
materials and choice of support have been used. All these materials have been analysed by a
number of different analytical techniques like scanning electron microscopy, transmission
electron microscpy, Xray photoelectron spectroscopy, powdefray diffraction, BET and
temperatureprogrammed reduction. In addition, computational calculations based on
density functional theory on specific Ir surfaces have been performed in ordeetter
understand letter the mechanical aspects of the reaction and preference toward each
reaction pathway. Attenuate totateflectance infrared spectroscopy, ATIR has been
performed with the goal to better understand which are the most stable intermediate species
on thesurface. Finally, mass spectrometry was performed on thgbaseproduced during

the reaction performed with some of the most significant catalysts and combined with used
of Nt°labelled hydrazine monohydrate in order to confirm the experimental yieldesaand

possibly identify reaction pathways.
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4.2. Results and discussion

The experimental tests to compare the catalytic performances were performed following the
same experimental protocol presented in Chapter 2, Section 2.3., and the optimised
experimental onditions were presented in Chapter 3 and, therefore, were applied also in the
hereinafter catalytic tests. In summargn aqueous solution 0.5M of NaOH was warmed at
50°C in the presence of the catalyst and when the desired temperature was reached at the
reactor, the desired amount of hydrous hydrazine solutieais added, without stirring, and

the reactor was purged withiANOnce purged, the reactor was connected to the gas collection
system and the stirring initiated. The volume of gas collected easulated at specific

periodical times and more frequently at the beginning of the reaction.

4.2.1.Influence of the preparation method

Initially, the preparation method was varied in order to synthesise systematically supported
Ir nanoparticles with differentiparticle size and how the presence of stabilisers can influence
Ir particle size and the final catalytic performance. Using Ir/Cefdalysts prepared by
depositionprecipitation (DP) with NaOH as the chosen pH modulasoreference material,

the comparson was made with other Ir/CeQnaterials. One the catalysts prepared by
depositionprecipitation with urea as pH modulator and two catalysts prepared by sol
immobilisation (seimm.) with tetrakys(hydroxymethyl)phosphonium chloride (THPC)
method and an dapted version of the weknown polyvinyl alcohol/sodium borohydride sol
immobilisation method’* All the samples were reduced at 600°C of temperature undérH

flow since it was demonstrated in Chapter 3 the importance of this heat treatment to iraprov
the catalytic performance. Of the aforementioned methodology, theiswhobilisation PVA

did not produce a reliable catalytic material. In fact, this method in order to immobilise the
particles on the surface of the support requires the use gb@®@ to decrease the pH and
increase the interaction between particles and support. Using with.Ca® the chosen
support, the acidification, by addition 0b&Q, has to be avoided since also small amount of
the acid lead to the dissolution of the support. Thiere, the acidification step can lead to an
uncontrolled increase in the final metal loading and decrease in the final mass of catalyst
produced. For these reasons a naaidified immobilisation has been attempted but it has

provided a really low efficieycof the immobilisation of the nanoparticles on the surface as
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demonstrated by the presence of Ir plasmonic peak in solution. Consequently, the method

has not been considered suitable for catalytic application in these particular experimental

conditions.
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Figured.1.n(H+Ne)/n(N2Hz) versus timdor hydrazine decomposition oviefCeQ pp 600 6hl1/CeQ urea 600 srand
Ir/CeQ TtHrc 600 shUSing 0.3mL of 3.3M hydrazine in 8mL 0.5M of NaOH solution, at 50°C and 76.2 mg of
catalyst, with a stirring rate a050 rpm.

In Figure4.1l the catalytic activities of the materials prepared by different experimental
methodsare displayed. As it can be seen the Ir/@eghthesised by depositieprecipitation
method with NaOH as precipitation agent, while having a yieleard hydrogen similar to

the one prepared by the saetmobilisation, 8.9% and 8.6% respectively calculated as
reported in Chapter 2 Section 2.3.1., it has a higher activity compared to this one 4Thble
Interestingly the sample prepared by depositiprecipitation by urea exhibited a final yield
toward molecular hydrogen of only 0.7%, largely below the value of the other Ig/CeO
compared to this section, but it exhibits higher activity toward the decomposition of hydrous
hydrazine, 1712 f against 564 h' (DP NaOH) and 72h! (sokimm THPC) in agueous
solution. The main difference between these methodologies, as reported in Chapter 2 Section
2.2., is the utilisation of an additional heat treatment step, a calcination step in air at 300°C

before the hightemperature reduction in BAr flow, in the case of the depositien
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precipitation method with ure&:>® This calcination step is necessary in order to remove
volatile adsorbed species that can be generated by the decomposition of urea. As reported in
the previous chapter, the higtemperature reduction treatment seems to have little or no
effect on the mean particle size, probably due to the presence of H atoms adsorbed on the
surface of the NPs acting as a stabilizer during the heat treatment. On the other hand, heat
treatment in the presence of oxygen is well known to lead to particle sintering or
agglomeration. Therefore, the difference in yield presented by the sample prepared by
depositionprecipitation by urea may be related to an increase in of mean particle size due to

the extra cécination step necessary during this preparation method.

Table4.1. Comparison between Ir/Ce®@atalysts prepared by different experimental methods by yieldzto H
TORowand loading of iridium on the surface from SEMX analyses.

Catalysts Preparation Final yield to TOBow(hY) Ir loading (wt.%)
method Hz (%)

Ir/CeQ b 600 6h ‘ DP NaOH 389 1564 0.7+0.10

Ir/CeQ trc 600 Gh‘ SoHmm. THPC  36.6 727 1.04 +0.13

Ir/CeQ urea 600 6h ‘ DP urea 0.7 1712 0.98 + 0.06

In a purely academical study for the choice of the best catalytic material, some important
parameters should be taken into account, such as activity, yield and stability. Nonetheless,
another important parameter of the catalyst that has to be taken intasideration is the
efficiency of the deposition of iridium onto the surface of the support. As reported in Chapter
3, the depositiorprecipitation with NaOH method displayed that only 70% of the total active
metal used during the synthesis of the matemals successfully deposited on the surface of
the support in agreement with previous reports in the literatdr®On the other hand, both

the solimmobilisation and the depositicprecipitation with urea methods exhibit nearly
total Ir deposition efficieng, 100% and 98% respectively, as it will be presented later in this
chapter. Taking into account the high price per gram of iridium, 105 £/g for the precursor
which contain 3842% Ir, and the low deposition efficiency with this method, such as 70%, a
seriaus issue for the utilisation of this material in a future industrial application is challenging,
since it may require the implementation of extra operation of recovery and purification of the
Ir precursor that can increase the cost of the material. On allemlabscale synthesis, such
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as the one used in this thesis, the recovery of the precious metal is more difficult and less
efficient than in industriascale manufacture. For this reason, in spite of the higher TOF
displayed by the Ir/CeOprepared by P with NaOH, it was decided to use the-sol
immobilisation method with THPC as a preferential method for the preparation of supported

iridium NPs materials.
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Figure4.2.n(H+Ne)/n(N2Hz) versus timdor hydrazine decomposition oviefCeQ ss sopusing G3mL of 3.3M
hydrazine in 8mL 0.5M of NaOH solution, at 50°C and 76.2 mg of catalyst, with a stirring rate of 1050 rpm.

An alternative to these wet syntheses, a dry methodology has been explored. As reported in
Chapter 2 Section 2.2.3., this sedithte tedinique is based on the grinding in absence of
water of a mixture of metal oxide support and organic iridium precursor, Ir(acabjs
material was calcined at 300°C, to remove the organic anion of the precursor and then it was
reduced at 600°C to form the NPs hereafter called Ir/Cefs so0As displayed in Figude2,

the catalyst prepared by this method exhibited poor catalytic performance both in terms of

activity and yield, 2.2% and 5887, respectively.

4.2.2.Influence of the support material

Other than the active metal and the preparation method chosen for the synthesis of a
catalyst, an important role in its final catalytic performance is played by the choice support

on which the nanoparticles are deposited. The support employed can be selected @mong
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large range of materials, from resins to metal oxides, passing through activated carbons. In
this thesis, the attention has been focused on metal oxides, which usually have lower surface
area than other supports like activated carbons, but they offenae consistent reference

and their properties can be tuned more easily, like the SMSI displayed by 1#¢&@m that

is activated by higbemperature reductions, which are only possible on stable oxides.
Different metal oxides present different spesion the surface such as hydroxyl groups,
oxygen bridges, vacancies and carbonates among them. Even if the same functional group is
present on two different oxides the properties of the metal, like its electronegativity, may

vary in a significant way theroperties of the same functional group.
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Figure4.3.n(H+N)/n(N2Hz) versus timdor hydrazine decomposition oviefCeQ thpc 600 1t/ AOs THPC 600 6h
Ir/TiOCz THPc 600 grandIr/MgAI204 pp 600 stsing 0.3mL of 3.3M hydrazine in 8mL 0.5M of NaOH solution, at 50°C
and 76.2 mg of catalyst, with a stirring rate of 1050 rpm.

A series of Hbased catalysts were prepared by -soimobilisation THPC method. Cethe
reference oxide materialhas been compared with Ti@~ -AbOz and MgAIOs in order to
better identify if the catalytic performances of the material tested are related to its-bafk
properties. Considering thpoint of zero chargePZCreported in literature for these oxides
we can clas§y TiQ as the more acidic support, witAZCof 2-3, and MgAIOs as the more
basic onewith PZ®f 10-12, while Ce@and AtOs can be considered more neutravjth PZC

132































































































































































































































































































































































