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Abstract

Upgrade of hydrogen to valuable fusla central topic in modern research duetgo

high awailability and low price.For the difficulties inhydrogen storagedifferent
pathways are still under investigation. A promising way is inlithed-phase chemical
hydrogen storage materials, because tteay lead to greener trsfiormation processes
with the on line development of hydrogéar fuel cells Theaim of mywork was the
optimization of catalystsfor the decomposition of formic acid made by sol
immobilisation method (a typical colloidal method). Formic agak selected because

of the following features: it is a versatile renewable reagent for green syrghefies

The first aim of my research was thgthesisandoptimisation of Pd nanoparticles by
sokimmobilisationto achieve bettecatalyticperformancesnd investigate the effect of
particle size, oxidation state, role of stabiliser and nature afupport Palladium was
chosen because itaswellknownactive metafor the catalytic decomposition of formic
acid Noble metal nanoparticled palladiumwere immoblized on carbon charcoal and

on titania.

In the second part the catalytic performanceedie fAhomemaded catal yst
commercial Pd/C and the effect of different monometallic and bimetallic systems

(AuxPd) in the catalytic formic acid decomposition was investigated.

The training period for the production of this work veasried outat the University of

Cardiff with Dr. N. Dimitratosgroup
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Objective

The research in sustainable chemical synthesis creates large interested in the scientific
world, due to environmenssues Nowadays satisfying the world demand of energy is

not an easy challeng&he continue request of energy is cadse tothe consumtion

of primary not renewable resources, which are going to finish. The bet of the

researchers is to find renewable reagents for new green processes.

In the field of fuelsit is of interest the development of methods to produce hydrogen,
which can be avaitde as green fuel. The studies atalyticdecomposition of formic
acid validated that chemical as possible source of hydrogen. So new studies to improve
and optimize the reaction conditions are conducted.

The general aim of the described experimentshis thesis was the synthesis of
supported noble metal nanoparticles and theatalytic applicatiors in the
decomposition of formic acidThe reaction was performed in batch condgiamd
followed by HPLCanalysis

The sol immobilization method was chos® synthesize the catalysts. The synthesized
catalysts were then tested in the reactmf formic acid decompositiomnd their
synthetic features were optimized to try to obtain the best catalytic perform@hees.
aim was to elucidate the role of Pd tgzde size, oxidation state, role of stabiliser and

nature of support for the aforementioned reaction.



Introduction

The worl dbébs energy consumption is everyd
of living and the growing population. In order to satisfy the global demand the energy
generation capacity is necessarily increasing as well. Furthermore problems abibut fo
fuels and pollution due to their combust
with the current environmental protection policies, which seek to limit these emissions.
For this purpose the search for more secure, diversified and sustaihaiphécal
processes are being investigated. The exploration of new strategies and then the
utilisation of a sustainable energy supply are one of the greatest challenges to be
addressed in this century.

Nowadays the attention on hydrogen is growing, becaoseibis globally accepted as
candidate for clean energy due to the fact that the onlyrédguct of its reaction with
oxygen is waterin fuel cellsand it should be used as alternative energy vector to
connect energy sources to different end uses to hydrogen fuel cell vehicles to portable
electronic$, in all stationary power, transportationdustral and residential sectors.
However, despite the potential use of hydrogen, its widespread utilization is currently
limited by the capacity limitations of hydrogen storage technologies and by the safety
issues related with its storage and transportatiaierumild conditions. Bw methods of
storage can be classified as physisorption mateaats chemical release systems.
Recently, formic acid, a major product formed during biomass processing, has been
studied as a safe and convenient hydrogen storageiahahee to its high volumetric
hydrogen conten4.4%), liquid state at room temperature, high stability, environmental
benignity, nontoxicity and the fact that produceainly gaseous products §KLO,) by
decomposition.

During the internship at the CaffdUniversity, we have conduetistudies on the tuning

and direction of experiments for the decompositof formic acid, with the aim of
assessing the technical feasibility of the proposed process and optimizing the operating
parameters of the involvedtedyst.



Chapter 1. Hydrogen

1.1 Hydrogen economyand production methods

The hydrogen is the most abundant compound in the world. It has many good

characteristics which made it very attractive such as:

1 itis source for clean energy
1 itis the lightest fuel
richest in energy for unit mass and can be converted directly to electric,

mechanic and thermal energy as possible to see in Table 1

Table 1 Heat of combustion of different materials

Fuel Energy (MJ/g)
H, 0.14
Petroleum 0.04
Paraffin 0.04
Wood 0.02
Crmara 0.03
Castor oll 0.04

In nature H is combined with others elements, this means that is an energy vehicle, but
not a primary source such as natural gas or petrol, thus it should be product with
alternative routes which have to guarantee low pressure and high purity at low cost to be
compettive. Others critical issues are the development of lower cpdeliery and H
storage, they must be solved before considering hydrogen economically viable. H
supply is depended from many factors level of demand, resources availability,
geographic isses and progress on hydrogen technologies. Typically hydrogen is used in
ammonia process, petroleum refining, and metal refining, in the future it will be used
hopefully as energy carrfefFig.1), 1.P.Jain in his report explored many application
available for this molecelfrom hydrogen powered industries to all our domestic energy

requirements
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¢ Methan, Carbon, Biomass

Feed StOCk * Electricity

* Hydro, wind, solar, nuclear or geothermal

source energy
= Qil

* Steam methane reforming

Hyd rogen * Coal gasification
prOdUCt|On * Partial oxidation of oil

* Processes based on renewable

Hyd rogen * Captive production

diStribution ¢ Merchant production
|

* Refineries

* Fuel cells

Ap p | icatio N ¢ Ammonia, methanol and metal production
* Food processing

J* Electronics

Fig. 1 Hydrogen an energy carrier linking multiple production methods and sources to various
applications

Today hydrogen production could be classified based on the raw material used: carbon,
natural gas and petroleum. The methsigam reforming is the most important method
in Hy production and it imccounted for more than oft@rd of the market sharafound
55 million metric tony in 2015 among other technologies of hydrogen production
(partial oxidation, gasification, and etewlysis), because it allows to obtain richer
blends on hydrogen content with a ratigd®0 of °. The reactin is showed below
(eq.1):

CH;+H,OZz CO + 3H gH°=206 kJ/mol eq.l
Associated with this kind of reaction there is the water gas shift reaction (eq.2):

CO+HOZ CO,+3H, gH°=-41.1 kd/mol eq.2
Where CO is converted in G@nd the contentfdydrogen is increaséd
In case of partial oxidation small petroleum fraction or methane react with a oxygen
with development of heat. The process obtain a G@&tib of 1.71.8 (eq.3%:

CH;+% Q2 CO +2H qH°=-35 kJ/mol eq.3
Another pathway could be the methane aeforming (eq.4, eq.5, eq’6)

CH;+3/2Q 7z CO +2HO gH°=-520 kJ/mol eq.4
CH;+H,Oz CO +3H2 gH°=206 kJ/mol eq.5
CO+HOZ CO,+3H; qH°=-41.1 kJ/mol eq.6
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Or the gasification of coal which products syn gas like in the previous process’(eq.7)
C+2H02Z CO, +2H, gqH°=170 kJ/mol eq.7
The last traditional method that is important to knothesdry reforming (eq.8):
CO,+ CHyz CO + H, qH°=247 kJ/mol eq.8
As the CQ is a component in the atmosphere this reaction could help to decrease its
emission.
Others possibility are the processes based on renewable which permit the use of
industrial wastes or agricultural scraps as start material. Some example of this process
are the catalytic fermentation of bacteria, the biomass pyrdjisise bieproduction
from wastes, photosynthetic production from &gand the electrolysis of water.
Electrolysis ofwater is the only one that has found a practical method, thes H
generated from the decomposition of water by electric current. Nevertheless, the energy
consumption is the largest issues to be solved in this process too. Due to this hydrogen it
is not eonomically available as source of energy from renewable and further scientific

pursuits should be done.

1.2 Fuel cell

A feasible application of hydrogen is in the fuel cell to generate electric energy, these
devices are able to convert chemical energy intcelbetric one using Hiike fuel and

air like combustive (Fig2 The system of a fuel cell is very competitive, compared to a
classical motor it does not need of a thermal cycle and there is not production.of NO
The reactions developed in a fuel celbyide the reduction £at the cathode (eq.9) and

the oxidation of Hat the anode (eq.1)

O,+4H +4eY 2H,0 eq.9
2H, Y 4H" +4€  eq.10
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Fig. 2 Set up of a fuel cell

The fuel cells are classified on the type of the electrolyte used, modifying that the field
of application changes, in the transportation sector the usestis the PEMFC (Proton
Exchange Membrane Fuel Cell) where the electrolyte is a ion exchange membrane
waterbased. Nowadays a challenge is connected together a source of hydrogen directly
to a PEMFC; since the catalyst used insight the fuel cell isphatithis is poisoned by

CO, thus a process CO free must be developed to achieve the desired'ptrpose

1.3 Hydrogen transportation and storage

Nowadays petroleum fuels are still more competitive compared to hydrogen energy,
because notrdy energetic consideration are made and the economic arguments have a
huge relevance. From the production to the transfer of the hydrogen electric energy is
required, so it is fundamental to estimate the -effsictive to operate a hydrogen
economy. Untilnow the delivery cost of pure gaseous hydrogen is not comparable to
other fuel, in the liquid form the costs would get off, but to liquefy this molecule the
consumption of energy is very high. Against to this it is demonstrated that hydrogen is
the greenst fuef®.
The required costs for the,Hstorage are really huge (in 2005 it wB62 euro
million/plan)*’, so one of the biggest challenge tb find efficient solutions. The
problem of storage involves both stationairg.(plants) and dynamic systemise( car
and so on). In the first one it is not important the volume involved, instead in dynamic
applications the volume and the weight o€ ttank can not be ignored, it should
guarantee safety, reduced volumes, practicality and the necessary amount of automotive
fuel.
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Two approaches are available for the storage of hydrogen either a physical method or a
chemical method. The physical methodoypde to increase the hydrogen density
keeping it under pressure and controlling the temperature, but strong tanks are required.
There is also the possibility to storage the hydrogen as a liquid, in this case a
temperature 0f240°C is necessary, the isssehat 40% of energy generated must be
used to liquefy the hydrogen and after other energy has to be used to keep it in the
liquid state £20%). If hydrogen is stored like that there are problem of transportation,
because safety conditions are not easy to maintain. There are also other physical method
such as to adsorb the hydrogen on material with large surface area or to cryoadsorb it.
Anyway any material was found to adsorb the gas at atmospheric pressure and room
temperature, so there is not a practical application of these m&thod

In case of chemicabtorage precursor compound of hydrogen are studied (metal
hydrates, methanol, methane, light hydrocarbons, carbon nanostructures, alanate,
borohydride, amides, alcohol efd )they are able to produce, Hy chemical reaction.

In general a storage material should guarantee to release hydrogen in mild condition to
be link with the fuel cell and the kinetics of tmeaction should be fast. Many
conventional bulk material were studied, but until now none demonstrate to have all the
required characteristics to be a storage media.

To sum up in the flow chart iRig.3are depicted various hydrogen storage method:

{ Liquid tanks ]
Gaseousand
/| liquid storage { Compressedgas |

tanks

High specific
surface area

material storage

X Absorption
o or adsorption

Hydrogen
storage

{ Chemical reaction

o

Metal Hydrates

| —

{ Hydrolysis reaction ]

Hydrogenation/
Chemical :_._--"'_' 3 dehydrogenation
hydrogenstorage | reaction

N New chemical
approach

Fig. 3 Summary on different approaches for hydrogen storage
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1.3.1 Liquid -phase chemical hydrogen storage

Mahendraet al?® and Jianget al® affirm that an appropriate media to store hydrogen
should guarantee large amount of it to be economically convenientjsircdhtext
liquid-phase chemical hydrogen storage material assume an interesting role. The most
promising are ammonia borane, hydrazine, hydrazine borane, aqueous sodium
borohydride and formic acid, in which weilwfocus our attention (Table)2 The

advanages in their use are:

1 low potential risk;

1 they can release hydrogen under mild conditions;
1 low cost;

1 they are easily transported;

Table 2 Physical characteristics of liquidphase chemical storage

Liguid chemical Physic date at Density at room Hydrogen content
storage room temperature temperature (g/cm?) (Wt%)
Ammonia borane  Colourless solid 0.74 19.6
Hydrazine o
Colourless liquid 1.02 8.0
Monohydrate
: Colourless or white
Hydrazine borane : 0.78 154
solid
Sodium . _
_ White solid 1.07 10.8
bhorohydride
Formic acid Colourless liquid 1.22 4.4

Ammonia borane

Ammonia borane (NEBHs) is a compound with a high hydrogen content compared to
its molecular weight (30.9 g mid), which is higher than those for the other substances.
NH3BH3; has many good properties that made it very interesting: it is nontoxic, stable
and environmentally green, however as apbyduct the formation of NHis still a
challenge to be solved. There are different processes to gengrfabenHNH;BH3 such
as themal decomposition, hydrolysis, methanolysis. Until now the hydrolysis process
(eg.11)demonstrated the best hydrogen capacity up to 8.9 wt% of the starting material,
besides it is able to proceed under ambient conditions in presence of suitable catalysts:
NHsBHs; + 2H,OY NH; + BO, +3H; eq. 11
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Further studies should be expound on the reaction to be compatible with the practical

applications.

Hydrazine
It is hydrogen dense and thus mainly attractive for portable and automotive applications.

In the anhydrous form, BNNH; (>98%) is liquid at room temperature and it has a
really high content of hydrogen 12.5%. It can decompose to hydrogen following two
different pathways (eq. 12 and eq.13):
Complete decomposition: ;,NNH,Y N, +3H, eq. 12

Incompkete decomposition: 3JNNH,Y N+ NHz eq. 13
The mechanism of these reaction can vary depending upon the catalysts used and the
reaction conditions. The problem in the use of anhydrous hydrazine is its explosive
nature in presence of metal catalystss r f ace, that | imits itodos
issue, hydrous hydrazine can be usedN(RH, *H,0), but the hydrogen content
decreases to 8 wt% from 12.5%. In the complete decomposition tpeothyct is
nitrogen, which does not affect negativelg tleaction and not need to be recycled. The
challenge is to develop selective catalysts towards this pathway, in case of this hydrous
hydrazine could be suitable as hydrogen storage material.

Hydrazine borane

N2H4BHj3 is quite stable in aqueous solutiordats hydrogen storage capacity is 15.4%.
Like the ammonia borane and hydrazine it is emerging as source of hydrogen, through
chemical pathway such as thermolysis or hydrofysis can release the desired
molecule. Nevertheless there is need of morectetecatalysts towards hydrogen, thus
researches should be made to improve the system. Using rhodium supported
nanoparticles it was demonstrated to produgefrbim the BH3; hydrolysis, but the
hydrazine group was not involve in the reaction, loosing 4l dfydrogen. Bimetallic
system, as NiPt or Nilr alloy, allows to lead at the same time the decomposition of the

hydrazine part and the hydrolysis of Bid aqueous solutidfi

Sodium bhorohydride

The most borohydride studied was NaBHbecause it revealed an high hydrogen

content of 10.8 wt%. It can produce; Hy thermolysis or hyalysis, but only the

second process found application (eq.14):

16
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NaBH; + 2H,O0 Y NaBO, +4H, qH°=-210 kJ mof  eq.14
The hydrogen obtained from this reaction is pure and humidified, but less than
expected, an excess of water is used in the realitmnddue to the problems of
solubility of reagent and bgroduct, NaBQ@. The characteristics indicated favour its
application in fuel cells; the reaction is thermodynamically favoured and very
exothermic, due to this both homogeneous and heterogendalysed pathway have
been investigatéd It was founl that the first method is suitable for continuous system,
but not for the supply of hydrogen on demand, since it was difficult to suspend the
reaction. In case of the heterogeneous catalysis both noble anrdolplen metal
catalysts were investigated oretlNaBH, hydrolysis, finding really attractive the one
based on nickel or cobalt
At present, NaBllhas not economically sustainable and it can not be used as hydrogen
chemical storage, because there o available a cheap process to generate it in situ
starting from the byproduct, although many processes are under investfyation

Formic acid

Formic acid, HCOOH, is the hydrogen chemical storage investigated in this study,
because as mentioned before it has many good properties that made of its an attractive
compound®. The study on the catalytic formic acid decomposition started with Sabatier

et all. in 1912. Formic acid decomposition occurs by two different pathways:
dehydrogenation eg.19 and dehydration eq.16%*. Seletive dehydrogenation is
indispensable for the production of ultrapurgwithout undesirable dehydration, since

toxic CO contamination produced by the latter pathway reduces the activity of Pt

catalystdn fuel cell

HCOOH Y,+H5 Ces=-48.4 kmol' eq.15
HCOOH Y §OaG=H8.5kImol eq.16

The two reactions are linked by the water gas shift (WGS) reactiod)Fig

17



Dehydrogenation
WGES
HCOOH

Dehydration

H,0+CO

Fig. 4 Reaction pathways for the decomposition of formic acid

The byproduct of dehydrogenation 80O,, which can be recycled to produce formic

acid, the catalytically reduction could close the cycle for the storage hydrogen system

(Fig.5).

HCOOH co,

Fig. 5 Cycle for the hydrogen storage system

The decomposition pathway depends from ¢h&lysts used,itber homogeneousro
heterogeneous catalystan be used to decompose formic &tiSomereportsaffirm
improvement on both théeconposition of formic acid using homogeneougabssts at
ambient temperatures and on catalysts efficieAtyhe present separating the catalysts
from the reaction mixturés laborious, furthermore, the problems of severe reaction
conditions, the huge amou of organic solvents/additivessed andpoor selectivity
make this kind of processes available only for besqmplicationsFor all these reasons

it results more interesting to investigatel@ieogeneous catalysts

The first studies on the formic actecomposition using PAu alloy wires started in

1957, One of the most studied monometall

18
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practical application, because it deactivated quickly. However, Wangal.
demonstrated a TOF of 228.3 ht 30°C after two hours using a solution of formic acid
and sodium formate 1:9 respectivElyPreviously Moriet all. found an higher TOF of
820 h' using: Pd, a weaklpasic resin at 75°C and a solution of formic acid and sodium
formate 9:1 reaching a maximum rate of reaction of 2880 mif gitrf®.

Besides gold based catalysts were tested on the reaction, it revealed d#tsratyt
varying the support. Au/ADs finely dispersed can promote the selective decomposition
of formic acid at 80°C, at the same temperature AusZr&l a TOF of 550h which
reached 1593hwhen Au was supported on Z#®ICs at 50°€’. Bi et al. found that
AU/TiO, demonstrated a TOF of 226hand varying the support the particles size
decreased increasing the reaction performafces

Also bimetallic nanoparticles provide a good catalytic activity and selgctioinpared

to the monometallic species the same work condition (HCOOH 1 M and 50°C) it
was found that Pd/C had an initial TOF of 30iu/C of 80K and Aus;Pdsg/C of 230

h™. According to this PidAu and PidlAg alloys supported on carbon were explofEe
critical issues with this materials is the detection of CO, in fact for the application in
fuel cells the ppm level should stay below 15ppney overcame the poisoning and
improved the reaction producing a high quality hydrogen from the decomposition of
formic acid at low temperatures, continuing the studies the systems were improved, it
was discovered that the activities ofiRd/C and PAdAg/C can be enhanced by-co
depositionwith CeGQ*'. Since the good results other types of bimetallic systems were
developed AgPdalloy, Ag-Pd coreshell supported on carbon based resulting in a high
TOF of 626 i, but a drawbackf CO generation due to the high tempera(@afCy2
Nevertheless using MILO1l(a metabrganic framework) as support Ad alloy
recorded a TOF of 848 hat 80°C and a whole selectivity forellydrogenation
pathway”.

In the recent years strong improvements were carried on heterogeneous catalysis, but
this is rot enough, the application in fuel cell is correlated to other factors such as cost,
catalyst deactivation, fgeneration of byproducts and control of the reaction kinetics.
More studies are required to optimise the process; the research on the cayatgtic

will continue to finally apply it on portable devices.
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Chapter 2. Metal nanoparticles

Starting from21th century the research attention is moved from the micrometer size to
the nanometer scale with the analysis of small agglomerates of atoms or molecules in
the range of dimension between 1 and 100nm. New attractive properties of materials
were discovered in this range. Compared to the atomic size and the bulk of materials,
they show high surface/bulk atoms ratio and new features have been discovered as
electon confinement and shape importance. According to this, working on the shapes
and on the sizes of the same material is possible to vary its charactériktisswell
known that metals have delocalised electrons on the surface in bulk systems which
explain the thermal and electrical conductivity, instead when they assume nanometer
size metal the electrons can move in more confined spaces, ldadoc@npletely
different properties.
Recent advances in the ligyithase synthesis of metal nanoparticles have improved the
control in particle dimension and shape, providing more suitable catalysts for specific
activities. T h-sensilvéyaatationship i6 ane & the mosttintenesting
aspects for the catalyst design in view of enhancement in the catalytic activity. This is
linked to the activity of those nanosized technologies together with other aspects as
surface relationships, intrap@le metai metal bonding, strength of metalpport
interaction, structure and atom packing geoniétry
Characterisation of synthesised particles could carried out by spectroscopic and
analytical techniques, so they can be classified in terms of dispersion on the support,
size, defect, structure of the crystal, plasmonic bemdl oxidation state of the metal.
Some of the techniques used areRXy photoelectron spectroscopy (XPS)R&Ay
diffraction (XRD), transmission electron spectroscopy (TEM), scanning electron
microscopy (SEM), ultravioletisible spectroscopy (UWis), dynanic light scattering
(DLS)*. Furthermore the support features have to be analyzed, because they affect the
activity and availability of immobilised metal nanoparticles. The most widely used
techniques involve the BET theory and -FR analysis (CO-chemisorptiony.
Characterization is done primarily in terms of accessibility of active sites, and even
regarding particle dimension, morphology, textural properties (pore volumes and size,
micro or mesopore capacity), chemical nature, surface functionality (grlmausng
and acidity/basicity), and surface energy characteristics
(hydrophobicity/hydrophilicity}®394°.
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The topic of nanoparticles has collected a huge number of publications in the last 30
years and theesearch efforts are expected to continue increasing as the benefits of the
chemical proprties achieved at the nano level become increasingly apparent for
applications A significant amount of research is devoted to enhance the synthetic step:
the control of size, shape and dispersity of nanoparticlksy to selective and a better
activity. Due to this, different techniques have been developed to enhance the
interaction between nanoparticles and substrates or target molecules. New synthetic
pathways have been found enhancing the activity of this research area, thus, increasing
both the fietl of synthesis and of application has led to potentially great applications of
those nanotechnology systems in everyday life.

The development of nanotechnologies push to enlarge the field of research,
nanoparticles are been involved in medicine, sendmmdstry. In medicine can be
applied as delivery system, contrast agents and magnetic resonance imaging [MRI], in
biochemistry and chemistry for chemical sensors (as electrochemical sensors and
biosensors) and in heterogeneous catalysis (oxidations, kydrtigns and €

coupling reactions, dehydrogenatitn)

2.1 Synthesis and mmobilization methods for metal

nanoparticles

In the last 30 years many methods to synthesize nanoparticles have been investigated.
The choice of the techniques influences the properties of the nanoparticles, therefore
according to this, a good knowledgktbe different processes is essential. It has been
proved that modifying the method of the surface interactions between the metal and the
support affects the physicochemical features as dispersion, size of the metal, surface
area and pore diameter of thepport. The different pathways can sum up in chemical
methods (e.g. impregnation, electrochemical), physical way (as sonication, microwaves,
UV, grinding), physichemical route (i.e. sonielectrochemital)

They can be listed as: wetness impregnation, depoftiecipitation, sol
immobilization, chemical vapour deposition, solid grinding and nanoparticle
encapsulation.

In the impregnation method a solution of the metal precursor is added to a support and

then it is dried and heat treated under air gffd controlling the final morphology of
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the supported nanoparticles. Two different pathways can be followed either incipient
impregnation or wetness impregnation, they differ for the volume of initial solution
contacted with the substrate, in the second one an excess of solution is used. The
provided procedure for this technique is practical, thus is one of the more utilised in
bench scale and industrial scale, the characteristics of the prepared particles are strictly
linked to the drying and calcinations conditions phases, as well as to the support. The
rate of heating, time, final temperature and atmosphere can determingnahe
morphology of the nanoparticles. The advantages of this technique are that the content
of metal that is possible to support is higher compared to the other processes and there
is no need of preformed nanopartiéfe§he biggest disadvantage is that the synthesis

of the particles is hardlytcontrol, due to the thermal phase, where nucleation, growth
happen and there is an elevate ion and metal mobility; the size particles obtained could
be large and the presence of any ions of the metal precursor not reduced cannot be
entirely negligible, bcause they could be the reason for a bad catalytic activity and a
quickly deactivation of the catalyst

Depositionprecipitation (DP) pathway is one of the first methods developed for the
synthesis of gold nanoparticles, in this synthesis the metal precursor is precipitated in
the hydroxide or carbonate form on the support by changing the pH séltteon and
subsequently the solid is washed, dried and heat treated under aiy. @oide
advantages of this method are that it is possible to produce small nanopatrticles based on
the control of pH, a narrow size distribution of the particles and tppostican be

either acid or basic, the issues is that depending on the pH used the nominal metal
loading could not correspond to the theoretical one: at low pH the metal loading can be
increased, but larger nanoparticles are produced, at pH above 9 anwhrticles are
produced, but with loss of metal loading, as in the case of the use of NaOH in the
synthesi&’. This problem was solved by the use of urea in case of gold nanoparticles
made by DF.

The last three techniques mentioned can be considered as particular types of
impregnation. The metal chegal vapour deposition is efficient with every support and

it provides the immobilisation of the metal through ligand exchange and new bonds
among the precursor and the support. First the metal precursor (e.g. difAugfhiyl-

acetyl acetonate) it is vapsed in a vacuum system by heating and thus deposited on
the support. After the deposition a heat treatment step occurs to burn the organic ligand

presented in the metal precursor. Another method it is the solid grinding, the support
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and the precursor (asetal oxides) are added together in a mortar or a ball milling and
after grinding the powder is heat treated; it is a practical method available with many
different supports. The last but not least is the sol immobilisation method, it is within
impregnatio the most employed in research, because is the simplest way to support
metal nanoparticles and allows the possibility of tuning synthetic parameters. The sol
immobilisation was used in this research, thus is treated in depth in the sequent
paragraph.

2.1.1 Solimmobhilisation method

In lab scale sol immobilisation method is largely utilised because is very versatile and it
allows a tunable control of size of nanopatrticles, shape, good dispersion and crystalline
phase before embedding the nanoparticles in tippasti Usually it does not need
additional reduction treatments. The process includes reduction of the metal salt
precursor in presence of a stabiliser (such as polymer, surfactant, polar molecules etc.)
and the immobilisation of the sol on the supportngterial. Many factors affect the
kinetics of metal particles adsorption such as the IEP (Isoelectric Point), the stabiliser
and the support, due to its morphology and specific surface, as well as it influences the
dispersion of the particlés To enforce the aqueous colloidal solution of thequraéd
particles against the aggregation three different methods are been developed based on

stabilising the system:

1 the use of surfactan{®.g. cetyltrimethylammonium bromide,GAB) which
increases the surface potential and/or the charge density;

1 the we of macromoleculege.g. dextrine, starch)they stick to the metal
enhancing, with their hydrophilic or hydrophobic part, the interaction with the
solvent and they decrease the Van der Waals forces;

1 the steric effect: the steric stabiliser are polyneersther high molecular weight
molecules with heteroatoms interacting with the nanoparticles. The most used
are poly(Nvinyl-2-pyrrolidone) [PVP], poly(vinyl alcohol) [PVA], poly(acryl
amide), poly(acrylic acid) and poly(ethyleneimine) with different miote
values.

In some cases the stabilizer can act also as reducing agentstabiliser can be
removed by thermal decomposition or solvent washing under mild conditions. The

choice of the capping agent depends on the desired characteristics of tipeofiiueit
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and to the specific properties of the metal/substrate pair. The protective agents act on
particle size and shape drivers and enhance the dispersion regardless of the support, in
support of this changing the ligand different type of nanoparticéltigbond are
formed such as covalent interactions which are stronger than electrostatic and consent a
better stability of the solution, anyway they cannot be easily removed. On the other side
electrostatic binding suffers more of the system perturbatitempgérature, ionic

strength, dilution) but facilitate the replacement with supports or other molf&cules
(Fig.6).

ELECTROSTATIC STABILIZATION
Negatively Charged Particles
+ - + + + +

Fig. 6 Examples of the stabilization of the nanoparticle¥

In the choice of the protective agent not onlg tinteraction with the particles is
important, but it has to pay attention also to the support chosen, for gold for example it
is well known that a more functionalised support surface enhances the dispersion of the
metal and decreases the nanoparticleseagdiorf>.

The nanoparticles can be fordhby different synthetic pathways too: thermal reduction,
chemical reduction or oxidation, precipitation,-gel and galvanic exchange.

In case of chemical reduction the metal precursor is added into a solution of solvent and
stabilizing agent under amioie conditions, it is necessary also the addition of a
reducing agent to reach the zero oxidation state of the metal. The strength of the
reducing agent is related to the type of precursor used: a stronger reducer (sodium

borohydride or superhydride) is resary more negative the reduction potential is.
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Carboxylic acids or 1;2lkanedyols can be preferred when there are no issues with the
reduction conditions and eventually the growth of nanoparticles would be improved.

In this work sol immobilisation washosen first to synthesise Pd monometallic catalysts
with the purpose of optimising the synthetic step and obtaining the best features, then
also gold and A«Pd bimetallic catalysts were synthesised with the same procedure to
compare their effect on the e reaction, the formic acid decomposition. A brief

summary on the system involved is reported the next paragraphs.

2.1.2 Palladium nanopatrticles

Palladium is a noble metal which has found many applications in catalysis from
petroleum cracking to Heck reactiamd Suzuki couplinf, as well as in catalytic
converter in the cars.

The formation of palladium nanoparticles during the sol immobilisation method
provides a change in the colour of the metal precursor solution from brown to dark grey.
Pall adium doesndt have the suiisspeceaitpsl as m
possible to see the presence of a peak at 23% metal precuros peak), which
disappear after the passage at zero oxidation state.

It is noteworthy that palladium shows activity towards formic acid decompositidn as i

is suggested in the previous paragraph, thus many researches have the aim of enhancing
and make it available for a practical use.

2.1.3 Gold nanopatrticles

Gold nanoparticles assumed a large interest in catalysis 30 years ago thanks to the work
of Harutd® and Hutching® on CO oxidation and ethylene hydrochlorination. Initially

their applications found many obstaglelue to the difficulties on the synthesis step that
lead to not reproducible catalytic activity. Many investigations helped to enlarge the
knowledge on this compound on nanometer scale determining the particle morphology
and the interaction between medad support which are the main factors affecting the

activity and the selectivity of the catal{fst

The formation of gold nanoparticles with sol method is visible to the naked eye by the

colour change of the metal precursor solution from the yellow'jAo the ruby red
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(Au®. UV-vis spectra an be recorded by way of verification, in fact gold is
characterised from the surface plasmon resonance (SPR) around 520 nm in the visible
part. The SPR bandllows the excitation of gold nanoparticles and the transferring of
electrons in the surroundingndronment with a quickly recombination of the
electron$’. The nanoparties dimension obtained with this technique is small and
varies on the support usédhe colloidal gold solution can be supported on different
materials which deeply change the nanoparticles activity towards a selected reaction,
Liu et al.have highlighted this in formic acid decomposition showing differences in the
catalytic performances analysing Au supported onAlGOs;, SIO,, TiO,, Zr0O, and
ZrO,-NCs finding the best activity for the last dile

2.1.4 Bimetallic system: AuPd nanopatrticles

Since the promising results showed by bimetallic system in many reaction a lot of
research was encouraged using these catalysts. In case ebbageltl bimetallic
nanoparticles, it was demonstrated that they play a benign role in the environmental
catalysis; he first studies were carried on aerobic oxidation reactions. In this contest the
AuPd nanoparticles showed to be very active towards the oxidation of alcohol to
aldehyde in solvent free conditirn* Some of the reaction more studied are in the case
of benzyl alcohol oxidatioti>*, the glycerol oxidatioli, the direct production of
hydrogen peroxid&@*® Some works have moved the attention also in the use of
bimetallic catalysts in photocatalytic fi&lc?® also the topic of the hydrogen production
was touched using novel AuPd/Ti€atalysts>°

Many techniques can be used to prepmneetallic catalysts, the most interesting in lab
scale are the impregnation and the-ismhobilisation route¥.The structure of the
bimetalic systems depends on the synthesis procedure, thergaishents and the
supporting material used. A way to control the structures is the sol immobilisation
method: random alloy, Au core Pd shell (Au@Pd), Pd core Au shell (Pd@Au) can be
obtained modifyig the reduction sequences of the metal precfstrE In support of

the formation of bimetallic particles the WVis spectra can be observed, because it is
peculiar: if the two metals preor involved have the SPR band, the-MM spectra
shows only one SPR band with a maximum peak shifted in relation to the metal ratios,
instead no band is showed when one of the metal precursor has not the SPR band as in
the case of AtPd nanoparticles.
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In the case of formic acid decomposition it is reported that alloys exhibit a higher
activity, in particular Tesdreet all. found the AgPd alloy is more active that the
monometallic particles, highlighting the synergic effect of the bimetallic compound.
This is confirmed also AuPd nanoparticles, Meadtral., suggest that using AuPd/C at
50°C improves the catalytic dehydrogenation of formic acid compared to Au/C and

Pd/C as we reported in the chapter before.

Chapter 3: Summary and perspectives

Hydrogen is a greeenergy carrier and it could be produced from a variety of both
renewable and nerenewable sources. Nowadays, fienewable sources are mainly
used for hydrogen production. Nevertheless for long term sustainable hydrogen
generation it is fundamental thagénewable energy sources such as solar, wind or
biomass must primarily be used. In the field of transportation hydrogen has potential
advantages over the conventional fuels including petroleum, diesel or natural gas. One
of the most important application widl in the fuel cells.

The challenge to can apply a sustainable hydrogen economy it is to find reversible and
efficient storage of hydrogen. Many hydrogen sources based on both physical and
chemical storage systems have been studied. Particularly cheioicae has attracted

a lot of scientific reasearches as a solution to these restrictions orcghongs in
current technology. These storage materials are small molecules with high hydrogen
content, which are liquid under ambient conditions and ardyedscomposed into
carbon monoxiddree hydrogen over catalytic systems. Formic acid is one of the
promising molecule for this.

Nevertheless the researcherso6 efforts
application requires others deep invesima, in order to scalep systems with

relevant hydrogen output to supply fuel cells.
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Chapter 4: Experimental Part

4.1 Introduction

This work is about the synthesis and the characterisatisumborted nanoparticles
supported either &boncharcoal (Fischer Scientific) oritdnia p-25 (Aeroxide) The
catalystswere synthesisely using acolloidal methodor sol immobilisation method)
The first aim of the synthesis was to improve the characteristics of the catalysts made by
SOL-Immobilisaion method. Then the catalyst with the best performance was
compared with a commercial catalyst which is very active for the formic acid
decomposition. Furthermore tlwatalytic performancef monometallic (Pd, Aujvith
respect to bimetallic (AuPd) supporéed nanoparticles was investigated for the
aforementionedeaction. When th@anoparticlesvere prepared the active phase was
depositednto the chosersupport(carbon and titania)The active phase was composed
of a colloid suspension of metal nanoparsaeade in agueous solvent by reduction of
the metal precursor (K,PdClL and/or HAuC} H,O) with sodium borohydrideas
reducing agenand polyvinyl alcohol (PVA) as stabilizer. The synthesis was carried out
at room temperature and atmospheric presghee ®lloidal metal nanoparticles were
immobilised onto the support and the powder was recovéngdiltration, and finally

the catalyst was dried in oven for 16 hours at A0Various techniques were used for

the characterisation of the colloid suspensimg the supportetinoparticlesuch as:

1 DLS (Dynamic Light Scatteringdnalyses were used &stimate the mean size
and size distribution profile of colloidal metal nanopatrticles;

1 UVlis spectroscopy tests were utilised to investigate the transition fro
metallic precursor to the metal nanoparticlesiuction of metal precursor and
appearance of plasmon peak for the case ¢f Au

1 Surface area both of the supports and of the supported catalysts are analysed by
BET tedinique (Quantachrome Instruments);

1 TEM (High Resolution Transmission Electron Microscopy) to valuate the
dimension and the morphology of the partickesl calculate mean particle size
and patrticle size distribution

1 SEM (Scanning Electron Microscope) equipped wah energydispersive X
ray spectroscope (EDXdo examinelie morphology anthetalcomposition;
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1 XPS (X-Ray photoelectron spectroscopy) to study the surface content of the

catalystsand calculate the oxidation state of metal

The catalysts werexamined for stug of the catalytic deaoposition of formic acid to

hydrogen and carbon dioxi@ mild conditions

4.2 Chemicals

In Table3 are recorded all the chemicals used :

Table 3 Chemicals

Formula Name Brand Purity Utili sation
HCOOH Formic Acid SigmaAldrich 95% Reaction test
HCOOD Formic Acidd SigmaAldrich 95% Reaction test
DCOOH Formic Acid SigmaAldrich 95% Reaction test
DCOOD Formic Acidd, SigmaAldrich 95% Reaction test
[C.H40], Polyvinyl alcohol SigmaAldrich 80% Catalyst preparation
NaBH, Sodiumborohydride SigmaAldrich 09.99% Catalyst preparation
C,HgO,4 Succinic acid SigmaAldrich 0 9.% Calibration standard
for HPLC
HsPO, Phosphoric acid Acros ND HPLC
H,SO, Sulfuric acid SigmaAldrich 08.00  Catalyst preparation
HAUCI 4-H,0 Hydrogen Alfa Aesar 99.9% Metal precursor
tetrachloroaurate
[] hydrate
K.PdCl, Potassium Alfa Aesar 99.99% Metal precursor
tetrachloropalladate
[
C Carbon Charcoal, Fischer Scientific ND Catalyst preparation:
Wood support
TiO, (P25) Titania Aeroxide ND Catalyst preparation:
support
Pd/C Palladium on carbor SigmaAldrich ND Reaction test

Code 20568010G
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4.3 Material catalyst performance

Different types of catalysts are begymthesisedor this work such as:

1 1 wt.% Pd/Chave been synthesisdry SOL-Immobilisation technique using
Potassium tetrachloropalladate (Alfa Aesar) and Carbon Charcoal Wood
(Fischer Scientific) as supports, sulfuric acid 98% (Sigma AldriOme of the
objective of the project was tstudy the effect of the stabilisend of the
reductant both on the colloid particle size autbsequentlyn their activity in
the formic acid decomposition. When the synthesis parameézeoptimised,a
systematic study was carried oah the reaction with the best catalyst
compariso with the data obtained with the commercial catalysts 5 wt.% Pd/C
(Sigma Aldrich) Moreover catalysts with different metal loadingere
investigated;

T 1 wt% monometallic Pd/Tig) Au/TiO, and bimetallic AuPd/TiQ were
synthesised by  SOLImmobilisation  tebnique using  Potassium
tetrachloropalladate (Alfa Aesar), Hydrogen tetrachloroaurate [lll] hydrate (Alfa
Aesar) as metal precursor and Titania (P25) as support, sulfuric acid 98%
(Sigma Aldrich). Theywereused to study theatalyticperformance of differnt
metalsand metal composition (ABd)) in the formic acid decomposition

The catalytic conversion of the formic acid decomposition was carried out using

deionised water as reaction solvent.

4.4 Catalytic synthesis and characterisation

A colloid method waghosen to prepare both monometallic and bimetallic catalysts.

The first preformed monometallic Pd colloids were immobilised firstly on carbon, after
on titania as the monometallic Au and bimetallic AuPd colloids. The technique-of sol
immobilisation deschied has been presented in many reptttsThe general protocol
describes the addition of the desired chemicals (metal precursor, reducing agent and
stabiliser) in a beaker with a agueous solution under vigorous stirring7jFigirst of

all the metal precursas diluted in water varying the concentration depending on the
catalyst desiredi.e. for Pd 1 wt% the concentration iSZ-07); the necessary amount

of stabiliser is added and after 5 minutes the reductant is added to form a sol. After the

colloid is sypported on the support and dried in oven.
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e K,PdCl, NaBH., Carbon
\ J PVA
e

Dry 110°C
—_—

Fig. 7 Example of the preparation of the catalyst

4.4.1 Protocol for colloid suspension

Monometallic colloid suspension

T
T
T

Fill a beaker with 400mL of distilled watésr preparingl g of catalyst

Prepare firstly stock solutions tife metal precursor;

Prepare a solution of both NaBldnd PVA in water: 4, M NaBH, (0.03783 g
in 10 ml soution) and 1wt% PVA solution (0g in 10 ml solution). Use a
volumetric flask. The NaBldsolution should bdresh and be used after 5
minutes otherwise NaBftlowly decompose and threducing power wouldbe
degraded,;

Add the desired amount of metal precursahsolution;

Add first thedesiredquantity of PVA (stirring 23 minutes) and NaBjhfter to
the aqeous solution in the beakendstart stirring;

After 2-3 minutes there ishange of clour. For gold red and fdPd greybrown

Stir the solution for 30 minutes;

In Table4 are recorded the ratio used among the chemicals in every synthesis.

Table 4 Table with the ratio among chemicals and metal

Sunspension Pd wt% Au wt% PVA/M weight  NaBH,/M molar
ratio ratio
Pd-a 1 - 0 5
Pd-b 1 - 0,05 5
Pd-c 1 - 0,1 5
Pd-d 1 - 0,2 5
Pd-e 1 - 0,3 5
Pd-f 1 - 0,65 5
Pd-g 1 - 1,2 5
Pd-h 1 - 0,65 10
Pd-i 1 - 0,3 10
Au - 1 0,3 10
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Bimetallic colloid suspension

The protocol is similar to the monometallic one, except for the start when the stock
solutions of the metal precursor&,PdCl, HAuCl,-H,O) are added together in the

beaker with the desired ratio described in Tdabl@he different steps can be summed

up in the following procedur@-ig.8).

Add KPdC]|

Add PVA and

Stir for30 min

lél él

Fig. 8 Scheme of the procedure for bimetallic catalysts

In Table 5are recorded the ratio used among the chemicals in every synthesis.

Table 5 Table with the ratio among chemicals and metals

Sunspension %mol Au>* %mol Pd? PVA/M weight NaBHJ/M
ratio molar ratio
Au,Pd; 50 50 0.3 10
AusPd; 75 25 0.3 10
Au;Pds 25 75 0.3 10

Colloid suspension characterisation
The colloid suspension were characterised by DLS andiig8pectroscopy.

DLS: Dynamic Light Scattering
The instrument Zetasizer Nanoseri&s, Malvern Instruments LTPwas used for the

study of the hydrodynamic diameter of the particles. The DLS is a technique for
investigating the particles size in the suixron region and it is based on the Brownian
motion and relates this to the particles size, because when the laser beam hits the
particles a scattering phenomena happens. The range of detection is between 0.3nm to
10um. The Brownian motion is a random movemeasf particles due to the
bombardment by the solvent molecules that surround®hdine particles analysed are

suspended in a liquid. The instrument measures the speed of diffusion of the
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nanoparticles due to the Brownian motion, that it isedated to the rate at which the
intensity of the scattered light fluctuates when detected using a optical arrangement. The
rate of the motion depends on the physical characteristic of the molecules: larger the
particle, the slower the Brownian motion wikk. The intensity of the scattered light has

a fluctuation frequency depending from the dimension of the molecules too, so the size
can be extrapolate from the analysis of the fluctuations of the intensity of the scattered
light.

The red light of the lasenhas a wavelength of 633nm, it is scattered from the molecules
in every direction, but it is measured only where the detector is set. This technique is
not invasive. The fluctuations of the light are converted in electric signals and
elaborated by a digit correlator.

The laser is attenuated from a lens, because if the light intensity were too high the
detector would be saturated and there would be errors in the measurements.

The hydrodynamic diameter measured is the diameter of a sphere that cotisest of
coordination sphere and of al the species adsorbed on the surface. The diameter depends

from many factors:

T the size of ithe particle fAcoreo

1 the surface structureny change to the surface of a particle that affects the
diffusion speed wilcorrespondingly change the apparent size of the particle

1 concentration and type of ionthey modify theelectric double layer called the

Debye length

The sample concentration to have a reliable measure depends from the size of the
molecules in suspetm: for diameter less of 10nm the concentration should be ([conc]

> 0.5 g/L), for diameter between 10nm and 100nm the concentration should be between
([conc] > 0.5 g/L) and wt% of 5 (for a density of 1gfyno avoid particleparticle
interactions which ltange the speed and as consequence the measured diameter. Based
on the concentration of the sample the instrument focuses the laser on the middle of the
cuvette if it is low or in the insides if is high, so the mudigcattering is minimised

(Fig.9).
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Focusing

Focusing Lens

Lens

Detector Laser
Detector Laser

Fig. 9 Detector positions that are suggested for the analysis: (a) for low concentration; (b)for high
concentration

In general the problem of the multiple scattering is avoided thank to the NIBS (Non
Invasive Backscatter Detectionljhe multiple scattering happens when the light from
one molecule is itself scattered from an other one, the effect is an underestimation of the
dimension. With the detector at 173° the influence of the impurity, like dust, is reduced
too.

With the DLS astatistic distribution of the dimension is obtained based on the
scattering intensity. Besides it is possible to calculate from this other two distribution:
one for the volume, one for the number.

In the end from the analysis is obtained a curve ofidigton, a value for the average
diameter, and an index of polydispersity (PDI) of the suspension. This index varies from
0 to 1: when the dispersity is less of 0.2 the suspension is considered monodisperse,

from 0.2 to 0.5 it is more or less disperse,digyer it is considered polydisperse.

Preparation of the sample

The solution of the sample was placed in a plastic cuvette. The software used to
elaborate the data iBetasizer Ver. 7.11, Malvern Instruments LTID Table 6are
reported the parameters used to study the sol for the different systems. For
monometallic sample the refractive index is known, for the bimetallic system it was

calculated as weighted average respect to the metal precursor content:
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Where:

-€ is the calculated refractive index for the bymetallic system;
-¢ is thegoldrefractive index

- X is the content in weight of Au;

-¢ is the palladium refractive index

-y is the content inveight of Pd

Table 6 Refractive Index used for the DLS analysis of the different sol

Suspension Refractive index
Pd 1.72
Au 0.27
Au;Pd; 0.99
Au;Pd; 1.36
AusPd; 0.64

UV-vis spectroscopy

UV/vis spectroscopic analyses were performed in a ¥ cowvette usingin-situ AvaSoft UV-Vis
SpectrometnyfFig.10).

Fig. 10 AvaSoft UV-Vis Spectrometry
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The UV-visible technique refers to the absorption spectroscopy and it is baghd on
ability of a molecule to adsorb a photon of energy passing from the fundameretéb stat

an excited state. In Fig.1$ showed the simplified scheme of a single beam\Wig/
spectrophotometer. It consists in the light sources in the range efidible. a
monochrometer made of two split separated by a diffraction grading. a sample cell
holder; a detector device transforms the photons in electrical signal that is monitored by

a com puter.
i I I
Light 1 Monochromator 0 | Sample Detector : Data
sources holder output

b

Fig. 11 Scheme of a single beam UVis spet¢rophotometer

This instrument allows to measure the intensity of light passing through the sample ().
and compares it to the intensity of light before it passes through the saghplehé
ratio is thetransmittancend is usually expressed as a percentage (%T):
%T=l/l o

Usually instead of %T. the value is expressedlasorbancgA). this is based on the
transmittance and it links the measurententhe concentration of the sample thank to
the Lambert and Beer L&y

A=-log(%T/100%)= Xb C
Where:
-f is the molar attenuation coefficient
-b is the path length trough the sample

-C is the molaconcentration of the analysed solution

The UV-visible spectrophotometer can also be configured to measure reflectance. In
this case. the spectrophotometer measures the intensity of light reflected from a sample
and compares it to the intensity of lighfleeted from a reference material. The ratio is
calledreflectanceand is usually expressed as a percentage (%R).

In this work this technique was usefull to characterise the colloid sol of the catalysts. so

we could follow the reduction process by theocwlchange (Fid2).
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Fig. 12 Colloidal solution of palladium on the left and gold on the right

Preparation of the sample
The sol solution is placed in the quartz cuvette. then set in the holder and analysed.

4.4.2 Protocol for supported catalysts

The first part of the procedure provides of preparing the colloid suspension. as it is
described above. When the colloid is ready. it is supported on the chosen support. The

protocol is the same for monometallic and bimetabitatysts. More ietail (Fig.13:

Add the metal
precursor to the
aqueous solution

1

Add PVA and after
2-3 min NaBHy4

| 30 min

Add the support
and acidifying

The solution | 60 min

becomes
colourless, Filter with 1L of
distilled water

Dryin the oven for
16h at 110°C

Fig. 13 Scheme for the catalyst preparation
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n this thesis carbon and titania were studiedhaschosen supports. In Tableare
recorded all the catalysts investigated in this work.

Table 7 Homemade catalysts

Catalyst Suspension Support %wt total %mol Au %mol Pd
metal
Pd/Ga Pda C 1 - 100
Pd/Gb Pdb C 1 - 100
Pd/Gc Pdc C 1 - 100
Pd/Cd Pdd C 1 - 100
Pd/CGe Pde C 1 - 100
Pd/Cf Pdf C 1 - 100
Pd/Cg Pdg C 1 - 100
Pd/Ch Pdh C 1 - 100
0.2-Pd/Ce Pde C 0.2 - 100
0.5Pd/Ge Pde C 0.5 - 100
0.7Pd/Ge Pde C 0.7 - 100
1.2-Pd/Ce Pde C 1.2 - 100
PATiO,-f Pdf TiO, 1 - 100
PdITiOx-h Pdh TiO, 1 - 100
PATiOi Pdi TiO, 1 - 100
Au/ TiO, Au TiO» 1 100 -
Au;Pd;- TiO, AuiPd; TiO, 1 25 75
Au;Pd- TiO, Au;Pd TiO, 1 50 50
AuzPdi- TiO, AusPd; TiO, 1 75 25

Supported catalyst characterisation

The supported catalysts were characterised with different techniques such as: surface
area analysis with BET theory. SEERDX. XPS. Some catalysts were investigated also
with TEM.

Surface area analysisN» Physisorption

The measure of the catalytic surface area is one of the main parameters. which
characterised a material from the catalytic point of view. The unit used fanaghsure

is mf/g. The instrument used for the analysis is a Quantachrome Instruments.
Nova2200e: SurfacArea & Pore Size Analyser (Fig.L4
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Fig. 14 Quantachrome instrument

This technique used the BET theory developed by Bun&nemett and Teller; the area

is measured determining the amount of gas adsorbed as molecular layer. The volume of
physically adsorbed on the sample is estimated like difference of thermal conducibility
of the gas before and after the adsorption. The gas igsaitrogen (). The best
conditions for adsorbing the,Non the solid surface is when the temperature of the
liquid nitrogen is around 77K; thus the analysis of the specific surface ageg (S
happens after the cooling of the sample with liquid nérBy The model to calculate
SgeTiS:

t p n €40 £a0 B

P/R range: 0.08.3

p : Pressure.

Po : Saturation pressure.

1

1

1 n:number of moles adsorbed.

1 nm: number of moles adsorbed in the monolayer.
1

C : BET constantelative to the heat of absorption
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By plotting versus— is obtained a linear relationship which the values of C and

s

Nn can be calculated. From the value of the specit area of the material is

determined by the following equation:
Y ¢4 Ocn D06 p ADDCp

1 S: apparent surface area’(g).
1 an: area occupied by one adsedtmolecule (fYmolecule).

T Na: Avogadrobés number (mol ecules/ mol).

Preparation of thesample

Prior to the determination dlfie specific surface areall samples were outgassed under
high vacum. at 120C for 3h with a Quantachronaegasser0.3g of powdewere then
placed in a cell with rod kept at 77Kith liquid nitrogen and the analysis were carried

out. The software used to elaborate the data is NovaWin.

SEM-EDX: Scanning Electron Microscope equipped wittenergy-dispersive Xray
spectroscope

The instrument used for SEM measures is a TM3030PLUS TABLETOP
MICROSCOPE by Hitachi High Technologies Corporation Specification equipped with
EDS System for Hitachi Tabletop Microscope TM3000 by Brijkeg.15).

Fig. 15 SEM-EDX instrument
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SEMis a non invasive analysi$he SEMuses a focused beam of highergy electrons

to generate a variety of signals at gwface of solid specimens. Thignalsallow to
obtain information about the external morphologghemical composition and
crystalline structure and orientation of materials making up the saBiffierent types

of signals ariséfrom electronsample interactionsuch assecondry electrons (that
produce SEM imageshackscattered electrorBSE). diffracted backscattered electrons
(EBSDthat are used to determine crystal structures and orientations of minerals)
photons €¢haracteristic Xraysthat are used for elemental analysis aodtinuum X

rays) visible light cathodoluminescent€L). and heatFor the SEM imaging sample

the signals used are from thecendary electrons for showing morphology and
topography on sample$ypically the source of electrons is a tungsten filarffedt-ray
generations produced byollisions of the incident electrons with electrons in discrete
orbitals (shells) of atoms in the sampléharacteristic Xrays ae produced for each
element in a mineral that is "excited" by the electron b&dma.SEM is also capable of
performing analyses of selected point locations on the sample; this approach is
especially useful in qualitatively or semuantitatively determinip chemical

compositions (usingDX).

Preparation of the sample

The powder is placed on a holder on a carbon adhesive layer. The sample surface should
be the flattest possibleo provide a clear image (Fig)JL6The holder is set in the
instrument under vacuum and then the analysis skatswuse a gas atmosphere rapidly

spreads andttenuateglectron bems

Fig. 16 Catalyst sample for SEMEDX analysis
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XPS: X-ray photoelectron spectroscopy

XPS is a technique for surface analysis for solid samples. The surface content of the

catalysts was investigated using a Thermfgha” Spectrometer (Fig7).

K-Alpha™™ X-ray Photoelectron Spectrometer (XPS) System

Fig. 17 Thermo k-Alpha* Spectrometer

This method is based on the photoelectric effect and it uses photons of a specific energy
to excite the electronic state of atoms below the surface. The electrong eryitiee
surface are then recorded by a detector. The spectra obtained is mirror of the electronic
structure for atoms at the solid surface. because the resonance peaks are characteristic
for the bound state of the electrons on the surface. The primakg paae from the
ejected electron from the surface. Although thea)(s can cross the sample in depth.
only the ejected electron from layers not deeper than 10nm can contribute to the energy
spectra. The XPS analyses is quantitative: the intensity ofla garesponds to the
number of atom in a specific oxidation state. In the spectra there is an x axis for the
binding energyeg and an y axis for intensity |.
The kinetics energy is calculated frofff:

% Q O -

where;:

1 Exis the kinetic energy
1 h 3s energy of the photon,;
1 Esis the binding eergy;
T G is the spectrometer work function
The intensity is calculated as:
Il = N 0 & K

where;

42



intensity of photoelectron peak j

T N = average atomic c onc eface ungetanatysis of el
T G = photoedecttirom CSosefsield factor) f

peak fApo

T @ = inelastic mean free path of a pho
peak fApo

1 K = all other factors related to quantitative datattof a signal (assurdeto

remain constant during experinign

Looking the energy spectra is possible to collect many information such as:

1 the elemental and chemical composition of the surface from the peak position;

1 how much material there is on thefsige from the intensity of the peaks;

1 FWHM (Full Width Half Maximum) that is useful to know the chemical state
changes and the physical influences;

{1 broadening of a peak may indicate: a change in the number of chemical bonds
contributing to a peak shapgechange in the sample conditionray damage)
and/or differential charging of the surface (localised differences in the eharge
state of the surface)

Preparation of the sample
A few milligrams of the supported catalyst were placed in a hole of the hAkler.

holder can contain nine samples. The surface of the sample should be flat.

TEM: Trasmission Rlectron Microscopy

Particle size distributions were studied by means of transmission electron microscopy
(TEM) using a JEOL JEM 2100 TEM operating at 200&kd TEM/ STEM FEI
TECNAI F20 operating at 200 keV.

The TEM consists of a cylindrical tube about 2 meters long completely under vacuum
(Fig.18.
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Fig. 18 TEM scheme

In contrast with the light microscope the electron microssaggalises objective using

a thin beam of rapidly moving electrons that interfere with the specimen placed in the
tube. The electrons are emitted by the cathode at the top of the tube and then accelerated
by the anodethen they pass through a small apertwhichforms the beannto the
vacuum tube. The vacuum is fundamentéherwise molecules of gasesich as those

in air. absorb electrons. The part of the microscope that generate the electron beam is
called electron gun; the beam is maintained aldwegtibe by electromagnetic lenses.

The electromagnetic field emitted by the coils focuses the beam at the centre of the tube.
Electrons hit the specimen and they could be adsoswadtered or passed trough the
sample because different region of the sppeen interact in different ways witlthe
electronsIn the end of the tube the electrons are collected on fluorescent photographic
film.

The beam that reaches the film consist of the different amount of electron which passed
through particular region othé specimen. These differences are responsible of the
contrast in the filmThe original image produced by the electrons microscope is always
black and white and it is not possible to see directly with thé®yes

Some dsadvantagesf the TEM use:

Low sampling volume and rather slowopess of obtainingnformation;
High capital and running cgst

1
1
1 Special training required for the operation of the equipment

1 Difficult sample preparation. Psiility of electron beam damage;
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Samples which are not stable in vacuum are difficult to study
Magnetc samplesequire special care;

Non-conducting samplequire gold or carbon coating;

= =/ =4 4

Difficulty in the interpretation of images. In usual mode of operation
information is integrated along the beam direction.

Advantages

)l

Real (Image) and reciprocal space (diffractpattern) information can be obtained
from same region of sample

Chemical information via EDX (with additional attachments)

High resolution imaging possible;

Possible to obtain amplitude and phase contrast images. Many different kinds of

phasecontrast images can be obtained.

Preparation of the sample

A drop of the suspension was allowed to evaporate on a holey carbon film supported by

a 300 mesh copper TEM grid. Samples were subjected to bright field diffraction

contrast imaging experimentslean particle sizes and particle size distributions were

determined by measuring the size of over 300 particles from different us®E@asthe

software Image.J

Support characterisation

The supportsvere characterised by SEMurface area analyses with BHeory. The

first two techniques were described above.

4.5 Catalyst performance

The model reaction studied was the catalytic formic acid decomposiliba.

decomposition of HCOOH in aqueous solutisperformed inbatch condition iratwo

neck 100 ml round bottom flaskith a reflux condenser and a magnetic sti(Feg.19).

10 ml of a 0.5 M HCOOH solutiowasplaced into the reactor under vigorous stirring.

The screening temperature used was 5@f@ce reached the desireemperaturethe
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reaction was initiated by adding the catalyst; the temperature was monitored and
controlled by a thermocouple immersed in a oil bath.

Fig. 19 Set up of the performed reaction
In order to monitor the reactiosamplesarewithdrawn regularly andnalysed by high
performance liquicchromatography (HPLCAgilent 1220 Infinity LC) using a column
MetaCarb 87H 250 x 4.6 mnVarian at 60 °Cwith a refractive index (RI) detector.
HPLC gradient grade water was used as the mphiéseat a flow rate of 0.4 mL mih

(Fig.20. Typically the reaction is carried on for 4h.

80 - Trend of the reaction

——t=0 min
——t=5min
—t=15min
=30 min
=60 min
t=120 min
—— =180 min
—t=240 min

70

60 4

50 -

40
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304

204
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Fig. 20 Trend of the reaction followed by HPLC
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A scheme of the HPLC instrument is reporitedrig.21

—

Data Output
Eluent
Column
Injector
Sample Detector

— Pump

Waste

Fig. 21 Schemeof HPLC

The HPLC (High Performance Liquid Chromatography) is based on the partitioning of
solutes between two phaseme phase (the mobile phase) is in constant movement
relative to the other one (the stationary phase). The basis of separation isfeéhamtdif
kinds of molecules on average spend different amount of time in the stationary phase.
Due to the large number of partitioning steps, chromatography has enormous resolving
power and can separate mixtures of components with very similar physicaitigpe
When a good separation of a binary sample happens this will in the ideal case result in
the elution of two Gaussiashaped concentration peaks. The statiopduase particles
should have a small particle diameter, uniform geometry and -simalldigribution,
and should be homogeneously packed, and any extra column volume should be
minimized®. The column used in this work it is a common column for organic acid. The
column was calibrated using the external standard method. The standard used was a
solution of succinic acid 0.2M.
The concentration of HCOOH is easily calculated from the areamedtirom HPLC.
the formula used was:

00 Y —6 | 1o "YO

01 O

Where:

[FA] is the HCOOH concentration
[SA] is the noted succinic acid concentration

Rs is the retention factor calculated from the calibration

= =A A =4

Area FA and SA are the peaks area respectively of HCOOH and succinic acid
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In this case Rs 1.6. In the follow picture is reped the calibration line (Fig.22

[FAJ[SA]

T T ¥ T g T g T
0.0 05 1.0 1.5 20

Area FA/ Area SA

Fig. 22 Calibration line

Preparation of the sample

After withdrawing the sample. it was placed under centrifugation to separate the
catalyst. Before injecting in the HPLC 0.1 mL of the solution obtained with 0.1 mL of
C4HeO4 were diluted in 9.8 mL of distilled water.
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Chapter 5: Results and discussion

5.1 Optimisation of the synthesis of Pd catalyst

Interesting studies were carried out on formic acid decomposition, because it would be
an efficient hydrogen storageedia In this work we focus our the studies to find out if

the reaction is structure sensitive, thus we speng tim analyse the effect of the
synthesis step on the preformed catalgsich as how vary the particles size and shape,
how the capping agent (PVA) and the reducing agent (NpBHuence the active site

and the effect of different suppsun the activanetal.

The aim of the first part of the work was to synthesise suppartedometallic
palladium nanoparticlesising the sol immobilization method. The swolethod or
colloidal method is widely used in catalysts preparation because, as previously reported,
it allows to tuneparticle size, particle size distributi@amd to analyze the nanoparticles
before immobilizationtherefore to elucidate the role of metal nanoparticle and nature
of support for a catalytic reactiotn our case, Pd nanoparticlegre symhesisedby
reduction of the metal precursorfXdCL) in deionised water using polyvinyl alcohol

as stabiliser and sodium borohydride as reducing agent. A scheme of the used procedure

is represented in Fi@3.

[\ Protective _ [\
R polymer
w.
Reduction
I\.,_I
I',V] p -

Fig. 23 Scheme of olloid method

The metallic nanoparticles are formed by reduction of metal, in this case of palladium,
reduced by NaBk The sodium borohydride produces hydrogen and gives electron
available for the reduction in solution of the free cations. The resthle iformation of

palladium nanoparticles (eqx
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APACl” g+ 86 Y 4Pds)+ 16CI eq.I7
In aqueous solution the reducing agent oxides as in the following pathways:

NaBH;+ H,OY NaBQ, +4H, (eql8)

NaBH;+ 80H Y NaBQO, +6H,0 +8¢ (eql9)

NaBH; undergoes selfiydrolysis (hydrolysis without catalyst) in aqueous solution
(eql18), nevertheless the generation of hydrogen is very slow and shortly afterwards the
ambient of reaction becomes basic, thus the reaction route will be the one described in
eq 19%°.
The next step in catalysts preparation is the immobilization of the adiudgs on a
solid support. The support is dipped in the sol and the metal particles are adsorbed from
the solution. The adsorption is influenced by the pH of the soffitiém our case
sulfuric acid is added, because it improves ¢hectrostaticinteraction between the
surface of the support (carbon and titania) and the roellaid, for example in case of
titania P25 the point zero charge was found agz(pHG.ln, thus below this value
increasing the acidity it possible to obtain a higher degree of positive charge improving
the interaction. Characterisation of colloids as well as of supported nanoparticles was
carried out.
Moreover,unsupported andupported metal nanoparticle®re testd in the reaction of
formic acid decomposition for the production of hydrof@nunderstanding the role of

metal and support in terms of activity and stahility

5.1.1 Synthesis of preformed Pd sol

During the preparation of nanoparticles the concentration ofethgents and the ratio
between stabilizer and metal covers a fundamental rule, influencirgizéhandshape
of the particles. For these reasons, some teste carried ouvarying the polyvinyl
alcohol (PVA) and sodium borohydride content. PVA (E).is chosen as stabilizer
for the synthesis of palladium nanoparticl€his polymer stabilizes the nanopatrticles
dueto steric effectin fact it has been reported that PV#eates a layer around Pd
nanoparticles which enforces tsibility of the colloid preventing aggregation
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OH

Fig. 24 Polyvynil alcohol

The stabilizer influences the nanoparticlEsmation andgrowth, the immobilization
andas a consequendbe activity of the catalyst. Varying the PVA content during the
prepaation of the catalyst, can influence the size of the particles and as a consequence
the activity of the catalysThe weight ratio between PVA and palladium was modified

as shown in Table from 0 to 1.2 In this Table,reaction conditions are reported
together with Dynamic Light Scattering (DLS) analysis results of the obtained
nanosuspensions (Intensity). The Polidispersive Index (PDI) is also reported in the table
since it shows how large the Gaussian curve is; theehiipe PDI value, the broader the

curve.

Table 8 Characteristics of Pd sols prepared using different PVA?d weight ratio obtained by DLS

analysis
PVAIPd J d d relati |21
n n and relative percentge
Sample weight HaBh p_d Addition " P g PDI
. molar ratio by DLS
ratio
Graduated
Pd-a 0 5 : 56 (68%); 300 (932%) 0.51
pipette
Graduated
Pd-b 0.05 5 ) 175 (100%) 0.72
pipette
Graduated
Pd-c 0.1 5 : 415 (964%);5343(36%) 0.45
pipette
Graduated
Pd-d 0.2 5 ) 8 (100%) 1
pipette
Graduated 15 (27.9%); 64 (109%); 246
Pd-e 0.3 5 : 0.98
pipette (61.2%)
Graduated
Pd-f 0.65 5 ) 328 (100%) 0.25
pipette
Graduated
Pd-g 12 5 : 52 (7%); 181 (93%) 0.31
pipette
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At first, palladium nanoparticleswere synthesized without any PVA {@jl However,

the obtained results were not satisfactory and the obtained sample was too much
polydisperse and big in size.

It is known thatparticlesize distribution can strongly affects the activity of the catalyst.
Indeed,when the sol diameter with high degree opolydispergy and nanoparticles
agglomerate, the nanoparticles dimension is too high for a good application in catalysis.
Supporting colloidl nanoparticlesvith the presence of aggregates could brm¢atge
metallic particleson the surfaceAs a sequence the number of corner and edge sites will
decrease, therefore can decrease the catalytic activity if the reaction is structure
sensitive.

Increasing the PVA/Pd weight ratio, the hydrodynamic dianwtange: it decrease

from 0 to 02-0.3 and then it growagain. This trend could be explained due to a first
positive effect of the steric stabilizer, leading to sol stabilization, then to particles
collapse due to the excess of PVA that result in Pdoaggiation. Nevertheless, a
higher amount of PVA significantly decreases the PDI of the suspension. This trend is
more evident comparing DLS data in terms of volume, which can reveal more
efficiently the smaller fraction present in the sols. Fsg26 and 27 reportthe results
obtained for suspensions fad Pde and Pej and evidence the difference in

polydispersity and sol hydrodynamic diameters.
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Fig. 25DLS of colloid Pd-a (PVA/Pd=0 and NaBH,/Pd=5)
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Fig. 27 DLS of colloid Pd-g (PVA/Pd=1.2 and NaBH/Pd=5)

For Pde curve appears only one peak, which means that the numbers of aggregations is
small. Besides theol nanoparticlesizeby DLSis 146 nm with a narrow distribution.

Keeping constant theveight ratio PVA vs Pd (PVA/Pd=0.65 as screening valuie
NaBHy/Pd molar ratio has been increased from 5 to 10 to verify the possilidity
changenanopatrticles dimensions (Tablg 9 increasing the amount of reducing agent

in the preparatiorFrom these results, théférent amounts of NaBlHdoes noseemto
significantly influence the size of the sol nanopartickshe studied range, in fact the
hydrodynamic diameters result@8m for Pdf and 341 nm in Pdh (the value recorded
consist of all the surrounding environment, so also of the PVA around the

nanoparticles) Indeed, DLS tests show similar hyddgnamic diameter and PDI
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(Fig.28 29). Thus this parameter can be considesptimised refer to the sol particles
size. These sol were suppatirst on carbon and then on titania.

Table 9 Characteristics of Pd sols prepared using differenNaBH4/Pd ratio obtained by DLS

analysis
PVA/M NNagHa/ N N dm (nm) and relative
Sample _ ) _ Addition PDI
weight ratio  molar ratio percentageby DLS
Graduated
Pd-f 0.65 5 : 328 (100%) 0.25
pipette
Graduated 74 (55%); 341
Pd-h 0.65 10 _ 0.26
pipette (94.5%)
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Fig. 28 DLS of colloid Pd-f (PVA/Pd=0.65 and NaBH/Pd=5)
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Fig. 29 DLS of colloid Pd-h (PVA/Pd=0.65 and NaBH/Pd=10)
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5.1.2 Preparation of the supported catalysts

Ten distinct immobilized catalysts were prepared from the sol system studied before.
The supportmaterial used were either Carbon Charcoal, Wood, Fisher Scientific
(Surface Area =64ffg) or TitaniaP25, Aeroxide (Surface Area =50fg).
Immobilisation of the sol is accomplished by adding the support (acidified at pH 1 by
sulfuric acid) after 30 min afolgeneration under vigorous stirring conditions. The total
metal loading was kept at 1%wt. After 1h the slurry was filtered and washed thoroughly
with distilled water and dried at 120°C for 16h. In Tablearereportedall the catalysts
synthesisedrom the respectively sol (i.e. Pd/& points out a Gupported sample
synthesised from sol Pdh); data refer to the composition were measured by-EBEM

and of the surface areas were collected byh/sisorption apparatus and migbint

BET analysis methodsample were preated under vacuum.

Table 10 Structural parameters and chemical composition of Pd supported on C or on Ti&p25

Pd (wt%) Surface

Sample by EDX  area (nf/g)
Pd/C-a 1 42
Pd/C-b 1 24
Pd/C-c 1 46
Pd/C-d 1 33
Pd/C-e 1 50
Pd/C 1 32
Pd/C-g 1 31
Pd/C-h 1 29
Pd/TiO ,-f 1 50
Pd/TiO,-h 1 67
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5.1.3 Characterisation of Pd/C and Pd/TiG, catalysts

Prepared catalysts were chaerised by TEM. Some representative images are
presented below. Nanoparticlskowed a spherical morphology with a mean particle

size rangingrom 3nm to 5nndepending on the sample compositibrable 1).

Table 11 Averagediameters of metal NPs estimated from TEM analysis

Sample d-TEM (nm)
Pd/C-a n.d
Pd/C-e 4.8+2
Pd/C-f 3.0£0.9
Pd/C-g 3.1+1.1
Pd/C-h 3.2+0.99
Pd/TiO,-f 512
Pd/TiO,-h 3.1+0.99

A magnification on the sample without PVA (Pd/& shows that the palladium
nanoparticles tend to form aggregat{®ig.30 of many small nanoparticle$hisresult

is in agreementwith the DLS analysis on the colloid system, where the value of the
hydrodynamic diameter resultedlarge value If the particles are not covered by the
stabilizer theparticles can grovand theywill start toagglomerate anch some cases to
agglomerate It is possible to highlight small particles-8 nm) which tends to
agglomeraten larger nanoparticles motban Jum, in particular placed on thetigeof
surface ofthe catalyst. hages taken in the other areas of the cargport it was

evidentthe particlesvere reasonably wetlispersd. Due to the difficulty talistinguish

individuaINPs , 1t wasnot preasslghe fafticde sizealistebatiorc ul at e
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Fig. 30 TEM images of the Pd/Ga

Whereas with a largexeightratio of PVA/Pd the TEM analysis permitted to identify
the nanoparticles in order toalculate the mean particlediameter. In Fig.31is
represented the catalyst PeECAs displayed the supported catalyst with a weight ratio
PVA/Pd of Q3 is characterised from laroaddistribution of particls. Fifty percent of

the particles countedre in a ange between 4 and 5 nm (Fig.3&Iso in this case the
sample is characterised the presence afmall nanoparticles betweerbfim and 10nm
andthey arewell dispersed on the carbon, although they prefer to accumulate on the

borders. In some points thereasismallpresence of big agglomaed paticles
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Fig. 32 Particle size distribution of Pd/Ge

The sample Pd/€with a PVAPd of 0.65 weight ratioand NaBH/Pd of 5molar ratio
was characterized by TEM, as showiedthe representative imagbelow (Fig.33.
Increasing the amount &fVA resulted in an decrease of mean particle dihe. mean

particle sizeis 3t0.9nm (Fig.34. The TEM analysis evidensesome areas of
agglomeration in the support border.
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Fig. 34 Particle size distribution of Pd/Cf

Also the sample PdAG with a PVAPd weight ratioof 1.2, as show in the picture
below (Fig.39 was characterized by TEM. The mean i$+3.1nm (Fig.36. On the
border of the catalyst theigthe presence of larger particles

59



Fig. 35 TEM images of Pd/CGg
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Fig. 36 Particle size distribution of Pd/Cg

The catalyst Pd/@ with a PVAPd of 0.65 and a content of NaBHPd of 10is showed

+1.76nm (Fig38). The size

distributionis very narrow, almost the 7586 the NPs have a diameter betweed 2m.

in the picture Fig.37 The average diametes 32
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Fig. 37 TEM images of Pd/CGh
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Fig. 38 Particle size distribution of Pd/Ch

The catalyst Pd/Ti@f with a PVAPd of 0.65 and a content of NaBHPd of 5 itis
showal in the snapshots below (Fig)39he particles dimension is broad in age
among 27 nm, but there are also particles arountil9nm. The mean isf2nm
(Fig.40. The particles are welllispersedon the support, the biggest agglomedat
particlefound hal a dimension of 30 nm.
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Fig. 40 Particle size distribution of Pd/TiO,-f

The catalyst Pd/Ti@h with a PVAPd of 065 and a content of NaBHPd of 10 is
showed in themagesbelow (Fig.4). The mean is.3+0.99nm (Fig.42. The particles

size distribution is narrow and the values are amoefgh&h. In this sample there is not

the phenomena of agglomeration and the palladium molecules ardispelisecn the

support.
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Fig. 41 TEM images of Pd/TiOx-h
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Fig. 42 Particles size distribution of Pd/TiO-h

XPS measurements (Tatlg) were carried out to calculatee Pd/Pd°atomicratio on

the surfacef thesamplesand the Pd content on the surface of the catalysts
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Table 12 Characterisation of the Pd content of the catalysts surface by XPS analysis

PVA/Pd NaBH,/Pd Pdsurface

Catalyst _ _ _ Pd"'/Pd° %Pd°
weight ratio  molar ratio At%

Pd/C-a 0 5 2.2 1.3 44
Pd/C-b 0.05 5 2.8 0.4 72
Pd/C-c 0.1 5 3.6 0.3 64
Pd/C-d 0.2 5 7.2 1.6 38
Pd/C-e 0.3 5 7.8 1.6 39
Pd/C-f 0.65 5 3.7 0.6 62
Pd/C-g 1.2 5 2.4 2.4 30
Pd/C-h 0.65 10 4.1 0.5 65
Pd/TIiOf 0.65 5 0.3 1.6 39
Pd/TiO2-h 0.65 10 1.1 0.7 55

It is particulaty interesting to analyse the XPS spectra of shenplesboth with a
different content ofPVA and NaBH,. Before analysing the spectra a deconvolution
process has been done to can calculate the atomic ratid/&dPds ratio of the peaks

area.

From XPS analysis was evidenced that varying the PVA/Rghtveatio from O to 1.2

the content of PdO in the catalysts and the Pd surface content change:

1 in the catalysts the amount of Pd in the surface increaggs PVA/Pd weight
ratioof 0.3, instead from 0.3 to 1.2 decreases again.
1 In the sample the Pd ithe zero oxidation state is higher, when the PVA/Pd

weight ratio is small.

To explain the values reported for differddaBH,/Pd molar ratio, n Fig.43 are
reported the XPS profiles of the sample R#8/GNaBH,/Pd=5) and Pd/@
(NaBH/Pd=10), in FigdB ae reported the XPS profiles of the sample Pd#fiO
(NaBHy/Pd=5) and Pd/Ti®-h (NaBH/Pd=10). As a matter of common knowledpe t
peaks at 335.5 eV and 340.8 eV correspond to $d&dd Pd3g. assigned tPd.
While the peaks at 337.6 eV and 342.9 @rrespond to Pd?’. The Pd/Pd° atomic
ratios arereportedin Table 12 the Pd° content increases adding more sodium

borohydride, for the catalysts supported on titania this is more eviBamte he
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catalysts analysed during the preparation are dried in oven at 110°C, the presence of
PdO can be justified with the high affinity of Pd nanoparticles to partially oxidised.

NaBH,/Me=5 NaBH /Me=5

A

NaBH,/Me=10

CPS
CPS

NaBH /Me=10

M6 M4 M2 M0 3% 3% 34 32 330 M6 34 32 30 33 336 3% 32 330
Binding energy (eV) Binding Energy (eV)

Fig. 43 XPS spectra: a) spectra for Pd/cf and Pd/C-h; b) spectra for Pd/TiO,-f and Pd/TiO,-h

5.1.4 Catalytic tests

The prepared catalysts were tested in a probe reaction, the catalytic decomposition of
formic acid to H and CQ at mild reactions conditions. Indeefiyrmic acid has
attracted attention as a liquid fuel for use in hydrogen fuel cells because it has high
hydrogen conterdnd it can be handled safeA decomposition can take place via two
parallel pathways involving dehydrogenati(ey.15)or dehydratio reactiongeq.16)
which are linked by the watagas shift (WGS) reaction (eq.20Nevertheless, in this
preliminary screening work just formic acid conversion was monitored.
Dehydrogenation:
HCOOHY H,+ CO; pG =48.4 kd/mol eq.15
Dehydrdion:
HCOOHY H,0 + COp G =28.5 kJ/mol eq.16
Water gas shift reaction:
H,O +COz H,+ COpH A4.1 kJ/mol eq.20

The reaction was performed in batch condition at 50°C.
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Effect of Pd sol preparation (PVA/Pd ratio).

The catalyst are tested on formic adecompositior(Fig.44). 10mL of 0.5M HCOOH

was placed into the reactor, in batch conditions, with a stirring rate of 750rpm. The
screening temperature used wa8s®&. All reactions have been performed fon 4 a
round bottom flask with a reflux condenser.
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Fig. 44 Test on formic acid decomposition after 4h using different PVA/Pd ratio

The kinetics tests provide information on the catalytic performance of the catalysts and
display different trends on the catalytic activity basedhenPVA contenused for Pd

sol synthesis, the best catalytic performance was obtained with the catalyst Pd/C
(PVA/Pdweight ratio=0.3) as showed in Fig.4dbove Besides plotting the conversion
achieved with the different catalytic systems and theagaiin surface content versus

the PVA/Pd weight ratio it is possible to observe ty@cal vulcano trend (Fig.45

This graph highlights that the highest formic acid conversion corresponds to the largest
Pd content on the surface éthialues are reported Table 12and are evaluated by XPS

analysis on the catalysts).
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Fig. 45 Effect of Pd sol preparation in the catalytic decomposition of formic acid relative to
conversion and Pd content on surface obtained by XPS analysis (as adtion PVA/Pd weight
ratio)

In order to explain theffectof PVA on the prepared siilis reasonabléo take account

the mean Pd particle size and the PVA coverageDdterent TEM images reported in

the previous paragraph show zones where the metal particles are small and well
disperse, but in some area agglomerations appear. They are branched and probably they
caused from the particles sintering.

Since the PVA ismportant for thecontrolling thegrowth and stabilisatiorof the
particles and coverage of active sjtesnsequently it influences the activity of the
catalyst: a larger presence of small nanoparticles enforces the catalytic potential. In this
work the opimum distribution of particles sizgeems to ben a rangeof 4-5 nm. Small
nanoparticles provide a higher surface atieat can enhancéhe catalytic activity,
because the fraction of low coordinated atoms groyvdecreasing the particle size of

Pd’2. Although it is easy to understand that small nanoparticles are more catalytically
active, it is harder to explain why smaller partictegalyses worst the formic acid
decomposition. One hypothescould be that the PVA forms a thicker layer around the

particles, thus the availability of the active sites decrease and that when the PVA
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content is too much the system could be destabiliBssides there could be a
geometric effect, thus the particles size can affect the binding of the substrate, as

demonstrated in the CO oxidatién

Effect of Pd sol preparation (NaBH4/Pd molar ratio).

By increasing the NaBMPd molar ratio from 5 to 10keeping constant PVA/Pd=0.65
weight ratio,the conversion increases for both supported catalys@ and TiQ, due

to the following reasa: changes inthe atomicratio Pd/ P& (Fig.46) and mean
particle size Since that we observed in paragraph before, where DLS results are
reported, verifying that there is not a lgferencein the sol particlesize, b explain
these results wean refer to XPS analysis (Fig$3vhile the sample immobilised on
titania, the PY Pd° atomic ratiodecreases when increasing the amount of NaBH
explaining the increase of conversidor carbon the decreasing tifis ratio is less

evident.
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Fig. 46 Effect of Pd sol preparation in the catalytic &eccomposition of formic acid (as a function of
NaBH,/Pd molar ratio)

Pd metallic content (TablE2) seems to explain this variation in converssimce, when

increasing the NaBM#Pd molar ratio, for both ofPdtarbon andPdtitania catalystshe

metalsurface was found to be more reduced
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Effect of support (carbon or TiO2)

The supportcan havea big influencein the catalytic activitydue to metasupport
interaction Two different supports were used in this wodarbon and titania. The
supports wre characterised by SEM (Fig)4and the surface area analysath BET
theory.

: SOl S B - unt
8718_0050 2016-04-04 HMMD7.1 x20k  30um  8718_0054 2016-04-04 HMMD7.6 x20k 30 um

Fig. 47a) SEM on carbon; b)SEM on titania

In the Table 1®elow are showed the BET values:

Table 13 Surface area analysis on the supports

Support Surface Area (nf/g)
Carbon 64
Titania-P25 63

TitaniaP-25 is made of 18% anatase and 82% rutile, the vajpertedin theliterature

are around 5m%g’*">. The data obtained is acceptable, considering the error range of
the instrument. The two suppsshow a similar surface area. Whmetal nanoparticles
aresupported on carbon it shows a better performance in threcfacid decomposition
(Fig.48. The supported catalysts compared arise from the sé! Bdsed on TEM
images it is possible to observe that the particles are more spherical onto carbon than
TiO,, in fact typically particles on TiQare hemispherical due toetting effect of the

metal nanoparticle onto metal oxide. Therefore the active surface area will be less
influencing the catalytic activity negatively.

Besides the role of the support results fundamental to stabilise the particles, according
to this the usupported catalyst was tested on the reaction and after 2h the sol was found

to collapse on the magnetic stitrer
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Fig. 48 Effect of the support on formic acid decomposition - the red line represents the FA
conversion obtained withPd-TiO ,-f; - the blue line represents the FA conversion obtained with Rd
C-f

5.1.5 Effect of Pd loading on Pd/C catalysts

In order to study the effect of Pd loading on the reaction, we have prepared five
catalysts with different content of palladium (from 0021t2) that were tested keeping
constant the substrate/metal molar ratio around 2000. The characterisation data of the
prepared samples are reportediaible 14 The theoretical amount of active metalr

the different catalysts was confirmegperimentalf by EDX analyss.

Table 14 Surface area and EDX analysis

Loading Pd/C Surface Area nf/g EDX
0.2wt% -Pd/C-e 71 0.2
0.5wt% -Pd/C-e 60 0.48
0.7wt% -Pd/C-e 71 0.68

1wt% -Pd/C-e 50 1
1.2wt% -Pd/C-e 35 1.25

The conversion of formic acidoes not show anrge fluctuatiorat low loading.For a
Pd loading of 1 wt.%the catalytic activitypresentsa peak, before decreasing again at
1.2 wt% (Fig.49.

70



100 4
90—-
BD;
70
60—‘ "
50—-

40 o

Conversion %
]

30
20

10 o

T T T T T
0.2 0.4 0.6 0.8 1,0 1,2
Pd Loading %

Fig. 49 Trend of formic acid converson after 4h with different loading of Pd

After 4 hours, the higher TOF is reached for the Pd loading of 1wth#.values are
reported in Tabld5:

Table 15 TOF calculated for the mole of substrate obtained

Loading TOF (h ™
0.2 278
0.5 272
0.7 239

1 366
1.2 326

This effect might beattributed tothe dispersion of the catalyst on the support. The
Fig.50 shows some frames obtained from EDX mapping of the catalysts.

Fig. 50 EDX mapping: A) loading 0.2wt%;B) loading 0.7wt%; C) loading 1wt%,; D) loadingl.2wt%
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It is evident from the imagdbat the best dispersion is achieved in the sample with 1%
of loading.

The nanoparticles dimension of three representative samples aratealdotom TEM
analysis. The catalysts chosen aestwith thelowest and highedbading,andthe one
with 1wt. % of Pd. A summary of the average diameters are recorded inTl@able

In the previous paragraph is reported the TEM characterisation wWiv-Pd/Ge

(Fig.31).

Table 16 Average diameters of Pd NPs estimated from TEM analysis

Sample d-TEM (nm)
0.2wt% -Pd/C-e 3.9+2.3
1wt% -Pd/C-e 4.8+2
1.2wt% -Pd/C-e 3.8+1.1

The catalyswith the smallest loading (Fig.b1s characterised by small nanoparticles
among 26 nm, although some larger particles are preserited histogram of the

diameteristribution is reported in Fig.52

Fig. 51 TEM of 0.2wt% -Pd/C-e
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Fig. 52 Particles size distribution 02wt% -Pd/C-e

The sample with thlighercontent of palladium (Fig.53s characterised by a narrew
particles size distributioshowed in the histogram belQWig.54), but the presence of

big agglomerations that could explain its lower activity compared to the -Reiéo

Fig. 53 TEM images of 12wt% Pd/C-e
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Fig. 54 Particles size distribution 12wt% -Pd/C-e

Although thee is not a large difference in the particles size changing the loading we can
explain that the catalytic activity increases from 0.2 to 1 wt%, because at the higher
loading the Pd particles are slightly bigger and the interparticle distance on the support
is lower, this gives a higher probability of substrate/metal interaction by
dehydrogenation on these parti¢fesAccording to this from XPS analysis it was
evidenced a similar percentage of Raround 39%) in the different samplayt a big
difference in the amount of j@dium on the surface (Table 1&»d the value for 1wt%
Pd/Ge was 7.9 at%.

Table 17 Characterisation of the Pd content of the catalysts surface by XPS analysis

Loading Pd/C %Pd° Pd"'/Pd° At% Pd
0.2-Pd/C-e 43 1.4 1.9
0.5-Pd/C-e 35 1.9 4.6
0.7-Pd/C-e 36 1.8 4.8

1-Pd/C-e 39 1.6 7.9
1.2-Pd/C-e 39 1.6 6.9
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To clarify definitively how the loading affected the model reaction would be interesting
continuing the studies on the topic usDBIFT analysis to know how HCOOH interact

with the palladium surface.

5.1.6 Pd/C catalyst stability and reusability

A thorough study was carried oy using the Pe sol prepared witPVA/Pd weight
ratio of 03 and NaBH/Pd molar ratio of 5, because the P#&/Catalyst synthesized
with this sol showed the besatalytic performancdor the formic acid decomposition.
After the characterisation, with the technigudescribed in the previous chaptee
focused to understand better the following parameteesmechnism of the reaction,
the gas volume produced during the procassdthe reusability Finally a comparison
with a commercial catalyst Pd&wt% from Sigma Aldrichwas carried out

Reusability tests and characterisation of the used catalyst

A reusabilitytest was carried out by filtrating the catalyst at ambient temperature and
atmospheric pressureithout further washin@nd using it for a new reaction under the
same reaction conditions. The recydsts were 5. The graph (Fig)3$hows the results

of this study.
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Fig. 55Kinetic test for the recycle of the catalysPd/C-e
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Initially the catalyst loses activity. The conversion passes from 74% to 51% at the third
run. After the third cyclea stabilisation appear® be happene@nd the analysis
revealed tht the Pd/C catalyst preserved®9f its activity in its fifth useThis kind of

trend could have different explanation:

1) a prior deactivation could come from the sintering of the nanoparticles during the
first run due to screemg temperature used of 50°C

2) initially during the reaction some leaching coaftect the activity of the catalyst and

the activity drops down, other studies as 48PS method should be available to
confirm this hypothesis;

3) some sites active couddisorb poisonous species in the first recycles, but the activity
of Pd/C could be p#ally recovered by washing and drying, because of the desorption

of poisonous species such as CO from the suface

To answer to these questions, characterisation of the catalyst was carri@eut.

morphology of the fresh and theusedcatalysts was characterised by TEM as shown in

Figh6 and Fig57 Fr om t he f r es h tacsignifitaet chngeadthe used t he
Pdnanocatalystdimensionin the fresh the particles size was#28m, inthe catalyst

after the first use the particle size becomes®A2A nm, nevertheleshere are more

areaswvhere the particles are sintered. This affords the first hypotheses.

g

o

s
>
b

Fig. 56 TEM for the fresh catalyst
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Fig. 57 TEM for the spent catalyst after two uses

The characterisation was made also on the catalyst after five runs: the catalyst was
investigated by TEM and XPS.

In Fig. 58is reported the XPS spectra of Pd3d shows pains of peaks: the one at
3354 eV and 341 eV corresponding to P¢g3dnd Pd3gy,, respectively were attrilte
to Pd° whereas those at 337.4 eV and B4®/ associated with Pdn palladium

oxide’’.
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Fig. 58 XPS spectra for the catalyst after the fifth run
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The Pd/Pd° atomic ratiois higher for the newly Rd than for the renewed Pd/C
catalyst, as reported in Tabl8.1

Table 18 Pd"/Pd° ratio obtained from XPS

Catalyst Pd° (%) Pd'/Pd°
Pd-e new 39 1.59
Pd-e (fifth recycle) 88 0.13

The reduction of PdPd° ratio can be attributed to the ability of formic acid to reduce
PdOdue to the formation of H

Representativanagesof the spent catalyst after five runs are repolteldw in Fig.59

with the analysis oflte NPs size distribution in the histogram of Fig.6@e mean
particle siz of the fresh catalyst was Ar8, in the catalyst after 5 rurhe dimensions

of themetal molecules are increasaald the distribution is spad: 50% of th@articles

are in range amongné and 11nm. Sintering phenomena is visible in the snapshots, in

particular in the frame scaled at 20nm.

Fig. 59 TEM for the catalyst after the fifth run
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Fig. 60Particles size distribution for the catalyst after the fifth run

To figure out if formic acid is poisoning the catalyst, during the reaction a known

t hei

f ound sigrifieatt

was
deactivation of the catalyst which means that the behaviour of the catalyst is caused by

concentration of formic acid was added and

other parameters (Fig.h1

100

(%) uoisianuo)

Number of addition

Fig. 61 Formic acid conversion obtained adding on line a known fresh amount of HCOOH into the

reactor

Since theactivity of the spent catalyst can be partially recovered by washing and drying,

the most possible reasons of the loss of activity could be due to the sintering.
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5.1.7 Insight into the reaction mechanism

The mechanism of the reaction was studied using the (Kl&etic Isotope Effect)
theory®. The experiments were reeed out using HCOOD, DCOOH ariRiCOOD. The
performed reactions were conducted using the usual condiiéns. of 0.5Mformic
acid was placed into the reactor, in batch conditions, with a stiratg of 750rpmat
50°C. All reactions have been performed fon 4h a round bottom flask with a reflux
condenserkeeping a substrate molar ratio around 2(&ifice it is assumed that the
formic acid decomposition has a zero order reattiohich means that there are steps

involving intermediates present at saturation coverage, the possible pathways are:

1 H-C bonddissociation: it is kinetically relevant when the KIE values for
HCOOD is close to unity but larger value for DCOOH,;
1 O-H bond dissociationin case of KIE values close to 1 for DCOOH but
nor for HCOOD;
1 Hzrecombination andesorption in case of KIE value$ approximately
1 for both HCOOD and DCOOf,.
As shown in Tablel9, HCOOD gave the closest KIE values to unity while, both
DCOOH and DCOOD present larger values.

Table 19KIE factor

Substrate ra/ro
HCOOD 1.2
DCOOH 2.9
DCOOD 5.7

These results show that the reaction is kinetically limited by HCOOH dissociation. As
presented in Mechanism 1, this is the most probable pathway for the formic acid

decomposition.

Mechanismil
HCOOHz HCOO* +H* (eq.21)
HCOO* Y¥+HZO (eq.22
H* + Hf  Vear3
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The mechanism comprises formation of foresateq. 21 which decompose to G@nd
H2 (eq.22 eq23), for the cleavage of the bond-8/D. Thefree Hatoms adsord after
the OH dissociation recombines with theél-atoms formed after the formate

decompositioft.

5.1.8 Products of reaction

The gas volume evolved from HCOOH solution contagrthe Pd/C is shown in Fig.62.
To collect enough amount of gas 20 mt HCOOH 2M are placed in round bottom

flask at 50°C with Pd/@ always keeping a substrate metal molar ratio around 2000.
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Fig.62 Gas volume evolution from HCOOH aqueous solution after 5h

After 4h 28 mLof gas was collected, theoretically this corresponds tonidl of gas,
which an half should be of hydrogen and one oCOi f t her e arendt o
Further investigation into the products evolved should be done to clarify the selectivity

of thereaction.
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5.1.9 Comparison between homemade Pd/C catalyst and Sigma

Aldrich commercial sample

The commercial catalyst Pd/@vb%, by Sigma Aldrich was found to have really good
catalytic performancwards the reactiolCompleteconversion in 2 hours at 30%€ab

be achieved with this catalydhstead, Pe need 6 hours tobtain similar conversion
levels at 50°C. Tlerefore,the commercial one was used as a model to compare the
activity of the prepared catalgsh formic acid decomposition. Pd/C &9%t. was stidied

by many techniques, after testing it on the reaction.

Characterisation of commercial catalyst

X-ray diffraction pattern of the fresh catsalyis displayed in Fig.63It shows the
characteristic diffraction peladdogespondingPd at 2d
to the (111), (200) and (220) characteristic planes ofdao¢ered cubic structure of Pd.

From the full width half maximum of the peaks, using Scherer equation, the particles

size is calculated, from the diffraction peak of the Pd (1&h)ch was found to be 9.8

nm. The broad diffraction peak between 20° and 30° is related to the carbon support, in
particul ar, the peak at 2d of 26. 6U was the
carbo?>’®"". This result shows that, when exposed to air, the paftadiarticles

spontaneously oxidises. In Fig.8% XPS spectra of the Pd3d was analysed.

The ratio P8 /Pd° was 2.
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Fig. 63 X-ray diffraction pattern and XPS spectra of the fresh catalyst
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The particle size and morphology walso examined by TEM. The measurement of the
particles size distribution (Fig4) indicated that more than 75% of the particle size was

in the range of 3 nm.
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Fig. 64TEM picture of the commercial catalyst and his particles sizeélistribution

The composition of these particles consisted of Pd, as evidence by the corresponding
SEM-EDX analysis focusing on the particles. It confirmed the existence of Pd being
approximately 2 the percentage of Pd, Fig.65

The surface area (by BEfieory) of the Pd/C catalyst obtained was 93#%m

Mag= 250KX

i

Fig. 65 SEM-EDX analysis for 5wt% Pd/C

There are many differences between the commercial catalyst and the homemade one
such as: the average diameter of the particles is simiddéesurface area is larger and

also the initial Pd° content varies. It is noteworthy that the physical and chemical
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properties influence the activity of a catalyst, so it is expected that the commercial
sample shows a different performance towards thetion.

Comparison of catalytic activity

Both the catalyst are tested on formic acid decomposition using the usual conditions:
10mL of 0.5M HCOOH was placed into the reactor, in batch conditions, with a stirring
rate of 750rpm. The screening temperature used was 30°C. All reactions have been
performed for 2h in a round bottom flask with a reflux condenser.
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Fig. 66 Comparison between homanade Pde sample and commercial sample (5wt% Pd/C) in the
FA decomposition. Reaction temperature 30°C.

The resuls obtained show a laegdifference interms ofactivity (Fig66). This can be
associated to many factors

i Particle size distribution imarrowerin the commercial catalystnd the
mean value of the nanoparticleze is 3.8nm smaller than the metal
particles of the homemade catalyst (4.8nim}he prepared one there are
small particles size mixed with some larger, maybe caused by
aggregation phenomena. Since the actiesare generated from small
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nanoparticls as the literature record&d*’?, a narrow distributiorould
enhance catalytic activity

The interaction between metal and support can not be ignored. On the
surface of the commercial catalyst it is evidenced an atomic percentage
of palladium of 1.6%, whose ¢hpalladium in the zero oxidation state
was the 52% and on the surface of the homemade catalyst is resulted a
content of 7.9%, whose the 39% of °Ray XPS analysis previous
reported. However the BET analysis show a large difference in the area
value of thecatalyst, due to the different supports used. They are both
carbon, but the activated carbon provides a surface area larger than a non
activated one, thus it facilitates a higher dispersion of the metal

improving the catalytic performance.

A remarkabledifference appears in the recycle of the catalyst too.

The commercial catalyst loses adly during the recycle (Fig.§7 The recycles are
made drying and washing the catalyst every cycle, as b&oedysis revealed that the
5wt% Pd/C catalyst preserv&@% of its activity in its fifth use.
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Fig. 67 Kinetic test for the recycle of the catalyst
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From XPS analysis is evident, such as for the catalyst 1wt% Pd/C,that tHedPd

atomicratio decreases from3® to Q18, this can beelated to reduction by the formic
acid, (Fig.69.
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Fig. 68 XPS spectra for the fresh and the used commercial catalyst

The TEM analysis display the sintering phenomena on the surface, which can help to
explain the deastation of he catalyst. Fig.68hows the palladiuNPs.

Fig. 69 TEM on the used commercial catalyst
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5.2 Catalytic performance of Au,Pd,/TiO2 for formic

acid decomposition

A comparison between the catalytic activity of monometallic Pd, Au, and bimetallic
Au,Pd, has been studied. These catalysts had different affinity towards the formic acid
decomposition. The palladium nanocatalyst had the best performance. All thetsatalys
were prepared using the synthesis procedure optimised for the palladium sol. The

support used was titania, instead of carbon.

5.2.1 Synthesis of bimetallic catalyst

Catalyst with different molar ratio of Au:Pd were preszhrThey are recorded in Table
20.

Table 20 Composition of monometallic and bimetallic suspensions

PVA/M weight NaBH,/M

Sample %mol [Pd®]  %mol [Au® _ _
ratio molar ratio
Pd-i 100 - 0.3 10
Au,Pd; 75 25 0.3 10
Au;Pd; 50 50 0.3 10
AusPd; 25 75 0.3 10
Au - 100 0.3 10

The catalysts were made by -smmobilisation techniquéy coreducing the two metal
precursorsWhen NaBH is added to the solution there is a change in the colour of the
solution: the solutions of palladium and,®dl, (where x and y refer to thu:Pd molar

ratio in the material) assume the typical darkwn sol, whereas the gold sol becomes
red. After the immobilisation on titania for 1h, the slurries were washed with distilled
water, filtered and dried for 16h at 110°C. The solutions aftearifilj were always
colourless. For bimetallic sol, the preparation consists in the simultaneous reduction of
PdCL* and AuC} . It is noteworthy that this brings to the alloy formation certain

Au,Pd, molar ratio>
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5.2.2 Characterisation of (AusPd,)/ TiO, catalysts

Characterisation of the sol

DLS analysis

The colloid suspension of monometallic and bimetallic catalysts were characterised by
DLS technique to know the hydrodynamic diameter. Besides it is useful to measure the
PDI, that permits to understand how much the value is far from the awexiage i.e.

how much the suspsion is homogeneous. In Table 2te reported the average
diameters based on intensity and volume with the relatively percent peaks and the PDI.

Table 21 Hydrodynamic diameter and PDI evaluated by DLS analysis

Suspension Intensity daverage (NM) Volume dayerage (NM) PDI

Pd-i 16(27.9%); 64 (100%); 246 (612%) 15 (979%): 66 (06%); 359 (15%) 0.98

Au:Pd; 10 (121%); 145 (864%); 5285 (1%) 6 ( 993%); 80(0.1%); 186 (2%) 0.54

Au,Pd, 189 (946%); 9 (54%) 8 (988%); 224 (2%) 0.42
AusPd, 12(88%);761(12%) 9 (999%); 889 (01%) 0.27
Au 6 (402%); 63 (598%) 6 1

In Fig.70there are DLS profiles of the sample based on volume distribution. The curves
appear monomodal and similar among them. This enforces that also for the bimetallic

system the aggregates can be ignored, because they have a scant presence.
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Fig. 70DLS profiles for the catalyst a)Pd colloid; b) AuPds; ¢) Au,Pd; colloid; d) AusPd; colloid;

e)Au colloid

UV-visible spectroscopy analyses

UV-vis spectra (20@00 nm) of the monometallic and bimetallic catalysts were

recorded in HO. This echnique allows to follow the reductions of the metals. For

monometallic sol different behaviours can be observed, in the case 6l Akig.7h

the plasmon resonance band is placed at 505mthen the AuCl anion becomes Au

the peaks abma= 220m disappears and the plasmon resonance peak appear. The peak

at value less than 517nm means thatphsicles size is lower tham@°® confirming

the measures of the DLS. In case of Puj.71b, the peak of the metal precursor at

235nnt* disappears after the reduction’Bdisd o n 6 t a plasmereband, as reported

in literaturé.
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Fig. 71 UV-visible spectra:a)reduction of gold; b) reduction of palladium; c) reduction of the alloy
gold palladium

Bimetallic AuPd, systems are made of smalhd stablecolloidal nanoparticles. The
different absorbance of the brownish dispersions is due to caimepoand the Pd
content (Fig.7¢).

For the bimetallic alloyatrticlesthe spectra show the disappearance of the gold surface
plasmon band. This everg widespread among the bimetallic sol if one of the metals
lacks the plasmon band. An example it is verified in the formation ofPdg
nanoparticles, where the plasmon resonance band of Ag disa@fpearsn the
formation of AgRh nanoparticléé. For the bimetallic alloy palladium gold many

18 demonstrated that when the

works investigated this phenomena such as @éla
nanoparticles of AdPd were dispersed grolymer thin film matrix based on the amount

of Pd the plasmon peak of gold disappear, due to the formation of the alloy; Dimitratos
et al. > in the studies about the effect of bimetallic nanoparticlesPduon the

oxidation of glycerol obtained the same results.
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