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ABSTRACT

Nanostructured materials: an experimental and computational study.
School of Physical Sciences, University of Kent

Francesco Caddeo

In this thesis, experiment and atomistic siatidns have been used in order to study
the structure and properties of materials at the nanoscale foctissiatfention, in
particular, on metal oxide nanoparticles. Chapter 3 presents results ofOGGKe,
nanocomposites where copper ferrite nanageg are embedded within a silica
aerogel and xerogel matrix. In this casgfended Xray absorption fine structure
(EXAFS) spectroscopy has been extremely valuable in order to elucidate the cation
distribution of the spinel. Ce£5iO, nanocomposites iform of aerogel anaerogel

have been also synthesisand charactessl. The Ce@nanoparticles are either grown
within the porous silica matrix (@pter 4) or synthe®d in advance by a
hydrahermal method (Rapter 5). In order to enhance the reactjitg attention has
been focused on obtaining ceria cuboidal nanoparticles and on their dispersion in a
silica aerogel matrix. An atomistic model of a GefDboidal nanoparticle has been
then obtained using Molear Dynamics (MD) simulations (@apter 6), by
performing thecrystallisationof the nanoparticle with a new technique, involving the
use of a crystalline seed, which drives thrgstallisationto the cubic shape. The
atomistic model has been found to be in quantitative agreement with experiment. Th
mechanical properties of Ce@anoparticles have been then calculated as a function
of size, shape and microstructure, and are present€dapter 7. It has been found
that the mechanical properties of Getanoparticles are dominated by the presence of
grain boundaries. Furthermore, the simulations predict@sawaldripeningcan be

induced along &11 grain boundry by applying uniaxial force.
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CHAPTER 1.

Introduction to silica aerogels xerogelsand

related nanocomposites



Introduction to silica aerogel, xerogel and related
nanocomposites

1.1. Silica aerogels

Following the las IUPAC recommendatiodsthe aerogetan bed e f i negkl as a
comprised of a micqmorous solid in which the dispersed phase is abgas T he s e
materiak havea very highdegree ofporosity, anultraslow apparentdensity high

specific surface areand exhibit avide variety of extraordinary propertiescluding

low thermal conductivity,dw dielectric constant and low refractive index.Tiable

1.1, the typical properties of silica aerogels are shown.

Aerogelsweresynthesised or t he first ti me 2lsapr®f S.
that gels consist in a twphasesolid-liquid structureIn his work Kistler synthesised

silica aerogel together with a series of aerogels from other materials including alumina,
tungsten oxide, ferric oxide, tin me and cellulose. The main idea was to replace the
liquid phase of the gel withirapreserving its solignicrostructurein order to do this
andavoid any shrinkage of the gdistler performed the extraction of the solvent in
supercritical conditions. ie material obtained was a solid with a very lapparent

density.

However, Kistled snethods were expensive and time consuming.sitghesised
silica aerogel using a mixture of waterglass and water as starting nsaterdl

hydrochloric acid as a aist. The gelation was very slow and a series of steps were

Table 1.1 Typical properties of a silica aerog@f.3

Property Value

Apparent density 0.0037 0.35 g/cm?3
Internal surface area 6001 1000 m3/g
% solid 0.137 15%

Mean pore diameter ~20nm

Primary particle diameter 217 5nm
Refractive index 1.07 1.08
Coefficient of thermal expansion 2.07 4.0*10°
Dielectric constant ~11

Sound velocity 100 m/s
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required in order to remove the sodium chloride formed and to exchange the water
with a more suitable solvent for the supercritical extractsoich asethanol. Due to
thesereasonstherewasnot i nterest in the aerogel f
synthetic procedures have bemwonsidered and simplifiedMethods involving the

use oforganic silicates like tetraetlythosilicate (TEOS)as a silica precursor and
ethanol as a solvent staitdo be developed and the interest in the study and

commercial production of silica and otrerogel materialgreatly increased.

Nowadays a huge amount of work has been published on the synthesis, properties and
applications of aerogels. Silica aerogetlie most common and widely studifdding
application in the field ofsensor$® adsorption of organic pollutant$ drug
delivery®! integrated circuits®'? thermal insulation technology'* and

catalysis>16

The synthesis of silica aerogé performed by measof the solgel process and it can

be divided in 3 general steps:

- Gel preparation:A solution ofa silica precursor is solubiésl in a suitable
solvent and treated with a catalyst that can be a mineral acid or a lss@®A
of hydrolysis and condensatioeactiors take place forming the silica network
and the viscosity of the solution suddenly increases after a certain amount of
time; at thismomentthe transition from the solution to the gel takes place. The
gel is generally c&d alcogel or hydrogel depending if the solvent used is
respectively alcohol or water.

- Aging of the gelThe aging process is usually performed in order to strengthen
the silica porous network. The gel can be aged in its motheaticgoor in a
closed catainerin order to avoid the evaporation of the solvent.

- Drying of the gelin order to obtain an aerogel the drying process is carried
out in special conditiongo avoid the shrinkage of the gel. If the solvent is
removed by evaporation the tension &gat the liquid vapour interphase
causes the collapse of the porous microstructure and ultimately the shrinkage
of the gel; the material obtained is more demsestly microporouand called
xerogel. If the porous microstructure of the geledsto be preerved the

solvent is removed in supercritical conditions. This is usually performed in an
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autoclave reaching the critical temperature and pressure of tensoilsed
during the synthesis.

In Figurel.l, a schemad representation of the synthesis afaerogel is shown.

1.1.1. Chemistry of the seyel process

The solgel proces¥ is a widely used synthetic procedure to produce oxides starting
from hydrolysable precursors, such as alkoxides. Through hydrolysis and
condansation reaction the process give rises fiosatsol, a colloidal suspensiof
particles in a solvent, and then to a gel, a segnil solid which entrapthe solvents

within its pores

From a chemicapoint of view the precursors adopted in this kioflsynthesis are
usually metal alkoxides with general formula M(@Q®Rich are subjected, in solution,

to a series of hydrolysis equililri

Hydrolysis and
condensati

—)

Supercritical extraction

Metal precursor SOL

solution
Gelationl

Gel aging

/ AGED GEL AEROGEL

WET GEL

Figure 1.1 Schematic representation of the synthesis of aerogel
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M(OR), + H:0 = M(OR),1(OH) + ROH
M(OR)p1(OH) + HO === M(OR),2(OH), + ROH
AAA
M(OR)nry(OH)p1 + H:O === M(OH), + ROH

In the meantime, depending on paramesech asemperature, metal oxide precursor
and use of catalysts, condensation reactions tstiirig place, wth the consequent
formation ofM-O-M bonds. The condensation react®may take placéetween two

T OH groups or betweeni@H andi OR group that has not been hydrolysed yet; in

the following scheme two of the possible equilibria are reported:

M(OR),1(OH) + M(OR), == (OR}:M-O-M(OR),1+ ROH
2M(OR}W1(OH) == (OR).1M-O-M(OR1 + H,0

The hydrolysis and condensation reactions lead to the formation of small particles,
whose sizes function of a multitude of factors like temperature, precursor used,
solvent and catalyst. Depending on the growth pro¢lessnorganic clusters formed
canlead to a colloidal solution of particles or to the formation of branched chain
polymers in solution. In both cases, if the relative amount of precursor and solvent is
properlychosena 3D solid network is formed, enclosing the solvent medium within
its porous structure. At this stagbe viscosity of the solution suddenly increases and
gelation occurs. A gel can be then describsda material with a dual soliijuid

nature®

The syntlesis of materials with the sgkl process requires at first a dateontrol of

the relative amounts of starting materials. Most of the metal alkoxides aselubke

in water and a mutual solvent is needed; alcohols are the most used. The choice of the
solvent is also crucial in order to plan the drying processsiufpercritical extraction

of the solvent needs to be performed to obtain an aerogel, alcohols are more suitable

than water as they have lower critical potfitslowever, it must be noted that alcohols
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are pesent in the hydrolysis equilibrium as products and this leads to a decrease in the

hydrolysis rate.

A catalyst is normally needed in order to enhance the reaction rate of both hydrolysis
and condensation. Mineral acids like HCI, HN®IF and HSOQw can e used to
catalyse the hydrolysis reactidhisBoth hydrolysis and condensation reactions are
also catalysed by basic conditions and dilutecs NHNaOH can be used as a basic
catalyst’. Depending on the relative molar ratios M(@R}O/catalyst and nature of

the catalyst, different products are obtained with different microstructural features.

It is accepted, as a general rule, that under basic catalysis the coioteresadtions

lead to particles that can grow to a sufficient size to form a colloidal solution. Under
acidic conditions insteathe small particles start aggregating before their growth and
a branched chain structure is forriedn bothcasesthe aggregation of the particles
leads to the formation of a 3D solid network of amorphous metal oxide, where the

metal centes are connected wittoxo (M-O-M) andi hydroxo (M-OH-M) bridges.
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1.1.2. Aging of thegel
Once the gel is formeds structure can be considered in dynamic evolution. The solid
phase of the gel may undergo structural changes after getatiorg the gel aging.
The result of the aging process is usually an increase in the connectivisebetve
particles that form the 3D solid network, strengthening the entire structure. Two main
aging mechanisms have been identified and both of them happen by ofi¢ha
solvent within the porous structdteThe first mechanism consists in the dissolution
of some material from the surface of a particle angreeipitation onto the necks
between particles. This is due to the difference in solubility between two surfaces with
different curvatures. The secontechanism is the dissolutiaf the small particles
and reprecipitation into bigger ones. This ripening process is usually slower than the
first mechanism and becomes important after long aging times, leading to a coarsening
of the structure. Depending ¢ime material and the microstructural features that one
wants to obtain, different agirgpnditionscan be chosen.

1.1.3. The drying process
Once the gel has been agadirying process is needed in order to remove the solvent
from the poreslt must be taken o account thaa capillary pressur@p) is present
at the liquidvapour interphaseavithin the pores Figure 1.2, which is inversely

proportional to the poreadius and it isdescribed by the Laplace equation:

.. ¢ wEi — eqg.1.1
yn ‘1 9

whered is the surfacgéension of the liquidd the contact angle of the meniscus at the
liquid-vapour interphase and r the radius of the ptiréhe gel is dried by simple
evaporation of the solvent, tloapillary pressure leads to the collapse of the porous
structure(black arrows, Figure 1.2). In this case, a denser and mainly microporous

material is obtained, called xerogel.

In order to avoid the collapse of the porous structanelto obtain an aerogethe
traditional wayto dry the gelconsigs in extractingthe solvent in supercritical

conditions, avoiding the formation of the ligewdpour interphaseThis process is
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carried outusing apressuraesistingvessel, filled with a certain amount of solvent,
where the gels are placddgure 13(a). The system is equipped with a thermocouple,
and inletand outlet valves, through whichi§as is flushed. Once the atmosphere is
completely inert, th@alves are closed and the temperature is increased with a certain
rate. Thepressure also increases with the temperature, following the path represented
in Figure 13(b). The quantity of solvent within the chamber is choserthat the
pressure increases with the temperature avoittiagransition tadhe vapour phase.
Once the solvent reaches its supercritical state, the chasahebeslowly vented

trying to keep the temperature constant

The supercritical extraction of the solvent for the synthesis of aeragsissed for

the first time by Kistlet®. He firstly tried tosynthesis@erogels by extracting the water
used as solvent during the gyl process. However, this experiment failed, as when
the water approaches the critical parameter, its sopemér induces the formation of

a colloidal solution of silica in water. Kistler then performed the exchange of the water
with solvents with lower critical points e.g. methanol, obtaining the aerogel after
supercritical extraction. The critical points @fnise common solvents are reported in
Tablel.2.

Figure 1.2 Represent@in of the
capillary pressuregp, within &
cylindrical pore, due to tt
formation of a meniscus with
contact anglel.
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Figure 1.3 (a) representation of a autoclave for supercritical extractit
methanal (b) shematic showing the path follwed during the supercr
drying.Figure (a) is reproduced with permission, ¥eéopyright © 2010, Jya
L. Gurav et al. Figure (b) is reproduced with permission, Yefcopyright €©
2008 Elsevidr
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Per?? firstly and then Teichner and Nicoladintroduced the process to obtain silica
aerogels sing alkoxysilanese.g. TEOSas precursors, via supercritical extraction of

the solvent. The aerogels obtained in this way are usually monolithic and hydrophobic.
The hydrophobicity of the so obtained aerogels is due tedtegificatiorof the silanol

groups at itsurface by the solvent, when alcohols like methanol or ethanol are used.
The problems associated with this technique are related to the safety requirements and

to itshigh cost, due to the high temperatures.

A low temperature supercriticalrging method has been also suggested by Téfvari
and then extensively used for the synthesis of aerogels. This method consists in using
CO, as fluid for the solvent extraction, having a very low critical tempezaDuring

this procedure, liquid CQs introduced inside a pressure resistant vessel where the
gel is placed, reaching around 100 bar. The outlet valve is then open while still
introducing liquid CQuntil the exchange of the solvent is completed. The@&zature

is then increased up to 4G, with the pressure kept constant, in order to ensure that
the CQ is in the supercritical stateavoiding the formation of a liquidapour
interphaseThe chamber is then vented, and the aesadphinedare hydropHic, with

limited aging effects due to the low temperature of the proceHokgever, thevhole
processs very long, because the solvent exchange within the porous structure of the

aerogels is slow.

Alternative methods to supercritical drying have bem introduced, mainly with the
aimof reducing the costs of the process.anbient pressure dryingethod has been
proposed by Brinket® and later developet which consist in a solvent

exchange/surface modification procedure. The gel is washed with a solution of an

Table 1.2 Critical parameters of common fluidef2’

Solvent Te (°C) Pc (Atm)
Water 374.1 218
Ethanol 243.0 63
Methanol 239.4 78
Acetone 235.0 46
Carbon dioxide 31.0 73

10
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aprotic solvent and reacted at the same time with trimethylchlorosilane (TMCS). The
reaction produces $)-R groups, and thus createswuaface which can be wett by a
solvent with very low surface tension, as heptane. The drying of the gel is then
performed at lowemperature and ambient pressuvih a very limited shrinkage of

the silica porous structurdlso in this case, the procedure is very long dueheo t

solvent exchange process.

Another method that avoids the ligewdpour interphase and thus the capillary forces

is known asfreeze dryiné. During this process, the liquid phase of the gel is
exchanged using a solvent which must have a low expansgfficeent and high
sublimation pressure. The gel is then frozen and sublimed under vacuum. The main
disadvantages of this technique are related with the possibility of damaging (or
destroying) the porous structure of the gel duringdtystallisationof the solvent
within the poresLong aging times & thus needed, in order to styéiren the porous

network.

11
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1.2. Nanocomposites

1.2.1. Silicaaerogelaaé hosti ng matri x0
Within the wide range of applications that involve the use of silica aeyogel
interesting rte is played by the opportunity ®ynthesisenanocomposites where a
nanophase is dispersed within the porous netwbtke silica matrix®. The interest

in the synthesis of this kind of nanocomposites originates from seeasans:

)] Materials consistig of particles with dimensions at the nanoscale are difficult
to manipulate. For example, in the field of catalysis, one of the main problems of the
use ofnanoparticles is their tendency to coalesce, forming bigger particles, under
thermal treatment& This phenomenoleads to a dramatic decrease ofshdace area

of the particlesthus of their reactivity. The particle confinement within the aerogel
matrix provides a way to avoid the nanocrystal aggregation and growth.

i) The high specific surface arehtbeaerogel, combined with its open porous
structure, makes possible the synthegimanocomposites with high loading of the
dispersed nanophase and its accessibility by external species.

i) If a co-gelation procedure is useddypnthesis¢he nanocompotas, the crystal
growth of the dispersed nanophase is influenced by the confinement imposed by the
aerogel matrix. The size distribution of the nanoparticles may be tuned by changing

synthetic parameters.

The solgel process has been therefore employed symthesise functional
nanocomposites where mainly metal and metal oxide nanoparticles are embedded
within the porous matrix of the aerogel, with the main purpose of obgaimaterials

that synergistically exhibit the properties of both tlosting matrixand the dispersed

nanophase.

Due to the number of variables associated with thegsblprocess, a direct
rationalization of the relationship between synthetic parameters and microstructural
features of these nanocomposites is still challenging. Syatpateameters include
solventused precursor of the silica phase, catalyst, temperature, drying pnogess
and approach adopted to introduce the dispersed nanophase within the silica matrix.
Microstructural features include specific surface area, sitkeohanopatrticles, their

homogeneity and distribution within the host matéAxvery important role is played

12
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by the strategy adopted to introduce the dispersed nanophase within the silica aerogel

matrix.

One way consists in performing the-gelation ofthe silica matrix together with the
precursors of the nanophdser in a solution of préormed nanoparticléd This
method allows a good control over the loading of the dispersed nanophase. However,
the presence of the precursors of the metal phasd tbe preformed nanoparticles,

may affect the formation of the silica matrix. A careful choice of the synthetic

conditions must be made.

Another way consists in adding the nanophase to -fopmeed silica aerogel matrix,

for example by impregnation dfie gel with a solution of the nanophase, in form of
preformed nanoparticles or solution of its precurdbts In this case the
disadvantages are related with the poor control of the loading and homogeneity of the
dispersed nanophase within the namoposite, and with the possibility of damaging

the preformed silica matrix.

For all the nanocompositasgnthesisedh this thesis, the first approach was adopted,
using either the precursors of the metal oxide nanophase or thefopred

nanoparticles.

1.2.2. The twostepcatalysed segiel processind the use of urea
Silica aerogels have beaynthesisedising the sebel procesgollowing two main
approaches in terms of the catalysts used: thestapeall acid or all basiccatalysis®
andthe twostepacid-basic catalysi®. In Figurel.4, the dependence of the hydrolysis
and condensation reaction rate on the pH is shown. The hydrolysis has a minimum
centred at pH = 7 while the condensation reactions have a minimum rate at pH around
4.5. Both reactions are catalysed in strong acidic conditions or in basic conditions.

pH values higher than 7, the condensation kinetics are faster than hydrolysis.

It has been shown that the microstructural features of silica aerogels are strongly
dependent on the pH of the s@erogels with very high specific surface area (850
1100 nt/g) and small pore volume amgynthesisedin acidic conditions. Basic
conditions lead instead to lower values of specific surface areaiggdr pore

volumeg®,
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A two-step aciebase catalysed appexch has been shown by Sarawatlal®. The
method consistin a first step catalysed by oxalic acid followed by a secondrdtepe
ammonia is added. Aerogels with different feasuneere obtained depending on the

time interval between the two steps during gelation.

When dealing withthe synthesisf silica aerogel nanocomposites incorporating metal
and metal oxide nanophases within the matrix, a careful choice of the synthetic
condtions has to be made, asiomogeneous sehust be obtained, containing both

the precursor of the silica and the metal ph@ssula et af® prepared nanocomposites
containing a nanophase of nickel and nickel oxide in form of nanoparticles dispersed
in the silica aerogel matrix. Ggelation of the silica matrix with a solution of nickel
nitrate was performed, under acidic conditions with pH values of 0.8. The authors
showed the possibility to tune the porous structure of the aerogel matrix by choosing
different sipercritical drying conditionsThe same strategy has been also adopted for
the synthesis oiron oxide®® and FeCoalloy nanoparticles within the silica aerogel

matrix 3!

In that work, a onetep acid catalysed reaction was performed, in ordebtain a

homogeneous sol and avoid the precipitation of metal hydroxides, which occurs under
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Figure 1.4 Dependence of the relative hydrgsand condensation ratesaafsinction of the
pH of the solutionReproduced with permission, réf[copyright © 2008 Elsevier]
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basic conditions. However, this technique had some drawb#ekssilica aerogel
matrix obtained in these conditions was mainly microporous, therefore withtedimi
accessibility to the dispersed nanophase. Furthermore, the synthesis required very long
gelation times, up to 15 days.

A different approach has been then developed, which consists insaepvaciebase
catalysed synthesis involving urea as a getaagent® A first step under acidic
conditions is performed, in order to promote the hydrolysis reactiunissequently,
condensation reactions are promoted adding a solution of urea to the sol and
performing the reaction at 8&, in order to accelerathe solgel transition. These
conditiors havebeen found to be suitable for the preparation of silica aerogel
nanocomposites using metal nitrates as precursors for the metal and metal oxide
dispersed nanophase. At 86 the urea undergoea thermal decomgition that
smoothly shifts the pH from acidic to basic, promoting the gelattorseries of
different equilibria have been proposed in the literature for the decomposition of the
urea, depending on the conditidhdt is known that, under thermal treatntgurea
decomposes through the formation of isocyanic acid (HNCO), which in solution can

be written as:
NH,CONH, =—= NH;+ CNO
The following equilibrium has been then proposed in acidic environfhent:
CNO +2H"+2H,.O Z=— NH4 +H.,CO;

The slow decmposition of urea leadbereforeto a slow increase in the pH, thus the
condensation reactions take place for the formation of the silica matrix, avoiding the

precipitation of metal hydroxides.

1.2.3. Applications
This twostep catalysed sebel process has bedhen successfully used for the
synthesis of several silica aerogel nanocompo$tasCo and Ni ferrite nanoparticles
within a silica aerogel matrix have besynthesisedising this approach. These
nanocomposites have besstentlytested as catalystsr the production of carbon
nanotubes by catalytic chemical vapour depositf@howing that the NiE©s-SiO,

aerogel nanocomposite exhibits the highest catalytic performance.
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FeCaSiO; nanocomposites in form of aerogels have been also prepared watnike
sokgel procesé® FeConanocrystalswith sizesrangingbetween4 to 10 nm were
obtained homogeneously dispersed within the amorphous porous silica matrix of the
aerogel. These nanocomposites have been recently tested as catalysts for the Fisher
Tropsch reactiof® showing excellent performances, if compared with other catalysts
used for this process. One of the main advantages of these nanocomposites is their

thermal stability, over very long reaction times.

Similar nanocomposites have begmtheisedusng different procedures. Yand e

al.*” reported the synthesis @ silica aerogel nanocompositéith metallic Co
nanoparticles homogeneously dispersed within the matrix. The aerogel matrix was
prepared following a procedure that involves the us@EOS and a template, in
methanol® The nanocomposite has been then prepared by dispersion of the aerogel
matrix in a C8* solution, using an ultrasonic processor, followed by a reduction step
to reduce the CGb. A freezedrying procedure has been thenmoyed, to obtain the

solid nanocomposite. This nanocompositas then tested as catalystfor the
generation of hydrogen from NBH3,*® as a less expensive alternative to precious

metalcatalysts such as Pt, Pd and Ru.

Han et al>® synthesisedh silica aerogel nanocomposite with nickel nanoparticles
embedded within the matrix. The method for the synthesis of the nanocomposite
involves the use of a solution of gi@med nanopartickethat are mixed with the sol
containing the precursor for the amorphsilisa. A one step procedure has been used,
with a basic catalysThe drying process has been performed at ambient pressure, after
few solventexchange step3.he nanocomposite has been then tested as catalyst for
CO: mineralization, showing an enhancedatytic activity if compared with the nen

supported Ni nanoparticles.

Different nanostructures from metal oxide nanoparticles have been also embedded
within the silica aerogel matrix in order to obtain nanocomposites with specific
properties. Bargoziet al.>! synthesisedhanocomposites where muitialled carbon
nanotubes (MWCNT) are embedded within the silica aerogel matipese
nanocomposites showed excellent performances in the absorption of organic pollutants
from water, with a very low loading ofgjpersed nanophase. In this case, the dispersed
MWCNT ensure an enhanced hggdhobicity, whichcoupled with the high porosity
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of the aerogelensures absorption capacities for toxic pollutants like benzene or
toluene up to 5 times the cposite weight. Reawly, Loche ¢ al>? synthesisedhe

first aerogel nanocomposite with graphene as dispersed nanophase, as novel oil sorbent
from water. In this case, with very low loadings of dispersed nanophase within the
silica matrix, these aerogel nanocomposites ¢emor oil from water up to 7 times

theirr weight and represent an excellent alternative as sorbents for watewuplean

treatments.
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CHAPTER 2.

Synthesis,characterisationtechniques and

atomistic simulation

In this chapterthe experimental conditions used during the synthesis of the aerogel
and xerogel nanocomposites are reported, together with a brief overview of the
theoretical backgrounetgarding theharacterisatiotechniques. Thigicludes Xray
diffraction (XRD), Ne-physisorption, thermgravimetric analysis with simultaneous
differential scanning calorimetry (TGA/DSC), transmission electnoieroscopy
(TEM) and Xray absorption speascopy (XAS). A brief overview on molecular
dynamics simulations is also given, with particular attention on the potential model

used in this thesis.
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2.1. Synthetic conditions of the aerogel and xerogel nanocomposites

In this sectionthe synthetic conditios used tasynthesiseghe aerogel and xerogel
nanocomposites are presented, together with the drying processes and the thermal

treatments required after the alcogel is obtained.

2.1.1. The solgel synthesis
The synthesis of the aerogel and xerogel nanocompgsitsented in this thesis is
based on a method previously developed by our grang successfully used for the
synthesis of silica aerogels nanocomposites containing Co, Ni and Mn ferrite
nanoparticles and FeCo alloy nanoparticksvith a loading of the dispersed
nanophase up to 10% in weight. The procedure uses both the acidic and basis catalysi
in a twostep approach (seeh@pter 1)with the use of urea in the second step as a
basic catalyst. Urea is used during the second step of the synthesis in order to have a
smooth change of the pH of the solution, from acid to basic, avoiding the precipitation
of the metal hydroxides. During ehfirst step the TEOS is hydrolysed in acidic
conditions and then a solution of urea is added. During the second step the solution is
heated up to 8%C, in order to promote the gelatiofable2.1 summarigs the molar

ratio of the reactants used.

Table 2.1 Molar ratios of the reactants used during thegsdlprocess

STEP 1
TEOS H0 Ethanol HNQG
1 4.09 6.24 0.017
STEP 2
Urea Ethanol H0O
1.78 4.70 8.31
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The synthetic procedure can be sumiseal as follows:

STEP 1

1) 200 ml of the hydrolysing acidic solution is preparednbixing 80 ml of
ethanol, 129.8nl of H:O and 2ml of HNOs

2) An ethanolic solution of TEOS is prepared by mixingl3of ethanol and 7.90
ml of TEOS (0.035no0l) in a 100 ml coniddlask

3) 3.965 ml of the hydrolysing solution is slowly added to the TEOS solution

4) The solution is heated up to 30 to promote the hydrolysis of the TEOS

5) A solution of the appropriate amount of the metal nitrates is prepared in 7.5 ml
of ethanol

6) The ethanlic solution of the metal nitrates is added to the solution of TEOS at

room temperature

STEP 2

7) A solution of urea is prepared by dissolving 3.%18f urea (0.0579 mol) in
4.92 ml of distilled water and 9 ml of ethanol

8) The solution of urea is added to fREOS solution containing the metal salts

9) After the solution has been stirred for 10 min at room temperature, this is
transferred in an 88C bath at reflux until the change of its viscosity. The time
at 85°C is recorded asgic.

10)The sol is transferreith a vial with a dameter of 1.7 mm, closed witlaRafilm
and put in an oven at 4 in order to complete its gelation.

11)The gelation time is also recorded

The aerogel and xeregjnanocomposites presented ihapter 3 contain Cuk®s as
the dispersed mamphaseln the first step of the synthesis, an ethanolic solution of
Fe(NQ)3 and Cu(NQ)2 as the precursor for the nanophase is added to the solution of

the prehydrolysed TEOSTable2.2 summarigsthe details of the synthesis.

In Chapter 4, the synthesis of new Ge®)O, nanocomposites in form of aerogel and
xerogel is presented. During the synthesis, a capping agent was added together with
the cerium nitrate in order to control the size of the nanoparticles. Different

nanoconposites have been prepared, changing the loading of @aDamount and
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type of capping agenffable 2.3 summarses the nanocompositeynthesisecand

details which capping agent has been used and in which molar ratio. In tioé ttese

xerogel,

shheed eit hn € e @ameo f

6A06 i n t

he

Ce(Q-SiO, nanocomposites in form of aerogel have been aluthesisedby

embedding prdormed CeQ nanoparticles previouslgynthesisedy hydrothermal

methods, and are presented me@er 5. In this case, the cerium salt is not used during

the solgel synthesis but a solution of pi@med nanoparticles in toluene (3 ml) is

added during the step 1 (point 5). The-fmemed nanoparticles asynthesisedh the

presence of a capping aggtite use of a different capping agent leads to nanoparticles

with different shapes. Ihable2.4, the details of ta sotgel synthesis are summaets

The details of the hydrothermal synthesis are outlined in Se&iarl and 2.2.

Table 2.2 Synthesis details of the nanocomposjiessentedn Chapter 3

Fe(NQ)si Cu(NQ)21 Tssc

0,

Sample % CuF£04 9H0 (g) 2 5H0 (g) (min) Name
AEROGEL 10 0.7825 0.2253 128 ACuFe
XEROGEL 10 0.7825 0.2253 128 XCuFe

Table 2.3 Synthesis details of the nanocomposjtessenteih Chapter 4
for hexanoic acid

fi Do d tor dedecanvid a&di ,

iHe x O

Sample % Ce@ %ﬁ'\é@();)' Ce;gifp' (-Ir—:: El’nc) Name
AEROGEL 15 0.9235 Dodl:4 65 A15CeQ dod1:4
XEROGEL 15 0.9235 Dodl:4 65 X15CeQ@ _dod1:4
AEROGEL 10 0.5868 Dodl:4 62 A10CeQ@ dod1:4
AEROGEL 5 0.2785 Dodl:4 61 A5CeQ_dod1:4
AEROGEL 5 0.7825 Dodl:1 60 A5CeQ_dod1:1
AEROGEL 5 0.7825 Dod1:8 60 A5CeQ_dod1:8
AEROGEL 10 0.5868 Hex1:4 60 A5CeQ_hex1:8
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Table 2.4 Synthesis details dhe nanocomposites obtained ihagter 5 All the nanocomposites are aerogels.

% Ce® CeQ(9) Shape Capping agent (-:—finc) Name
15 0.0167 Polyhedral Dodecanoic acid 60 A1.5CeQ@ poly
15 0.0167 Cubic Oleic acid 60 A1.5CeQ cubic

2.1.2. The drying processes
Depending on the desired praduthe gel isubjectedo a specific drying process. In
the case of the xerogel, the ethan@lsremoved from the gel by slow evaporation
performed at 40C by opening the vial containing the gel to the air. This drying
process usuallyook place within72 hours.

The aerogel samples have been obtained by extracting the ethanol from the gel in
supercritical conditions. This wa®ne using a stainless steel autoclave with a volume
of 300 ml,Figure2.1.

The pressure resistant ¢amer is equipped with a pressure gauge, a thermocouple
and an inlet and outlet valves. The gel is placed within the sample chamber with 70 mi
of ethanol. The sample chamber is then closed and puie flushed within the
chamber for a few minutes at mndemperature, in order to ensure an inert atmosphere.
The autoclave is then placed in a heating mantle connected to a temperature
programmer, which is also connected to the thermocouple inserted inside the sample

chamber. The following programmed rampéesformed, in two steps:

- From 25°C the temperature is increased BYC5/ min up to 250C
- From 250°C up to 33C°C with a rate of £C / min.

Once the temperature reaches 33Q@he pressure should aea value around 70 atm;

in theseconditions the #hanol is in supercritical conditions

The chamber is then vented by slowly opening the outlet valve. The venting process
must be done slowly trying to keep the temperature to a constant value ¥¢.380
the end of the proceshl: is flushed for few a mmutes, in order to eliminate any

gaseous residues from the sample chamber.
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The aerogel obtained is monolithic, with a mass loss of around 93% and a very limited
volume contraction. The apparent density of these aerogels is usually around 0.07
glen®.

2.1.3. Thermal treatments
After the drying process, the nanocomposites are submitted to thermal treatments. In
the case of the nanocomposisgathesisethy adding the metal salts to the solution of
the silica precursor, this is needed in order to promote theafem of the
nanoparticles. For all the nanocomposites, aerogels and xerogels, the first thermal
treatment is performed under air at 480for 1 hour. This first thermal treatment is

Inlet valve

Sample chamber

Half-moon shaped

metal holder )
Circular metal

jacket

Figure 2.1 The autoclave used for the synthesis of all the aerogel comy
presented in this thesis
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needed in order to burn all the organics that are still present witisilica matrix.

In the case of the xerogel, a consistent amount of urea is also still present. After this
first thermal treatment, the nanocomposites are further thermally treated, generally at
750°C and 90C°C for variable amoustof time, to achievehe crystallisationof the
dispersed nanophase. For all the thermal treatment, the desired temperature is reached

with a ramp of 18C per minute.

All the name used to indicate the samples are completed using the numbers indicating
the thermal treatmentd the time. For example the aerogel nanocomposite containing

copper ferrite and treated at 750 for 6

2.1.4. Reagents used during the synthesis
- Tetraethyl orthosilicate (Si(OGEHs)s), TEOS, Aldrich (98%)
- Urea (CHN:0), Aldrich (99.0i 100.5%)
- Ethanol absolute (fis0), Fisher Chemical
- Iron (llI) nitrate nonahydrate (Fe(Nf2 A9H,0), Aldrich (98%)
- Copper (Il) nitrate hemipentahydrate (Cu(®*2.5H:0), Aldrich (98%)
- Cerium (lll) nitrate hexahydrate (Ce(N@1 6H20), Aldrich (%99%)
- Dodecanoic acid (H2402), Aldrich (98%)
- tert-butylamine (GH11N), Aldrich (98%)
- Oleic acid (GgHz40-), Fisher Chemical (97%)
- Hexanoic acid (6H1202), Aldrich (498%)
- Nitric acid (HNG), Fisher Chemical (70%)
- Toluene (GHs), Aldrich (99.9%)

- Distilled water
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2.2.Characterisation techniques: theoretical principles

2.2.1. Thermal Analysis
Thermal analysis techniques investigate the evolution of certain physical and chemical
properties of materials as a function of temperature, including phase transitions,
thermal decompositions, solglate reactions etc. The main thermal analysis
techniques aréhermogravimetric analysiSTGA?, anddifferential thermal analysis
(DTA)%. A variation ¢ DTA is differential scanning calorimetrgDSCY.

22.11. TGA
With TGA, the change in mass of a sample is monitored as function of time and
temperature. In a typical experiment, the temperature is linearly increasedtaira ce
rate, as function of time, and results appear plotted as % of weight against time or
temperature. This technique, based on a simple concept, is very useful because it can
be used to quantitatively determine the mass loss from a sample as conseflaence
specific phenomenon, like the thermal decompositions. Instruments are also equipped
to run the experiment in different conditions, including vacuum, air or inert gases such

as N or Ar.

2.2.1.2. DTAand DSC

In DTA, the sample, together with a reference maters heated with a controlled
temperature rate and the difference between the temperature of the sample and the
reference are recorded, as a function of the temperature of the sample chamber. The
reference must be a material that does not manifest asgpinange under the range

of temperature investigated. During the experiment, the temperature of the sample and
the reference should be the same, unless a physical or chemical transformation occurs
in the sample. The temperature of the sample will beehigan the reference if an
exothermic evenbccurs;conversely will be lower in the case of an endothermic
event. The difference in temperature between sample and reference is plotted against

the temperature of the chamber.

DSC is very similar to DTA, wh some differences in the design of the instrument.
Specifically, in a DSC instrument, the sample and reference cells are maintained at the
same temperature. If an exothermic or endothermic event occurs in the sample cell,

the extra heat used to keeptisnperature equal to the temperature of the reference
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cell is recorded. The enthalpy change correspondent to the specific thermal event is
directly measured. Compared with the DTA, DSC technique is more suitable for

guantitative enthalpy measurements

2.2.1.3. Equpment
All the thermal analyses presented in this thesis have been carried out on a NETZSCH
model STA 409 PQwhich allows the simultaneous acquisition of the TGA and DSC
curves. Data were collected in the range9RB°C with a heating rate of 19C / min,

under air flow.

2.2.2. X-ray diffraction
X-ray diffraction is a technique that permits thbaracterisationof crystalline
materials by exploiting the interaction ofrgys with mattet’. Two man phenomena

are associated with such interactiscatteringandabsorption

The scattering is a consequence of the interaction betweenrrthes énd the electrons

of each atom. During this process, the atoms can be considered as a secondary source
of X-rays, which are scattered in all directions. If there is not a loss in energy, this
process is calledoherent scatteringnd the scattered and incident radiation have the
same wavelength. Scatteredrays may also lose some energy, in which case the
pheromenon is calledhcoherent scatteringand the scattered radiation has a longer

wavelength than the incident one.

During an Xray diffraction experiment, only the coherent scattered radiation is
important. The radiation that has been scattered by oneiatall directions interacts

with the radiation produced by the other atoms, with constructive or destructive
interference, depending on the optical path. In the case of ordered materials, such as
crystals, a diffracted beam is produced just in specifiectdons, depending on the

position of the atoms within the crystal structure.

2.2.2.1. Generation of Xrays
Concerning the generation ofrdys, a laboratory diffractometer is equipped with the
so-called Xray tube. Within the Xay tube, an evacuated chamberpigsent,
containing a tungsten filament and a target material, generally Cu or Mo, which act
as an anode. The tungsten filament is electrically heated with emission of electrons
that are accelerated byhggh potential difference (260 kV) and allowedd collide
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with the target material. The collision leads to the ionization of the Cu atom and the
formation of an electronic vacancy in the 1s orbiEgjure 2.2(a). X-rays are thus

emitted as a consequence of the relaxation efeactron from the orbitals 2p or 3p

to occupy the vacant 1s. The radiation e
KU while the emission correspohbdhey to t
emission is more frequent, therefore more intense hence the one used during a
diffraction experiment. The Wradiation is more specifically a doubletUKand Kb,

due tothe two possible spin states of the 2p electrons.

Figure2.2(b) represents a typical emission spectrum of Cu. We note that, together with
the peaks related with thelkand Kb emission,asec al | ed 6whi te radi :
preset. This is due to the fact that the electrons are slowed while approaching the

surface of the Cu anode, and some of them lose their energy by emissioayof X

For the diffraction experiments, a monochromatic beam is required. In order to isolate
the KU contribution, in the case of Cu radiation, a sheet of Ni foil can be used as a
filter, which is able to absorb thebKcontribution but is transparent to thelkKA
representation of the absorption spectrum of Ni, superimposed to the emission spectra
of Cu, is shown inFigure 2.2(b). A more selective monochromatisation can be

achieved using a monocromator.

N K, 1
NNNAN 5y K |
4 NN N/ N/ Emission 2 Absorption
- S—1—— 2| spectrum spectrum
o 3p B | ofcu of Ni
(&} c
c 3s )
L c
2p -
2s
/ White radiation
1s——H— K,
/\/\/\/ (a) Wavelength (b)
\% Electronic vacancy

Figure 2.2 The emission of Xays from a Cu target; (a) mechanism behind the emission ofithadk, radiation
(b) emission spectrum of Cu target and superimposed absorption spectrum of Ni. Figsreefispduced wit

permissiorfrom ref.5. [Copyright ©John Wiley and Sois
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2222. The Braggds | aw
When Xrays interact with an ordered array of atoms, such as in crystals, a diffracted
beam will be natd just in specific directions relatively to the crystal. This is due to the
fact that the wavelength of therdys is of the same order of magnitude of the spacing
between atoms. Therefore, there must be a relationship between the direction of the

diffracted beam and structural parameters like the distance between atoms in a crystal.

The easiest and most used approach that explains this relationship is given by the
Br a g g %lsthi$ ragard, two arrapf atoms are considered, (A and B)gure2.3,

and with 1 and 2 we iddéfy two X-ray beams. The Braggpproach considers the array

of atoms as a sertiansparent mirror; one of thetdy beams (beam 1) is reflected by

the first arrg of atoms (A) while the other traverses the first array of atoms and is
reflected by the second one (B). The two arrays of atoms are separated by the
interplanar distancend, whereh, k andl are the Miller indices of that specific family

of planes.

Being reflected by the second array of é
distance, given by the segmexyz compared to the path tra

Geometrically, we can write that:

Xy = yz = tha Sind

Xyz = 2ah sind

dhkl

B

Figure23Schemati c representati on oReprdadicgon with pe'rmissjdn;ir&
[Copyright ©John Wiley and Sofs
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ted beams are in phase i f the
ger number of wavelengths. We
na= 2dnk sind eg. 2.1

s | aw t htween speclfiacrystad plandd.g) withi st anc

the particular Bragg anglel)(at whichconstructive interference is occurririg this

case, we can say that these particular crystal planes are in diffraction conditions.

2.2.2.3.

The powder method

One of the most useways of using Xay diffraction for thecharacterisatiorof

crystalline materialss the analysis of their powders. In a finely ground crystalline

powder, a huge amounts of crystallites are present and randomly oriented. For some

specific Bragg angles,aot of the crystallites will be oriented in such a way that one

specific family of crystalline planes will be in diffraction conditions. Furthermore, the

crystallites can lie in all possible directions while maintaining the Bragg condition for

a specific ¢ystal plane; the consequence of this is that the diffracted beam lies on the

surface of cones, as shown in the representatibigure2.4.

Powder diffractionanalysis is done with automatiiffractometers equipped with a

saurce of Xrays and a detector that records the angle and intensity of the diffracted

beam. Two are the main geometrical configurations that are adopted in medgrn X

diffractometers: the soalledd-d andd-2d geometries.Indd di f f r act omet er

ray tube
respect

X-rays

a
t o

nd the detector describe a sync
the sample, which does -not mo
Diffracted
/beams
Powdered j
sample

—_—
—
—_—
e
—_—
—
—_—
—_—
—
—

—
= —
-
—_——
-
-
e
-
-

Figure 2.4 Cones produced by a powder difftion experimen Reproduced with permissipnef. !
[Copyright ©Taylor and Francis Group LLC Books
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2d conf i gu+ragtube is fixed andisanpl&and detector move of an angle of
d a2d r especFigureebya slcnhemat i c repaddesent a

diffractometeris shown.

The result of an XRD measunentis recorded in aliffraction patternalso called
diffractogram where the intensities of the peaks are plotted against the adgke, 2
hugenumberof powder diffraction patterns are stored in different databases, which
are regularly updated, allowing the qualitative identification of a knowstalline
phase by éingerprint methodhat can be carried out with the help of specific software.
This method allows also the identificationarf/stalline impurities possibly present in

the sample.

Each peak in a diffraction pattern originates framugenumberof crystal planes that

are in diffraction condition, therefore peaks are very sharp. However, if the size of the
crystallites decreases, there are not enough crystalline planes in diffraction conditions
to give a sudden destructive interfecentherefore broadened peaks appear, especially

for nanacrystallites.

Detector

Figure 2.5 Schematic representation offe2d X-ray diffractometer Reproduced wit
permission; ref/ [Copyright ©Taylor and Francis Group LLC Boo]<s
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The thickness of a crystallite can be therefore calculated from the peak widths, using

the DebyeScherrer equatidn

R — eq. 2.2
oAl-© ¢ 6 AlI-S q
where T is the thickness of the crystalliethe wavelength of the-says, B the full
width at halfmaximum (FWHM) of the peak, C is a shape factor, usually a value near
1, andd is the Bragg ang. The FWHM observed (B) is usually corrected by
instrumental broadening (Band B are the FWHM of the sample and a standard

respectively).

2.2.2.4. Equipment
The diffraction patterns shown in Chaptew8rerecorded with a PANalytical Xay
powder diffractomed r , mod el E mpgeometey.nThe dilfradtometed is
equipped with an Xay tube with Cu as anode (K & = A) a grapHité flat

monocromator on the diffracted beam and a linear detectel¥rator.

The diffraction patterns shown in Chapgtérand Swvererecorded with a PANalytical,
model Empyr-2d ng e ovimtdiffracpomefer is equipped with X-ray
tube with Cu as anoda focusing germanium monocromator on the incident beam
produci ngCa mpadi aKiUo nanda ¥Ceteratblin@addétector; )

The diffraction patterns on the Ce@anoparticles reported in Chapter 5 have been
recorded on a Rigaku benchtop diffractometer, model MiniFlex600., equipped with a

Cu anode tube, Ni filter and a linear detector.
In all cases dataverecollected by using a Siliconifackground sample holder.

2.2.3. Electron Microscopy
Electron microscopy comprises a wide range of techniques that are widely used in the
characterisatiorof solid materials, allowing to study their microstuet features
such as crystallite size, morphology, porosity and presence of defects, and to determine
the distribution of elements. Among these techniques we doahning electron
microscopy (SEM)!, transmissbn electron microscop¥TEM)!, high resolution
transmission electron microscofMRTEM)!?, energy dispersive analysis ofrXys
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(EDXA)*3, scanning transmission electron microsc¢B¥ EM)'#, high-angle annular

dark-field imaging(HAADF)*® also calledZ-contrast imagingetc.

An electron microscope differs im an optical microscope because a beam of
accelerated electrons is used rather than visible light. Considering thepardicte
dualism, electrons have a much lower wavelength than light, reaching, with these

techniques, resolutions down to the nanoscale.

The electron beam is produced by heating a tungsten filament and accelerated through
a voltage, V. The wavelength of the electron beam depends on the voltage trough the

relation:
> = 1%gm (V) eq. 2.3

For an electron microscope operating at KU0Qthe wavelength of the electron beam

is 0.0123 nm, which represent the resolution limit of the technique.

In the following sections, details on the electron microscopy techniques used in this
thesis are given.

2.2.3.1. Transmission Electron Microscopy (TEM)
With TEM, a direct image of a solid with high magnification can be produced from
the transmission of the electrons through the sample. The electron beam is focused by
a condenser lens onto the sample and then collected on a fluorescent screen through
an assembplof other electromagnetic lenses. As the electron bearegthssugh the
sample, its maximum thickness must be arounde@nl Some of the electrons are
deflected through elastic or inelastic scattering and some are transmitted, forming a
two-dimensionalprojection on the fluorescent screen. When the primary beam is
collected, the image appears as dark feature on a bright background. The dark areas
represent the sample, where more electrons have been absorbed. The quantity of the
electrors absorbed depends the atomic numbers of the elemethist constitute the
sampe and on its thickness. In thesenditions the image has been collectednght
field mode. Adark fieldmode can be also used, which is particularly effective in the
presence of crystafie materials. In this mode, the coherent bswkitered electrons
are collected, ether by tilting the electron beam or the specimen. A particular Bragg
reflection can be selected and an aperture istasextlude the primary electron beam.
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In these condibns, the regions of the sample contributing to the selected Bragg
reflection appear bright on a dark background. This configuration is particularly
effective, for example, to detect a crystalline phase dispersed within an amorphous

matrix.

2.2.3.2. High resolutionTEM (HRTEM)
In high resolution TEM instrumenta very large objective aperture is used in order to
allow the transmitted beam and all the diffracted beams to contribute to the image. The
diffracted beams, due to the difference in optical path causeukehnteraction with
the atoms, are phase shifted, interfering with the transmitted beam in their travel to the
detector. Aphase contrasinage is obtained, allowing for resolutions of less than 0.1
nm: columns of atoms are distinguished. However, thergreéation of a phase
contrast image is not straightforward: the image is the composition of all the possible
wavefronts generated by the diffracted beams that interfere with each other and with
the transmitted beam. The interpretation of the image iswith¢he help of computer
simulations that predict what contrasts are given by a certain crystal structure.
Therefore, a certain amount of information about the sample should be known in

advance.

Because the interpretation of the phase contrast imdggesed on the phase shift of
the electron beams due to the crystal structure, any other instrumental effect that can
cause a phase shift can make this process more difficult. For this reason, a very low
degree of spherical aberration, caused by the systdemses, is required for these

instruments.

The importance of the use of this technique comes from the fact that direct information
upon the crystal structurs obtained, allowing theharacterisationf microstructural

features such as point defe@gin boundaries and dislocations.

2.2.3.3. Equipment
The TEM images iChapter 3 and wereacquiredn collaboration with the Functional
Materials Group at University of Cagligfitaly) using a Hitachi microscope, model
7000, equipped with a W filament as soeirof electrons, operating at 12%,
corresponding to a wavelength of 3.2802 A. The samplesvere deposited on a

carboncoated copper grid without being dispersed in a solvent.
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The TEMcharacterisatioof the samples presented ih&pter 5 was performed at the
KAUST (Saudi Arabia) using a FEI Tecnai Spirit microscope, equippéh a
lanthanum hexaboride thermionic electron source, a Twin objective lens, a Gatan

Orius CCD camera and operating at an acceleration voltage of 120 kV.

HRTEM and imaging were performed at the KAUST (Saudi Arabia) using a FEI Titan
microscope, equippk with an XFEG Schottky electron source, a SuperTwin
objective lens, a Gatan 2kx2k CCD camera, and operating at an acceleration voltage
of 300 kV.

The CeQ-SiO; aerogel nanocomposites presented in ChapitesrBprepared for the
HRTEM imaging at the KAUSTSaudi Arabia) by inclusion in an Ep&purr Epoxy
Resin left to polymerise for 48h at 60. Samples have been then cut using a Leica
EM UC7 ultramicrotome in ultrathin sections with a width of 50 nm, with a diamond

Diatome 48 blade and put in ultrghin carborcoated copper grid {8 nm width).
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2.2.4. No-physisorption measurements
One of the most important methods that a@btaining additional informatioabout
the surface area and porous structure of a solid involves the use of gas phgsi8orpt
Porous materials are mainly classified according with their pore dimensions: pores
with diameter less than 2m are callednicropores pores with diameter between 2
and 50 nm are calleshesoporousif the pores size is bigger than 50 nm then we can

refer tomacropores

The adsorption of a gas on the surface of a solid can mainly follow two paths:
chemisorptioror physisorption These two phenomena can be distinguished for many

reasons:

- Physisorption is ntite specific while chemisorption depends on the chemical
functionalities of the surface

- Chemisorption is usually confined to a meager, while more layers are
allowed when physisorption occurs.

- The energy involved during chemisorption is usually relatgh the formation
and rupture of chemical bonds. Physisompi®always exothermic, due tawv
der Waals interactions between the gas molecule and the atoms that constitute
the surface of the solid

- The chemisorption process alwayédads on activatioenergy;therefore it

might not happen at low temperatures.

If the physisorption of a gas on a surface is used to study its features, chemisorption

must be avoided.

From an energetic point of view, the physisorption of a gas molecule on the surface of
a solid can be described considering the Lenslamoes potentidl, which takes into
account the interactions between neutral pair of atoms (or molecules) considering an

attractive contribution in thean der Waa form and a short range repulsive term:

-1 —  — eq. 2.4
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The first and second term on the right hand side of the equation are the repulsive and

attractive interaction respectively.

Once a gas molecule approaches the surfagesaiid, the interaction between the

molecule and all the atoms of the surface must be taken into account:
a - eq. 25

Ui (z) is the potential energy of the moleculéhat have a distancfrom the surface
and a digancerj with the atom j of the surface. ER.5is graphically represented in
Figure 2.6: the potential energy has a minimum corresponding to the equilibrium

distance between the adsorbed molecule and the surface of the solid.

2.2.4.1. Adsorptiondesorption isotherms
In a typical N-physisorption experiment, the surface of the solid is firstly vacated from
any gas adsorbed by a process callegiassingThis is done under vacuum while the
sample is submitted to a thermal treatmenthwsitemperature program that depends
on the porous structure of the material. Aftdegassing, the physisorption
measurement starts by bringing the sample to the liquid nitrogen temperature. The
instruments are designed to perform known injections ofj#dd and measure the

equilibrium pressure. The gas injected reaches the surface of the solid and is physically

u; (2)

Figure 2.6 The Lennardlones potential; dependence ol
potential energyocfh mol ecul e on th
surface of the solid.
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adsorbed. The amount of gas adsorbed is plotted against the equilibrium pressure and

theadsorptiondesorption isotherrs obtained.

Adsorptiondesorption isotherms represent the macroscopic evidence of the
physisorption phenomenon and their shape is indicative of the texture of the sample.
Figure2.7 represergthe extended classification of the isotherms released ilashe
IUPAC technical report in 201%

The type I(a) and I(b) isotherms show a very high amount of adsorbed gas at very low
relative partial pressure, with a concave shape. This is typical of a microporous
material, where the very low pores diameter enhances the-gadidnteractions,
leading to the pores filling and reaching the saturation pressure at very low relative
pressure values. The type I(b) isotherm is generated by micropores with bigger size,
compaed with the 1(a).

I(a) I(b)
( —_— r —_—
Il 1}
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Relative pressure ——————m—
Figure 2.7 The IUPAC classification of physisorption isothern®e

printed with copyright © permission by IUPAC and De Gruyter frorm
18
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The type Il isotherm is associated to fmrous materials or materials whose internal
surface area is negligible. This isotherm is generated by the formation of more than
one layer: once the gas molecules are adsorbed on the surftmee sofiid, further
adsorption is possible due to condensation of more gas on top of the first layer. We
note that in thisase the concavity of the curve is different and the system does not

reach saturation. Point B refers to the completion of monotayarage.

The type Il isotherm is generated by systems where there are wealgaslid
interactions. Solids that generate this isotherm are generallyporonis or

macroporous.

Type IV isotherms are generated by mesoporous adsorbents and consequéionforma
of multi-layers. Capillary condensation occurs at relatively low pressure, followed by
a saturation plateau. In type IV(a) the capillary condensation is accompanied by
hysteresis; this generally occurs with pores wider tham4 For adsorbents with

smaller mesopores, hysteresis is not noted, leading to a type IV(b) isotherm.

Type V isotherms are generated by solids where the interactiongyasligre weak.
They differ from ype Il isotherm for the presence of the hysteresis loop and pore

filling at high pressure values

Finally, type VI isotherms are typical of solids with a very uniform and-porous
surface, where the formation of a mu#tyer adsorption gives rise to the stespaped

isotherm.

2.2.4.2. The hysteresis
The hysteresis phenomenon is présensotherms of type IV and V and reflects the
evidence that the evaporation in mesopores takes place at lower relative pressure than
the condensation. Many theories have been developed for the explanation of this
phenomenon. Without going into deep dstawe can explain the hysteresis
considering that, once a pore has been completely filled by a condensed phase, a
meniscus is formed at the liquicipour interphase. In this condition, condensation can
occur at lower pressure than the saturation valaetlais is described by the Kelvin

equation®:

eq. 2.6
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w h e 1 and \bare the surface tension and the molar volume of the liquid the
curvature radius of the meniscus afid the contact angle between the liquid and the

wall of the pore.

When taking into account the description of the adsorption and desorption of a gas on
the surface of a pore, the Kelvin equation is only valid once the meniscus is formed,
therefore for the desorption branch. Conversely, in the case of the adsorpticim bran
when the pore is partially filled, the meniscus is still not formed. A variation of the
Kelvin equation describes this system, differing just for the factor 2 and known as the
Cohan equatioit:

eq. 2.7

Although these equations are not directly used for the calculation of the pore size, they

provide a qualitative thermodynamic explanation of the hysteresis phenomenon.

Six different types bhysteresis have been classified by IUPAEigure2.8. Their
shape can give information about the features of the porous structure of a material.

H1 H2(a) H2(b)

YT J Y

H3 H4 H5

% = 4
/\ —7

Relative pressure ———]m—

Amount adsorbed =

Figure 2.8 Classification of hysteresis loopRe-printed with copyright © permission
IUPAC and De Gruyter from re?’.8
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Type H1 is found in materials witlarrow and uniform mesopores. Type H2 hysteresis

are given by more complex porous structure with fboeking effects due to neek

bottle shaped pores. The difference in the shape between the H2(a) and H2(b) is related
with the size of the neck of the por@ype H3 hysteresis loops are given by materials
with platelike particles or with macropores that are not completely filled. Type H4 is
given by aggregated crystals of zeolites or carbons, with presence of micropores. Type
H5 is quite unusual, but it hégen attributed to materials with both open and partially

blocked mesopores.

2.2.4.3. The determination of the surface area
One of the most important applications of thedlysisorption is the determination of
the specific surface area of the adsorbent. Thackseved by using the Brunauer
EmmetTeller (BET) method, which is particularly effective in the determination of
the specific surface area of nporous materials or macrand mesoporous materials
that exhbit type Il or IV(a) adsorption isotherms. The BET method is based on simple

assumptions:

- The adsorption heat of the first moelayer is constant
- The adsorption heat of other layers is lower than the first
- Aninfinite number of adsorbed layers are allowed

- The rates of adsorption and desorption are the same

With these assumptionshe isotherms can be described with the following BET

equation:

w 2.8
5 eq. 2.

with b 0 eq. 2.9

whereV andVn are the volume of gas adsorbed and the volume of the shagao
respectively and is exponentiallyelated tahe energy associated with therfation

of the mondayer, eq. 2.
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Eq.2.8is usually employe in its linearized form:
Y 5 ® P g P
' — Y5 — eq. 210
wp Y 5 w O w o

The points of the isotherm acquired in the rang® /&b between 0.05 and 0.3 are
employed in the linear plot and the volume of the mkayer,Vm is calculated. The
BET specific area is calculated from it, knowing the molecular esessonal area of
the adsorbate)m:
Y I eqg. 2.11
U U
with N the Avogadro numbei the mass of the adsorbent andthe molar volume

of the adsorbate.

2.2.4.4. Pore size analysis
One of the classic and most used methods to determine the pore size of porous
materials was proposed by Barret, Joyner and Halenda?Bdkich combines the
Kelvin equation, eq. 2,6with a standard isotherm, theurve determined on well
defined mesoporous solids. However, it was demonstrated that the BJH method
underestimatethe pore size for pore diameters < 10 nm. To overcome this problem,
new models havéeen recently developed, based on microscopic methods, such as
DFT simulations, called NLDFP. They allow obtaining more accurate pore diameter

estimations over a wide range of sizes.

2.2.4.5. Equipment
The N-physisorpion measurements presenteimapter 3 have been acquired using
a Micromeritics ASAP 2020 porosimeter, in collaboration with the Functional
Materials Group in Cagliari, (Italy).

The Ne-physsorption measurements shown ihaptes 4 and 5 have been acogr

using a Thermo Scientific gas adsorption porosimeter, Surfer model.

The samplesveredegassed under vacuum while thermally treated with a heating rate
of 1°C/min up to 200C for 10 h.

46



CHAPTER 2

2.2.5. X-ray absorption spectroscopy
X-ray absorption spectroscopy (XA&efers to the analysis of the absorption spectra
of an atom (in a material) near and after the energy required for the ionization of a core
electroi®’?42 The Xray beam required for these measurements must be very intense
over a wide range of energies and it is produced in large facilities sgletirotrons
In synchrotrons, electrons are injected and accelerated inside an electronrstgrage
to kinetic energies above the mega electron volt. In these condiiectrons reach
velocities near the speed of light and their direction is changed by special designed
magnets. The change in direction causes the emission of a very intemge@iation.
The UK facility, DIAMOND, has a ring with a circumference of 561 m; electrons are
accelerated at energy ofGeV emitting Xray radiation with wavelength between 40

and 0.04A. Experiments are carried out in special work stations catedline.
The absorptionof X ays f ol l ow¥ the Beerodos | aw

O  00Q eq. 212

which can be written as:

[ N i A"C)
OCw I'l 7q eg. 2.13

whereg is the absorption coefficient amdhe thickness of the sample.

During the experimenthe wavelength of the -Xays is progressively decreasedia

the result is plotted as the variation of the adsorption coefficient against the energy of
the X-ray beam. As the energy increases the adsorption coefficient decreases until a
certain critical wavelength is reached, where the adsorption coefficienerdydd
increaseskigure2.9(a), Point A At this point, called thabsorption edgethe energy

of the X-rays was sufficient to cause the ionisation of the atom by the ejection of a
core electron. In particular, ifigure 2.9(a), the kabsorption edge of a sample
containing Cd" ions is shown. This adsorption edge corresponds to the ejection of an
electron from the 1s orbitakigure 2.9(b). Much less energetic-¥ays would have

been needed to eject electrons from the 2s or 2p orbitaleV@l) and therefore to
record the kedge of C&". The wavelength at which an absorption edge occurs is

therefore characteristic of each element.
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Two main regions are identified in therdy atsorption spectra of an elemeRigure

2.9(a), which in turns gives the name to the two main techniques that can be ascribed
to X-ray absorption spectroscop¥sray absorption near edge structup€ANES) and
Extended Xay absorpion fine structure (EXAFS). These two techniques are
dominated by different physical processes, containing diffénéomation about the

sample, which are used complementarily duringlitsracterisation

1.6
XANES EXAFS
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Figure 2.9 (@) XAS absorption spectrum dod copper ferrite nanocrystalline sam
showing the Cu Kedge; (b) electronic transition responsible for the abswrp-ray
spectra, with wavelengtralues for CuFigure(b) is repraluced with permissiofrom ref.
6: [Copyright ©John Wiley and Sons
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2.2.5.1. XANES
With XANES we can refer to the region dfe X-ray absorption spectrum that is
approximately 80 eV before and after the absorption edge. The acronym NEXAFS,
which stays foNearedge Xray absorption fine structures also used as synonym of

XANES, especially in the case of light elements sucG,as or O.

This part of the absorption spectrum is mainly influenced by the coordination geometry
of the absorbing atom and by its oxidation state. The oxidation state has consequence
on the position of the absorption edge; in particular, an edge mstyifted by 5 eV

for an increment of +1 in the oxidation state. By a simple finger print method,
measuring the spectra of a known standard, one can easily determine the oxidation
state of an element in a sample, or the ratio of different oxidation stak#s svmixed
sample.

A small peak may appear few tens of electvoits before the main absorption edge.
This soecalled pre-edge pealcan give information about the oxidation state of the
element but also about its coordination geometry. Thigppek is die to excitation of
electrons into a vacant energy level. From the ligield theory we know that the
number of electrons in the highest occupied molecular orbital varies depending on the
oxidation state of the element and on the coordination geometing abrresponding
atom. As general rule, the presence of ag@ak is more pronounced when the atom

stays in a noitentrosymmetric site, e.g. tetrahedral.

The oscillations of the signal immediately after the absorption edge are due to the low
kinetic erergy photoelectrons that interact with the surrounding atoms by mulple
scattering events. This part of the absorption spectrum carries information about the
coordination around the surrounding atoms, although its interpretation is not

straightforward.
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2.2.5.2. EXAFS
With EXAFS we refer to the region of the absorption spectrum that extends #6m
eV up to several hundreds of eV after the absorption &dlgare2.9(a). In this region,
the oscillations of the spectrum are originated by scattering effects between the ejected

photoelectrons and the surrounding of theodtesr atom.

In particular, after absorption of-Kys, the ejected photoelectron can be thought as a
spherical wave that propagates from the absorbing atom. This wave is then partially
scattered by the surrounding atoms and this scattered wave can iob@stcuctively

or destructively with the outgoing spherical wave produced by the absorbing atom
itself, Figure2.10. Due to this effect, the absorption of the absorbing atom is modified,
and sinusoidal oscillations appear foves@al hundreds of electrerolts after the
absorption edge.

The EXAFS signalg(k), is obtained by subtracting the absorption of the isolated atom
(€0, €0.2.14 and changing the domain of the function from energies to wave vector
(eq.2.15):

X-Ray photon %
Constructive

interference

Electron \
wavelength

Destructive
interference

Figure 2.10 The origin of the EXAFS signal
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.. Q eq. 2.14

QN —20 O eq. 2.15

wherem is the mass of the electron akthe reduced Planck constant.

The EXAFS signalg(k), is then fitted using the following equation:

oYY ——— OEJoy QQ Q eq. 216

The following factors in eq. 2.1&re determined during the fit:

- S?% average amplitude factor. It depermtsthe relaxation of the electrons of
the atoms after the photoemission of the core electron. It is usually a value
between 0.7 and 1.0

- R is the distance with the neighbouring atom

- Niis the number of atoms at distarite

- Gi%is the Debyawaller facta?”2®

The first exponential term, containing the Debye Waller factor, takes into account
displacements of the interatomic distances due to structural and/or thermal disorder.
The second exponé&al term takes into account the mean free path of the
photoelectrona(k). The other terms of the equation are:

- Ffik): thescattering amplitude, which depends on the scatterer atoms;
- 0i (k): phase function, which is the sum of two potential function, one given
by the absorber, one given by the scatterer

- k: the wave veadr modulus of the photoelectron

The EXAFS signalg (,lugually decays very quickith increasing k; it is therefore
customary to weight the function multiplying by kr k*. Furthermoreg ( ks )a
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function in the space of the wave vector; the Fouriestaam gives the same function

in the space of the distances, Rach peak that appears in the Fourier transform is
related with the distances with tHe ¢oordination shell. However, it must be taken

into account that this is @seuderadial distributionfunction: peaks are not centred at

the real interatomic distances due to a phase shift and multiple scattering also gives its

contribution to the total function.

2.2.5.3. Data collection and data analysis
The X-ray absorption spectraererecordedon the beamlindB18 at the synchrotron
DIAMOND (Oxfordshire, UK) underapid access, proposal 3R086 The samples,
in form of powder,were diluted with polivinipirrolidine (PVP) in an appropriate
concentration and pressed to form a pellet. The data analysis hasfeemgd using
the software ATHENA and ARTEMB. With ATHENA, the absorption edgep,Hs
determined, and the absorption due to the isolated atom is subtract@dl 4edpy
fitting the preedge and postdge regios. The software ARTEMIS is then used to
perform thefit of the EXAFS region, eq. 2.16
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2.3. Molecular dynamics simulation

2.3.1. The basic idea
With molecular dynamics (MD) we identify a computer simulation technique that
allows predicting the evolution of a systemMfparticles (atoms or molecules) on
time, within the framework of classic mecharfcsin order to run a molecular
dynamics simulation, given a system of N atoms, a set of initial conditions must be

firstly specified. This includes:

- Initial positions i; r2;  &n) and velocities\s; vie; @) of all the N atoms
of the system;

- An interatomic potential which describes the interaction between the atoms as
function of their position, U(; rp; én).

The interatomic potential is chosen depending on the system that is to be simulated. In
the case of ionic solids, such as metal oxides, the CouRuakingham potentidt
has been proven to be particularly effeetilts expression is:

&

N oo i
OA OB~ = eq. 2.17

Yo

The first term on the right hand side of the equation represent the coulombic
interaction, while the second and the third terms represent theikepahd attractive
contribution of the Buckingham potential respectivelyy And C are constant and are
determined by fitting experimental data for each material. The Buckingham potential
is a simplification of the Lennardones potenti&l, eq. 2.4 where an exponential
function is used to describe the repulsive short range interaction, in placerdf the

term.

In Figure 2.11 a representation of the CoulomiBBackingham potentials given.
Depending on the interatomic distance r, the two atoms try to minimize their potential
energy by repulsion or attraction. The force acting on the atoms, due toathis

interaction can be then calculated by its definition:

3 Y eg. 2.18
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Figure 2.11 CoulombiecBuckingham interatomic potential; insets indicate regiongtcd@ion and repulsiol

In a more complex system, where more than 2 atoms are present, the net force acting
on t he6 adwen t6o N surrounding atoms, <can

each pakcontribution:

3 3 eq. 2.19

The accel eration can be cal culmdt & eu snarsg

of the specific atom:

3 & 3F eq. 2.20
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A new set of coordinatesnd velocities rf andvs) can be predicted using a set of

classicalequations of motions and setting a tistep (t):

o 0 +Q0 F0 o eq. 221
> 0 +0 0 Q0 §+o 00 » eq. 2.22

The new set of coordinates and velocities associated to each atonebeacdurn the
initial conditions for a new set of calculations. The dynamic evolution of the atoms

can be then monitored and specific properties calculated.

2.3.2. Amorphisation and rerystallisation
Using MD simulations to calculate specific properties ofaemal involves the need
to obtain a suitable atomistic model of such material. In the case of-oxéedal
nanoparticles, properties such as reactivity, mechanical strength, ionic conductivity,
electrochemical activity, etc. are strongly dependent onrticeostructural features
that the material incorporates. This includes surfaces exposed, point defects, grain
boundaries and dislocations. The simulator is therefore asked to incorporate all these

microstructural features within its atomistic model.

The amorphisation and rerystallisationtechniqué®®® has been extensively and
successfully used to accomplish this purpose. During this process, a cluster of a
specific material in its pristine fo, containing a sufficient amount of atoms, is
simulated using a temperature value and a simulation time high enough to reach its
complete amorphisation. Once the amorphous precursor it obtainenysttslisation

is simulated by careful choice of treperature at which the simulation is performed.
This simulation must be performed under thealbedNVT ensemblehich keeps the
temperature constant during the simulation by the use of specific algorithms that

simulate a thermostat.

Equally to what ocars experimentally, therystallisationis promoted by the formation

of a crystalline seed, which evolves naturally from the random movement of the atoms.
Once the crystalline seed is formed, trgstallisationpropagates until the entire
cluster becomesrystalline.Figure2.12A represents the simulatedystallisationof a
coreshell TiQ-CeQ nanoparticlé®; the temperature has been carefully chosen to

promote thecrystallisationof CeQ while TiO2 stays molten on the surface of the
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nanoparticle. The sequence of images provides the evidence of the formation of a
crystalline seed, which evolves on time, promotingcttystallisationof the CeQ core

of the nanoparticlawith this simulation tehnique, a large number of models of metal
oxide nanomaterials in quantitative accord with experiment have been obtained,
including thin films3® nanoparticles of various shap@sianorod®’ and nanomaterials

with a 3dmesoporous architectife®

2.3.3. The code and graphical software
All the simulations presented in this thesisé&een run using the DL_POLY cdfe

and are presented in Chapter 6 and Chapter 7. Molecular graphics were performed
using VMD* and Materials Studio.

Figure 2.12 (A) Simulated crystallistion of a Ce@TiO2 coreshell nanoparticle showing snapshots of
simulation with the growth of a crystalline seed; (B to D) non doped.®@e@opatrticles; (E to 5Ti-dopec
nanoparticles; (H) enlarged segment of the -strell nanoparticle. Reprinted with permission from Péf;
[Copyright© the American Association for the Advancement of Science]
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CHAPTER 3.

CuFe(Os 7 SIO aerogel and xerogel
nanocomposites: synthesis and

characterisation

The synthesis of Cuk®4-SiO, nanocomposites in form of aerogel and xerogel has
been successfully achieved with high homogeneity. Thgelgbrocedure, wolving

the use of urea as a-gelation agent, has been used, ensuring a good control of the
composition of the nanocomposites. The structural and morpholeb@lcterisation

of the samples has been carried out with a riedihnique pproach involvinghe use

of X-ray diffraction (XRD), Transmission Electron Microscopy (TEM), Thermo
gravimetric Analysis with simultaneous Differential Scanning Calorimetry
(TGA\DSC), N-Physisorption at 7K and X-ray absorption spectroscopy (&\ The
analysis of bothhte X-ray absorption near edge stuet (XANES) and the extended
X-ray absorption fine structure (EXAFS) indicates that the*Gans occupy
octahedral sites within the crystal structure of the copper ferrite and have &eli@nn
distorted coordinationepmetry, forming a tetragonal lattice. Howewbe Fé* ions

do not showlahnTeller distortionandform a cubic sudlattice within the structure.
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3.1.Introduction

Spinel ferrites are a class of ceramic materials with generic formula®4Fe&here

M is a dialent transition metal ion (Mfi Co&*, Ni%*, etc.). Generally, the spinel
crystal structure is defined by the space gredpmwith a cubic unit cell, although a
tetragonal distortion is also possible. Within the unit cell, 32 oxygen ions are
distributed with a cubic closed packed structurgigure 3.1(a); 24 cations are
distributed within the unit cell, occupying 16 of the 32 available octahedral sites,
Figure3.1(b), and 8 of the 64 available tetrah&dsites Figure3.1(c).

I n a &nor ma hvd@lentc@tionmoecupjes dll the tetdahedral sites with the
octahedral sites all occupied by thé'Félowever, the F& canequallyaccommodate

both the tetrahedrahnd the oahedralcoordination not having any crystal field
stabilization energy (CFSE) under the weak field of the oxide ibrike bivalent

cation is present just in the octahedral sites, th& Gecupies 8 octahedral and 8
tetrahedral sites and the spinetis | | ed &éi nver seb. I denti fyi
the letter A and the octahedral ones with the letter B, we can write the generic formula

for a spinel ferrite as follows:

[M2*11 i FES]AIM 2 Fe¥ (21 )] BOa eg. 31

with i the inversion degeeof the spinel. Partial inversion is also possible if the bi
valent cation occupies both octahedral and tetrahedral sites; in that case 0 <i < 1.

Spinel ferrites nanoparticles have recently received increasing attention due to their
magnetic and catalgt properties that differ from the corresponding Bulkn
particular, their magnetic properties make these materials suitable for important
applications such as magnetic storage sysiesitespecific drug delivery and
sensors These properties are strongly dependent on the cation distribution within the

structure and therefore on the inversion degree of the spinel.
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Figure 3.1 Representation of theubic spinel crysti
structure of a ferrite(a) only O? ions presentb)
octahedral sites represented with green baly
tetrahedral sites added using yellow badlfsagesare
created usig the software Materials Stiad
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Furthermore, in the field of catais, particular attention is recently given to the
development of catalysts that can be easily separated, for example by shean

magnetic field, and ferrite nanoparticles are particularly suitable for thisiegjmn.

Copper ferrite nanoparticles have besnthesisedy the use of different synthetic
approaches like combustion roltegerosol method,thermal decomposition of
nitrate$ and coi precipitatio. However, with these methods it was not possible to
achieve highly monodispersed nanoparticles. Furthermore, the problem of aggregatio
is very common for unsupported nanopatrticles, especially in the field of catalysis:
nanoparticles submitted to high temperature thermal treatments tend to aggregate
leading to a decrease of the exposed surface area and therefore of their reactivity. The
magnetic properties of the material are also influenced: the cation distribution in the
spinel structure is highly correlated with the size of the partftlesthis sense, it is

clear the importance to develop syntbetoutes that lead to the formation of

nanoparticles that are highly monodispersed in size.

The dispersion of nanoparticles in an amorphous matrix such as silica aerogel and
xerogel can overcome these problems. In particular, aerogel and xerogel
nanocompsites can besynthesisedising the two steps aclithse catalysed sgkl
technigue described in section 2.1.1 (Chapter 2). During this synthesis, a solution
containing an appropriate amount of metal salts is added to the sol and gelation is
promoted by theise of urea as a base catalysts. Urea ensures a smooth increase of the
pH avoiding the precipitation of metal hydroxides. Once the gel is formed and
submitted to the appropriate drying process, the resulting nanocomposite is subjected
to thermal treatmest During the thermal treatments the metals salts decompose to
facilitate the growth of the metal oxide crystalline nanoparticles, confined within the
amorphous silica porous structure. The result is a hanocomposite with metal oxide
nanoparticles that areomogeneously dispersed and with a narrow distribution of

sizes.

Mn, Ni and Co ferrite nanopatrticles within silica aerogel matrix have been previously
synthesisedwvith this method*? The growth of the nanoparticles within the silica
matrix was limited to 4hm in diameter and the nanoparticles were highly dispersed
and wellspaced, with no aggregation phenomena. Extendealy>absorption fine
structure (EXAFS) and Xay absorption neadgestructure (XANES) wereised to
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elucidate important information concerning the crystal structure of the dispersed
nanophase of sudynthesisedanocomposites. These techniques are elespartific
andsensitiveto the local structure at the short rangejng information thatis not
detectable with conventional techniques likeay diffraction (XRD).

XANES in particular gives information on the oxidation state of the absorbing atom
and on its symmetry. EXAFS gives information regarding the surroundirgeo
absorbing atom, including bond distances, DeWiadler factors, coordination
numbers and d¢en distribution. Previouslypur group determined the inversion
degree of Mn, Co and Ni ferrite nanopatrticles dispersed in silica aerogel matrix: it was
found that the inversion degree increases in the sebemg 0.2, 0.7 and 1.0

respectively:!

Copper ferrite has been found to be a complete inverse Spiith a crystalline
structure that can possessubic or tetragonal unit cell symmetry. Results in réf.
demonstratethat thetetragonalcopper ferrite is stable at room temperature up to 340
°C where the transition to thmubic phase begins. The tetragonal phase is associated
with the Cd*ions occupying the octatimal sites that possess a Jdteller distorted
symmetry, which is very common for® dransition metal ions. In the range of
temperatures between 36@20°C the crystal structure undergoes a transition from a
tetrahedral to cubic phase: this transitionsi r egar ded -da s omde rddo
transformation, with the Cti ions migrating from octahedral sites to tetrahedral
interstitial sites, losing their Jatireller distortion. It was also found that the copper
ions that migrates from octahedral to tetrahesditals are reduced from €uo Cut*

forming an oxygen deficient copper ferrite withbic phaset*

These findings are also confirmdny the work performed by Xingteal!® that
sdectively synthesise@ubic andtetragonalcopper ferrite nanoparticles by changing
the reaction environmentubic copper ferrite was formed submitting the starting
materials at 808C under N flow. In order to preserve thlmibiccrystal structure, once

the oxgen deficient copper ferrite was formed, the temperaturecoaked down
under N atmosphere, not giving the opportunity to the material to restore the oxygen

content. If the cooling process was performed in airtgtiagonalphase was obtained.
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Although a consistent amount of work concerning the crystal structure of copper ferrite
is already present in the literature, all these studies use techniques such as XRD and
Maossbauer spectroscopy. These techniques have strong limitations regardicglthe |
structure surrounding the metal ions: XRD cannot distinguish Fe from Cu due to their
similar scattering factors; Mossbauer spectroscopy does not provide information on
the C#* ion.

In this chapterwe compare silica aerogel and xerogel as a matrigdpper ferrite
nanoparticles and we use XANES and EXAFS spectroscopy in order to elucidate the

local structure of Cti and F&* within the spinel structure of the nanopatrticles.
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3.2.Sample preparation

The aerogel and xerogel nanocomposuese synhesisedfollowing the two-step
catalysed sefel procedure illustrated in section 2.1.1 (Chapter 2). This procedure has
been sucessfully used in previous work order to prepare aerogel nanocomposites
with other metal ferrites nanoparticles with a predsading of the nanophdde
Fe(NG)3:AH,0 (0.7985 g; 0.002 mol) and Cu(M@®.5H0 (0.2299 g; 0.00mol)

are used during the sgkl procedure in order to produce the copper ferrite nanophase.
The quantities have been chosen in order to produce mapostes with a 10 wt %
loading of the opper ferrite nanophase. After gelation starts a®@%he sols were
poured in a cylindrical vial which was sealed and kept &4for 20h: this time was

sufficient in order to complete the gelation.
The gels obtained were then subjected to diffedeying conditions:

- The xerogel nanocomposite was obtained by slow evaporation of the wet gel,
which was achieved by heating at®@for 72h in an open container.

- The aerogel was prepared by subjecting the wet gel to supercritical extraction
of the solvat, asillustrated in section 2.1.2 {@pter 2). The wet gel was
inserted in an autoclave with a volume of 3@ which was filled with 70 ml
of absolute ethanol and flushed with. lhe autoclave was then heated until a
temperature of 336C and a pressa of 70 atm were reached. The autoclave
was then vented to atmospheric pressure to enable the extraction of the ethanol

from the porous silica matrix of the nanocomposite.

After drying, both aerogel and xerogel nhanocomposites were submitted to caleinatio
treatments in static air at 4580 for 1 h. According with section 2.1.1 (Chapter 2),
these nanocomposites will be called hereec
in the case of the aerogel and xerogel respectively. These alteaalted
nanocomposisweresubsequently thermally treated at P&0for 1 h and 6h and at
900°Cforlh. I n the same way, OACuFe750_1h6 ali
the aerogel and xerogel respectively, treated at€50r 1 h. The sme criteria will

be chosen forhe other nanocomposite bulk samplewvasalso prepared folloiug

the procedure in referene
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3.3. Characterisation

3.3.1. TGA\DSC
Both aerogel and xerogelere analysed by means of TGBASC after the drying
process and befe any thermal treatment. The results are reportétigare 32 and
Table 31. The TGA curve of the aerogel is very similar to other aerogel
nanocomposites previously studi®dA weight loss of about 3% occurs at
temperatures below 12C and another 9% weight loss occurs betweenrSIRIPC.
The first event is due to the loss in water that is adsorbed on the surface of the aerogel,
even if the DSC curve does nave a clear endothermic peak. From the DSC curve
in the second range démperatures120-500 °C, we note the presence of two
exothermic events: this is probably due to the decomposition of organics present at the
surface of the aerogel due to its paréaterification, which occurs during the drying
process. Part of the weight loss in this region might be also due to urea residues that
have not completely decomposed during the supercritical extraction. TGA/DSC curves
of urea are reported in Appendix Adigure Al.1, together with the curves of the metal
salts used during the synthesis, Figure A1.2 and Figure A1.3.

The weight loss of the xerogel sample is larger due to the fact that the drying process
is done at low temperature (40) and all the organicomponents of the synthesis are

still present, except the ethanol. A first weight loss of 24 % occurs in the range of
temperature between 220 °C. At this stage, after the loss of the water that is
absorbed at the surface, the thermal decompositidmeahtetal salts occurs, together
with the decomposition of urea, which begins around ZDO(see Figure Al.1,
Appendix Al). In this region, the DSC curve shows an endothermic peak centred at
190 °C. Other two exothermic events occur at higher temperatwih, two
correspondent DSC peaks centred at 241 and@94h this region, the TGA curve
shows a further weight loss of 43 %, which is attributed to the coengdgEomposition

of the urea.
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Table 31 TGA/DSC results for the aerogel and xerogel samples.

Mass change Temperature Enthalpy Residual

Peak
(%) (°C) (kJ-g™)  mass (%)

1 (endo) 2.89 2571 120 /

ACuFe 2 (exo0) 4.34 1207 400 / 81.38
3 (exo) 4.56 40071 500 /
1 (endo) 24.56 190.6 +0.07

XCuFe 2 (exo) 38.50 241.3 -0.17 28.10
3 (exo) 4.66 393.8 -0.21

3.3.2. XRD

In Figure 33, the XRD pattern of the bulk sample is reported, which allows the
identification of the copper ferrite tetragonal phase by comparison with the
corresponding reference pattéfnreportedas tCuFeOs. The additional peak,
indicated with an asterisk, correspsmal a small impurity of Cu€§. The XRDpattern

of the cubic phasd c-CuFeOQs, is also reported for comparison.

The XRD patterns of all the nanocomposites obtained after each thermal treatment are
reported inFigure 34 in the @se of the aerogel and kigure 35 in the case of the
xerogel respectively. Every pattern presents the typical amorphous halo of the silica
matrix. The peaks due to the formation of the copper ferrite nanocrystalline phase
appea after the treatment at 78C in both aerogel and xerogel nanocomposites. No
substantial differences are noted between the treatments & 760 1 h or 6h.
However, the formation of the copper ferrite nanophase is completed & 9dtere

much mordntense peaks appear in the diffraction patterns.

In the case of the amgel and xerogel nanocompositesswas more difficult to
determine unambiguously the phase of the copper ferrite, due to the superimposed
contribution of the amorphous silica, whiahthe largest component. Furthermore, the
peaks generated by the nanocrystalline phase appear broad. However, the best match
was obtained with the reference pattern of the tetragonal phase that is the one stable at

room temperature.

The average crystal €20f the nanophase has been calculated for each sample using

the Scherrerequation (eq.2.2, section 2.2.2.3). Thealues obtained have to be
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consideredas the average size of the crystalline domains of the nanophasetdhe
actualsize of the nanopactes. Table 32 summarsed theresults obtained considering

the most intense peak of the diffraction patterns. As expected, in both cases the average
crystal size increases as function of the calcination temperature, up tovthmecase

of the xerogel and up to 6 nm in case of the aerogel. The typical error on average

crystal size determination islnm.

L bulk-CuFe,O,
j Udi J JILM N A
)
)
- | | t-CuFe,0O,
L ll Ll I
I I | c-CuFe,0O
| | I | R A
10 20 30 40 50 60 70 80 90

20

Figure 3.3 XRD pattern of the bulk Cuk@®4 samplewith the pattern of the tetrago
and cubic phase;GuFeOs and eCuFeOs respectively* indicates a peak identifit
as CuO impuirity.
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Table 32 Crystalliteaveragesize calculategvith the Scherrer equation for all the nanocomposites.

Sample Peak pos. Crystallitesize [nm]
ACuFe450_1h 34,16 3
ACuFe750_1h 35.52 4
Aerogel
ACuFe750_6h 35.56 5
ACuFe900_1h 35.59 6
XCuFe450_1h 35.48 5
XCuFe750_1h 35.46 5
Xerogel
XCuFe750_6h 35.49 5
XCuFe900_1h 35.53 7
Aerogel
ACuFe900 1h
-
5 ACuFe750_6h
~ T e e i

I

I

L

ACuFe750_1h

—— |

ACuFe450 1h

t-CuFe,0,

T |

10 20

30

40

50 60 70 80 90
20

Figure 34 XRD patterns of the aerogel samples after all the thermal treatments. The re
pattern of theetragonalCuFeOx4 crystalline phase is reportedithe bottonof the figure.
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Xerogel
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Figure 35 XRD patterns of thexerogel samples after all the thermal treatments. The refe
pattern of theetragonalCuFeO:s crystalline phase is reportatithe bottom of the figure.
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3.3.3. TEM
The evolution of the nanophase within the amorphous silica matrix of the aerogel and
xerogelwas also monitored by TEM. Iifrigure 3.6 bright field (left) and dark field
(right) images of all the aerogel samples are reported; corresponding images of the
xerogel sample are reportedkigure 37. Fram the bright field images we note the
difference of the matrix texture between the aerogel and xerogel samples. The aerogel
matrix appears as highly porous and much less dense compared with the xerogel. We
also note that the aerogel and xerogel matrix staghanged after the thermal
treatments; this is very important considering applications such as catalysis. However,
from the bright field images is difficult to obtain information concerning the crystalline

nanophase embedded within the amorphous silataixn

The crystalline nanophase can be instead monitored looking at the dark field images,
where the nanarystallites that are in diffraction conditions appear as bright spots on
top of the darker background of the amorphous silica phase. Increasocajdnation
temperature the number and size of the nanocrystals increases in both aerogel and
xerogel samples. The sizes of the nanoparticles have been graphically measured from
the dark field images, although the small number of natiofge does not &w to
havegood statistis; however, the average diameter of the nanoparticles correspond to

7 nm and 6 nm in the aerogel and xerogel samples respectively with the typical error
for the size determination beiggl nm. These results are in agreement WiehXRD.
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ACuFe450_1h

Figure 3.6 TEM imagesof the aerogel samples as function of the calcination temper8tugét field image
are in the left, dark field in the right.
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XCuFe450_1h

100 nm

XCuFe750_1h

XCuFe750_6h

Figure 3.7 TEM imagesof thexerogelsamples as function of the calcinatiomfeeratureBright field image
are in the left, dark field in the right.
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3.3.4. N2 - Physisorption
The porosity of the samples thermally treated at 900 ACuFe900_1h and
XCuFe900_1h, has been analysed by m@&hiN.-physisorption measurements. The
differences in the textural features of the silica matrixes arérowd by looking at
the absorptionrand desorption isotherms, shown Figure 3.8. Both aerogel and
xerogel samples exhibit a type IV isotherm; the shape of the aerogel isotherm is very
similar to those obtained in previous stigffeand is indicative of the presence of a
highly interconnected inner surface and extended mesoporosity, being the increasing
of the absorption curve at relative high partial pressure values. The isotherm generated
by the xerogel sample is different: the more pronounced adsorption at relative low
partial pressure values is indicative of microporosity; this was expected for this
sample. Both isotherms present a hysteresis loop that can be classkigdyas n
the case of the aerogel and H2fgpe in the case of the xerogel. The-type
hysteresis loop located at high values of partial pressure indicates that the pore size is
in the upper range of mesoporosity, typical feature for aerogel samples. The hysteresis
loop of the isotherm generated by the xerogel sample closes at lower values of partial
pressure, indicating the presence of a narrower distribution of smaller pores. This is
confirmed by the pore size distribution obtained by the analysis of the desgration
of the isotherm, assessed by the BJH mefAddble 33 provides the values of surface
area S, calculated by BET method, the total pore volugtedéther with the average

pore diameter.

Table 33 Nz-physisorptionresults for the aerogel and xerogel nanocomposites after calcine
900°C. Surface a® S, pore volume, ¥ and porediameer are reported.

Sample S(m2.g7 Vp (cm3.g1l) Porediameter (nm)
ACUFe900_1h 325 2.53 30
XCuFe900_1h 224 0.47 6-7
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Figure 3.8 N2 physisaption isotherms of the ACuFe90h ftop) andXCuF&00 1h (bottom’
sampleand pore size distribution calculdtesing the desorption branch (inset)
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3.3.5. X-rayabsorptionSpectroscpy (XAS)
The analysis of the absorption spectra in the XANES region gives information on the
oxidation state and local environment of the absorbing atom&igure 3.9 the
XANES spectra of ACuFe900_1h and XCuFe900 1h are reghaidgether with the
bulk sample. At the Fe 4€dge, the spectra of thiéFeOs (hematite) and-FeOs3
(maghenie) are reported superimposedtbose of the samples while, at the Cu K

edge, the absorption spectra of CuO (tenorite) is also reported. Titierposboth Fe

| FeK-edge | | Cukedge |
2.4 2.4
’\l 0.20 0.15
! 0.15
— 2.0 4 ] “ 20 - 0.10 .
1y 0.10 0.05
T 16 " \ 0.05 D16 g
— Y 164 \ w 16
(GRS Im N 000 x 0.00
|3 | \ 7106 7111 7114 - 8970 8975  898(
O|nN 12 / 812
| g 8
B 2 081 5 o5
L 0.4 - 0.4 -
0.0 T T T 0.0 T T T T
7100 7120 7140 7160 7180 8960 8980 9000 9020 9040 9060
E (eV) E (eV)
24 ’«‘ 0.20 24 0.15
[ 0.15
— 2.0 | '| 20 - 0.10
1y 0.10 A
(B} 0.0 —
o 1.6 (Y g Ay 016
o x* ] N 0.00 F== x
o)l - 1 \ 7106 7111 7114 b
o8 121 N 812
= [
X|E :
S 084 S 08
L 0.4 0.4
0.0 T T T 0.0 T T T T
7100 7120 7140 7160 7180 8960 8980 9000 9020 9040 9060
E (eV) E (eV)
24 - 24 020
I 0.5
N 2.0
N 2.0 4 1y : 0.10
" \ vt
\ ', ~So - -
— g —~ 1.6 1
@ 161 PN oo FEEE @
A AT 7106 7111 711p A
v =] M\ °
S8 121 &2
o= 3
€ €
S 08 5 0.8
4 z
0.4 - 0.4
0.0 T T - 0.0 T T T T
7100 7120 7140 7160 7180 8960 8980 9000 9020 9040 9060
E (eV) E (eV)

Figure 3.9 XANES spectra of ACUFe900_1h and XCuFe900_1h, together with the bulk sample, at the Fi
K1 edge. Bold line: samples; dotdFe0s in the case of Fe #dge, CuO in the case of Cuefige; dashed lin
2-FeOs. The prepeak region is enlarged in the inset.
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and Cu edges are typical offand Cd*%2% values of the absorption edge$)(&nd
oxidation states are reportedTable 34. A close inspection of the ppeak region,
enlarged in the insets ifigure 3.9, can give qualitative information about the
coordination geometry of the absorbing atoms. This region of the spectra is mainly due
to transitions involving 3d orbitaA$and the intensity of the pexige peak is sensitive

to the bcal coordination geometry of the metal ion, being more intense in the case of
noncentrosymmetric sites, like the tetrahedral ones. We note that a definpegbre

is present at the Fe-&dge indicating the presence of Fe atoms in the tetrahedral
positiors. The prepeak in the case of the Cud€ige is much less intense, indicating
that the majority of Cti ions are present in octahedral positions. This is an indication

that the spinel is likely to be completely (or highly) inverted.

From a qualitative poit of view, we also note that the XANES spectra of both aerogel
and xerogel samples are very similar to the bulk, showing the same features at both Fe
and Cu kedge. This can be an indication that the samples possess the same crystalline

phase as the bulk.

To obtain more information on the local environment of the metal ions within the
crystal structure, the analysis of the EXAFS region has been perfoFigede 3.10
shows the #6(k) and the corresponding Fourier transforms (FTs) of th&-@dge;
Figure 3.11 shows the (k) and the corresponding FTs of the K=edge. FTs are

corrected for phase shift.

The FTs, of both Cu and Feddge, show two main pks. The first peak is generated
by the distances between the absorber (i.e. Fe or Cu) and its first coordination shell
with oxygens, while in the second region the most important contributions are given

by distances between Fe and Cu cations.
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Table 34 Absorption energies and oxidation states for the samples and references for both C
K-edges

Sample Element Oxidation state EC (eV)
Cu 2+ 8990.0

ACuFe900_1h
Fe 3+ 7126.8
Cu 2+ 8990.0

XCuFe900 1h
Fe 3+ 7126.8
Ui Fe,O, Fe 3+ 7126.5
o1 Fe,O4 Fe 3+ 7126.6
CuO Cu 2+ 8990.1
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Figure 3.10k3g(k) (right) and corresponding FTs (left) of the EXAFS region at th&@algefor the bulk, aerog

and xerogel sampleBull line: experiment; dots: fit.
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Figure 3.11k3g(k) (right) and corresponding FTs (left) of tBXAFS region at the Fi§-edge for the bulk, aerog
and xerogel sampleBull line: expeiment; dots: fit.
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Considering that the distance between two octahedral sites in the spinel crystal
structure is centered approximately around &.@ind the distances involving the
tetrahedral sites are all centered around®3.the qualitative analysis dfie FTs can

give information on the inversion degree of the spinel. In particular, looking at the FTs
at the Cu Kedge,Figure3.10, we note that, in the region between 2.5 and?4.the

most intense peak is centered around®0A; this peak is due to distances involving
two octahedral sites (MMg, see e(3.1); considering that this peak is the most intense
in the FT at the Cu #dge, this can be an indication of the presence of &fl iGos

at the octahedral positions withe the backscatter being either &Car a Fé* ion.

The peak around 3A is much less intensehis is another indication that €uons

are mostly located at tetrahedral sites, and this peak is generatadNy Mstances

with Fe** as the backscattén tetrahedral sitesThe sme features were previously
found for nickel ferrite nanoparticlé$in the case of the Fe-&dge, the iron ions seem

to be equally distributed between octahedral and tetrahedra, sitece the
contribution at 2. due to Ms-Mg distances and the one at & 8lue to M\-Mg/ Mg-

Ma and Ma-Ma distances have comparable heights.

In order to perform the fit of the EXAFS region, a careful choice of the thealretic
model is to be made. Thedt attempt of fitting the data at the Cueldge done using

a model of theeubiccopper ferrite crystalline phase did not give a satisfactory result.
However, it is known from the XRD analysis performed on the bulk sample that the
copper ferrite has getragonalcrystalline phase. Although the XRD analysis on the
aerogel and xerogel samples does not determine unambiguously the crystalline phase,
due to the broadening of the peaks, we note that the XANES spectra, at both Fe and
Cu K-edge, show the same festltshown by the bulk sample. With this qualitative
indication, we have chosen a model dietragonalcopper ferrite crystalline phase
comprising 9 coordination shells, up to a distance &fid order to fit the EXAFS
spectra at the Cu-Jdge. his modelakes into account the Jafieller distortion that

is particularly strong for the first peak of the FT.

During the fit, coordination numbers were kept fixed, given by the crystal structure,
and t he dj the Rebyewaler fActgrR{?) andgE’ left free to vary. &

has been determined by fitting data of the bulk sample, and then kept fixed for the
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fitting of the aerogel and xerogel samples. We also note that, in the case of the Cu K
edge, the M-Mg contribution, which is the distance between wabahedral sites, is
given by two different components: the octahedral sites are occupied by both Cu and
Fe atoms. This contribution has been fitted considering that the backscatter is either
Fe or Cu, with occupancy of 0.5. The best fit parameters aceteepin Table 3.5,

Table 3.6 and Table 3.7 for the bulk sample, aerogel sample and xerogel sample

respectively.

By looking at the values of the distanceg can appreciate ¢hthe Jahn Teller
distortion; the very differenDebyeWaller factors indicatethat the apical positions

at the first coordination shell of the €unave a higher degree of disorder.

Table 3.5 Best fit parameters obtained by fiy the experimental EXAFS spectrithe bulk samplat the Cu K
edge with a 9 shell model of a tetragonal copper ferrite. Coordination numberst@katomic distances (R),
DebyeWaller factors S?, o and Rfactorare shown.

Bulk CuFgO, Cu Kedge
Abs.c Backscatter N “2(R?) RA) Occupancy
CuO 4.0 0.006 = 0.001 1.97 £0.01 1.0
CuO 2.0 0.011 £ 0.004 2.24 £ 0.03 1.0
CuCus 2.0 0.004 £ 0.002 2.86x 0.02 0.5
CuCuws 4.0 0.007 £ 0.003 2,98 £0.01 0.5
CuFes 2.0 0.004 £ 0.002 2.86+ 0.2 0.5
CuFes 4.0 0.007 £ 0.003 2.98%= 0.1 0.5
CuFen 4.0 0.008 + 0.002 3.42 £0.02 1.0
CuFen 2.0 0.009 £ 0.003 3.62+£0.03 1.0
CuO 2.0 0.040 3.557 1.0
CuO 4.0 0.040 3.633 1.0
CuO 2.0 0.040 3.705 1.0
$°=0.9+0.1 ne=-1+1

R-factor = 0.014
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Table 3.6 Best fit parametergbtained by fitting the experimental EXAFS spedfahe aerogel sampk the Cu
K-edge with a 9 shell model of a tetragonal copper ferrite. Coordination numbeistéatomic distances (R)
DebyeWaller factors S?, o and Rfactorare shown

ACUF®00 1h Cu Kedge
Abs:-Backscatter N “2(R?) RA) Occupancy
CuO 4.0 0.007+ 0.001 1.97£0.01 1.0
CuO 2.0 0.009+ 0.003 2.22+0.02 1.0
CuCuws 2.0 0.005+ 0.001 290+0.01 0.5
CuCuws 4.0 0.010£ 0.003 3.00£0.02 0.5
CuFes 2.0 0.005 £ 0.001 290+ 0.01 0.5
CuFes 4.0 0.010+£ 0.003 3.00 £ 0.02 0.5
CuFen 4.0 0.010+ 0.002 3.44 £ 0.03 1.0
CuFen 2.0 0.012+ 0.006 3.65 £ 0.06 1.0
CuO 2.0 0.040 3.557 1.0
CuO 4.0 0.040 3.633 1.0
CuO 2.0 0.040 3.705 1.0

$%2=0.9 ne=0+1

R-factor = 0.021

Table 3.7 Best fitparameterebtained by fitting the experimental EXAFS spedfahe xerogel samplat the Cu
K-edge with a 9 shell model of a tetragonal copper ferrite. Coordination numbeistékatomic distances (R),
DebyeWaller factors S?, g0 and Rfactorare shown

XCuF®00 1h Cu kedge
Abs:-Backscatter N “2(R?) RA) Occupancy
CuO 4.0 0.006 + 0.001 1.96+£0.01 1.0
CuO 2.0 0.011 £ 0.003 2.22+0.02 1.0
CuCus 2.0 0.006 = 0.001 2.90+ 0.02 0.5
CuCuws 4.0 0.011 £ 0.003 2.98 + 0.02 0.5
CuFes 2.0 0.006 + 0.001 2.90 £ 0.02 0.5
CuFes 4.0 0.011 £ 0.003 2.98+£0.02 0.5
CuFen 4.0 0.010 £ 0.001 3.43+0.02 1.0
CuFen 2.0 0.011 £ 0.004 3.62+0.04 1.0
CuO 2.0 0.040 3.557 1.0
CuO 4.0 0.040 3.633 1.0
CuO 2.0 0.040 3.705 1.0

S%=0.9 ne=0zx1

Rfactor = 0.014
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Although thetetragonalphase was used to fit the EXAFS of the GedQge, the best

fit of the EXAFS of the Fe Kedge,Figure3.11, was obtained consideringcabic
phase. F& ions have been considal to be in octahedral and tetrahedral sites with an
occupancy of 0.5. Taking into account distances up t84a04 shell model have been
used for the contribution of the Fe atoms in tetrahedral sites and a 5 shell model for
the Fe atoms in octahedrates. In the case of the Fe ions in tetrahedral sites, the
distances with the atoms in octahedral sites-{#k) are due to either Feor Cu#*:

the two contributions have been considered separately, scaling the occupancy by 50%,
therefore to 0.25. The santleing has been done for the distances considering the
absorber in the octahedrmsites As it has been done for the Cuedge, also during

this fit the coordination numbers have been kept fixed to the values given by the crystal
structure while distancés qp)Rand the Deby&Valler factors {?) left free to vary. The

best fit psameters are reported frable 3.8, Table 3.9 and Table 3.10 for the bulk
sample, aerogel sample andoggl sample respectively.

Table 3.8 Best fit parameters obtained by fitting the experimental EXAFS spectra of the bulk sample at the Fe K
edge with a 4 shell model in the case of the tetrahei@esdind a 5 shell model in the @asf the octahedralite

using a cubic copper ferrite mod€loordination numbers (N interatomic distances (RpebyeWaller factors

S¢?, g0 and Rfactorare shown

Bulk CuFgOs Fe kedge
Abs.c Backscatter N “2(R?) RA) Occupancy
Fex-O 4.0 0.005+ 0.003 1.90 £ 0.05 0.50
Fex-Fes 12.0 0.009+ 0.002 3.45+£0.02 0.25
Fe-Cws 12.0 0.009« 0.002 3.45+0.02 0.25
Fex-O 12.0 0.02+0.1 35104 0.50
Fex- Fen 4.0 0.005+ 0.002 3.63+£0.03 0.50
Fes-O 6.0 0.011+ 0.009 1.98 £+ 0.04 0.50
Fes-Fes 6.0 0.007+ 0.001 2.97 £0.01 0.25
Fes-Cws 6.0 0.007+ 0.001 2.973+ 0.01 0.25
Fes-Fen 6.0 0.009+ 0.001 3.455+ 0.02 0.50
Fes-O 2.0 0.04£2 3.552 0.50
Fes-O 6.0 0.03x1 3.649 0.50
$?=0.7+0.1 ne=-3+2

Rfactor = 0.011
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Table 3.9 Bestfit parameters obtained by fitting the experimental EXAFS spectra afatugelsample at the Fe
K-edge with a 4 shell model in the case of the tetrahsdesland a 5 shell model ithe case of the octahedral
sitesusing a cubic copper ferrite modé&oordination numbers (NN interatomic distances (RDebyeWaller
factors S?, oo and Rfactorare shown

ACuFe900_1h Fe Kedge
Abs.c Backscatter N 2R3 RA) Occupancy
Fex-O 4.0 0.001 £ 0.001 1.87 £0.01 0.50
Fex-Fes 12.0 0.009 £ 0.003 3.450 £ 0.04 0.25
Fe-Cuws 12.0 0.009 £+ 0.003 3.450 £ 0.04 0.25
Fex-O 12.0 0.01+£0.2 35+0.1 0.50
Fex- Fen 4.0 0.006 + 0.005 3.6+0.2 0.50
Fes-O 6.0 0.003 £ 0.001 2.00+0.01 0.50
Fes-Fes 6.0 0.007 £ 0.001 2.98+0.01 0.25
Fes-Cws 6.0 0.007 £ 0.001 2.98+ 0.01 0.25
Fes-Fen 6.0 0.009 £+ 0.003 3.45+0.04 0.50
Fes-O 2.0 0.01+0.8 3.55 0.50
Fes-O 6.0 0.03+04 3.65 0.50
$°=0.7 n8=-26+0.7

R-factor = 0.013

Table 3.10 Bestfit parameters obtained by fitting the experimental EXAFS spectra afettoggesample at the Fe
K-edge with a 4 shell model in the case of the tetrahsidesand a 5 shell mael in the case of the octahedral
sitesusing a cubic copper ferrite modé&oordination numbers (NN interatomic distances (RDebyeWaller
factors S?, oo and Rfactorare shown

XCuFe900_1h Fe Kedge
Abs.c Backscatter N 2R3 RA) Occupancy
Fex-O 4.0 0.001 £ 0.001 1.87 £0.01 0.50
Fex-Fes 12.0 0.008 £ 0.003 3.45+0.04 0.25
Fe-Cws 12.0 0.008 £ 0.003 3.45+0.04 0.25
Fex-O 12.0 0.01+0.5 35+£0.2 0.50
Fex- Fen 4.0 0.005 £ 0.004 3.59 £ 0.08 0.50
Fes-O 6.0 0.003 £ 0.001 1.99 + 0.01 0.50
Fes-Fes 6.0 0.007 £ 0.001 2.97 £0.01 0.25
Fe-Cus 6.0 0.007 £ 0.001 2.97+£0.01 0.25
Fes-Fen 6.0 0.008 £ 0.003 3.45+0.04 0.50
Fes-O 2.0 0.01£3 3.55 0.50
Fes-O 6.0 0.03+0.3 3.65 0.50
$°=0.7 n 9=-3.0+0.8

Rfactor=0.011

88



CHAPTER 3

3.3.6. Discussion
The tetragonal phase, well documented in the literature for the copper ferrite structure,
is caused by th@ahnTeller distortion on the Ctiions that are located at octahedral
sites. The six GO distancest®uld be considered as two different coordination shells,
with 4 short CuO distances and with two longer ones. This distortion at the octahedral
sites occupied by the €lions causes a distortion along one direction of the unit cell,
forming the tetragaal system. However, the octahedral sites within the unit cell are
not entirely occupied by Gtiions, but F&" ions occupy half of these sites. XRD does
not distinguish the contributions of Cu and Fe atoms separately and the consequence
of thisis that allthe published crystal structures for copper ferrite consider aféo Fe

to have alistorted octahedral geomefd

The use of the EXAFS spectroscopy allowed us instead to find that theRe do

not show any Jahn Teller distortion, being all the sbOFdistances identical on the

first coordination shell: we were able to fit the EXAFS region at the feeldge only

by using a cubic crystal system, while the fit using a tetragonal system did not give a
satisfactory result.

In this context we can affirm #t the F&" ions form acubic sublattice within the
tetragonallattice defined by the Ctiions. This is probably possible because the spinel
structure have a number of sites within the crystal structure that are not occupied. The
Cu atoms are located @mly at the octahedral sites and their Jahn Teller distortion
involving mainly the first coordination shell have consequences on the entire structure,
forming a tetragonal lattice. However, Fe atoms probably chose to occupy specific
sites within the struare that avoid the Jahn Teller distortion, formingudoic sub

lattice within thetetragonallattice defined by the Cu ions.
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3.4.Conclusions

In this work, nanoparticles of Cufas dispersed in highly porous silica matrixes have
been prepared reaching a godispersion of the crystalline nanophase. The
nanoparticles have been found to have average crystal sizes between 6 and7 nm. X
ray absorption spectroscopy was found to be extremely useful in order to elucidate
upon features like the cation distribution it the copper ferrite crystal structure. No
substantial differences have been found between the bulk sample and the
nanoparticles. However, the possibility to study separately the local structure of Cu
and Fe atoms allowed us to conclude that the Cuaom$ocated at octahedral sites,

with a geometry that is distorted due to the Jahn Teller effect. This has been identified
as the reason why the stable phase of copper ferrite at room temperature is tetragonal.
Conversely, Fe atoms are located in both loetiaal and tetrahedral sites, but do not
experience any Jahn Teller distortion. The fit of the EXAFS region show that the Fe
atoms define a cubic sdattice within the tetragonal lattice defined by the Cu atoms.
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CHAPTER 4.

Growth of CeQ nanocrystals within silica
aerogel and xerogel matrix: synthesis and

characterisation

In this chapter, the synthesis atithracterisationf new Ce@-SiO, nanocomposites

in form of aerogel and xerogel will be discussed. £@@rig nanocrystals are grown
within the amorphous silica matrix by using cerium (lll) nitrate as a precursor of the
ceria nanophase during the -g@l process. Capping agents are used during this
synthesis in order to facilitate the formation of ceria nanapastwith dimension <

10 nm. Sets of aerogel and xerogel samples have been prepared, changing the capping
agent and its concentration. In the case of the aerogel, tleenarophase starts to
crystalliee during the supercritical drying. Aerogel and xelagamples are treated at
450°C and 90CC for 1h. Thecharacterisatiof the samples has been done by the
use of thermogravimetric analysis coupled with differential scanning calorimetry
(TGA/DSC), X-ray diffraction (XRD), transmission electron micropgd TEM) and

N2 physisorption. The results show how the different nature of the amorphous silica
texture and the presence of the capping agent influence and drive the growth of the
ceria nanoparticles. Results also show that the presence of the amorteoosasrix
prevents the aggregation of the nanoparticles under thermal treatment, a common

problem in the case of unsupported nanopatrticles.
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4 .1.Introduction

In the last years, increasing attention has been given to the development of new
synthetic rotes for ceria nanomaterialsThis interest comes from the extraordinary
properties exhibited by cerl@ased nanomaterials in terms of reactiviGeria acts in

fact as an oxygen buffer,leasing and storing oxygen ions depending on the oxygen
partial pressure of the environment, retaining the fluorite struteigure 41. This

unique property originates from the labile aadersible redox cycle between‘and

Ce*, generating the following equilibrium:

CeO2,z— (Ce®*"2)(Ce**1-2x)02i x + X2 Oz + XVo™

Oxygen ions are released and stored through a vacancy driven mechaisn
property is particularly enhanced at the nanoscale, andftiigction of size and shape,
leading to the need of a careful rationalization of the synthetic methods. Hydrothermal
and solvothermalcrystallisation thermal decompositién precipitatiort and spray
pyrolysi€ have been successfully used sgnthesiseceria nanparticles with
polyhedral, cuboidat® and spherical shagesianorod¥, nanotube’¥ and nanoceria

with 3-dimensional mesoporous architectdre

From a catalytic point of view, ceria nanostructured materials are promising catalysts
for important industrial processes like the preferential oiadadf CO, elimination

of autoexhaust gasésand low temperature water gas shift

It has been demonstrated that the cataltitvity of ceria nanomaterials is strongly
dependent on theumberof oxygen vacancies that is formed and this is function of

the shape of the nanoparticilesZhang € all® demonstrated that cubic ceria

Figure 4.1 Fluorite crystal structure of CeOCe
atoms: blue spheres; Oxygen atoms: red spt
Reproduced with permission from referent®
[copyright © Royal Society of Chemistry]
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nanoparticles show a potential enhanced catalytic activity in comparison with their
polyhedral counterpatHowever, one of the main problems of these materials is their
thermal stability. In that work the authors show thateceubic nanoparticles suffer
aggregation phenomena after thermal treatment a?®@0@ading to a decrease in the
surface area and therefore initheactivity. In this sense, if these nanoparticles have
to be used in heterogeneous catalysis, new metioaabtain ceria based nanomaterials

stable under thermal treatments must be found.

Silica aerogel and xerogel have been extensively studied in the past because of their
extraordinary properties; these materials find application in seéflsahermal
insuatior?!, drug delivery?, adsorption of organic pollutadtsand heterogeneous

catalysig*.

In terms of heterogeneous catalysis, part of the research on silica aerogels and xerogels
has been focused on the synthesis of nanocomposites where a reactorgstaltine

phase, often in form of nanoparticles, is dispersed within the silica matrix. Its open and
highly porous texture makes this material suitable for this application. Once the
nanoparticles are dispersed within the porous matrix, they are kel lapiting the

aggregation phenomena under high temperature treatments.

Our group developed a synthetic procedure gynthesise these kinds of
nanocomposites by egelation of both the precursor of the silica matrix and the
dispersed nanophaSeThissokgel procedure, detailed in Chaptefs2ction 2.1.1), is

a two-stepacid-base catalysed reaction, with the use of urea agjelation agent; the

use of urea avoids the precipitation of the metal hydroxides from the precursor of the
dispersed nanophasensuring a good control of its homogeneity within the silica
porous matrix. With this method, nanocomposites containing either meta®aitoy

and metal oxid€ nanoparticles within the aerogel porous matrix have been
successfullysynthesisedeachinga high homogeneity and narrow size distribution of

the dispersed nanophase.

Nanocomposites containing Ce@anoparticles dispersed within the aerogel and
xerogel matrix have not been yet reported in the literature. In this chapter, we show
the synthesis ahthe characterisatiorof this kind of nanocomposites. In order to
achieve the formation of the nanoparticles, we have used capping agents during the

synthetic procedure.
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4.2.Sample preparation

The samples discussed in this chaptere prepared following theynthetic method
described insection2.1.1. Briefly, an ethanolic solution (7.5 ml) of cerium nitrate
pentahydrate (Ce(N§ ASH,O) and the appropriate capping agent was added to the
prehydrolysed TEOS (7.9 ml) under acidic conditions. A solution caomta urea
(3.513 g, 9 ml of ethanol, 4.92 ml of distilled water) was then added and the resulting
solution stirred under reflux (8%) until it became more viscous. Gelation was then
completed in a sealed cylindrical vial at 4D for 24h. Xerogel sampkewere then
obtained by simply drying the gel in open air aP@(for 72h. Aerogels were instead
obtained submitting the gel to supercritical extraction of the ethanol, as described in

section2.1.2.

A first series of samplesassynthesisetty using ddecanoic acid as a capping agent;
the amount of ceria precursgascalculated in order to obtain a loading in G@hase

of 5wt %, 10 wt % and 15 wt%, Table 2.3 (Gapter 2); the dodecanoic aciés
used in 1:4 C¥/dodecanoic acid molar ratio. A sexb series of samplewas
synthesised by using two additional®*@dodecanoiacid molar ratios, 1:1 and 1:8,
while keeping a 5 wlb CeQ loading. Lastly, a that series of sample was synthesis
by changing the nature of the capping agent, using hexaaidicin Table 2.3 (chapter

2) the details of all the syntheses are outlined.

After the synthesis, samplegeresubjected to thermal treatments at 4680and 900

oC for 1h. Samples will bmamed hereafter depending on the thermal treatment: as an
exampleA15CeQ_dod1:4_450 is used for the aerogel samples witivtl56 CeQ
loading, with dodecanoic acid as capping agent in molar ratio 1:4, treated°at #50

one hour. Xerogel samples praceaamEddAdi hg
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4.3. Characterisation

4.3.1. CeQ-SiO; nanocomposite without capping agent
A first attempt was made to synthesise a £8(@, aerogel nanocomposite without
the useof a capping agent. The twsiep aciebase catalysed sgel synthesis was
applied by using cerium nitrates precursor for the ceria phase Hgure 4.2, two
TEM images of the nanocomposite obtained after supercritical extraction are shown,
together with the corresponding XRD pattern. The TEM images show the presence of
spheroidal prticles with dimensions spanning from 150 nm to 500 nm on top of the
highly porous silica aerogel matrix. The XRD pattern allowed us to identify the
presence of cerium carbonate hydroxfdevhose reference pattern is shown by the
dashed line. The peakpear intense and narrow on top of the superimposed
contributiondue to the amorphous silicBhe XRD pattern also shows the presence of
an additional broad and weak peak, indicated by the asterisk, due to the presence of a

small amount of nanocrystallireerie®.

Similar ceria particles, with average diameter of 320 nm and spherical shape,
synthesised in presence of urea, were already reported in the litétdtutleat work,

the authors prepared ceria nanospheres using a hydrothermal route invaeinbhe

authors show that the decomposition of urea, which formg @ms, play a crucial

role in determining the size and shape of the ceria nanopatrticles, forming a crystalline
cerium (Ill) carbonate phase that then evolves toe@er thermal treatemt. It was

also shown that the decrease of the amount of urea used during the synthesis caused

an increase in the particles size, up tem. The authors suggested that the ceria
particles crystalbe around the ammonia bubbles (due to the urea decompdsitat

act as a Ostructure directing agento. By

environment is lower and ammonia forms bigger bubbles, leading to bigger particles.

In our case, the s@el synthesis and the supercritical extraction formiféerent
reaction environment, but a consistent amount of urea is used. Urea decomposes during
the supercritical extraction of the ethanol and a sinsifgstallisationrmechanism can

be supposed. However, no further investigation has been done on tpie sarce the

main aim in this thesis was to obtain small particles capable of storing large amount

of oxygen vacancies.

97



Growthof CeQ nanocrystalswithin silica aerogel and
xerogel matrix: synthesis arwharacterisation
For this reason, the following attempts in synthesising £&0, aerogel or xerogel
nanocomposites were done using capping agentéackamts are used as capping
agents during the synthesis of nanoparticles either to inhibit their growth or to inhibit

the growth of specific facets where they preferentially bind.

Among several classes of surfactants, fatty acids with long cahzons such asleic
acid'® and hexanoic acid® haveshown towork well to control the growth o€eQ
nanoparticles with controlleshape.The carboxylic acid group binds selectively the
{100} surface of the crystal, stopping theystallisationgrowth in thatdirection
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Figure 4.2 Top: two TEM images of the samplbtained by performing the sglel synthesis without the use ¢
capping agent. Btom: XRD pattern of the sample (full line) and reference XRD pattern of @@8(has
(dashed line).
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In this work, the purpose of using a carboxylic acid is to limit the growth of the
particles. Supposedly, the capping agent that binds to the surface of a small just formed
nanoparticle avoids the particle growth by oriented attachar®stvald ripening?

Results are discussed in the next sections.
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4.3.2. CeQ-SiO; nanocomposites with G#dodecanoic acid 1:4
In this section, theharacterisationf the Ce@-SiO, nanocompositesynthesisedy
the use of dodecanoic acid as pmiag agent in 1:4 G&dodecanoic acid molar ratio

will be discussed.

4.3.2.1. TGA\DSC
Figure 4.3 shows the TGA/DSC curves of the samples Al5€e0d1:4 and
X15CeQ_dod1:4 The temperature range investigatad25-800 °C with a ramp of
10 °C\min. The TGA curve in the case of the aerogel is similar to those obtained in
previous studies oraerogel nanocomposites synthediswith a similar segel
proceduré’. After a loss in weight of about 3% around 19D due to the water
absorbed on the surface, the aerogel undergo a further weight loss of about 13%. The
DSC curve showsnvo main exothermic peaks, cesd at 22°C and 416 C, which
are likely due to the combustion of organics. The silica matrix is partially esterified
after the supercritical drying, as already mentioned in (section 1.1.3). Organic residuals
from the incomplete decomposition of the dodecanoic acid might be also present; for
a comparison, TGA/DSC curves of stagimaterials are also reportedAppendix
Al. The residual mass of all aerogel samples is found to be always abova &0i%o (
4.1).

The residual mass in the case of the xerogel samples has been found instead to be
around 30% for allamples. This is mostly due to the presence of a consistent amount
of ureag which is still present in the sample, because the gel in this case was dried at
40 °C. The DSC curve shows the presence of 4 peaks. The endothermic peak
associated with the largeskight loss is centred between 220 and Z3@nd this is

due to the decomposition of urea. This can be verified by comparison with the
TGA\DSC curves of pure urea, Appendix Al, Figure Al.1. TGA/DSC curves for the
other nanocomposites are very similariioge shown ifFigure4.3 and are reported

in Appendix A2, Figure A2 2.

Table 41 summarigs the results for all the nanocomposites analysed including the
mass bange, temperature and heat exchange assoadigttecdtach DSC peak. The
same parameters are shown in Table A1.1 and-B1Appendix Al) for the starting

materials.
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Figure 4.3 TGA\DSC curvesof the 15wt. % CeQ-SiO. aerogel (top) and xerog
(bottom) nanocompositeSGA: bold line; DSC: dots
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Table 41 TGA\DSC resultsfor the aerogel and xerogedsmp |l es di scussed in th
used to indicate an exothermic or endothermic event respectively.

Mass change Temperature Enthalpy Residual
Sample Peak
(%) ) (kJ-g™ mass (%)
1 (exo) 8.00 227.1 -0.42
A15CeO,_dod1:4 81.38
2 (exo0) 4.65 416.0 -0.29
1 (exo) 7.33 298.5 -0.37
A10CeO,_dod1:4 81.81
2 (exo) 6.63 420.2 -0.57
1 (exo) 5.00 289.3 -0.24
A5CeO,_dod1:4 84.07
2 (exo0) 6.14 523.8 -0.17
1 (exo) 8.00 144.0 -0.09
2 (endo) 41.63 229.1 +0.52
X15CeO,_dod1:4 28.10
3 (exo) 5.45 326.3 -0.11
4 (exo) 5.84 389.0 -0.25
4.3.2.2. XRD

After thermal treatments at 4%C and 900 °C, all samples have besmlysed by

mears of XRD; patterns are shown iRigure 4.4 for the A15CeQ@ dodl1:4 and
X15CeQ_dod1:4 samples. The reference pattern for the ceria crystal structure is
superimposed with ashed lineg® All patterns show the typitehalo due to the
amorphous silica matrix; in the case of the aerogel, the peaks due to the ceria
nanocrystalline phase are already present after the supercritical extraction. The XRD
peaks of the sample thermally treated at 9DGappear more intense andrrower,

which is an indication that the mean size of the nanopatrticles increases. In the case of
the xerogel, the peaks due to the formation of the ceria crystalline phase appeared just

after calcination at 90%C.

By comparing the XRD peaks of the aezbgnd xerogel samples treated at 900Gt

can be seen that the peaks of the xerogel appear much broader; this is an indication of
the presence of smaller crystallites. The average dimensions of the crystallites have
been then calculated using the Scheaguation (section 2.2.2.3, €82) and are
reported inTable 4.2. In the case of the aerogel, the average dimension of the
crystallites increases with the calcination temperature up to 6 nm. In the case of the

xerogel, an avege size of 2 nm has been determined for the sample treated®.900
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We also note a decrease of the average crystal size of the dispersed nanophase with
the decrease of the ceria loading in the aerogel, dowmto & the case of the\st.

% CeQ-SiO2 nanocomposite. Typical errors on the determination of the average
crystal size are 1 nm. XRD patterns of the aerogel samples witlwL®6 and 5Swt.

% ceria loading are reported in Appendix A2, Figure A2.3

Table 4.2 Averagecrystallite size calculated using the Scherrer equation for all samples analysedenttbis

Sample Peak pos. [ Omgsdalitesize[nm]
A15CeO, dod1:4_NT 47.26 3
A15CeO,_dod1:4_450 47.47 4
A15CeO,_dod1:4_900 47.45 6
X15Ce0O,_dod1:4_450 no peaks /
X15CeO,_dod1:4_900 47.26 2
A10CeO,_dod1l:4 _NT 47.26 3
A10CeO, dod1:4 450 47.43 4
A10CeO,_dod1:4_900 47.47 5
A5CeO,_dod1:4_NT 47.18 3
A5Ce0, dod1:4 450 47.49 4
A5CeO,_dod1:4_900 47.47 5
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A15Ce0;_dod1:4 900

A15Ce0;_dod1:4 450

I (a. u.)
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Figure 44 XRD patterrs of the 15wt. % CeQ-SiO; aerogel (top) and xerogel (bottc

nanocompositesynthesised using dodecanoic acid in 1:4%@eid molar ratioaftet
thermal treatments at 43C and 900°C. The XRD pattern of theCeQ: cubic cryste

structures reported with dashed lines.
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43.2.3. TEM
In Figure4.5, TEM images of the A10CeQdod1:4 sample, after the supercritical
extraction of the ethanol, are reported. As pointed out by the XRD patterns, the
nanocrystalline ceria phase has already formed after the supercritical extraction and it
can be seen as darker regions on top of the silica aerogel, in the bright field image
shown inFigure 45(a). The aerogel appears as less dark and highly porous. The
nanocrystalline ceria phase can be seen also in the dark fiNtlifhage, Figure
4.5(b), where it appears as white spots on top of the darker amorphous silica phase. By
close inspection of the TEM images, we notat tthe nanoparticles are orgagdsin
specific regions within the silica matfix f or mi ng O6aggregateso,
homogeneously dispersed. One of these aggregates is highlightbthlolsquare in
Figure 4.5(c) and enlarged ifrigure 4.5(d). Although the nanoparticles seg¢mbe
organi®d in aggregates, they appear separate iwegbhch aggregate and not foem
single large particle. This is probably due to the effect of the capping agent, which

avoided the formation of big particles.

Al15Ce(Q;_dodl:4 NT

500 nm

20 nm 20 nm

Figure 45 TEM images of the 15 wt. % @e-SiO; aerogel;(a) bright field andb) dark field images at Ic
maghnification showing the distribution of the Ga@nocrystalline phase within the silica matiis}; and(d) higt
maghnification TEM images of the same sample.
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The same microstructural features haverbebserved after thermal treatment at 450
°C for 1 h. In the TEM images reported Fgure4.6, we still note the presence of
aggregates of ceria nanoparticles on top of the highly porous silica aerogel matrix. The
nanoparticlepresent in the aggregates appear as white spots in the dark field image,
Figure 4.6(b). Figure 4.6(c) and Figure 4.6(d) report two images at higher
magnification corresponding tihe two regions highlighted by the two squares in
Figure4.6(a).

TEM images of the sample treated at 9@are also reported iRigure4.7. In this

case, from the bright field and dark field imagesah be seen that the nanoparticles
appear much better distributed within the matrix, with absence of the aggregates
previously seen. In this case, the high temperature of the thermal treatment might
promote the migration through diffusion of the nanopbe$ within the silica matrix.

TEM images of the corresponding xerogel samples are reportEgjune 4.8 and
Figure4.9. The slow evaporation of the solvent causes the collapse of the fine porous

W A15CeQ;_dod1:4 450 . (b)

3 - s
.
:
&  y o y
N o]
4

500 nm

Figure 4.6 TEM images of the 15 wt. % Ce3iO; aerogel after thermal treatment at 260(a): low magnificatio
bright field image and (b) dark field image showing the distribution of the ceria nanocrystalline phase w

silica matrix; (c) and (d)igh magnification bright field images showing the ceria aggregates.
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structure of the gel and the resulting material appears much denser; this can be clearly
appreciated in the TEM bright field imagésgure4.8 show the sample after thermal
treatment at 450C. By looking at the images, it is not g®mible to distinguish the
nanocrystalline ceria phase from the amorphous silica matrix. Nanoparticles, that are
possibly present, are likely to be very small #merefore difficult to visualis due to

the presence of the silica xerogel matrix that caag@sor contrast.

However, after thermal treatment at 30the formation of the ceria crystalline phase
can be appreciated in the TEM imaged-igure 4.9. Figure4.9(b) represent a dark

field image & the sample and the presence of bright spots corresponds to the ceria
nanophase, which is visible in the thinner regions on the edges of the patrticles. By
looking at higher magnifications iRigure 4.9(c-f), focusing on the regits were the
sample is thinner, it can be clearly appreciated, in bright field mode, the presence of

the ceria nanoparticles, as darker regions on top of the silica amorphous matrix. In this

Figure 4.7 TEM imagesof the 15wt. % CeQ-SiO: aerogel after thermal treatment0°C. (a) and (c): brigl
field images; (b) and (d) dark field images showing the distribution of the ceria nanocrystalline phase w
silica matrix.

107



Growthof CeQ nanocrystalswithin silica aerogel and
xerogel matrix: synthesis aratharacterisation

case, the nanopatrticles are not orgaahin aggregates, such aghe aerogel, instead

they are rather homogeneously dispersed within the silica matrix.

From the dark field images, it was possible to determine the average size of the
nanoparticles. In the case of the aerogel samples, the nanoparticles grow up to 7 nm
after thermal treatment at 90C while for the xerogel samples the growth of the
nanoparticles was limited to 5 nm; results are sunsaarin Table 43. Due to the

poor contrast caused by the presence of the silica matrix etieground, the error
affecting these measurements is at legksnm.

(@) : X15Ce®_dod1:4 450

Figure 4.8 TEM images of the 15 wt. % Ce&iO, xerogelafter thermal treatment d50°C; (a) and (b): lo
magnification; (c) and (d) high magnification; all images are in bright field mode.
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X15CeQ_dod1:4 900

100 nm

20 nm 20 nm

Figure 49 TEM imagesof the 15wt. % CeQ-SiO; xerogel after thermal treatment at 900 ;°G): low
magpnification bright field image and (b): low magnification dark field imager (£): high magnification brigt
field images showing the distribution of the ceria nanocrystalline phase within the silica xerogel matrix.
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In the case of the aerogel samples, the average sizes of the nanoparticles determined
by TEM are in line with the values found from the XRD patterns. In the case of the
xerogel, an average size of 5 nm has been found using the TEM images, which is quite
larger than the value of 2 nm determined from the XRD patterns. This discrepancy
might be due to the presence of a large amount of small particles that are not visible in
thedark field TEM images

Samples with 1@vt. % and 5wt. % ceria loading have been also analysed by TEM
(seeFigure 410) after the supercritical extraction of the solvent. The TEM analysis
shows the same features observed on tregaksamples showatbove. Nanopatrticles
crystalli® in specific regions within the silica aerogel matrix after the supercritical
extraction of the ethanol.

Table 43 Average size of the nanoparticles obtained by analysing the
field TEM images.

Sample Size nanoparticles (nm)
A15Ce0O, dodl:4 NT 5
Al15CeO,_dod1:4_ 450 5
Al15CeO,_dod1:4 900 7
X15Ce0O,_dod1:4_450 /
X15Ce0O,_dod1:4_900 5
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100 nm

] ]
=100 nm

Figure 4.10 TEM images of the 1@vt. % (top) and 5at. % (bottom) Ce@-SiO. aerogel nhanocompositetet
supercritical extraction; (a) and (c) brightldienode; (b) and (d) dark field mode.

111



Growthof CeQ nanocrystalswithin silica aerogel and
xerogel matrix: synthesis aratharacterisation
4.3.2.4. Nz-physisorption

The morphologicatharacterisatioof the aerogel andexogel samples is completed
by meams of N2-physisorption measurements. The samplese analysed after the
thermal treatment at 900C; in Figure 4.11, the isotherms of the samples
A15CeQ_dod1:4 900 (top) and X15CeQlod1:4 900 l{ottom) are reported. The
effect of the drying conditions on the texture of the silica matrix is highlighted by the
shape of the isotherms: in particular, the pronounced adsorption at relative high partial
pressures indicates, in the case of the aerdgepresence of a highly interconnected
inner surface and extended mesoporosity. In the case of the xerogel, the isotherm
shows a consistent adsorption at lower partial pressures, which is indicative of
microporosity. Both isotherms can be classified as typwith a H3type hysteresis
loop in the case of the aerogel and a H2¢pe loop in the case of the xerogel. The
insets in the picture report the pore size distributiobtainedby the BJH method?®
In Table 44, the value®f the surface area S, calculated by the BET method, the total
pore volume ¥ and the average pore diameter are reported for all the samples. In the
case of the aerogels, the values of surface area and pore diameter are in agreement with
previous studiesrosimilaraerogel nanocomposites synthedisvith the same sgjel
proceduré®. The value of 20 nm for the average pore size indicates that the aerogels
are mainly mesoporous, as expected. In the case of the xerogel, a much lower value
for the pore diametéas been found, which confirms its microporosity. The isotherms
of the aerogel samples with a 1@. % and 5wt. % CeQ loading (samples
A10CeQ_dod1:4 900 and A5CeQdod1:4 900) are very similar to the one reported
for the sample with a 15% Ce@adingand are reported in Appendix ABigure
A2.11

Table 44 Surface arg S, pore volume, ¥ and pore diameter values for the aerogel and xerogel nanocomnr
obtained byN2-physisorption

Sample S(m2.g71) Vp (cm3 - g Pore diameter (nm)
A15CeO,_dod1:4_900 358.4+0.7 0.86 21
X15CeO,_dod1:4_900 394.0+0.9 0.28 4
A10CeO,_dod1:4 900 338.9+0.2 0.76 21

A5CeO,_dod1:4 900 4125+1.2 0.89 20
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Figure 411 N2-physisorption isotherms of the samplel5CeQ_dod1:4 900 (top) ant
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(inset).
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4.3.3. CeQ-SiO; nanocomposites with G#dodecanoic acid 1:1 and 1:8
The effect of the relative amount of capping agent used has also been studied. In this
section, aerogel samples using a 1:1 and 1:8 matiasrwith a 5wvt. % CeQ loading
are discussed and compared with the samples shown above.

Figure4.12 shows TEM images of the sample obtained using a 1:1 molar ratio, while

Figure 413 shows the samplebtained using a 1:8 molar ratibhe amples appear to

be very similar to those presented previougiowing the Ce® nanoparticles

crystallis ng i n specific regions of the silice
looking at the TEM images, it sews that the different G&¥dodecanoic acid molar

ratios used do not cause any influence in terms of growth of the crystalline ceria phase

and of the silica matrix.

TGA/DSC, XRD and M-physisorptioncharacterisatioof these samples are similar

to tho® already shwed for the previous ones and aeported in Appendix A2.

100 nm

100 nm

Figure 4.12 TEM imagesof the sample obtained using a 1:13@dodecanoic acid molar ratio after supercrit
extraction (top) and after theattreatment at 908C (bottom) Left: bright field mode; right: dark field mode.
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% - 100 nm
% d £

Figure 413 TEM images of the sample obtained using a 1:8/@edecanoic acid molar ratio after supercrit
extraction (top) and after thermal treatment at @D@bottom)
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4.3.4. CeQ-SiO; nanocomposites with hexanoic acid as a capping agent
Changing the capping agent did not bring any significant difference contpawvbdt
we have seen so favith previous samples. Figure 4.84ows TEM images of the
aerogel nanocomposite after supercritical extraction of the solvent (Figd{e-8)},
and after thermal treatments at 450 °C (Figurd(4-d)) and 900 °C (Figure (e
f)). The images show theame microstructural features already observed for the
samples obtained using dodecanoic acid. Figuré(&d) lshows a low magnification
image of the sample obtained after supercritical extraction where we can see the
distribution of the aggregates of ngaweticles within the silica aerogel matrix. Figure
4.14(b) shows an image of one of these aggregates at higher magnification where the
single nanoparticles can be easily distinguished. The same is observed for the sample
treated at 450 °C, Figure 4(t-d). In Figure 4.24(e) and (f) two low magnification
images in bright field and dark field respectively are shown, where the distribution of

the ceria nanocrystalline phase within the matrix can be appreciated.

The rest of the results on these nanocompgsiteh includes TGA/DSC, XRD and
N2-physisorption measurements, is reported in Appendix 2A. \DGE
measurements are reported in Figure A2.5 and Table A2.5 and are similar to those
already shown for the other aerogel samples. The XRD patterns are répéitpde

A2.9 and the average crystalline size in [Eafd2.6. The nanoparticles growp to 5

nm in size; however, it must be always taken into account that the error associated with
these resultss estimated to be around £ 1 nm. Theplysisorption mesurement is
shown in Figure A2.12, performed on the sample treated at 900 °C. Values of surface
area and pore diameter are reported in Table A2.7 and are in line with the values
expected for these samples.
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s

Figure 414 TEM images of the sampe A10Ce®ex1:4; (a) ad (b) as synthesised; (c) a(d) after therme
treatment at 456C; (e) and (f) aftethermal treatment at 90C; (ae) bright field mode; (f) dark field mode.
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4 .4.Discussionand conclusions

The crydallisationof the ceria nanocrystalline phase is driven by the microstructural
features of the silica matrix and the presence of the capping agephyBlsorption
measurementsdicate an average pore size of 20 nm in the case of the aerogel and 4
nm inthe case of the xerogdecausehe crystallisationof ceriais confined within

the pores of the silica matrix, the difference in porosity between aerogel amgixero
leads to a different orgamiBon of the ceria nanophase. It must be also taken into
account that in the case of the aerogel ¢chestallisationof the dispersed nanophase
occurs during the supercritical extraction. As it will be showrChapter 5, the
dodecanoic acid might undergo a thermal decomposition already at 180 °C, a much
lower tenperature compared with the one reached during the supercritical extraction.
The thermal decomposition of the dodecanoic acid might promoteryktallisation

of the nanopatrticles, particularly in the regions within the largest pores. Surprisingly,
the namparticles are found to be well distributed after thermal treatment at 900 °C. In
this case, the high temperature might promote the migration of the nanoparticles and

their rearrangement within the matrix.

In the case of the xerogel, tloeystallisationof ceria is confined within its mostly
microporous texture. After thermal treatment at 900 °C, the nanoparticles appear then
homogeneously distributed within the matrix with no presence of regions with

aggregates.

The use of the carboxylic acid as a cap@ggnt plays an important role during the
synthesis, avoiding the formation of ceria particles with diameters in the order of
micrometres. We also note that the formation of the silica matrix, in both the aerogel
and xerogel samples, is not affected bypttesence of the carboxylic acid used during

the synthesis; the values of surface area and the average pore size for all aerogel and
xerogel samples are in line with previous findifigdHowever, the difference in
concentration and nature of capping age®ms not to have any relevant effect on the

resulting nanocomposite.

The nanocomposites are stable up to high temperature thermal treatments such as at
900 °C for one hour; this feature is very important for a possible use of these

nanocomposites in hetgeneous catalysis. The nanoparticles do not show any
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aggregation (sintering) to form big particles; this is instead very common in the case

of unsupported nanoparticles, as it will be shown in Chapter 5.
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CHAPTER 5.

CeQ-SiQ aerogel nanocomposites: shape
selective synthesis of the Ceflispersed

nanophase

In the previous chapter, the synthesis of &, aerogel and xerogel
nanocomposites by egelation of the silica and the ceria precurseaspresented. In

this chapter, another approachsimthesisehis kind of nanocomposites is presented,
which consist in presynthesigg the nanocrystalline ceria phase and then perform
the gelation of the silica matrix in the presence of a solution of the nanoparticles. This
method allows a good control of the size and shape of the ceria nanoparticles, not
achievableby co-gelation. Cubic and polyhedrahnoparticles have been synthesis

by a hydrothermal method and charactedsby means of TGA/DSC, TEM, HRTEM

and XRD. The nanoparticles have been then dispersed in the silica aerogel matrix

reaching a loading of 1\t. %.
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5.1.Introduction

As it has been already mentioned in Chapter 4, the interest onbesed
nanomaterials is mainly focused on the applicatibrthese materials in catalysis.
Their reactivity is due to thability of ceria to form a nostoichiometricoxide,
CeQxx, through the release or storage of oxygen ions depending on the oxygen partial
pressure of the environment. This property is generated by the labile and reversible
redox cycle between Geand Cé&*, and from the possibility to form a & number

of oxygen vacancies preserving the cubic fluorite crystal struétitrdias been
demonstrated that the concentration of'@@thin the crystal structure, and therefore

the number of oxygen vacanciegpends on the size of the particles, reaching its

maximum in nanoparticles that are 3 nm in $ize.

However, the reactivity of ceria nanoparticles is not only dependent on the size of the
nanoparticles themsedg but also on the type of the surfaces exposed. The surfaces
that are usually exposed in ceria nanomaterials can be identified by thraedleow
Miller indices: {100}, {110} and {111}. Density functional theoty(DFT) and
molecular dynamidgMD) calculations show that the stability of the surfaces follows
the sequence {111} > {110} > {100}, therefore their reactivity follows the opposite
trend,Figure5.1.

The relative low thermodynamic stability of the {100} surface is associated with its
dipolar natureFigure5.1 shows a representation of the {100} pristine surfacé* Ce
ions are all located in one plane anti iOns in the plane below, generating a dipole

that makes this surface inherently unstable.

{100}

Figure 5.1 Representation of tHel11}, {110 and{10G low index crystal plareof CeQ and its relatie stability
and reactivity.
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However, MD simulations showed that the {100} surface of Gefblyhedral
nanoparticles undergs a structural rearrangement, reducing its oxygen content by
50%,quenching thelipole’. This explained the reason why the unstable {100} surface
was observed experimentally on polyhedral anddated octahedral nanoparticles.
The lower thermodynamical stability of the {Iflsurface compared i the {113 is
probably attributable to the lower coordination of the surface ions, as the surface is

corrugated.

In Figure 5.2 three possible shapes of ceria nanoparticles are represented, with a
different {100}/{111} surface atio. The truncated octahedron shapgure 5.2(a)
represents the most stable form of ceria nanopatrticles, as the mostly exposed surface
is the {111}® This type of ceria nanoparticles isually obtained by hydrothermal
methods in basic aqueous solution. The formation of a specific shape is driven by the
difference in growth ratio between the [100] and [111] direction. The {111} face has

a lower surface energy, thus the crystal growth is fastergathe [100] direction,

forming nanoparticles with truated octahedron shape.

However, a big effort has been made in order to find synthetic routes that could yield
large fractions of {100} surfaces and therefore more reactive nanoparticleguhe

5.2(b, c), other two possible shapes for ceria nanoparticles are represented, polyhedral
and cuboidal, with increasy {100}/{111} surface ratio.

Gao etal.” selectively synthesgsl for thefirst time cuboidal nanoparticles exposing
large portions of {100} surfaces by a hydrothermal route with the use of oleic acid
(OLA) as a capping agent. The procedure involved the use of tweanismible
solvents, water and toluene. Tuning the concentrasiche Ce(lll) solution and the
OLA/Ce(lll) ratio, ceria nanocubes with sizes spanning from 4 to 16 nm have been
synthesigd. Dang etl 2 selectively synthesisi polyhedral and cubic nanoparticles
with the same metd by tuning the amount of OLA used and the reaction time. It has
been showed that, using a OLA/Ce(lll) 8:1 molar ratio, polyhedral nanoparticles where
obtained after 24 reaction, while cubic nanoparticles were formed after a reaction
time of 48 h. The anoparticles obtained with these methods are highly monodispersed

in size.

125



Ce(Q-SiG; aerogel nanocomposites: shape selective
synthesis of the Cedispersed nanophase

{111}

{100} @

Truncated octahedron

{111}

{100}
(b)
Polyhedral
{100} {111}
{110}
(©)

Cuboidal

Figure 5.2 Schematic representation of the three different shay
ceria nanoparticles with increasifi00}/{111} surface area ratio(a)
truncated octahedraoth) polyhedralfc) culbidal. Images built usin
the software Materials Studio
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The mechanism behind the formation of polyhedral and cuboidal ceria nanoparticles
is shown inFigure5.3. Once a nanoparticle with truncated detdron shape is formed

in aqueous solution, the oleic acid at the toluene/water interphase binds the
nanoparticle selectively at the {100} face, which has the highest surface energy. The
oleic acidacts therefore as a shield, reducing¢hgstallisationrate in that direction.

The crystallisationof the nanoparticle can then proceed selectively along the [111]
direction until the formation of the cubic nanoparticle is reackegyre 5.3(a). In
Figure 5.3(b) the same mechanism is reported, showing the projection of the
nanoparticle along the [100] direction; the black arrows show the [111] direction,
where the preferredrystallisationoccurs, leading to the formation of the cuboidal

shapé.

Other synthetic methods have been also investigated, with the main aim to obtain
cuboidal ceria nanoparticles withsarfactantfree reaction. Yangteal® synthesised
cuboidal nanopairties using a solution of NaOH; for this purpose KOH has been also
used®. However, all these methods produced cuboidal nanoparticles with s2fes >

nm and poor monodispersity in size.

The reactivity of these cerianoparticles has been measured by determining the so

called Oxygen Storage Capacity (0SC) def

{111}

- & -
{100}

(@

(b)

Figure 5.3 Schematic representation of the mechanism behind the formation of a ceria cuboidal nariépa)
3D reconstruction of thehape of the ceria nanoparticle with their evolution from truncated octahedron to ci
(b) projection of the nanoparticles along {i@Q direction:the black arrows show the [111] direction where
preferred crystallisation occurs. The blue spbeepresent Ce atomémages built with the use of the softw
Materials Studio.

127



Ce(Q-SiG; aerogel nanocomposites: shape selective
synthesis of the Cedispersed nanophase

released and stored after a complete redojecy®er gram of material. Sudaa !

found that ceria nanocubes show high values of OSC at 150 °C while ceria
nanoparticles with irregular shape have the same OSC at 400 °@t ¥ldAshowed

that ceria nanocubes have the highest O iatio compard with polyhedral ceria
nanoparticles and nanorods. Ceria nanocubes have been therefore proved a strong

potential heterogeneous catalyst.

Neverthelessafew problems must be still solved. We have already said that the only
synthetic routes that were sessful in yielding cuboidal ceria nanoparticles with
small sizes and high monodispersion involve the use of capping agents. If a capping
agent is not used, the relative big size of the obtained nanopatrticles adversely affects
the specific surface area ¢fet material. Conversely, when the capping agent is used,
this remains bounded at the reactive surfaces, leading to a decrease of the potential
reactivity of the materiél It has been also shown that unsupported cuboid& ce
nanoparticles aggregate if subjected to thermal treatfémyslying a decrease difie

reactive surface area.

For these reason we have explored the possibility to embed cuboidal and polyhedral
ceria nanoparticlewithin an amorphous silica aerogel matrix.eTilanoparticles can

be synthesed first by selectively tuning their shape through hydrothermal methods.
A solution of the presynthesied nanoparticles can be then used during thgesol
synthesis of the aegel. Embedding the nanoparticles within the amorphous aerogel
matrix could lead to some advantaggthe nanoparticles are held apart by the aerogel
matrix, avoiding their coalescence under thermal treatmi@ntsermal treatments can

be used to remowvée surfactant from the surface of the nanopatrticles, improving their
reactivity, while at the same time avoiding the coalescence and growth.

The results of this study are shown in this chapter.
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5.2. Sample preparation

5.2.1. Hydrothermal synthesis of polyhedraé@Q nanopatrticles
The ceria nanoparticles with polyhedral shape have Bgethesisedollowing a
reported procedufebut changing the capping agent. In particular,Mi5of 16.7
mmol/L cerium (Ill) nitrate solutio was added into a stainless steel autoclave with a
45 ml Teflon cup; then, 1/l solution of toluene, dodecanoic acid (0.401 g) tenid
butylamine (0.15 ml) were added to the autoclave without stirring. The sealed
autoclave was heated at 1®Dfor 24h (or 48h) and then cooled at room temperature.
The toluene solution was then centrifuged at 8000 rpm for 10 min. The purified
solution was then precipitated by adding 30 ml of ethanol and centrifuged at 10000
rmp for 15 min to collect a pale yellow powd&he samples will be named hereafter
as DOD_XX indicating the capping agent used, in this case the dodecanoic acid,

followed by the number indicatingeatreaction time in hours.

5.2.2. Hydrothermal synthesis of cubic Ce@anopatrticles
The ceria nanopatrticles witcubic shape have besgnthesisedollowing the same
procedure used for the polyhedral ones, but using oleic acid as capping agaht. 15
of 16.7 mmol/L cerium (lIl) nitrate solution was added into a stainless steel autoclave
with a 45 ml Teflon cup; the 15ml solution of toluene, oleic acid (1.5 ml) ateat-
butylamine (0.15 ml) were added to the autoclave without stirring. The sealed
autoclave was heated at 18Dfor 24h (or 48h) and then cooled at room temperature.
The toluene solution was thenntefuged at 8000 rpm for 10 min. The toluene was
removed from the purified solution and the nanoparticles being precipitated by adding
ethanol yielding a brown solid. The samples will be named hereafter as OLA XX
indicating the capping agent used, in ttese the oleic acid, followed by the number

indicating the reaction time in hours.

5.2.3. Synthesis of the Cef£5i0O; aerogel nanocomposites
The CeQ-SiO, aerogel nanocompositesynthesisedin this chapter have been
prepared following the synthetic procedure dethin Section 2.1.1. The nanoparticles
are previously dissolved in toluene (3ml) and then inserted in the sol during-the sol

gel process
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5.3. Characterisation

In this section, thecharacterisatiorof the as synthesesl polyhedral and cuboidal
nanoparticless first shown, with particular attention to the TEM and HRTEM results.
The characterisatiorof the aerogel nanocomposites obtained by embedding the

synthesisedanoparticles is also shown, as a fimcbf the thermal treatments.

5.3.1. Characterisationf the GO, nanoparticles

5.3.1.1. TGA
After the purification stges, the nanoparticles synthesidy hydrothermal synthesis
have been analysed by meaf TGA\DSC measurements. The temperature range
investigated was 2800 °C with a ramp of 10 °€min. In Figure5.4 andFigure 55,
the TGA/DSC curves of the nanoparticles obtained using dodecanoic acid and oleic
acid are respectively shown; both figures show curves of the samples obtained after 24
and 48 hours redion. Results are summaed in Table 51, which reports for each
DSC peak, temperature, enthalpy and corresponding TGA mass change. The
TGA/DSC curves of the pure capping agents are reported in Appendix Al, Figures
Al.5 and Figure ABL.

In the cae of the nanoparticles synthesilsusing dodecanoic acid as a capping agent,
the DSC curve shows an exothermic peak centred around 250 °C for both samples.
This exothermic peak is due to the decomposition of the dodecanoic acid that is bound
to the surface of the nanopatrticles. In the case of the sample obtained with a reaction
time of 48h, the mass change associated with the DSC peak is only 1.5%, while in the
24 h sample this corresponds to 21%. This indicates that the amount of cappihg age
that is still bound at the surface of the nanoparticles is much less after a reaction of 48
hours; dodecanoic acid thus may undergo a thermal decompaosition with long reaction

times.

The nanopatrticles synthestsusing oleic acid present a DSC curvénai exothermic
peak cantered around 4dQ0 °C, with an associated mass loss of ca. 60% in the case
of the sample obtained after B4and 70% in the case of the sample obtained after 48
h. The DSC peak is due to the decomposition of the oleic acid, vghibxbund to the

surface of the nanopatrticles.
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Figure 54 TGA\DSC measurementsn the assynthesisechanopartles usin

dodecanoic acid with a reaction time of 24 h (top) and 48 kofipdtFull line: TGA;
dots: DSC.
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acid with a reaction time of 24 h (top) and 48 h (bottdruo)l line: TGA,; dots: DSC.
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Table 51 TGA\DSCresultson the asynthesisethanoparticles using dodecanoic acid and oleic acid as a ¢
agent. TGADSCresultson pure dodecanoic acid and oleic acid are also reported

Temperature Enthalpy Residual
Sample Peak Mass change (%)
(°C) (kJ - g mass (%)
Dod_24h 1 21.2 254.2 -5.13 66.50
Dod_48h 1 15 251.6 -0.22 95.80
1 0.0 58.9 +0.28
Dod. Acid 0.00
2 100.0 301.0 + 0.52
OLA 24h 1 61.6 428.3 -5.85 31.1
OLA_48h 1 74.4 406.4 -8.34 19.3
1 14.2 265.1 +0.24
OLA 2 21.3 357.0 +0.24 0.00
3 62.3 386.0 + 0.68

Due to the much higher decomposition temperature, in this case, the oleic acid cannot
decompose in the autoclave; therefore, the amount of oleic acid bound to the surface
does not depel strongly on the reaction time. The TGA also points out that a much
larger amount of surfactant is present in the case of the oleic acid. This might be due
to the formation of nanoparticles with larger portions of {100} surface, which therefore
bind a lager quantity of surfactant. A certain amount of oleic acid that is not bound to

the surface might also be retained by the sample.

Table 51 shows also the decomposition temperatures of the pure carboxylic acids: the
dodecanoic acid becomes less thermatBble once is bound at the surface of the
nanoparticles, while the opposite happens for the oleic acid. However, the DSC curve
of both dodecanoiand oleic acidreported in AppendiAl, Figure A1.5 and Figure

Al1.6, show only endothermic peals the cae of thepuredodecanoic acid, the two
endothermic pakscorrespond to the temperatures at which the dodecaoiienelts

and then evaporates. Pure oleic acid might also evaporate during the thermal treatment.
Conversely, e capping agents bound at therface of the nanopartidemight
decompose by combustiohis explains the different thermal stability of the

carboxylic acids oncbound at the surface of the nanopatrticles.
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5.3.1.2. TEM
TEM images of the nanoparticles are reportedFigure 56 and Figure 57
respectively. In both figures, two TEM images are reported, corresponding to the
samples obtained after a reaction time of 24 and 48 h.

The nanoparticles synthesis using dodecanoic acid, appear te highly
monodisperse in size, assuming a hexagonal packing on the TEM grid; this is common
for nanoparticles with a polyhedral sh&gehe diameter of ca. 300 nanoparticles has
been graphically determined using thétware Image’f and the correspondent size
distribution, shown as insetskigure 56, has been fitted using a logNormal function.
The mean size of the nanopatrticles has been determaiteds.Q: 0.1 nm in the case

of a reaction time of 24 h and &®.1 nm in the case of a reaction time of 48 h.

The nanoparticles obtained using oleic acid as capping agent, shdwguie 57,

appear as squares on the TEMdgrthis is typical for nanoparticles with a
cubic/cuboidal shap®ln the case of the sample obtained with a reaction time of 24 h,

a small amount of nanoparticles appears to be very small and yet not cubic. In both
samples, the nanoparticles appear to have a wider distribution of sizes, compared with
the samples obtained using dodecanoic acid. For this reason, the size of the
nanoparticles has been determined by measuring the edge length of ca. 2000
nanoparticles foeach sample. In particular, the length of one edge for each nanocube
has been determined. The size distributions are reported for each sample as inset in
Figure 57. The mean size of the nanoparticles has been determined totbh@.3.Am

in the case of a reaction time of 24 h and#6012 nm in the case of a reaction time of

48 h.
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Figure 5.6 TEM images of the nanopéicles synthesid using dodecanoic acid as capping agent with a re
time of 24 h (top) and 48 h (bottom). Insets represent the size distribution of the nanoparticles ob
graphically measimg the diameter of ca. 300 nanoparticles.
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Figure 57 TEM images of the nanoparticles synthesisusingoleicacid as capping agent with a reaction tim
24 h (top) and 48 h (bottom). Insets represent the size distribution of the nanopahtialesd by graphical
measuing the edg®f ca.2000nanoparticles.
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