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Preface

The generation of catalysts consisting of smallatiietparticles dispersed over a support
has a long history in catalysis as a means of makimthe available metallic surface
area and assessing whether such particles haverpespwhich differ from those of the
bulk metal. It is accepted that for metallic casédy control at the atomic level is needed
to design active sites because the chemical amdytiatproperties of atoms at terraces,
corners, and edges of a metal crystallite are rdiffie and can be different from atoms at
the metal-support interface. The location of theaineluster on the support may be also
important if its properties are affected by its pnoity to the support defects. These
problems become even more acute if one has to demsnultimetallic rather than
monometallic systems. The application of highlysstéwve techniques like high resolution
electron microscopy and XPS to highly dispersedaieatalysts lead to a better
understanding of structural and electronic propsridof supported small particles and
allowed the determination of the bulk and surfaoengosition of bimetallic clusters.
Bimetallic catalysts have played an important fol@eterogeneous catalysis. They have
been extensively for fundamental investigations &asle had a major technological
impact, especially in the petroleum industry. A gticating feature in catalytic studies
on metal alloys is the possibility of a differertmstween surface and bulk compositions.
The focus of this dissertation is the synthesis emaracterization of noble metal and
metal oxide nanoparticles and their chemistry iditlg catalytic properties. The subject
in this work can be divided at least into two pafise Part | is treated by ti@hapter 1.1
dealing with the structural physical and electromioperties of transition metal
nanoparticles. The surface and relevant bulk ptegseare also discussed which may be
helpful to understand the content in the ParChgpters I1.1-11.6). Some portions of the
text occur in multiple places in different chaptéoshelp readers understand without
needing to shuffle through the entire document. HBssentials of characterization
techniques are covered in the chapters on instriatien, characterization sections and
spectra interpretation. Whenever appropriate, icglahips among various topics are
indicated.

In general terms, the scope Nénomaterials in Catalysis: Sudy of Model Reactions, is
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limited to topics which are, to some extent attiegdevant to industrial processes. The
whole of heterogeneous catalysis fall within itefge, nevertheless the field of catalysis
is so wide and detailed, and its ramifications syenumerous, that the production of the
entire subject is well beyond the capability of amygle author. Ancillary subjects such
as surface science, materials properties and &itlds of catalysis are given adequate
treatment but not to extent to obscuring the cémf@me.Nanomaterials in Catalysis:
Sudy of Model Reactions concentrates in the catalytic study of the medamlaparticles in
model reactions covered in théhapters I1.1-11.6. It is not expedient to impose a
preconceived ordered structure. Instead each ahigpdealt when is most appropriate to
do so. It will be sufficient if the entire subjdntthis work has been properly covered in

the following chapters:

Chapter 1.1. Because of the multidisciplinary nature of the oraaterials, it would be
difficult to cover all areas of interest. Accordipgthe shape, the size, and composition
of the nanocrystals would play an important rolenmiodulating its properties. These
materials show very interesting properties thatehbgen attributed to the high volume
fraction of interfacial structures that are diffierédrom the crystalline structures of the
core. Various synthesis methods or techniques @mrbuped into two categories:
thermodynamic equilibrium approach and kinetic apph. Here the synthesis of
nanoparticles through thermodynamically approacts wased on the formation of
monosized metallic silver by a combination of a l@encentration of solute and
polymeric monolayer adhered onto the growth sugfaé®r the kinetic approach we

synthesized metal nanopatrticles by kinetically son§ the reaction in a restrict space.

Chapters 1.1 and 11.2. This chapter is an attempt to study the silver paricles in the

styrene epoxidation. Amongst the metal supportalygsts, silver occupies a unique
position. Ethylene epoxidation has been producexsil exclusively by partial oxidation
of ethylene over a silver catalyst. The study @& $ilver-oxygen system is complicated
by the fact that oxygen is often present in mudtiptates including atomic, molecular,
and subsurface states. The key role of oxygen ptigoron silver has been realized

since the early studies, and several publicatioss @ith the number and nature of
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adsorbed oxygen species, under reaction conditaortstheir role in the epoxidation and

combustion routes.

Chapter 11.3. Propylene oxide (PO) is one of the important llikmicals, which is used
for producing polyurethane and polyols. Gold supgmbion TiQ catalysts were reported
for the first time by Haruta and co-workers as céle catalyst for direct epoxidation of
propene. Recently Lambert et al. also showed thagper catalysts also show promise for
the epoxidation of propene. Here we present theystdi the Au-Cu alloy nanoparticles
in the propene epoxidation. The incorporation oppmr seems to affect the gold
dispersion giving longer distance of the perimeteterface which is probably

indispensable for the epoxidation of propylene.

Chapter 11.4. The target of this chapter was to investigate plitevelopment in the XDs
catalyst system consisting of TiQanatase) and MCM-41 supporfanong these metal
oxides, vanadium oxide catalysts have attractedhmattention due to their unique
catalytic properties and commercial applicabiliby ¥arious chemical processes. Here it
is described the effect of alkaline metal (Na) potion on \LOs5/TiO, and \bOs/MCM-

41 in the selective oxidation of ethanol to acedhigle. We have observed that
depending of the supported used the vanadia beeonedfective catalyst for selective
oxidation of alcohols. The incorporation of alk&iions such as Na result an increase of

the catalytic activity and selectivity to acetalgeeé.

Chapter 11.5. It is well know that clay minerals undergo spaetaus exfoliation in
water. This chapter reports evidences on platekfeats induced by the use of
ultrasounds or high mechanical stirring during retaiction of hydrotalcites in water.
Exfoliation is regarded as an effective way of maixing the accessibility and utility of
the LDH host layers as well as introducing physieouical properties effects. Here, the
catalytic properties of the activated hydrotalcites/e been investigated in the base-

catalyzed epoxidation of styrene.

Chapter 11.6. Skeletal of hydrocarbons, skeletal isomerizatiod hydrogenolysis, occur
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over a number of metallic catalysts. These reastmmovide very good examples of the
way in which reaction selectivity is related toatgst structure. From works, realized by
Dr. G. Maire and Dr. F. G. Garin, which has invalvine use of both dispersed metal
catalysts and single crystal catalysts, togeth#r warbon isotopic tracer studies, some of
the main mechanistic features of these processeasoav reasonable well understood and
this is the subject of this chapter. Here we dbscthe study of the hydrogenolysis of
methylcyclopentane over Ir-ApAl,Os. Methylcyclopentane (MCP) is a recognized
probe molecule in the investigation of the struetsensitivity of several hydrocarbon
conversions catalyzed usually by noble metal-bassdlysts. The Ib metals can be
considered as almost inactive in these reactiom®rpared with the group VIl metals.
We reported some phenomena in which in our opimmgiicate the Au metal plays a
strong role in the adsorptive and catalytic prdpsrof Ir even in bimetallic systems of

immiscible components such as the case of Ir-Aahsgstem.
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Abstract

Metal nanoparticles catalysts considered in thigkwmcluded systems consisting
essentially of a single metal component (Ag) anddballic system. Bimetallic systems
of miscible (Au-Cu and Au-Ag) and immiscible comgots (Ir-Au) have been
investigated. The study of these materials withhabal probes including chemisorption
and selected catalytic reaction, in conjunctiorhvghysical and chemical methods such
as electron microscopy, X-ray diffraction (XRD)neerature programmed reduction
(TPR), UV-vis, photoelectron spectroscopy (XPS) haen performed to contribute the
knowledge of their structures. The fact that siefaomposition can differ substantially
from bulk composition was also studied. High reioluelectron microscopy (HRTEM)
provided independent evidence of the highly disgetreature of the metal clusters.
Concepts concerning the effect of additives on dtnecture and physicochemical and
catalytic properties of oxide catalysts in selectxidation reactions were considered.
This work was also carried out in an attempt talgtine different oxygen species formed
on silver. Of particular interest is to understathé role and nature of the elusive
subsurface O species in the function of silver asogidant catalyst. The effect of
additives on acid-base and redox properties arti@nbearing on catalytic performance
was discussed, with particular emphasis on alkahe¢al additives such as cesium and
sodium. The phenomena occurring in monophasic apdated mixed oxide containing
the additives, including modification of structusegregation, defect formation and spill-
over of the reactants was also described.

The nature of the surface of the bimetallic systeras the question of interest. Will the
individual clusters be monometallic or will theyntain atoms of both metals and
therefore be bimetallic? It is interesting to colesihow the state of dispersion the metal
catalysts affects the relationship between chempignr capacity or catalytic activity and
catalyst composition. The bimetallic clusters dgs®d thus far have been combination of
a Group VIII and a Group IB metal. In spite of tipeeat importance in petrochemistry,
skeletal hydrocarbon reactions, such as hydrogsisobf methylcyclopentane, offers an
interesting fingerprint of the dependence of speckte on catalyst structure. The first
reported case of a reaction with large dependenaatalyst structure was performed for

neopentane on platinum. This result led Boudartlassify reactions on metals as: (i)
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“facile” or “structure-insensitive” reactions, favhich the specific rate does not depend
upon the size of the metal particle, and (ii) “dediag” or “structure sensitive”
reactions, for which the specific rate is highlypdedent on the metal dispersion. The
rate per surface metal atom is the fundamentatdste Thus, the metal dispersion is
extremely important parameter to be determined.eXperimental scheme based on
selective H chemisorption was developed to investigate théasarcomposition of
bimetallic system. With this capability, the adywof such a catalyst was referred to the
amount of metal in the surface rather than to teeahtontent of the catalyst as a whole.
The interaction between catalytically active meatalde particles and oxide carriers
greatly influences their structure and size. Vaaagitalysts constitute also a relevant
example of the influence of this interaction. Aaiagly, it was decided to study the
effect of the support (Ti©® and MCM-41) with the aim of understanding the
interrelations on the catalytic properties ofOd as a way to improve its performance for
the selective oxidation of ethanol.

Finally, the catalytic role of the different bassttes in hydrotalcite interlayer was
envisaged through the study of the styrene eparidan liquid phase. Hydrotalcite-like
compounds are not only interesting for their indakapplications, but are also beautiful
examples of the scientific preparation of cataly8ifthe stages of the preparation of a
catalyst based on hydrotalcite-like precursor ngregise chemical foundations in order
to avoid inhomogeneties and/or chemical segregatiahich would be detrimental to
the properties of the final compounds. Layered toilydroxides (LDHs), also known
as hydrotalcites or anionic clays, are a classooici lamellar compounds made of
positive-charged hydroxide layers with charge balagn anions and water molecules
sandwiched between layers. Exfoliated Mg-Al layededible hydroxide in water was
investigated in the styrene epoxidation. The changthe basic properties during the
rehydration process of the calcined samples as tivellinfluence on catalytic activity
was studied. Hydrotalcites are very attractivethos type of oxidation reaction because
their ability to give Lewis type acid-base bifurmetal catalysts or basic catalysts with
Bronsted type sites, proceeding from the mixed e@xddd the meixnerite-like structures,

respectively.

Vi



UNIVESITAT ROVIRA I VIRGILI
NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentdn

ISBN:

978-84-690-7618-7 / DL: T.1326-2007

Resumen

En este trabajo se han sintetizado y estudiadoredifies catalizadores a base de
nanoparticulas metalicas con diferentes tamafiorfotngias. Se han estudiado tanto
sistemas monometalicos como bimetéalicos con commgesele diferentes miscibilidad (por
ejemplo sistemas Au-Cu y Au-Ag de total miscibitigasi como Ir-Au de practicamente
total inmiscibilidad) con la finalidad de estude&rcambio que producen tanto en el tamafio
como en la morfologia de las nanopatrticulas obgesnid

Los nanomateriales obtenidos han sido estudiadadiante el empleo de diferentes
técnicas de caracterizacion como pueden ser, fi8BY quimisorcibn microscopia
electronica (SEM-TEM), difraccion de rayos X (XRDJeduccion a temperatura
programada (TPR), espectroscopia ultravioleta-Msib(UV-vis), espectroscopia
fotoelectronica (XPS), etc., asi como medianterelifees ensayos cataliticos modelo con la
finalidad de correlacionar las propiedades fisioovicas de dichos materiales con los
métodos de sintesis de éstos.

Se ha hecho especial énfasis en el estudio deiflagerdes especies de oxigeno que
presentan estos nanomateriales en superficie,oasd su correlacion con la actividad
catalitica que presentan en diferentes reacciomesidacion selectiva de olefinas. Por otra
parte, la modificacion de las propiedades acidelies dichos materiales y su caracter
redox cuando se adiciona metales alcalinos del sipdio y cesio, también ha sido
exhaustivamente estudiado.

La formacion de sistemas bimetélicos y su homogladkeiasi como el efecto de dispersién
y el cambio en sus propiedades fisico-quimicash@oe un metal sobre el otro, ha sido
también objeto de estudio en este trabajo. Estbohse ha puesto en evidencia en el
estudio de reacciones de hidrogenolisis del melipentano que permite una buena
comprension de la actividad catalitica, asi comdéaddependencia de la estructura en la
actividad catalitica previamente ya descrita pandzuot.

La interaccion entre las especies metalicas datatiente activas y los soportes empleados
también pueden ejercer una notable influencia eastauctura y tamafio de la especie
activa, y por consiguiente en el comportamientalitato. En este contexto, se han
estudiado la interaccion de o6xido de vanadio eereliftes soportes como Li® MCM-4,

para comprender el comportamiento catalitico d€)s\én otra reaccion test como es la de

vii
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oxidacion selectiva del etanol.

Finalmente, el papel del los diferentes sitios duside materiales tipo hidrotalcita, el
estudio de la exfoliacion de dichos materiales yahbio en sus propiedades bésicas
después de diferentes protocolos de rehidrata@arsido estudiados en otra reaccion test

como es la reaccion de epoxidacion del estirerfasliquida.

viii
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Figure 1.2.6 Typical hydrogen chemisorption at rodemperature for Pt/ADs;. The
qguantity H/M is the ratio of the number of hydrogioms adsorbed to the
number of platinum atoms in the catalyst.

Figure 1.2.7 XPS process.

Figure 1.2.8  Surface sensitivity enhancement biatian of the electron take-off angle.

Figure 1.3.1  UV-vis absorption spectra of toluessdutions of Ag:Au nanoparticles with
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Figure 1.3.2

Figure 1.3.3

Figure 1.3.4

Figure 1.3.5

Figure 1.4.1

Figure 1.4.2

Figure 1.4.3

Figure 1.4.4
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Ag:Au molar ratios of 1:0 (1), 2:1 (2), 1.1 (3),21(4) and 0:1 (5). Inset:
Pictures of the sample bottles containing solutibiisshowing the change in

the color from light yellow to red wide as the gaolohtent increase.

Wavelength of the maximum absorbafare Ag:Au nanoparticles with

respect to molar fractions of Au atom.

XRD pattern of the silver-gold nandmdes with Ag: Au molar ratio of 1:1.

Transmission electron micrographs @fg:Au nanoparticles: (a)
monometallic Au nanoparticles, (b) Ag:Au alloy naadicle (Ag:Au ratio
molar 1:1), (c) monometalic Ag nanoparticles. In§xrresponding electron
diffraction patterns (SAED) of the Ag:Au nanopalgg .

Surface chemical analysis by X-ragtpklectron spectroscopy (XPS) of the
Au-4f and Ag-3d for Ag:Au nanoparticles with difeait Ag:Au molar ratios
of : 1:0, 2:1, 1:1, 1:2 and 0:1.

(a) Scheme of the nucleation of theesnanoparticles in the polyol process.
(b) Plot of surface plasmon wavelength versus m@adime versus from
UV-vis absorption spectroscopy.

Growth of silver nanowires monitol®dTEM (a-d).

UV-vis spectra during the formationsiliver nanowires (a). Picture of the

samples (1-8) taken from reaction mixture durinffedent periods of time in
the polyol process (b).

Corresponding XPS analysis of theesihanoparticles taken in the first 10

minutes of the polyol process. The selected-artfeadiion pattern (SAED)
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Figure 1.4.5

Figure 11.1
Figure 11.2
Figure 11.3
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taken from these Ag nanopatrticles.

SEM image of the as-prepared by pgbyotess of the silver nanoparticles
catalyst supported om-Al,O3 (a) silver nanowires, (b) silver nanocubes, (c)
silver nanopolyhedra and d) Corresponding XRD pasteof the as
synthesized Ag nanostructures by polyol proces$, nanocubes (b)

nanopolyhedra and (c) Ag nanowires.

Scheme of the interstitialcy bulk oxygéiffusion mechanism (vacancy
diffusion).

Cyclic mechanism.

(@) Non-selective hydrogenolysis on hhiglispersed catalysts and (b)

Selective hydrogenolysis on low dispersed catalysts

Figure 11.1.1 SEM images of the different silvernoparticles catalysts. (a-c) Silver

Figure 11.1.2

Figure 11.2.1

Figure 112.2

nanowires, nanocubes and nanopolyhedra supported aehl,0s,
respectively (11%AYY/a-Al,0s5; 11%AdN/a-Al,05 and 11%A§") a-
Al;03). (d) 40%Ag/MgO, (e) 15%Ag-Al, O3 and (f) Silver nanocubes
supported on CaG11%Ad"“/CaCQ).

TPR profiles obtained from fresh ¢gdes (@) 11% silver nanowires

supported om-Al,03, (b) 15%Agh-Al,0s.

(A) XRD of the silver nanowires (apcastandard silver sample (b). (B)
Pattern obtained for the 11%AY025%<S)q-Al,0; catalyst (a) fresh, (b)

after 30 days on stream.
(&) SEM image of silver silver nanosgr catalyst and (b) impregnated
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catalyst

Figure 11.2.3 Temperature programmed reductionif@®bf silver catalysts with different
loading of cesium (referred to the silver conte(it); 0.0625%, (2) 0.125%,
(3) 0.25%, (4) 0.5%, (5) 1.0%. Inset: (a) unprordasdver nanowires, (b)

silver impregnated catalyst.

Figure 11.2.4 XPS profiles of the silver nanowir@y and promoted by 0.25% of Cs (B)
after oxidation at 623 K (a), and then reducediférént temperatures (b-d)
573, 673 and 773 K respectively.

Figure 11.2.5 Catalytic Activity of cesium promotailver nanowires at different reaction

temperatures.

Figure 11.2.6 Catalytic activity of 11%AY"" °2*<%)q-Al,O; catalyst in the epoxidation

of styrene as a function of time on stream andti@atemperature.

Figure 11.3.1 XRD patterns of Au, Cu and Au-Cuoght supported on TiO(a) Cu/TiQ,
(b) Al Cus/TiO2, (€) AwCw/TiO,, (d) AusCw/TiO, and (e) Au/TiQ.

Figure 11.3.2 Effect of Au-Cu composition on thettiege parameter, oa of fcc alloy
crystallites calculated from the (111) crystallqgre plane by XRD.

Figure 11.3.3. Bright-field (left) and dark-fieldight) TEM images of catalyst Au/TiCat
low magnification. In the DF image, individual ggddrticles as well as gold

agglomerates appear bright.

Figure 11.3.4 Z-contrast STEM, HRTEM, and FT image#dndividual metal particles in
catalyst A4yCw/TiO,. EELS analysis reveal that particles are bimetadind
lattice-fringe and FT analysis show Cufparticles supported on T30

Figure 11.3.5 Z-contrast STEM images of catalyst@uw/TiO, and EEL spectra recorded
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over areas marked as “a” (corresponding to,J &nd “b” (bimetallic Cu-Au

particle).

Figure 11.3.6. Z-contrast STEM images of an indbatl metal particle in catalyst
Au;Cw/TiO, and HRTEM and FT images corresponding to the area
enclosed by the square. The lattice-fringe analysizates that the particle

is CuAu alloy.

Figure 11.3.7 Z-contrast STEM, HRTEM, and FT image#dndividual metal particles in
catalyst AyCuw/TiO,. EELS analysis indicate that particles are bintietal
and lattice-fringe and FT analysis correspond tgAQuparticles supported
on TiO,.

Figure 11.3.8 (a) TPR profiles of Cu/T¥OAU/TIO, and Au-Cu/TiQ catalysts. Amount of
hydrogen uptake: (b) Low temperature and (c) Heghgderature peak.

Figure 11.3.9 X-ray photoelectron spectra recordmeer Cu/TiQ, Au/TiO, and Au-
Cu/TiO, catalysts.

Figure 11.3.10 Effect of temperature on the selegtiof the main products (left axis) and
propylene conversion (right axis) for the epoxidatiof propylene. (a)
Cu/TiOy; (b) AwCw/TiO, and (c) Au/TiQ. Pressure: 1atm, GHSV 9000.h

Figure 11.4.1 Nitrogen adsorption-desorption isothe (a) V/MCM-41 (Na/V=0,
«: adsorption, 0: desorption); (b) V/MCM-41 (Na/V=0.5¢:adsorption,
0: desorption); (c) VIMCM-41 (Na/V=1.04: adsorptionA: desorption); (d)
VIMCM-41 (Na/V=2.0, m: adsorption,o: desorption). Inset: Pore size
distribution (PSD) profiles of the correspondingnpdes.

Figure 11.4.2 X-ray diffraction patterns obtainear fV,Os/MCM-41. (a) Low diffraction
angles (1-1%) and (b) High diffraction angles (10-130

XVii
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X-ray diffraction patterns obtained the \LO5/TiO, catalysts.

Figure 11.4.4 TPR profiles for (a))0s/MCM-41 and (b) MOs/TiO, catalysts.

Figure 11.4.5

Figure 11.4.6

Figure 11.4.7

Figure 11.4.8

Figure 11.4.9

Optical absorption spectra expressedunction of the photon energy for
(a) V.Os/MCM-41 and (b) VOs/TiO catalysts.

Band gap energy values obtained ftbe optical absorption spectra for
V,05/MCM-41 and Os/TiO, catalysts as a function of the Na/\VV molar
ratio on the catalysts.

Catalytic activity data of the V-MCHKIt sample with different Na/V molar
ratios (@ Na/V =0;0 Na/V=0.5 anc Na/V= 1.0). (a) Conversion of ethanol
and (b) selectivity to acetaldehyde as a functibriirme on stream using
different weight hourly space velocities (WHSV); WH$vV96.84 (mol
ethanol/mol V.h); WHSY=193.68 (mol ethanol/mol V.h); WHS¥338.94

(mol ethanol/molV.h).

Initial partial oxidation rates norlizad by the amount of vanadium present
in the catalyst as a function of the Na contenttfier (a) \VOs/MCM-41 and
(b) V.O5/TiO, catalyst series.

Initial selectivities to acetaldehydend ethylene observed for the
V,0s/MCM-41 and \LOs/TiO, catalysts as a function of the Na content.

Figure 11.4.10 Amount of carbon deposits (weigho®C in the sample) as determined by

TPO analysis of the spent®@s;/MCM-41 and \LO5/TiO, catalysts.

Figure 11.4.11 Initial partial oxidation rates naatized by the amount of vanadium present

in the catalyst as a function of the edge energibtained for the
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V,05/MCM- 41 and \Os/TiO, catalysts.

Figure 11.5.1 X-ray diffraction of the LDHs matelsa (a) HTasy; (b) HT-rm(25min) (c)
HT-rm(4h), (d)HT-rus(25min); (e) HT-rus(50min);a(f) HT-cc.

Figure 11.5.2 Low-magnification, bright-field tramission electron microscopy images of
the calcined sample (a), and rehydrated samplesneiok under mechanical

stirring (b) and ultrasounds (c) treatments.

Figure 11.5.3 HRTEM image corresponding to the iredd sample and FT image of the

oriented crystallite at the center of the image.

Figure 11.5.4 HRTEM image corresponding to the khaye sample under mechanical
stirring. The inset show an enlarge of the aredosed by the square and its

corresponding FT image.
Figure 11.5.5 HRTEM image corresponding to the aiiayed sample under ultrasounds.
The insets show an enlarged view of the area eedlby the square and its

corresponding FT image.

Figure 11.5.6 HRTEM image corresponding to the ahiayed sample under ultrasounds.

Several structural defects are marked by arrows.

Figure 11.5.7 HRTEM image corresponding to the ilayed sample under ultrasounds

and its associated FT image.
Figure 11.5.8 Thermogravimetric analysis of the totdlcite samples. (a) HT-cc; (b) HT-
rm(25min), (c) HT-rm(4h) and (d) HT-rm(24h) (e) Huis(25min) and (f)

HT-rus(50min).

Figure 11.5.9 CQ uptake during temperature-programmed desorptiqgreraxents over

XiX



UNIVESITAT ROVIRA I VIRGILI
NANOMATERIALS IN CATALYSIS:
Ricardo José Chimentdn

STUDY OF MODEL REACTIONS.

ISBN: 978-84-690-7618-7 / DL: T.1326-2007

HT-rm(24h) and HT-rus(50min) samples.

Figure 11.5.10 Conversion vs time for the styremp®»dation at 313 K for the different

hydrotalcite samples. (a) HT-asy; (b) HT-cc (remttvithout water) (¢c) HT-
cc (d) HT-rm(25min) and (e) HT-rm(4h) (f) HT-rus(@®@%) and (g) HT-
rus(50min).

Figure 11.5.11 Titration by benzoic acid for theteleination of the base amount of the HT

catalysts. Reaction rate versus amount of benzmicaaded. (a) HT-rm(4h)
and (e) HT-rm(24h) (f) HT-rus(25min) and (g) HT{b8min).

Figure 11.6.1 X-ray diffraction of the samples istgated in this study. (A) Co-

impregnated (CI) catalysts (az-usg; b: Ir-Aug; c: In-Auy; d: In-Au;; e:
Iro-Auy; i Irs-Aug; g: Irs-Aug; h: y-Al,0s), (B) Sequential Impregnated (Sl)
catalysts (a: IFAug; b: Ir-Aug; c: Ir-Auy; d: Iri-Aug; e: In-Aug; fo Irg-Aug;
g: Irg-Aug; h: y-Al,03), (C) Monometallic Ir catalysts (a:olfz5 b: Irp2s C:
Iros, d: Iry; e: ;o Irg; g: Irg; h: y-Al,03). (D) Mean gold particle size as a

function of the Au loading in the bimetallic Ir-AuAl O3 catalysts.

Figure 11.6.2 TEM images of J#Au; (Cl) (a), In-Au;y (S1) (b) and I catalysts (c). The

bars correspond to 100 nm.

Figure 11.6.3 Irreversible hydrogen adsorption estns of the CI, SI and Ir monometallic

samples at 310 K. (A) Cl samples: (ajAuy; (b) Iri-Aug; (c): Ir-Aug; (d)
Iri-Auy; (e) In-Aug; (f) Iri-Aug; (9) In-Aug. (B) SI samples: (a) ¢1Aus; (b)
Irg-Aug; (C): Ir-Aug; (d) Iri-Aug; (e) In-Auy; (f) Iri-Aug; (g) In-Aus. (C)
Monometallic Ir samples: (a)glr(b) Irs; (C) Ir; (d) Irg; (€) Ios; (F) Iro2s (Q)
Iro.125 (D) Dispersion (H/Ir) values versus atomic Auwétio for (a) ClI

catalysts, (b) Sl catalysts, (c) monometallic babgsts.

Figure 11.6.4 Evolution of initial rate (MCP moldes reacted g, ™) versus Au/lr atomic
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ratios. (a) Cl catalysts, (b) Sl catalysts, (c) moetallic Ir catalysts.

Figure 11.6.5 Conversion vs. time curves in the gktyclopentane reaction at 457K: (a)

Cl catalysts, (b) Sl catalysts, (c) monometallicdtalysts.
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Chapter I.1

Synthesis and characterization of metal nanopasticl
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I.1 Initial Considerations

This chapter focuses on the synthesis and faboicati nanostructures
and nanomaterials, but also includes propertiesnaiomaterials,
particularly inorganic nanomaterials. Both bulk ansurface

characterization techniques find applications ine tistudy of

nanomaterials.

However, bulk methods are used to characterize dbkective

information of nanomaterials such as XRD and gagt&m isotherms.
They do not provide information of individual namoficles. Surface
characterization methods such as XPS offer theilpbgsto study

individual nanostructures. Bulk and surface chamdation techniques

are complementary in the study of nanomaterials.

|.2 Literature Review

[.2.1 Introductory comments

Materials in nanometer scale are of great intetlest to their unique
optical, electrical, and magnetic properties. Mahgterogeneous
catalysts utilize nanoparticles.

Nanoparticles of metal and oxides have been deedl@nd used as
catalysts for hydrocarbon conversion, partial ot@aand combustion
reactions since 1920’s; as such they represenbldest commercial
application of nanotechnology [1]. These properte® strongly

dependent on the size and the shape of the paraciée therefore it is
very important to be able to finely control the mploology of the

nanomaterials [2, 3]. Besides, nanoparticles havarge fraction of



UNIVERSITAT ROVIRA I VIRGILT
NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN:

978-84-690-7618-7 / DL: T.1326-2007

surface atoms per unit of volume [4].

Current research has been focused on one-dimehsianaparticles
such as nanorods and nanowires since the morphbaloghisotropy
results in very complex physical properties anél agtembly behaviors
compared to those bulk materials [5].

All solids may be divided into crystalline and amloous substances.
The former are characterized by an ordered periagangement of the
structural elements in space, whereas in the césiheo latter the
structural elements do not form an ordered strectlnrespectively,
however, of whether the structure as a whole iermd or not, the
nearest surrounding of each atom is usually ordaretits form may
be explained on the basis of the type of chemicaidb linking the
given atom with its nearest neighbors, which maycbasidered as
ligands, forming a coordination polyhedra.

In general, geometrical shape is determined byctimaposition and
properties of the synthesized material. For mostaméansition
nanoparticles, distinct structures can occur thatnat characteristic of
the bulk crystal structure [6].

These structures are: cubooctahedron, icosahedmrdecahedron as
depicted in Figure 1.2.1. Surface atoms differ fratoms in the bulk
because they have an incomplete set of neighbans.aFspherical
single-crystalline particle, its surface must camtahigh-index
crystallography planes, which possibly result inh@her surface
energy. Facets tend to form on the particle surfiaceéncrease the

portion of the low-index planes.
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Figure 1.2.1(a) Geometrical shapes of cubooctahedral nanocrysiads a
function of ratio,R, of the growth rate along the <100> to that of the
<111>. Evolution in shapes of a series of (111eHasanoparticles as
the ratio of {111} to [100} increases. The begingiparticle is bounded
by three {100} facets and a (111) base, while ihalfone is a {111}
bounded tetrahedron. (c) Geometrical shapes of iphultwinned

decahedral and icosahedral particles [6].

When solid particles are very small the decreasebond length
between the surface atoms and interior atoms bexaimaificant and
the lattice constants of the entire solid partideéew an appreciable
reduction [7]. Therefore, for particles smaller rtha0-20 nm, the
surface is a polyhedra. The extra energy possésstte surface atoms
is described as surface energy, surface free ermrgurface tension.
Surface energyy, by definition, is the energy required to creatend
area of “new” surfaceyE (0G/0A)nitp) , WhereA, is the surface area.

Surface energies associated with different crysgadiphic planes are
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usually different and a general sequence may hgidiy < Yoo
<yr103. Figure 1.1.2a shows a group of cubooctahedrapehaas a
function of the ratioR, of the growth rate in the <100> to that the
<111>. The longest direction in a cube is the <ldlexgonal, and the
longest direction in the cucooctahedroR=(0.87) is the <110>
direction. The particles with 0.87< R< 1.73 have {00} and {111}
facets, which are named truncated octahedral (T@9.other group of
particles has a fixed (111) base with exposed {144d {100} facets
(Figure 1.1.2b). It is obvious that, for a givenrgide geometry, as the
particle size increases the fraction of atoms whagist in the surface
will decrease, and the fraction of surface atomgkwbxist in very low
coordination number (corner and edge atoms) withelese. The ratio
of surface atoms to bulk depends on the partide. Sihe patrticle size
below which departure from bulk properties can kpeeted is very
small, and appears to be around 2 nm [8]. A meddiiqgle containing
400 atoms would be about 2 nm in size, and one dvduls expect
electrons properties to change below this size. aMet clusters
containing less than 10-20 atoms have electronapgaties which
differ substantially from bulk metal values. Atonmsposition of low
co-ordination have different electronic properti@sd hence may show
different chemical bonding properties to atoms ow lindex planes.
Due to the high surface energy of the small metatigdes all factor
influencing it such as adsorption, alloying or thgport may change
the structure of the dispersed metal. Relevanddesfe phenomena to
catalysis is obvious in view the fact that the hetwaof the metal in the
catalytic reaction strongly depends on the arrareggnof the metal
atoms on the surface. In summary, as the size okl particle is

decreased, a number of things happen: (i) obviotrstyfraction of
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surface atoms increase, and because these vibrate freely the

melting temperature falls and surface atom mobiriggs. (i) Because
the overlap of electron orbitals decreases as Weeage number of
bonds between atoms becomes less, the structuneeakened, and
surface atoms in particular start to behave mormdisiduals than as
members of the club. (iii) At the same time, a tgedraction of the

atoms comes into contact with the support, and l&émgth of the

periphery per unit of mass of metals rises.

Metal particles have been synthesized by usingouarmethods such
as templating [9, 10], photochemistry [11], seedii@, 13], and

electrochemistry [14, 15]. Reduction of the metinplexes in diluted
solutions is the general method in the synthesimetal nanopatrticles.
Various synthesis methods or techniques can bepgtbunto two

categories: thermodynamic equilibrium approach lendtic approach.
In the thermodynamic approach, synthesis processisis of (i)

generation of supersaturation, (ii) nucleation, &g subsequent
growth. In the kinetic approach, formation of naadjles is achieved
by either limiting the amount of precursors avd#alor the growth

such as used in molecular beam epitaxy, or corgitire growth in a
limited space such as aerosol synthesis or misglighesis. In this
work, the attention will be focused on both synibespproaches. A
broad more general review of new nanoscience amdteehnology
methods has been given by Tolles [16].

Here the synthesis of nanoparticles through theymawhically

approach was based on the formation of monosizédllnesilver by a

combination of a low concentration of solute antiyperic monolayer
adhered onto the growth surfaces. Silver nanowinese been

synthesized via polyol process [17]. Controlling tkize, shape and
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structure of metal nanoparticles is technically amant because of
strong correlation between these parameters aralytatproperties.
The formation of monosized metallic nanoparticlas be achieved in
most cases by a combination of a low concentratiosolute and the
use of polymeric stabilizers such as polyvinyl-plidone (PVP).
Ethylene glycol has been widely used in this sysith@rocess due to
its strong reducing power and relatively high baglipoint. The growth
of the Ag particles is generated by the reductidnAgNO;3; with
ethylene glycol whereas the anisotropy growth istmdled by the
presence of stabilizers such as PVP. The presdrtbe polymer in the
solution of colloids is believed to have two fulcts. First, it stops the
growth of the particles at a small size distribnti®econd it prevents
individual colloidal particles from coalescing wigtach other [19]. It is
generally accepted that the coordination reagerdtidally controls the
growth rates of various faces of a metal througbctiwe adsorption
and desorption on these surfaces. There seemsstlduivity between
the metal surfaces and the functional groups of ¢berdination
reagent. Thécc nanocrystals normally have {111} twins. Thetends
to nucleate and grow into twinned and multiply tmed particles
(MTP) with their surfaces bounded by the lowestrgng111} facets
[20]. Twinning is the result of two subgrains shgria commom
crystallographyic plane. In this case, the strietfrone subgrain is the
mirror refletion of the other by the twin plane.eltwo most examples
of MTP are decahedron and icosahedron. As demdedtizy Wang
[21], the shape of aftc crystal is mainly determined by the rati) (
between the growth rates in the (100) directionthiat of (111).
Octahedra and tetrahedral bounded by the mostes{dlill} planes

will be formed wherR= 1.73. Perfect cubes bounded by the less stable
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{100} planes will result ifR is reduced to 0.58. Figure 1.2.2 shows a
schematic illustration of the mechanism that presistudies proposed
[22] to account for the evolution of silver into Xianostructure.

Two components are critical for this growth meckamithe MTP has
5- fold symmetry, which its surface bounded by {&fhl1} facets. In
terms of surface energy minimization, it is favdealbo form such
twinned nanostructure once the particle size hashed a critical size
[23]. A set of five twin boundaries are required ¢generate the
decahedral particle because it is impossible kéhid space of an-object
of 5-fold symmetry with only a single crystallinattice. Pentagonal
arrangement in MTPs is quite well known and fiveHfeaymmetry
nanoparticles have provoked much attention durireglast 50 years.
Indeed, multi-twinned nanoparticles of transitioptads withfcc lattice
[24] have been reported. Five-fold twinning is mmly found in
synthetic materials, but also in structures witture origin [25].

For the Kkinetic approach we synthesized gold nanicfes by
kinetically confining the reaction in a restrictage. This method is
exemplified by the synthesis of nanoparticles iasmiicells or in
microemulsion. In micelle synthesis, reactions pdec among the
reactants that are available only inside and thécpea stops growing
when the reactants are consumed. When the surfactarblock
polymers typically consisting of two parts, one toghilic and another
hydrophobic, are dissolved in a solvent they pezigally self
assembly at hydrocarbon/aqueous solution in sucly wea form
micelles. The dynamic exchange of reactants suchedallic salts and
reducing agents between droplets via the continumlusphase is
strongly depressed due to restricted solubilitynoirganic salts in the

oil phase.
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Figure 1.2.2 Schematic representation illustratimg diffusion of silver
atoms toward the two ends of a nanorod, with thae ssurfaces
completely passivated by PVP. This drawing showgprajection
perpendicular to one of the five side facets odaarod, and the arrows
represent the diffusion flux of silver atoms [22].

This is the reason of the attractive interactiopsr¢olation) between
droplets play a dominant role in particle nucleatand growth in the
water/oil microemulsion reaction medium. For exam@ bimolecular
reaction between two hydrophilic reactants metalilt (A= MCl,) and
inorganic reducing agent #88BNaBH,) forms a product C M, a metal
particle) with all reacting species confined witlie dispersed aqueous
phase of a water/oil microemulsion system (Figur2.3). The
surfactant-stabilized water pools provide a micka@mmental for the
preparation of a nanoparticle by exchanging thentents via the
fusion-redispersion process and preventing the ssxeggregation of
particles. As a result, the particles obtained uchsa medium are
generally very fine and monodisperse. Many kindsnahoparticles

have been prepared in water/oil microemulsionduding metals [27],
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metal oxides and hydroxides [28].

hhrmanMul Microemilsion L
Aqunm:?hxml z }l Hﬂ « Aguecnis Fhase
Metal Sali f"’_ﬁﬁ | Rehucing Agent
{FeCl,, FeCl,, | NH,OH, N, I-!
j\ll"l I iq}.,‘ ™y ]
CulCl,, etc ;.:'.,. fa l':‘]}, l"C ! hnH-H e
: L o N,
! | :f .
Ol Phase Mix thwmumwn land 11 Ol Phase
Codlisaon and rhﬁffhtp1
Coalescence af Porcolation
D‘I’UF\llLl: 2 L..M‘I: fh‘l‘.
Tﬁ;th rl-
Chemical Reaction Doours - {"} s, pg
i i Metal or Mecal Oxide)
#”“i 5C)
L g

Figure 1.2.3 Proposed percolation mechanism [26].

Here in this work the preparation of Au-Ag bimeatathanoparticles in
water/hexadecylamine/toluene by coreduction of id@aric and silver
nitrate with sodium borohydride (NaBHat 25°C is reported. The size,
structure, optical properties, and composition riigtion of the
resultant nanoparticles were characterized by mnéssson electron
microscopy (TEM), X-ray diffraction (XRD), UV-vis ral X-ray
photoelectron spectroscopy (XPS). Also the fornmafioocess for the
alloying is discussed.

[.2.2 Characterization and properties of the nanopsicles

The discussion in this chapter is focused mainlytlen fundamentals

and basic principles of the characterization meshdechnical details,

-11 -
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operation procedures and instrumentations are het subjects of
discussion here. The intention of this chapteoiprovide readers with
the basic information on the fundamentals that ¢haracterization
methods are based on. For technique details aemmaended to

relevant literature [29, 30].

|.2.2.1 Structural Characterization

[.2.2.1.1 X-ray diffraction (XRD)

X-ray diffraction is a very important technique tlmas long been used
to address all issues related to the crystal streadf solids, including
lattice constants and geometry, identification aknown materials,
orientation of single crystals, preferred oriemgatiof polycrystals,
defects, stress, etc [31]. X-ray diffraction lineo&dening is widely
used for measuring metal particle size and parsce distributions.
The simplest method to evaluate XRD profiles isdpglication of the
Scherrer equation to obtain average crystallitess[29]. The limits of
the technique are generally stated to lie betweemm3and 50 nm,
however with careful experimentation it is possilite study metal
particles <2 nm. For smaller particles the apploca of X-ray
diffraction becomes very difficult, as it does feupported metal
catalysts of any kind having such high dispersioftse lines in the
diffraction patterns are then extremely broad anebky becoming
indistinguishable from the background. In XRD, dlioated beam of
X-rays, with a wavelength typically ranging fronv@o 2 A, is incident
on a specimen and is diffracted by the crystallpteases in the

specimen according Bragg’s law:

-12 -
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A=2d sind (1.1)

whered is the spacing between atomic planes in the dhystgphase
andA is the X-ray wavelength. Thukis easily measured N and6 are
known. XRD it's a powerful method for bulk structudetermination
and estimation of lattice constant by one of tlemdard methods [32]
serves to identify the diffracting phase. The istgnof the diffracted
X-rays is measured as a function of the diffractaomgle B and the
specimen’s orientation. This diffraction patterruseful to identify the
specimen’s crystalline phases and to measureriiststal properties.
XRD is nondestructive technique. For more detdils teaders are
highly recommended to an excellent book by Cullityd Stock [29].
Diffraction peak positions are accurately measusgth XRD, which
makes it best method for characterizing homogeneaumsl
inhomogeneous strains [35]. Homogeneous or unifefastic strain
shifts the diffraction peak positions. From theftsii peak positions,
one can calculate the changedrspacing, which is a result of the
change of lattice constants under a strain. Inh@megus strains vary
from crystallite to crystallite and this causes @adening of the
diffraction peaks that increase witingd. Peak broadening is also
caused by the finite size of crystallites, but h#ére broadening is
independent o$ind. If there is no inhomogeneous strain, the cryigtall

size,D, can be estimated from the peak width with Schiarfermula:

D= KA/Bcosés (1.2)

where A is the X-ray wavelengthB is the full width of height
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maximum (FWHM) of a diffraction peakg is the diffraction angle,
andK is the Scherrer’s constant of the order of ufotyusual crystal.
However one should be alerted to the fact that parieles often form
twinned structures, therefore, Scherrer’'s formulaymroduce results
different from the true particle sizes.

From the XRD analysis it is also possible to getees particle size
distribution by analysis of the peak profile, at&lmost elaborate form
consideration is given to the concentration of disfewhich manifest
themselves as local deviations of the lattice amistand to lattice
strain. The theoretical base is provided by the réraAverbach
procedure [34] which has been applied for to a nemalb systems.

The technique is also useful to study alloy forwmtin bi- and
multimetallic catalysts from the position and shapdiffraction peaks.
However, similar limitations apply as discussedhia use of XRD line
broadening for crystallite size determinations. &ddition the
appearance of a symmetric diffraction peak at atiposexpected from
the alloy composition by Vergard’s law does notrgméee a uniform
particle composition. The metal dispersion of #tley is equal to the
overall if and only if surface composition is equia the bulk
composition. From the shift in peak positions, @a® calculate the
change ind-spacing, which is the result the change in théckat
constants under a strain. However, the surface ositipn of alloy
particles can vary significantly from that of thelk In most cases, the
surface of an alloy is enriched with one of its aments. The driving
force for this process is the minimization of tbeat free energy of the
system. Thus, the surface of the alloy may be badcwith the
components with the lower surface free energy. Wsuanother
parameter that may affect the surface compositisnselective

-14 -
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chemisorption of a gas on the components of tlugz.allhe component
that interacts more strongly with the ambient gascies the surface.
Discrepancies between theoretical predictions aqpergmental results
as well as between experimental results of diffeir@restigators can be
caused by factors such as temperature, particle, gind support
material, in the case of supported alloy partictesould be expected
that equilibrium surface composition depends oe siad morphology
of alloy crystals. Therefore different carries addferent metal

contents may lead to different results. Furthermtire regular solution
model assumes ideal entropy of mixing and stasktilistribution of

atoms over lattice points. Deviations from suctirdigstions can occur
due to electronic or geometric factors, presernthatsurface of alloy

particles.

[.2.2.1.2 Microscopy

In catalysis, the main interest of the microscapy In the possibility of
studying the surface topography and morphology @ifrtiges.
Transmission electron microscopy (TEM) and scannglgctron
microscopy (SEM) are indeed outstanding tools kiuial analysis of
solids. The information given by these techniquegenerally very
useful for the critical discussion of the data cognfrom adsorption

isotherms and XRD analysis.

[.2.2.1.2.1 Scanning electron microscopy (SEM)

In a typical SEM, a source of electrons is focusgd a beam, with a

very fine size of 5 nm and having energy rangirmgrfra few hundred
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eV to 50 keV, that is rastered over the surfacehef specimen by
deflection coils. As the electrons strike and peatetthe surface, a
number of interactions occur that result in thes=smoin of electrons and
photons from the sample, and SEM images are pradigeollecting
the emitted electrons on a cathode ray tube (CR/Byious SEM
techniques are differentiated on the basis of whasubsequently
detected and imaged, and the principle images pextiin SEM are of
three types: secondary electron images, backsedtelectron images
and elemental X-ray maps. When a high energy psinmedectron
interacts with an atom, it undergoes either inedastattering with
atomic electrons or elastic scattering with thematonucleous. In an
inelastic collision with an atom, the primary elect transfers part of
its energy to the other electrons. When the en@nayysferred is large
enough, the other electron will emit from the saanpf the electron
emitted has energy less than 50 eV, its referreédstca secondary
electron [35]. Backscattered electrons are the bigtrgy electrons that
are elastically scattered and essentially pos$essame energy as the
incident or primary electrons. The probability ofackscattering
increases with the atomic number of the sample maateAlthough
backscattering images cannot be used for elemeadéailtification,
useful contrast can develop between regions ofpleeimen that differ
widely in atomic number, Z. An additional electrorieraction in the
SEM is that the primary electron collides with aepbcts a core
electron from an atom in the sample. The excitedhawill decay to its
ground state by emitting either a characteristica)X-photon or an
Auger electron, of which have been used for chenalcaracterization
and will be discussed later in this chapter. Conmgirwith chemical

analytical capabilities, SEM not only provides timeage of the
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morphology and microstructures of bulk and nanattme materials
and devices, but can also provide detailed infolmnabf chemical

composition and distribution. The theoretical lifo an instrument’s
resolving power is determined by the wavelengththefelectron beam
used and the numerical aperture of the systemrdswving power, R,

of an instrument is defined as:

=RI2NA (1.3)

WhereA is the wavelength of electrons used and NA isriierical
aperture, which is engraved on each objective amidenser lens
system, and a measure of the electron gatheritigyadfithe objective,
or the electron providing ability of the condenser.

[.2.2.1.3 Transmission electron microscopy (TEM)

TEM is likely to be very powerful for revealing tleom distributions
on nanocrystal surfaces. Today’'s TEM is a versabite that provides
not only atomic-resolution lattice images but atbemical information
at a spatial resolution of 1 nm or better, allowtigect identification
the chemistry of a single nanocrystal [36, 37]. Wt finely focused
electron probe, the structural characteristics sihgle nanoparticle can
be fully characterized. TEM is unique for charaiz&ion the in situ
structural evolution of nanocrystals resulting franmealing. TEM has
played a major role in characterizing the shapdrotiad nanocrystals.
In TEM, electrons are accelerated to 100 keV ohé&igup to 1 MeV),
projected onto him specimen (less than 200 nm) l®ama of the

condenser lens system, and penetrate the samplknéiss either
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undeflected or deflected. The greatest advantdgesTEEM offers are
the high magnification from 50 to 4@nd its ability to provide both
image and diffraction information from a single saen

A modern TEM is composed of an illumination systeanspecimen
stage, an objective lens system, the magnificagstem, the data
recording system, and the chemical analysis sysiém.electrical gun
is the heart of the illumination system, which tglly uses LaB
thermoionic emission source or a field emissionrsau

Finally the chemical analysis system is the enedjgpersive X- ray
spectroscopy (EDS) and electron loss spectroscBfy.$), both can
be used complementary to quantify the chemical amitipn of the
specimen. EDS relies on the counting of X-rays &aifrom the beam
illuminated specimen region as a function of photmergy and it is
probably the most precise microanalysis techniquelEM. EELS
analyses the intensity distribution of the transmait electrons as
function of their energy loss. It provides not ornlye chemical
information on the specimen but also its electratracture. Selected
area diffraction (SAD) offers a unique capability tletermine the
crystal structural of individual nanomaterials, Isus nanocrsytals and
nanorods, and the crystal structures of differeartgpof a sample. In
SAD, the condenser lens is defocused to producalglailumination
at the specimen and a selected area aperture @& toséimit the
diffracting volume. SAD patterns are often useddgtermine the
Bravais lattices and lattice parameters of cryisi@limaterials by the
same procedure used by XRD [29]. Although TEM hasimherent
ability to distinguish atomic species, electroreiseedingly sensitive
the target element and various spectroscopy anela@sd for the

chemical composition analysis.
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[.2.2.1.3 Gas adsorption

Physical and chemical adsorption isotherm is a plmlvéechnique in
determining the surface area and characteristgs 9f the particles and
porous structures regardless of their chemical amitipn and crystal

structures.

[.2.2.1.3.1 Physical adsorption

When a gas comes in contact with a solid surfaceleu suitable

temperature and pressure, gas molecules will adsddthe surface so
as to reduce the imbalanced attractive force ofasaratoms, and thus
reduce the surface energy. Adsorption may be eifitersical or

chemical in nature [38]. The forces responsible th@ physisorption

depend on the molecule in question and on the adsmature of the
surface, but they are of the some kind as thosehbla molecules

together in liquids, and are collectively descrilesi Van der Waals
forces, comprising dipole-dipole interactions, iodd dipole charges,
London forces due to mutually-induced fluctuatingodes and nuclear
quadrupole forces. In 1940, Brunaueraét[39] proposed to classify
the physical adsorption isotherms in five differgmbups numbered
from | to V. This is well known classification relates the shaf the

isotherms to both the mean pore size of the adebdye the intensity
of adsorbate-adsorbent interaction [40]. The fiypes of adsorption
isotherm are schematically represented in Figtel.LIlt is generally

admitted that:
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- isothermsof type lare characteristic of microporous adsorbents

- isothermsof typesll and Ill are observed for macroporous
adsorbent. Typd isotherms frequently occur. On the contrary
type lll isotherms are rather unusual and correspond tp ver
weak adsorbate-adsorbent interaction

- isotherms of types IV and ¥re obtained for mesoporous
adsorbents. Typ#/ isotherms are widespread whereas type
isotherms (which correspond to very weak adsobdse+bent

interactions) are seldom encountered.

/"-J- Twpe Il /
! Typel
i P
| -
| -
|
g o
E /
g . / /
= Type 1T /
3 /, II,r Type 1V
=
=
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3 // /
¢ - /
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L 4

Concentration (or pressure)

Figure 1.2.4 The five types of adsorption isothefdis.

In everyday practice, the shape of the isothermalisgives a rather
good idea of the mean size of the pores presaheisolid. Sometimes,
however, an isotherm cannot be related to one iteefgroup of this

classification because different types of pores present in the
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adsorbent. These “mixed” isotherms are also intieadf the general

porosity of the solid. Another easy way to get infation on the

porous texture of the adsorbent is to look the shafpthe hysteresis
loop. The presence of an hysteresis loop into fan groups have
been proposed by Boer [41]. Each group is relateti¢ general shape
of the pores present in the solid, as illustrateHigure 1.2.5.

- Type A hyteresiss associated with “cylinder shaped” pores of
rather constant cross section

- Type B hyteresipoints to the presence of slit-shaped pores

- Type C and D hyteresislerive from the typeA and B
respectively and formed the non parallel platepgfy). These
two types of hysteresis loops are rather unusual

- Type E hyteresigery frequently occurs. It corresponds to “ink-
bottle’pores, spherical cavities or voids betwetse-packed

spherical-like particles.

PPy PPy,

Figure 1.2.5 The five types of hysteresis loopg [41
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This classification is widely used [42] even ifpractice the hysteresis
loop shape appears rather different from the ideales presented in
Figure 1.2.5. The mean reason for these differemceise existence of
real solids of a more and less broad pore sizeiluision whereas the
models used are based on ideal solids where adlspoave the same
size. In general the broader pore size distribytithe wider the
hysteresis loop. Furthermore, “mixed” hysteresi®plomay often
observed if different pore shapes are presentenstime solid. Since
the publication, in 1938, by Brunauer, Emmett amdler [43] of their
famous model for physical adsorption of vapors ohds the BET
theory and its use as a toll for determinationpscsfic surface area of
solids have formed the subject of many papers,eveviand books.
[44,45]. The limitations and the range of appliti&piof the BET-
model have been critically discussed by severahast It is highly
recommended for the readers the book of Gregg argl[80] and the
review paper of Nicolaon [46]. The BET equatiommere conveniently

written in the following form:

XIV o(1-X)=1/VVmC + (c-1)/\VinC (1.4)

where \4 is the adsorbed volume of the adsorbate per uagsnof
adsorbent, ) is the volume of adsorbate just sufficient to cothe
surface developed by unit of mass of adsorvents xhe relative
pressure PR c is a constant varying with the adsorbent-adserb
interactions. The ) value is directly proportional to the specific
surface area of the adsorbent, becaugésVby definition, the amount
of adsorbate just sufficient to cover with a conglenonolayer the

whole surface developed by the unit mass of adsbrfée specific
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surface area of the solid is thus equal to the aaxapied by one
adsorbate molecule multiplied by the number of dolte molecules

contained is , so that

S=an. VmN« Vn (1.5)

where s is the specific surface argaisvthe monolayer capacity of unit
mass of solid, N is the Avogadro constant,,Ms the molar volume of
adsorbate anda is the part of surface occupied by one molectle o
adsorbate in a closed layer. In the case of nitragsorption at liquid
nitrogen temperature (77 K) the most widely adrditf¢7] and used
value of the area occupied by a nitrogen moleail@n(N,)=16.2 x 10

20 n,]2.

In this conditions, if M and \j, are taken respectively equal to
6.02510°° mole™ and 22.41410° m®.mole?, the specific surface area
of the solid (expressed in’fkg of solid) is given bygr =4.37x16 vy,
Vmbeing the monolayer capacity expressed Ir5TP of N/kg of solid.

If other adsorbates thanldre used, it is rarely possily to assign a fixed
value to the molecular surface area am of a gidsotive. In general

a range of value is given for each adsorptive [B@i, from their
comprehensive review of the literature, McClellamd aHarnsberger
[43] recommended the following values of am expedsa 10%° m*

Ar at 77 K:13.8

Kr at 77 K: 20.2
nCsH1o at273 K: 44.4
CeHs at 293 K: 43.0

However great caution should be exercise while gighrese values

because the molecular surface area of an adsatbpnds somewhat

-23 -



UNIVERSITAT ROVIRA I VIRGILT
NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN:

978-84-690-7618-7 / DL: T.1326-2007

on the nature of the adsorbent. In practice, the afsnitrogen as
adsorbate in textural studies Is thus generally enmliable and

technically simpler than the utilization of othelsarbates.

1.2.2.1.3.2 Chemical adsorption

Selective chemisorption has been used extensivelge sthe early
sixties to measure the number of surface metal sit@nd to obtain
metal surface areas and average metal particls.sizselected gas is
chemisorbed under conditions which permit the fdroma of a
monolayer on the metal without any significant cimition of the
support. Metallic catalysts exist in the form oflkbunetal (powder,
wire) or in a dispersed state on a nonmetallic persupport (alumina,
silica, alumina-silica, zeolites, titania, magnesiarbon, etc). Whereas
the multilayer physisorption of Nand Kr is used to determine the total
surface area of the solid, selective chemisorptiith formation of a
monolayer has been used systematically the sudieze of the metals.
What is measured is the total number of accessblace atoms,
which not necessarily equal to the number of catakites in a given
reaction [49]. The dispersioD of the metal D < 1) is defined as the
ratio of the number of surface metal atoms to thal number of metal
atoms in the sample [50]. Dispersion is also exqgesas percentage.
According to IUPAC rules, the expressiometcentage exposéd
should be preferred over the word dispersion. Thestncommon
adsorptives used in the selective chemisorptionHareCO, G, N,O
and GHs [51]. Since percentage exposed, particle sizesarnf@ce area
are related, it is recommended, whenever posdibleheck the results
of the selective chemisorption by means physicahrnigues: X-ray
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diffraction and electron microscopy [52]. Unforttels, these physical
tools fail when the metallic clusters are very dmalso the averages
are different: number average (electron microscopy)face average
(chemisorption), volume average (X-ray diffractiorBesides, if a
particle is polycrystalline, the size determinedtbg X-ray diffraction
will be smaller than a given electron microscopsorf the view point
of catalysis, the percentage exposed is the maosttdand pertinent
measurement. If part of the metal surface is pa@dpithe percentage
exposed may correlate directly the catalytic atti{3, 54], although
particle size translated into dispersion would beta useful quantity.
In typical hydrogen adsorption experiment the niietakatalyst is first
contacted with flowing hydrogen in the adsorptial @t appropriate
temperature to ensure thorough reduction. Theisdhen evacuated
and cooled to room temperature for the determinatad total
adsorption [50]. When this isotherm is completée, weakly adsorbed
hydrogen is removed from the sample by evacuatiegatisorption cell
at room temperature for 10 minutes to a pressupzoapnately 10
torr. A second isotherm is then run at room tempeea This isotherm
constitutes the weakly adsorbed hydrogen. Theréifiee between the
total adsorption and the weakly adsorbed hydrogenstrongly
chemisorbed hydrogen. From the volume of the tdtgtirogen
adsorption and the irreversible adsorption one datermine the
dispersion,D. For further details on supported metals catalytts
reader should consult the Anderson’s book (1975). [5
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Figure 1.2.6. Typical hydrogen chemisorption atmotemperature on a
platinum-on-alumina catalyst containing 1 wt.% piam. The quantity
H/M is the ratio of the number of hydrogen atomsabded to the

number of platinum atoms in the catalyst [56].

In hydrogen chemisorption on the Group VIII metatsis generally
accepted that the hydrogen molecule dissociatesthab hydrogen
atoms are adsorbed on the surface. Typical datthe@rhemisorption
of hydrogen on room temperature on a platinum amaila catalyst are
show in Figure 1.2.6. Isotherm A represents thaltechemisorption,
and isotherm B represents the weakly chemisorkaetidn, since it is
removed by simple evacuation at room temperatusethérm B
includes adsorption on the alumina carrier. Théedkhce isotherm,
labeled A-B, is obtained by subtracting isothermfrBm A and is
independent of pressure over the range of pressises in obtaining

the isotherm. It represents the strongly chemigbflection, that is, the
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amount that cannot be removed by evacuation at rtmmperature.
The quantityH/M in the right-hand ordinate of Figure 1.2.6 repredsen
the ratio of the numbeét of hydrogen atoms adsorbed to the nunider
of platinum atoms in the catalyst. If we assumeo&ckiometry of one
hydrogen atom per surface platinum atom in the aafsastrongly
chemisorbed fraction, the value of H/M determinexhf the difference
isotherm A-B corresponds to the ratio of surfacatipbm atoms to
total platinum atoms in the catalyst. This ratioalsout 0.9 for the
catalyst in Figure 1.2.6. If a comparison with rksurom physical
techniques is wanted, or just out of habit of deglvith particle size, a
handy conversion between dispers@rand particle sizel, in nm, is
given by:D =~ 0.9d or more simplyD =1/, (d in nm). More rigorous
determination of the particle size should take imteount the shape of
the particle. In this case the average particle iz obtained by means
of: d =f Vs/Su, where & is the specific surface area of the metal
obtained from the selective chemisorption datagsuming an average
number density, ¥ is the specific volume of the metal and f is the
shape factor of small particles of metal on suppofrhe values of
collected in Table 1.2.1 are between 1 and 6. énabsence of any other

information, the valué = 6 is not unreasonable [49].

Table 1.2.1 Relation between shape and size

Shape of Particle Dimension Factor

Cube Edge 50r6
Sphere Diameter 6
Cylinder Diameter 4

Plate Thickness lor2
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[.2.2.1 Chemical Characterization

1.2.2.2 — X-ray photoelectron spectroscopy (XPS)

XPS is also known as electron spectroscopy for otednmanalysis
(ESCA). Semi-quantitative technique for determiniagmposition
based on the photoelectric effect. In ESCA measengsn electrons are
emitted from a substance as a result of irradidtipiX-rays [57]. Since
an ESCA analysis is carried out in ultrahigh vacuunost ESCA
spectrometers are equipped with “in situ” high pugs treatment
chambers, where the catalyst activation treatmant e reproduced
and the sample transferred into the analysis chamiteout exposure
to air. Like other characterization methods XPSesaffrom a series
limitations like overlap, sample degradation in tseam, insensitivity
to subtle changes in chemical environment and adifies in
acquisition of quantitative results. The main comgrts of a XPS
instrument are the X-ray source, the electron gnengalyzes, the
electron detector and an efficient pumping systenttie high vacuum
required. The laboratory conventional source of Xaey tube where
X-rays are generated by electron bombardment ofnewmgm or
aluminum from whichK,, , radiation is produced. Table 1.2.2 lists X-
ray lines energies and line widths for various ebtaristic lines from
some materials. The yttrium and zirconiun{ Nines are narrow and
have been used successfully in special applicatioutstheir energies
are too much low for general application. The ouotliger lines that fit
the requirements are tlig, lines of magnesium, aluminum and silicon.
Although silicon has also been used for specialiegons, it is not a
metal, so that the heat transfer characteristiegpaor and it is difficult
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to apply to an anode surface.

Table 1.2.2 Some X-ray lines of use in photoeletigpectroscopy

Line Be Y Zr Nb Mo Ru Rh C Ti Ti o] Cr
K M{ ME MI MI M{ M K Ll Le K La

Energy (¢V) 108.9 1323 151.4 171.4 192.3 236.9 260.1 278 395.3 452.2 524.9 572.8
Width(eV) 50 047 077 1.21 1.53 249 40 6 3 3 4 3

Line Ne Ni Cu 2Zn Na Mg Al Zr Ti Cr Cu
Ka La Le Le Ke Ko Ke Lea Ke Ke Kea

Energy (6V) 849 851.5 929.71011.71041.01253.61486.6 2042 4510 5417 8048
Width(eV) 03 25 38 20 042 07 085 17 20 21 26

It can be seen that there are indeed very few miewhose
characteristic X-ray lines have sufficient smaltthis. Thus one is left
with the magnesium and aluminugy lines, and in fact it is these two
that are used so universally in XPS. XPS is basethe photoelectric
effect arising when high energy photon (usuallykeV range) hit a
material with the consequent emission of electpio{oelectrons). The

photoelectron kinetic energle, is given by the Eisntein’s law

Exe=hv -E5 -e@ (1.6)

where the energy of the ejected electien,is determined by both the
energy of the incident photomy, and the bound electron states E
(Figure 1.2.7). In order for an electron to be e¢edtfrom an atom by an
incident X-ray photon, the energy of the X-ray mhotnust be at least
as high as the binding energy of the electron wittie atom. The
energy the X-ray photon in excess of the bindingrgy is imparted to

the emitted in the form of kinetic energy.
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Figure 1.2.7 XPS process.

Mainly because of inelastic scattering the infororatdepth is in the
range of 2-5 nm and varies the take-off in XPSatretly low-energy
X-rays used to eject the electrons from an atontheaphotoelectronic
effect [58]. Since the excitation process in XP®lues core electrons,
the technique is element specific, and the elemeasbe identified
according to their binding energy (BE). The exadirlg energy values
reflect the chemical environment (oxidation stdigands) of atoms,
which makes a powerful tool to monitor chemical mipes during
various treatment procedures in catalyst preparat®ince an atom
possesses electrons with various binding energigesponding to the
different electron energy levels, irradiation byra§+ photons of a
particular energy will result in the emission oé@rons with a definite
set of kinetic energies corresponding to lines IBCR spectrum.
Readers interested in more detailed descriptionsuldh consult
previous works [59,60]. A feature of particularardgst in ESCA is its
structure sensitivity. The surface sensitivity d?X analysis is due to
the limited escape depth of the emitted electrosedufor analysis.
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Electrons emitted by atoms in subsurface layersa ahaterial are
subject to inelastic scattering process. Thesesegees decrease the
probability that the electrons will emerge from thmaterial with the
expected kinetic energy [61]. The deeper atomslecated in the
material, the lower this probability becomes. Ftonas at a given
depth, the probability of an electron escaping frammaterial with its
kinetic energy unchanged depends on the magnitdidéneo kinetic
energy. The XPS signal decreases exponentially thi¢ distance of
the examined atoms from the surface and it is derpethat the values
obtained mainly refer to the composition of thenmst surface layers
off the material. IfA is the inelastic mean free path (IMPF) of the
emerging electron than 95 per cent of the signansity is derived
from a distance Bwithin the solid (Figure 1.2.8). However the veal
depth sampled is clearly given by d ¥ 8ina and this is a maximum
when a = 9C°. The major requirement for surface sensitivity
enhancement is that the surface is flat. Surfacgmoess leads to an
averaging of electron exit angles and also to shaupeffects (both of
the incident X-rays and emerging electrons) suel ithmost cases the

surface enhancement effect cannot be observed.

Figure 1.2.8 Surface sensitivity enhancement byiatian of the

electron take-off angle.
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It should be noted that surface segregation extemeljpond the

outermost atomic layer, especially in solid soln§p so that

compositional variations include several layers aindath. Detailed
experimental determination of the segregated naykil is not an easy
task. Conventional surface analysis techniqued) ascAuger electron
spectroscopy (AES) or X-ray photoelectron spectipgd XPS), often

used in segregation studies, are not strictly serfspecific, and the
detected signal intensity is a superposition oatgimg from a number
of atomic layers, yielding some average compositimughout the

characteristic probing depth.

[.2.2.2.3 Temperature programmed reduction (TPR)

The chemistry involved in the reduction processethels on the type of
the precursor. If it is an oxide or hydroxide, other precursor

subjected to calcination, the product of reducbgrhydrogen is simply
water, but reduction of a chloride will form hydeag chloride which

may not immediately vacate the surface. It is wabking too that the
water formed by reduction of an oxide may hydréke surface of the
support, or just become physically adsorbed onthe successful
application of the hydrogen-oxygen titration for amaring metal

dispersion hinges on this. Reduction of nitratetheut calcination can
also lead to some complex chemistry, since thé feduced metal can
catalyze reactions of the gases liberated. It ienoflesirable to know
the precise conditions under which a precursor batome reduced to
an active form, and whether the reduction takesepla one stage or

more than one. In the letter case one would ifferexistence of two or
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more different species of different reducibility. Avidely-used
technique for studying these questionstamperature- programmed
reduction(TPR) [62, 63].

The principle of the method is as follows. A dilditenixture of
hydrogen in an inert gas (nitrogen, or preferabstyoa) flows through
one arm of the thermal conductivity cell and thererothe sample;
water or other condensable products are held lmaakiiap, and the gas
proceeds through the second arm of the thermal wivity cell
(TCD) and thence via a flow-meter to exhaust. Con#ion of
hydrogen due to reduction of the sample is revebledetector wires
differing in temperature: they form two arms of eh&dtstone bridge
and the out-of-balance signal is captured by a opiacessor. Signal
calibration is achieved by injecting a know voluwfepure hydrogen.
For most purposes of the profile is characterizgthle T,.x values and
by the integrated volume of hydrogen consumed. ihbeease in the
TmaxValuequalitatively reflects a decrease on the overalogility of
the sample. Extensive use has also been made RfiiFPseeking
evidence for the formation of alloys in bimetaltiatalysts [64, 65]. The
logic employed is simple but fallible. One presuntbat if one
observes two peaks, each of which is clearly aasetiwith the
reduction of one of the components, then therebleas the creation of
two separate metallic phases and no alloy formdtesoccurred [62].
Per contra if one sees only a single peak whencredwa bicomponent
precursor, it is supposed that the more easily aedluspecies has
catalyzed the reduction of the less easily redugeathaps by the
intervention of hydrogen spillover, and that thex¢hen every chance
of an alloy having been formed Unfortunately, theassumptions are

not necessarily truth. There is good evidence hewethat the
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occurrence of a single peak, in reducing mixed eo@md ruthenium
oxides on silica, does not signify to alloy fornoatj as only separate
metal particles result: this is probably due toyveffective and rapid
hydrogen spillover giving action at a distance [6Br the technique
details, it is highly recommend for the readers ¢pe& study realized
by Monti and Baker [67].

[.2.2.4 UV-visible-DRS spectroscopy

Based on the position of the absorption edges/adive comparison
can be made between the energies of the suppodiespeThe
absorption bands reflect a ligand to metal chargester band (LCT)
transition [68, 69]. A general power law form haseb suggested by
Davis and Mott [70] which relates the absorptiomfioient with the
photon energy. The order of the power function esedmined by the
type of transition involved. Diffuse reflectanceshzeen analyzed using
Kubleka-Munk treatments [71, 72]. The diffuse refence for
infinitely thick samplesRe) is given by the reflectance of a sample of
finite thickness (Rumpig divided by the reflectance of highly reflective
standards (Rrerencd, such as MgO:

Ro= Rsamplé Rereference (1.7)

The Kubleka Munk function, Reo)

F(Rw)= (1- Rw)?/2 R, =K/S (1.8)

Represents the ratio of absorptidf) @nd scatteringg) coefficients.
Scattering coefficients depend weakly on photorrggnéout absorption

-34 -



UNIVERSITAT ROVIRA I VIRGILT

NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN: 978-84-690-7618-7 / DL: T.1326-2007

cross sections increase abruptly as electronicsitrans become
possible with increasing incident photon energyud ik (R.) provides
a measure of absorbance throughout the experimspéairal energy
[72]. Barton et al. have recommended using the requaot of the
Kubelka- Munk function multiplied by the photon egg. By plotting
this new function versus the photon energy, theitipos of the
absorption edge can then be determined by extrapdiie linear part
of the rinsing curve to zero [73] the values thidamed carry the
information about the average domain size of thieleoxanoparticles
since, as for the case of a particle in a box, ibad gap energy

decreases as the domain sizes increases [74].
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|.3 Kinetically confined synthesis of nanopatrticles

[.3.1 Abstract

We have studied the preparation of silver gold yall@mnoparticles
based on the phase transfer of metal precursams &iqueous phase to
organic solution by a fatty amine at room tempemtsilver-gold
nanoparticles were synthesized with different mokdtios (2:1, 1:1,
1:2). UV-visible absorption spectra suggested trenétion of alloy
phases. The elemental Ag:Au ratios in the bimetafianoparticles
determined by energy dispersive X-ray analysis (E@¥re consistent
with the Ag-Au molar ratios used in the feedinguioin. Transmission
electron microscopy (TEM) revealed the formationaotiniform size
distribution of Ag-Au nanoparticles (around 5 nm)X-ray
photoelectron spectroscopy (XPS) showed that timeposition in the
outer part of the Au: Ag nanoparticles was simitathat obtained by
EDX analysis, which indicates the formation of haaoeous silver-
gold nanopatrticles. Silver-gold alloy nanopartidles gram scale were

obtained with this method.

Keywords: alloy, silver, gold, phase transfer, TEARS, EDX,UV-vis.
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1.3.2 Introduction

Metal nanoparticles are currently a very activeaaseresearch thanks
to their potential applications in areas such astsdnics and catalysis
[1]. Metal nanoparticles have significantly differentoperties from
those of bulk metals [2]. The unique chemical ahgisgcal properties
of nanoparticles are determined by the large pttaporof atoms in
surface positions and by the shape control of thestallographic
planes on the particle surface [3]. Bimetallic naemticles are
particularly attractive thanks to the improved bata properties and
the change in the surface plasmon band energyvelat the separate
metals [4]. Many alternative routes to obtainingnaraeter-sized
particles of metals have been developed. Thesadademplating [5],
photochemistry [6], microemulsion [7] and organitcapsulation [8].
Recent publications have reported the formationhofmogeneous
Ag:Au alloy nanoparticles in a milligram scale [9}1However, these
techniques do not avoid the precipitation of Ag@tidg the synthesis
of Ag-Au nanoparticles, in a gram scale, when HAWEId AgNQ are
used as metal precursors. A different gold sakiroladjustment in the
solution concentrations is therefore required [%D,1The Ag-Au
system is a good choice because Ag and Au havectatered cubic
structures with similar parameters that lead toftlmation of random
solution alloys at all concentrations [16,17]. ®e bther hand, Ag and
Au monometallic nanoparticles have a different plas absorption in
the visible region and the absorption spectra ofAfgalloy exhibit
only one surface plasmon band, which is relatedtte alloy
composition. Moreover, the high f density stategabf gold are very

susceptible to modification upon alloy formatio8]1
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In this study we report a method for obtaining hgermeous Ag-Au
nanoparticles in gram scale, using HAuGInd AgNQ salts as
precursors. This method is based on extractingrtéil ions from the
aqueous phase to an organic phase by a fatty amimd as
hexadecylamine. Different organic solutions contansilver or gold
metal ions protected by the amine were preparedratgy. The
resultant solutions were then mixed in appropratgounts to obtain
different Ag-Au molar ratios and finally reduced tkvi sodium

borohydride.

1.3.3 Experimental

Amine-capped silver-gold nanoparticles were syntees in a
toluene/water system at room temperature. All ckalsiwere used
without further purification. The synthesis of thwganic phase
containing the metal ions was carried out as fallowhe organic
solutions containing the silver or gold metal ion®gre prepared
separately. Two aqueous solutions of 3.4 g (0.01) mb HAuCl,
(Aldrich, 99%) or 1.69 g (0.01 mol) of AgNGn 350 ml of deionized
water were prepared. Next, a toluene solution (@H0containing 7.23
g (0.03 mol) of hexadecylamine {§i33NH,) was added to the Au or
Ag aqueous solutions under vigorous stirring. Far gold solution, an
immediate two-layer separation was produced, with cagange-red
organic phase on the top and an orange tinted agqugloase on the
bottom. The resulting solution was stirred for 4@rbtected from the
light and the AuC] ions were allowed to diffuse gradually into the
organic phase by complexing them with the amineth&t end of the
process, a deep yellow toluene phase containind\ti@, ions was in

equilibrium with a colorless aqueous phase. Findhg organic phase

-42 -



UNIVERSITAT ROVIRA I VIRGILT
NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN:

978-84-690-7618-7 / DL: T.1326-2007

containing the gold ions was removed from the agsegohase. The
same approach was adopted to prepare the orgarec solution. The
transfer of the metal ions to the organic phassearirom the coupling
of the metal ions with the amine initially presémtthe organic phase
[19]. Subsequently the organic solutions were washedraetienes
with distilled water for further characterizatiofhe metal ions
concentration of each resulting toluene solutions waeasured by
inductively coupled plasma atomic emission speottoyn(ICP AES).
This showed that practically all the gold or sil@ns were in the organic
phase (Ag and Au nanoparticles vyield at about 9086 &8%,
respectively). The resulting organic phases comgirsilver or gold
ions were then mixed in appropriate amounts toinkgalutions with
Ag:Au molar ratios of (2:1, 1:1, 1:2) and then r&d for 1 hour
protected from the light. A fresh aqueous solutddrNaBH, (0.01M)
was then added drop by drop under stirring for 30utes. Note that
these final solutions containing silver-gold namtipkes were free
from flocculation or aggregation for several montA$e obtained
silver-gold nanopatrticles in toluene were charamter by UV-vis
spectroscopy, X-ray diffraction (XRD), transmissioelectron
microscopy (TEM),selected area electron diffraction (SAED), energy
dispersive X-ray (EDX) analysis and X- ray photetien
spectroscopy (XPS). UV-vis spectra of the silveldgsolution were
carried out at ambient temperature using a HP &pé2trophotometer
by scanning wavelengths between 300 and 820 nnayXdiffraction
(XRD) measurements were made using a Siemens D5000
diffractometer (Bragg-Bentano parafocusing geomatry verticalb-6
goniometer) fitted with a grazing incident:(0.52) attachment for thin

film analysis and scintillation counter as a detecThe nanoparticles
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were dispersed on Si (510) sample holder. The andBl diffraction
range was between 3@ 60. The data were collected with an angular
step of 0.03at 12 s per step and sample rotationcOnadiation was
obtained from a copper X-ray tube operated at 40akdd 30 mA.
Transmission electron microscopy (TEM) was usednalyze the size
and electron density of the alloy nanoparticlesdrap of silver-gold
nanoparticle solution prepared in toluene was plage a Formvar-
covered copper grid and allowed to evaporate in atir room
temperature before the analysis. Structural inféionawas obtained
using selected area electron diffraction (SAED)tgzas. The EDX
analysis was carried out on a Noaran Model Voyagé0 system. The
XPS spectra were acquired in a VG Escalab 200R trefec
spectrometer equipped with a hemispherical electamalyzer,
operating in a constant pass energy mode, and anooochromatic
Mg-Ka (hv = 1253.6 eV, 1 eV = 1.608 10™° J). X-ray source
operated at 10 mA and 1.2 kV. The angle of thederti photon beam
was 48 with respect to the normal of the sample. The gamind
pressure in the analysis chamber was kept belowl@®xmbar during
data acquisition. The binding energy (BE Cls = 284V) of
adventitious @ was used as reference. A Shirley background
subtraction was applied and Gaussian-Lorentziaguatadunctions were

used to approximate the line shapes of the fittmgponents

|.3.4 Results and Discussion

Figure 1.3.1 shows the UV-visible spectra of theaarticle samples,
with different Ag: Au molar ratios, protected witfexadecylamine in

toluene solution. The absorption peaks around 3@0520 nm are the
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plasmon bands due to pure Ag and Au nanoparticdspectively. The
UV-vis spectra for the bimetallic systems showelluse shift of the
absorption peak as the Ag:Au molar ratio changechf2:1 to 1:2. The
color of the silver-gold nanoparticle solutions watso strongly

dependent on the Ag:Au molar ratio, as we can gsethe inset in

Figure 1.3.1.
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Figure 1.3.1 UV-vis absorption spectra of toluemdusons of Ag:Au
nanoparticles with Ag:Au molar ratios of 1:0 (1)1242), 1:1 (3), 1:2
(4) and 0:1 (5). Pictures of the sample lesttcontaining
solutions 1-5 showing the change in the color fiaght yellow to red

wide as the gold content increase.

800

Inset:

Figure 1.3.2 shows the position of the maximum apison band with
respect to the Ag: Au molar ratio in the alloy npadicle. This
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increases linearly when the Au content increasé®e Wavelengths
corresponding to the maximum absorban&g,) for the different

nanoparticle samples are also shown in Table 1.3.1.
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Figure 1.3.2. Wavelength of the maximum absorbafme Ag:Au

nanoparticles with respect to molar fractions ofakam.

The pure Ag solution was light yellow. As the Au/Agolar ratio

increased, the color of the solution changed towr. Evidence that
our particles were alloy rather than core-sheltaysis the fact that the
UV-visible spectrum of the solution only showed @iesorption band.
Non-alloy Au-Ag nanoparticles usually exhibit twdfdrent plasmon

bands whose relative intensities depend on thé&rbgs of the shell
[10,13]. The notable change in the absorption spexn be primarily
attributed to a change in the dielectric functiohew different metal
atoms are mixed. Silver displays approximately fet=tron behavior
in the visible range, which gives rise to a shdrpaaption band. Other
metals, including Au, have less free-electrons,cihgives rise to a

broad absorption band [20]. Figure 1.3.3 showsXR® pattern for the
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sample prepared with an Ag:Au molar ratio of 1:br Ehis sample,
only the lattice plane (111) was detected. It wéfcdlt to judge
whether the bimetallic nanopatrticles were formemfrthe analysis of
the XRD, since both Ag and Au crystallize in thedacentered cubic
(fcc) structure form and have comparable atomice siand

electronegativity.

Intonsity {a w.)

3§ 4 4] 4
2Theta

Figure 1.3.3 XRD pattern of the silver-gold nandpdes with Ag: Au
molar ratio of 1:1.

Also, as observed by TEM (Figure 1.3.4), the siz¢he nanoparticles
formed was around 5 nm. The distribution of Ag & across the
surface of an individual particle was further exaetd by EDX analysis
to obtain direct evidence of the formation of Ag:Alloy nanoparticles.
This analysis (Table 1.3.1) showed that the avexageposition of the
nanoparticles was in agreement with those of thedlifey solution.
Figure 1.3.4 (a-c) shows the images obtained by THEM the

monometallic samples and the bimetallic sample aithAg:Au molar
ratio of 1:1. The TEM analysis for the bimetallansple (Figure 1.3.4b)
showed a uniform size distribution with an averdgemeter of 5.2 nm,

while the size of the monometallic nanoparticlesAgf and Au were
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apparently more varied. Figure 1.3.4 also showg tha bimetallic
nanoparticles were smaller than the monometalllopdas, probably
because the nuclei for the bimetallic system maytaio both Au and

Ag and there may be fewer Ag and Au because of dififerent

interactions between Au and Au, Ag and Ag and Ad Ag.

Figure 1.3.4. Transmission electron micrographs @fg:Au
nanoparticles : (a) monometallic Au nanoparticlgs, Ag:Au alloy
nanoparticle (Ag:Au ratio molar 1:1), (c) monomegtal Ag
nanoparticles. Inset: Corresponding electron diffeen patterns
(SAED) of the Ag:Au nanoparticles .

The electron diffraction patterns in the inset lo¢ tFigure 4 leads to
identification of face-centered cubic (fcc) struetwf Au and Ag. The
lattice parameters of the silver and gold nanoglagiwere 4.0772 and
4.0709 A, respectively, which are ~ 0.2% smallantthe report data (a
= 4.0862 A for Ag and a = 4.0786 for Au from Jodmmittee on
Powder Diffraction Standards files 04-0783 and @84) respectively).
The lattice constants calculated for the Ag-Au \alloanoparticles

(Ag:Au molar ratio of 1:1) was 4.0737 A. A similaontraction of the
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atomic separation of the nanoparticles, originatmogn the size effect
has also been reported in other nanostructure mgst@l]. The
chemical composition of the near surface layehefrianoparticles was
evaluated by X-ray photoelectron spectroscopy (XPhe
corresponding XPS core-level spectra of the Aust Ag-3d region
acquired for the nanoparticles samples are showfigare 1.3.5 and
Table 1.3.1.

Table 1.3.1 Results of UV-vis, EDX and XPS of Ag:Aanopatrticles.

UV-vis EDX XPS
Feeding solution - —— -
Mole ratio Ag:Au  Amax (NM) (Ag:Au) Binding energy (eV) (Ag:Au)
Au 4f, Ag 3ds;
1.0 396 ] 2679
2:1 415 66.4/33.6 83.3 367.6 (63) 66.7/33.3
368.7 (37)
1.1 443 52.6/47.4 53.7/46.3

83.2 (65) 366.9 (67)

84.4 (35) 368.2 (33)

1:2 485 34.7/65.3 83.0 (34) 367.4 (80) 35.5/64.5

84.4 (66) 368.6 (20)

84.0 -
2 Elemental ratic® The values of binding energy were determined with
respect to & peak; the parentheses represent the percentatie of
peaks.

0:1 516

For the pure gold nanoparticles sample (Ag:Au atoraiio of 0:1), the
Au 4f spectra, characterized by the spin-orbittspt (Au 4f,,and Au
4fs5, components), shows values of 84.0 eV and 87.7r&fectively.
Both peaks originating from the Au indicate thagg binding energies
are consistent with the Awxidation state. The Au 45 binding energy
obtained from the nanoparticle samples containifigers (alloy
samples) was in the 83.3 to 84.4 eV range (Figu8e& land Table
[.3.1). There is no evidence that the Au was bortdeakygen because
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the oxide shows binding energies around 85.8 ansl &9 for Au 4%,
and Au 4§, respectively?>?® Table 1 shows the values of the binding
energies of core-levels and surface atomic ratfoth® samples. The
most intense Au 4L emission showed two components, the
percentages of which are summarized in Table |.Gé&e also
deconvoluted peaks in Figure 1.3.5). As the silwentent in the
bimetallic nanoparticle increased, the binding gpeof the Au 4§,
shifted towards lower binding energies with respecat the
monometallic gold sample. According to Pauling streinegativity
table, the electronegativity of Au is higher tharg.AWe should
therefore expect some electron transfer from siteegold atoms by
shifting the Au core levels towards lower bindingesgies [26]. The
shift of the Au 44, to the lower energies observed for our samples
containing alloy nanoparticles (see Figure 1.3.% drable 1.3.1) is
consistent with this general rule. On the other dhatine binding
energies Ag 3k for the pure silver sample were around 367.9 eV,
which corresponds to metallic silver [27]. Figurg.b shows a series of
Ag 3d core level spectra obtained for the sampligs aifferent Ag:Au
molar ratios. As the Au content in the bimetalkergles increased, the
binding energy (BE) of the Ag 3d shifted to lower energy values than
those of the monometallic silver sample.The higilectron affinity of
gold with respect to that of silver led to an elesttransfer from the
Ag to Au, thus decreasing the electron density lod Ag atoms.
Usually, higher BE values are observed when thealmstoxidized.
The positive BE shifts increase as the oxidatiatesincreases. So,
upon oxidation, the observed core-level bindingrgies for most
transition metals shift towards higher binding gnes [28]. However,

silver is one of the few examples of a lowered bigdenergy in the
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oxidized state [29]. The surface composition of themples was
analyzed by XPS. From the intensities of the Xie8kgs, we obtained
the elemental ratios of Ag:Au on the surface of thienetallic

nanoparticles (see Table 1). The composition inabr part of the
particle detected by XPS was roughly equal to thfathe feeding
solution and similar to that obtained by EDX, whictdicates good
homogeneity of the alloy nanoparticle samples.ummary, we have
described a phase-transfer system method for pngpag-Au with a

homoge neous structure in gram scale. The amindstéa form

micelle, which includes an insoluble core and aulsi@ shell [30].

Coupling silver with the amine has an importanerak a stabilizer,
because the addition of silver into gold could othee lead to the
AgCI precipitate [31]. The polar part of the amice:n bind metal ions
of the precursors into the core of the micelle tays$ferring it from the
aqueous phase to the organic phase. When the orgamses
(containing separated silver and gold ions) wergechi the micelles
probably collided into each other and interchangihg metal ions
[32,33]. The percolation between the micelles pbbpalayed a strong
role in the formation of the bimetallic nanopasiel [34]. These
collisions originate nanodroplets and confining ties of both metals
so, after reduction with sodium borohydride, hommegmis silver-gold
alloy nanopatrticles can be obtained. In most cages,surface of a
bimetallic system is enriched with one of its comgots. This is
usually the component with the greatest ionizagiotential [35]. In the
case of Ag-Au system, the ionization potential leé Ag atom (7.576
eV) is known to be lower than that of the Au ato®223 eV) The
reduction of the Au ions would therefore proceedereasily than that

of the Ag ions and the Au core structure shoulddomed sooner than
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the Ag core structure. However, use of a poweddlrcing agent such
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Figure 1.3.5 Surface chemical analysis by X-ray tpktectron

spectroscopy (XPS) of the Au-4f and Ag-3d for Ag:Aanopatrticles
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with different Ag:Au molar ratios of : 1:0, 2:1;11 1:2 and 0:1.

as NaBH or the presence of the amine favors the formatdn
homogeneous structures of silver-gold nanoparti3és37]. The UV-
vis, XPS and EDX results provide strong eviden@ thhomogeneous

alloy nanostructure was obtained with the propasedhesis method.

1.3.5 Conclusion
We have studied the formation of silver-gold allegnoparticles by

phase transfer of metal precursors from aqueousepimo non-polar
organic phase by fatty amine. Silver-gold nanopkasi were
synthesized with different molar ratios (2:1, 1112). Structural and
chemical analyses of Ag:Au alloy nanoparticles wpegformed by
means UV-vis spectroscopy, TEM, XRD, EDX and XP&hteques.
Our results suggest the formation of homogeneolergyold alloy
nanoparticles with uniform size distribution (ardud nm). This phase
transfer method is also useful for obtaining sHgetd alloy

nanoparticles in gram scale.
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.4 One-dimensional nanostructures: nanowires/rodsind

nanocubes

[.4.1 Introduction

One dimensional nanostructures have been calledvayiety of names
including: whiskers, fibers or fibrils, nanowirescananorods [1]. In
many cases, nanotubules and nanocables are alsideud one-
dimensional structures. Many techniques have beseldped in the
synthesis and formation of one-dimensional nanogiread materials,
though same techniques have been explored extgnsivigile others
have attracted far less

attention. These techniques can be grouped into d¢ategories:(i)
Spontaneous growth [3](ii) template based system [4, 5iji)
electrospinning [6-8] andv) litography [9, 10]. Here, we will focus
on the template based system such as polyol prdoeske synthesis
of silver nanostructures. Previous work [11] hasndestrated an
effective approach based on the polyol processtler large scale
synthesis of silver or gold nanostructures with todiable shape.
Ethylene glycol has been widely used in this sysith@rocess due to
its strong reducing power and relatively high balipoint [12]. The
formation of monosized metallic nanopatrticles ihiaged in most
cases by a combination of a low concentration &ftecand polymeric
monolayer adhered onto the growth surfaces. Thatgrof the Ag
particles is generated by the reduction of AgNG@th ethylene glycol
whereas the anisotropy growth is controlled by tesence of
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stabilizers such as poly(vinylpyrrolidone) (PVPprEhe formation of

nanowires/rods, nanocubes and nanopolyhedra, espsotgrowth is

required; i. e. the crystal grows along a certaierdgation faster than
others. Uniformly sized nanowires, i. e. the sananéter along the
longitudinal direction of a given nanowire, can bbtained when
crystal growth proceeds along one direction, whereagrowth along
other directions.

The polyol process involve the reduction of a preou (such as silver
nitrate for silver) by ethlylene glycol at elevategmperatures in the
presence of the poly(vinylpirrolidone) (PVP). A nben of metallic

powders of easily reducible metals have been saftdgssynthesized

by the polyol process [13, 14] and recent patetgrek extends its use
to the preparation of refractory metals and melialygpowders [15].

The main feature of the reaction mechanism of thiggb process is

that metal particles are formed by nucleation anowth from the

solution [16]. Because the resulting metal susmpenss an almost
homodisperse system, nucleation and growth are letetyp separated
stages in the particle formation. In particulare thmetal is provided
slowly in solution by the progressive reductiorttd dissolved species.
The silver atoms concentration increases and rdisessaturation
concentration where the nucleation occurs. Manyenare produced
in a short time; they growth rapidly, and the metahcentration is
lowered to a point below the nucleation concerdrgtbut high enough
to allow particle growth to occur at rate that joshsumes all the metal
generated. Therefore, the final metal particlesfammed by nuclei that
appear spontaneously at about the same time aral drawn during

the same time; consequently the particles shouldebg homogeneous

in size. However, because of the relatively highgerature used in the
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synthetic process, wide Brownian motions charaotethe particles
and the atoms on their surface have an elevatedlitpoBs a result,

the probability of particle collision, adhesion, dansubsequent
coalescence by sintering is enhanced. Consequestiyetimes the
silver powders obtained by reduction of silveratierin ethylene glycol
in the polyol process can show a wide range of ahapising from the
sintering of the quasispherical particles [17]. Higure .4.1 shows a
schematic of the nucleation and growth process lué silver

nanoparticles in the polyol process and the ploswfface plasmon
wavelength versus reaction time versus from UV-aissorption

spectroscopy studies realized by A. Tao et al.

(a) h . .

a N -
8004 ' _0”
Go A", ‘ o
o ! »
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500 4 P‘
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F\l’F' ool "og'

Figure 1.4.1 (a) Scheme of the nucleation of tieesinanoparticles in
the polyol process. (b) Plot of surface plasmon elength versus
reaction time versus from UV-vis absorption spesttapy [18].

The Figure 1.4.1 shows the schematic of the nucieaand growth
process, in which silver silver continuously dep®sinto the {100} to
eventually result in a completely {111}-bound octdion. The graph
indicates that the shape evolution may occur in tsteps: fast

nucleation, which occurs at a linear rate. Inijiadmall silver particles
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nucleate and develod into nanocubes bound by {pt&jes, which are
thought to be selectively stabilized by adsorbed?PAs the reaction is
continued, silver deposits selectively onto the@fLhanocrystal facets
rather than growing in layer-by layer fashion. Tfill} capped
corners of the nanocube are stabilized during ¢ineavth period in
which the nanocrystal evolves from a {100}-boundeuo a {111}-
bound octahedron. The stability of both {100} aridL{} planes in the
presence of PVP indicates that the shape contrglmoaibe explicitly
dictated by the capping polymer. Rather, prefeatntrystal growth
seems to result from a kinetically limited equilibn influenced
heavily by reaction parameters such as, temperatveactant
concentration, and reactant molar ratios. Anothatigde commonly
observed is wires with pentagonal cross-sectidnsag been proposed
that they evolved from a multi-twinned decahedranaparticles
growing in the {110} direction with the capping agedirecting the
structure by stabilizing more effectively the nesvriied {100} facets
than the {111} facets; thus they may be considexsediecahedra that
have elongated parallel to the twin planes. In ¢hse of PVP, its
anisotropic binding specificity has been attributedhe difference in
surface atom density between the {100} and {111}esiplanes, 1.20 x
10" vs 1.38 x 16° atoms nf, respectively [19]. However, the
preferential interaction between the capping agent different metal
surfaces can not fully explain the physical mectianthat allows the
formation of such a structure and allows it to bergetically stable. A
decahedron can be considered as a junction oftétrahedra and, in
that case, each vertex is the point where a fastdigg concave type
face grew out, leaving five edges and two axis {goas slow-growing

convex faces. Thus, on the basis of that explamatypically a fivefold
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particle must grow into decahedron and then bestedan growth.

[.4.2 Experimental

1.4.2.1 Preparation of the silver nanoparticles

Silver nanowires catalysts were prepared by pgbyotess. In a typical
synthesis of silver nanoparticles, 30 ml ethylemgca solution of
AgNO; (0.25 M, Aldrich) and 30 ml ethylene glycol (E&)lgtion of
polyvinyl-pyrrolidone (PVP) (0.375 M in repeatingitiweight-average
molecular weight= 40,000, Aldrich) were simultaneously added in 50
ml ethylene glycol at 433 K under vigorous magneicring. The
reaction mixture was then refluxed for 45 min as temperature. The
obtained nanopatrticles were diluted with acetong separated from
ethylene glycol (EG) by centrifugation at 4000 rpon 20 min. The
silver nanocubes was synthesized with AgNRYP molar ratio of 3.
Silver nanopolyhedra were also obtained when theershanocubes

were maintained for longer period of time in thaatson mixture.

[.4.2.2 Catalyst Characterization

[.4.2.2.1 X-ray diffraction (XRD)

XRD measurements were made using a Siemens D5@@éctimeter
(Bragg-Bentano parafocusing geometry and vertiz8l goniometer)
fitted with a curved graphite diffracted-beam mdmaenator, incident
and diffracted beam Soller slits, a 0.06° receishgand scintillation
counter as detector. The angulér diffraction range was between®30
and 96. The data were collected with an angular step.@5%at 3s per
step and sample rotation. gguradiation was obtained from copper X-
ray tube operated at 40 kV and 30 mA.

1.4.2.2.2 Scanning electron microscopy (SEM)

- 60 -



UNIVERSITAT ROVIRA I VIRGILT
NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN:

978-84-690-7618-7 / DL: T.1326-2007

The morphologies of the catalysts were observedHiy ®ith a JEOL
JSM-35C microscope operated at an acceleratiomg®lof 15 kV. A
small portion of each sample powder was coated onetallic disk

holder and covered with a thin gold layer before $iEM analysis.

[.4.2.2.3 Transmission electron microscopy (TEM)

Transmission electron micrographs were taken ofsdémaples using a
JEOL-2010 electronic microscope operating at arlacating voltage
of 200 kV. Samples for TEM were prepared by depagithe sample
on the copper grid and then the solvent was allowezl’aporate under

vacuum before analysis.

1.4.2.2.4 UV-vis spectroscopy (UV-vis)
UV-vis spectra of the silver-gold solution werereadt out at ambient
temperature using a HP 8542 spectrophotometer kanngag

wavelengths between 300 and 820 nm.

1.4.2.2.5 X-ray photoelectron spectroscopy (XPS)

The XPS spectra were acquired in a VG Escalab 26@Rtron
spectrometer equipped with a hemispherical electamalyzer,
operating in a constant pass energy mode, and anoowchromatic
Mg-Ka (hv = 1253.6 eV, 1 eV = 1.608 10 J). X-ray source
operated at 10 mA and 12 kV. The background pressuthe analysis
chamber was kept below 7 x 10nbar during data acquisition. The
binding energy (BE Cls = 284.9 eV) of adventitidliswas used as
reference. A Shirley background subtraction wadiegp@and Gaussian-
Lorentzian product functions were used to approtentize line shapes of
the fitting components
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[.4.3 Results and Discussion

At elevate temperatures, ethylene glycol can redAgeions into Ag
atoms, and thereby induce the nucleation and growithsilver
nanostructures in the solution phase. On the hafsthe reaction of
silver nitrate and PVP in EG at 433 K, once thausohs of AgNQ
and PVP had been introduced to the reaction sysdebmight yellow
color gradually appeared indicating the formatiorf seilver
nanoparticles through the reduction of AgN®@ith ethylene glycol
[20]. During polyol process, the mixture solutidmaged from clear to
a yellowish color, red brown and finally to grayhel growth of silver
nanowires was monitored by sampling aliquots frdm tefluxing
solution at different periods of time and analybgdTEM. Figure 1.4.2
indicates the evolution of the morphologies of #ilger nanoparticles
as the reaction mixture was kept in reflux. Théiahiparticles (yellow
solution), had sizes at around 8-50 nm (Figure2).4As the reaction
proceeded the silver particles contact each othhdorim a chain like
network (Figure 1b-c) and some larger nanopartidieown red

solution) started to appear.

i

Figure 1.4.2 Growth of silver nanowires monitored BEM (a-d).

Scale bar of 100 nm.
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The growth of silver nanowires was also monitorgd ultraviolet
visible spectroscopy (UV-vis). Figure 1.4.3a,b slsouN-vis spectra as
well as the resultant colors of the samples duttiregsynthesis of silver
nanoparticles by polyol process. The growth ofeilmanowires was
monitored by sampling aliquots from the refluxingution at different
periods of time and analyzing these samples byawititet visible
spectroscopy (UV-vis). The spectrum of the solutbri5 min (yellow
solution) shows a small plasmon band close to 4&Q which
represents the formation of silver nanoparticlesheyreduction of Ag
ions [21]. The appearance of the plasmon bandusethby 4d- 5s, p
interband transitions [22]. The intensity of thignk progressively
increased during polyol process. Besides, the pbiear band of the
silver nanopatrticles is shifted to larger wavelésgivith the refluxing
time. The nanoparticles obtained at 40 min (grdytsm) displayed a
broad peak at around 430 nm. The gray solutionolsnéd by

predominantly silver nanowires particles.

25

20 il -

Absorbance
tn
Py

AT

300 400 500 600 700 800
Wavelength (nm})

Figure 1.4.3 UV-vis spectra during the formation siiver nanowires
(a). Picture of the samples (1-8) taken from reactinixture during

different periods of time in the polyol process. (b)
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The selected-area diffraction pattern (SAED) takeom these Ag
nanoparticles exhibited Debye-Scherrer rings (Fadut.4b) which are
assigned to (111), (200) and (220) reflectionshefface centered cubic
structure (fcc) of silver. The surface analysis thfese silver
nanoparticles was evaluated by X-ray photoelectspectroscopy
(XPS). The corresponding XPS core-level spectrthefAg-3l region
acquired for these silver nanoparticles sampleegiaied in Figure
I.4.4a. The Ag-8 spectra, characterized by the spin-orbit split{iAg
3ds, and Ag 383>, components), shows values off 367.97 and 374.18
eV, respectively. Both peaks indicate that theselihg energies are

consistent with A§oxidation state [23, 24].

Ag 3d (@)

counts per second (au)

Sé4 36“)8 3‘72 3'76
BE (eV)
Figure 1.4.4 (a) Corresponding XPS analysis ofditer nanoparticles
taken in the first 10 minutes of the polyol procdg3 The selected-area

diffraction pattern (SAED) taken from these Ag npadicles.

The silver nanoparticles were diluted in acetoneasgted from the

ethylene glycol and PVP by centrifugation. It wasurid that the
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morphology of the silver particles was significgnithfluenced by the
AgNOs/PVP molar ratio, temperature and the time on xefligure
I.4.5(a—c) shows the silver nanoparticles obtaifiean the polyol
process supported om-Al,Os;. The diameters of the silver
nanoparticles were reasonably uniform with an ayeraalue of 150
nm. When the AgN@PVP molar ratio was 1.5 the product was
dominated by silver nanowires. SEM image of thesaghesized silver
nanowires supported an-Al,O; (11% AJ"W/ a-Al,0s) is depicted in
Figure 1.4.5a. The inset of the Figure 1.4.5a shthasthe cross section
of the silver nanowires clearly has a pentagonalpshwhich is in
agreement with previous results [25]. When thisaneétio increased
from 1.5 to 3 truncated silver nanocubes where géee as shown in
Figure 1.4.5b. Silver nanopolyhedra were also olgdiwhen the silver
nanocubes were maintained for longer period of timé¢he reaction
mixture. Figure 1.4.5¢ shows the SEM image of thidves
nanopolyhedra catalyst (11% X8/a-Al,05).

X-ray diffraction (XRD) taken from these silver rgarticles
(Figure 1.4.5d) revealed the presence of pure wsisieowing three
diffraction peaks which are assigned to (111), J2@hd (220)
reflections of the face centered cubic structuce)(bf silver (JCPDS
file 04-0783). Figure 1.4.5d (a, b and c) shows ¥RD patterns from
silver nanocubes, nanopolyhedra and nanowires,ecéisply. As
shown in Figure 1.4.5, the XRD pattern showed shegflections
corresponding to the face-centered culdux)(structure of metallic

silver.
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(d)

Tusity (1)
E

Figure 1.4.5 SEMmage of the as-prepared by polyol process of the
silver nanoparticles catalyst supportedosAl O3 (a) silver nanowires,
(b) silver nanocubes, (c) silver nanopolyhedra @t)dCorresponding
XRD patterns of the as synthesized Ag nanostrusturg polyol
process, (a) nanocubes (b) nanopolyhedra and (cjpAgwires.

The (111) reflection was intensified considerabtgicating that the
surface of silver nanoparticles is oriented in filene. The presence of
possible impurities such as &g and AgNQ, was not detected. The
lattice constants calculated by XRD for the nanewiwas 4.0839,
which is very close to the report data (a = 4.0862Joint Committee
on Powder Diffraction Standards file 04-0783). Tadio of intensity
between (111) and (200) peaks for nanowires wasthdh is higher
than for the standard file (JCPDS) (4.5 versus. ZB)s indicates that
nanowires show preferred orientation in (111) facdtherefore it is
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highly possible the preferential adsorption of tdagpe agent (PVP) on
the (111) plane of the Ag crystals. On the basis eokrgetic
considerations, the optima particle shape forfthenetal is a truncated
octahedron with regular hexagonal faces. It has Ipeeposed that the
different interaction between PVP and various alisie facets leads
to anisotropic growth of Ag nuclei and further toetformation of
different shaped Ag nanostructures [26]. In genesibler single crystal
has a face-centered cubic (fcc) structure, theeefoe pentagonal shape
of the cross-sections observed for our silver naresaindicates the
multiple twinned structure. It becomes clear th&ese silver
nanostructures tend to grow as bicrystals twinnkmhgathe (111)

planes, showing (111) crystal faces at their serfac].

[.4.4 Conclusion

Different shapes of Ag nanoparticles have been grezb by polyol
process using PVP as a structure-directing agdr@.morphologies of
the silver nanoparticles prepared by the polyokess were found to
depend heavily on the experimental conditions sastemperature and
the molar ratio between PVP and AgiUThree silver nanoparticles
were obtained: silver nanowires, nanocubes and pwyltedra. We
obtained silver nanowires when the molar ratio WPRand AgNQ was
1.5. When the molar ratio was increased from 1.33taruncated
nanocubes were the major product. Silver nanopdighavere also
obtained when the silver nanocubes were maintdimetbnger period
of time in the reaction mixture. The XRD of the paires, nanocubes
and nanopolyhedra synthesised using the polyolgssuggested that
silver existed purely in the face-centered cuhiacitire. This indicates

that nanowires show preferred orientation in (1fdets. The cross
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section of the silver nanowires in the SEM imageadly shows a
pentagonal shape.
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Il. Introduction

[1.1 Introductory Comments

Heterogeneous catalytic process may be divided tmtiarge groups:
redox reactions and acid-base reactions [1-4].fifsiegroup comprises
all those reactions in which the catalyst effe¢te homolytic bond
rupture in the reactant molecules with the appesmraof unpaired
electrons, and formation of homolytic bounds whkb tatalyst with the
participation of catalyst electrons. The importat#p of such reactions
is thus the exchange of single electrons betweenc#italyst and the
reactants, and therefore such catalytic propediesshown by solids
which have the ability to accept and donate elestroThese are
transition metals and their compounds, in which ¢agon can easily
change its valence state. As this property is a¢sponsible for the
nonstoichiometry, catalysts for redox processes fatend among
nonstoichiometric transition metal compounds, thesimimportant
being oxides and sulfides.

The second group includes reactions in which tlaetesmts form with
the catalyst heterolytic bonds by using the freectebn pair of the
catalyst or reactants, or the free electron fornmedhe course of
reaction by heterolytic rupture of bonds in thectaat molecules.
Examples for catalysts for such reactions are gnglide of main
group elements or their complex acids and saltsvsigp acid-base
properties of both Bronsted or Lewis types. Far finst group we
focus the attention in the study of the selectixeation of styrene,
propene and ethanol in gas phase. The second gepugsented here
was the epoxidation of styrene in liquid phase cadpliated Mg-Al
layered doubled hydroxides (LDHSs) or hydrotalcites.
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11.1.1 General Introduction

[1.1.1.1 Selective oxidation of olefins on metals

The heterogeneous selective oxidation of olefins silmer is an
exceedingly important industrial catalytic reactiaand as such has
received long and extensive study [5-7]. One paldity interesting is
its unigueness: not only silver a uniquely effeeticatalyst for
heterogeneous epoxidation but also ethylene isothg hydrocarbon
which may be epoxidized with high selectivity imaptical conditions.
Actually silver catalysts are used in industry toguce several tons of
ethylene oxide yearly [8, 9]. The catalyst is usuptomoted by alkali
metals. Recent experimental studies show that, ptxice ethylene,
only a few olefins such as styrene, 3,3-dimethyhat norbonene, and
butadiene may epoxidized over silver with high ciy. In contrast,
other olefins such as propylene, butanes, and pesitare epoxidized
over silver but with extremely low selectivity [IB]. The origin of
this unique catalytic activity of silver has nott yeeen clarified. There
are many reasons that silver is a unique catalgst dthylene
epoxidation [14]. First of all the catalyst must Wecompose adsorbed
ethylene and/or ethylene oxide by CH activatior Il metals [15].
Secondly, ethylene ist bonded to silver and the double bound is
therefore readily accessible for reaction. On othetals such as Pt, Ni,
CO, W and Ru ethylene adsorbs in thesdienfiguration [16]. Copper
has the many features as silver however the presencoxygen
atmosphere a stable surface oxide is formed whiisops the catalyst.
The catalyst also needs to form a special kind>gfgen that reacts

with double bound without breaking the single bonBgally and
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maybe the most important reason for the uniquenéssliver is the
favorable branching ratio of the oxymetallacycleneOthe main
questions about the mechanism of ethylene oxidasotine roles of
adsorbed oxygen. Many scientists believe that nkeraction between
oxygen and silver plays an essential role in undeding ethylene
epoxidation and a great research has been dewwtbe silver-oxygen
system [17, 18]. Lambert and co-workers [19, 204 &arter and
Goddard [21] suggested that two different atomigg®n species were
active in epoxidation (electrophilic) and combusti¢nucleophilic),
respectively. Nucleophilic oxygen exists on cleailves, while
electrophilic oxygen is created in the presenceuifsurface oxygen.
X-ray photoelectron spectroscopy studies have shtvan the two
different bulk species £and Q differentiate themselves electronically
[22]. The mechanism leading to the formation okthepecies is poorly
understood. The subsurface specig, i© formed when dissociatively
adsorbed, atomic surface oxygen diffuses in to .bélisecond specie,
O,, is formed at higher temperature (T> 873 K) via Hegregation of
Og to the surface as depicted in Figure 11.1.

Of particular interest is to understand the rolel #me nature of the
elusive subsurface O species in the function efesihs an oxidation
catalyst. Subsurface is thought to play a cruod m the epoxidation
of ethylene (i.e., formation of ethylene oxide,eaf@atively known as
epoxide), which takes place under atmospheric pressand
temperatures of 500-600 K. For oxygen occupatiothe subsurface
region there are two possible sites: (i) octahedii@ which has six
nearest neighbor Ag atoms, three above and thriesvpand (ii) the
tetrahedral site, which has four nearest neighbgratoms [23]. A
silver subsurface is therefore, formed as a resulncorporation of
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oxygen into the silver bulk.

Figure 1.1 Scheme of the interstitialcy bulk oxwpgeadiffusion

mechanism (vacancy diffusion) [22].

Experimental evidence indicates that the (111) nbaigon is an
important crystal face for real silver catalystsncei at high
temperatures, facets with this face result presiyraie to the fact that

it has the lowest surface energy [24]. At high temagures, the silver
surface reconstructs to mainly form (111) surfac€be catalyst
eventually attains an equilibrium equimolar coundéfusion during
which oxygen is adsorbed, dissolves in the bulk witerstitialcy
diffusion mechanism by which O substitutes for Agdaeventually
segregates back to the surface where it may desaodact. It has been
suggested that the actual catalytic reaction cay oaocur, in that
moment when Qhas segregates to the uppermost layer of thersilve
catalyst at which may react with the organic resicpaesent in the gas
phase [25] and if the Cspecie does not participate in the epoxidation

directly at least serve as like an oxygen resertrat supplies oxygen
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for the reaction playing a key role for the epoxioia

It is also known for long [26, 27] that this reactiis sensitive to
particle size and more selective on larger pasicleerefore on dense
crystal planes. In these regards, the piece of wudsented in the
Chapter II.1 and 2will study the epoxidation in gas phase over the
silver nanoparticles synthesize by the polyol psscaready mentioned
in Chapter 1.1 These silver nanoparticles were supportecioil ;O3

in the styrene epoxidation. Styrene has no alliycrogens and is
expected too behave as ethylene in epoxidation. dfect of an
alkaline metal promotion, such as cesium, on theeisnanoparticles
catalysts was also investigated.

Efforts to directly epoxidize other olefins, suchk propene, to their
corresponding epoxides using molecular oxygen iocommercially-
viable process are necessary. The lower selectigliyained for
propene epoxidation instead of for ethylene has lka&ibuted to a
greater reactivity of the allylic hydrogen in proygecompared to that of
the vinyl hydrogen in ethylene [28]. However, Har@nd coworkers
have reported that a feed stream consistingsbf 30, and B, can be
selectively epoxidized to form propene oxide usimghly dispersed
gold supported on Tig[29]. It seems that the size of the gold patrticle
plays an important role in the selective oxidatieaction of propene in
gas phase. An alternative oxidizing agent for thmoxe&lation of
propene is nitrous oxide (N). This oxidant has received much
attention for many different oxidation reactionpesally after the
discovery that selective oxidation of benzene tengh by nitrous oxide
could be performed over Fe-ZSM-5 zeolite [30]. blits oxide has
certain properties which generate a mild electiaptperoxide-like

oxygen species but a nucleophilic one as well. gatarally, the

-75 -



UNIVERSITAT ROVIRA I VIRGILT

NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN: 978-84-690-7618-7 / DL: T.1326-2007

release of an oxygen atom fromyQN is more favorable than from
oxygen molecule [31]. However, the catalyst for g@oxidation of
propene must adsorb and activate theONmolecule without
decomposing it. A major disadvantage for an oxatafprocess using
nitrous oxide for a bulk chemical such as propexidey however, is
that nitrous oxide is not commercially available large quantities.
Virtually all nitrous oxide currently produced asbgproduct of the
adipic acid production wusing the nitric oxide protdon of
cyclohexanol [32]. Recently Lambert and co-wosk@&3] have shown
that copper is also effective for propene epoxaratiThe active phase
appears to be highly dispersed form of metallic pgwpand the
performance of these materials is comparable toréperted by Haruta
et al. [29] in their first paper on propene epoxwma catalyzed by
AU/TiO,. It is reported that when allylic hydrogen atoexsst in the
alkene molecules, epoxidation can still occur on(1C@) surfaces.
Thus, Cu based catalysts may be promising for peogyepoxidation.
In this account, here we reported the study of AlneCu bimetallic
system supported on T30n the propene epoxidation by nitrous oxide.
The Chapter 1.3 intends to give an insight to the nature and
distribution of these surface sites as well as dbgregation of each
element is strongly dependent of temperature. Tdusis relevant for
catalytic activity of nanoparticles in which allog of elements

provided an increase of chemical activity of theteyn.

[1.1.1.2 Partial oxidation of ethanol on \(@atalyst

Oxidative dehydrogenation (ODH) of alcohols intaiwas aldehydes
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or ketones is also of practical interest [34]. Tineustrially most
important oxidation of an alcohol is the oxidatidehydrogenation of
methanol to formaldehyde [35]. Here the study wasoted to the
investigation of the partial oxidation of ethanol @cetaldehyde over
highly dispersed VQ catalysts. The present work is an attempt to
demonstrate on the basis of the open literatura taw alkaline
additives, such as sodium, may affect the strua@aceproperties of the
oxide system. Metal oxides with the metal in oxiolatstate five or six
have shown the highest activity of these kindsrafhdformations. This
characteristically high oxidation state seems tolibked with the
formation of redox and or Brgnsted acid sites [3f. Among these
metal oxides, vanadium oxide catalysts have até@cehuch attention
due to their unique catalytic properties and conumérpplicability for
various chemical processes. Hundreds of reporte bagpeared in the
literature concerning the characterization of oxsdeported vanadia
species, with the works of Wachs and coworkers, hybelsia and
coworkers being of particular relevance [38-40]. M@1 and TiQ
was employed as supports. Indeed, silica is redards an
inappropriate support for vanadia because thedaotien of vanadium
oxide with this particular support oxide surfacesidremely weak. In
fact, vanadium oxide (V) supported on titanium (BRide (anatase) is
one of the best catalytic system for these reastjdd]. The effect of
the Na promotion over vanadium catalysts was aedeskhis additive
may affect the acid-base properties by changingetbetron density
around metal and oxide ions. This piece of workespnted in
Chapter 11.3 was realized in closed collaboration with theeegshers
at the Environmental Molecular Science LaboratdeyViEL) at the
Pacific Northwest National Laboratory (PNNL). Ex¢ere use was
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made of the user facilities at EMSL and at theitust for Interfacial
Catalysis. We extend our sincere gratitude and empion to the
researchers from the PNNL who made possible thiatian of this

experimental work.

[1.1.1.3 Epoxidation of styrene on Mg-Al hydrottdcin the liquid

phase

The increasing environmental pressure on induswoy réplace
traditional homogenous catalysts by friendly tedbg®s represents
one of the most relevant driving forces for the elepment of
heterogeneous catalysts. However, understandingpéhirmance of
basic sites in these heterogeneous systems actdedlis with the
systematic design of strategies that evidence d&arcture-activity
relationships at an atomic level. This is the caxe activated
hydrotalcites, which have been largely studiedhia last years in the
search of strategies for resolving their unparadiectivity, particularly
their reconstructed mixed oxides. Hydrotalcites &gered double
hydroxides with the general formula ff4,M>*,(OH)2][X ™]xm-nH:O,
consisting of brucite-type octahedral layers, iniadthM** cations
partially substitute for ¥I' cations. The net positive charge resulting
from this substitution is compensated by anionpi¢ally carbonate),
located together with water molecules in the iatgel space [42]. This
materials is often inactive and has to be activabsd thermal
decomposition to obtain a high-surface area andl-digbersed
Mg(Al)O mixed oxide. In the presence of water ap@rapriate anions,
the oxide mixture can be reconstructed back tamtignal hydrotalcite

structure. This property, known as memory effemyves an effective
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synthetic pathway for the insertion of organic amafganic anions into
the hydrotalcite. A particular example is meixnegritvhich contains
OH groups in the interlayer space after contacting itixed oxide
with decarbonated water or in a flow of gas saadatith water
[43,44]. This material leads to outstanding aatgitfor base-catalyzed
reactions, requiring the presence of Brgnsted-$#6s47]. However,
many applications are largely restricted due toitlaecessibility to the
inner surfaces of the OHhosted between layers [48]. The original
hypothesis by Roelofs et al. [49] claimed thdte active sites are
likely situated at the edges of the nanoplateletisich represent a
minor part of the Brgnsted-sites in the hydrotalcithis information
has been so far obtained indirectly, by correlatiey situ
characterization of the catalysts with specificntt® in catalytic
performance. Consequently, several studies havae baeied out to
maximize the number of edge sites, hereby indueingore irregular
morphology of the platelets [50,51]. This was acht by preparation
of small hydrotalcite nanoplatelets 0 nm) supported on carbon
nanofibers [52] or by the use of ultrasounds durawpnstruction [50],
leading to an impressive enhancement of the catadyitivity in the
aldol condensation reaction of citral and acetdteticularly for base-
catalyzed reactions, clear insights about the sarfeatures differing in
their catalytic activity have not been found yeheTmost effective
solution to maximize the utility of the plateletsowd be the
delamination of the hydrotalcite into single layegRoeffaers et al. [53]
were able to map the spatial distribution of cdtalactivity over an
entire hydrotalcite crystal (crystal faces, edged defects), by means
of a wide field microscope.
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11.1.1.4 Metal catalyzed skeletal rearrangementiydrocarbons

The skeletal reactions of hydrocarbon on metalesgmt an important
class of reactions on heterogeneous catalysis tooth a theoretical
and an industrial point of view, in spite of sonreertainty concerning
to the role of the metal and its dispersion ongtpport [54, 55]. It is
fact - well established but not well understoodattirarious metals
differ very much as catalysts in hydrocarbon remdi In recent years
numerous studies have been concerned with thetisélecof the
platinum metals in catalytic hydrocarbon skelet@hations [56-58].
Methylcyclopentane (MCP) is a recognized probe wodk in the
investigation of the structure sensitivity of sealethydrocarbon
conversions catalyzed usually by noble metal-basgdlysts [59-63].
For the readers it is highly recommended the aassvork by Gault et
al. [57] in which the arrangement of methylcyclofee (MCP) and
isomerization of hexane isomers on alumina supgondatinum
catalysts by**C tracer technique was investigated. They showed th
identity of the product distributions from theseotweactions, the
almost complete absence of 2, 3-dimethylbutanetheadormation of
methylcyclopentane during isomerization. These Itesistrongly
suggested that a common intermediate with five nmeet ring

structure is responsible for this reactions. ThguFe 11.2 summarizes

dehydrocyclizatinn

the relationships between isomerization, hydrogeel and

TN
Figure 1.2 Cyclic mechanism [64].
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Isomerization of n-hexane for instance is represstnby the
consecutive elementary steps 1-3’ or 1-2’, its diedgyclization by the
reactions 1-4’; hydrogenolysis of methylcyclopemtdny any of the
steps 4-1', 4-2’, and 4-3'. The Gault’s laboratony1957 found that the
distribution of the reaction products changed siislly with
changing the percentage of the platinum on theiezarAn almost
selective rupture CH-CHbonds was found on the more concentrated
catalysts (more than 2% of Pt), while on the lessléd ones (less than
1% of Pt) the rupture probabilities of the five CbOnds of the ring
were approximately equal as depicted in Figuretll.3

Figure 1.3 (a) Non-selective hydrogenolysis onthdispersed catalysts

and (b) Selective hydrogenolysis on low dispersadlygsts.

The catalysts for skeletal reactions of hydrocarloa bifunctional.
Some of the important reforming reactions are retdp processes in
which certain steps occur on platinum sites ancerotlieps on acid
sites. The surface of the alumina in the refornuatalysts exhibits acid
properties, largely due to the presence of chloraies (CI) on the
surface. The chloride ions interact with hydrox@H) groups to
enhance the protonic acidity arising therefrom. Tydrogen partial
pressure represents a substantial fraction of fm&dsure throughout
the reaction zone. When the hydrogen partial pressutoo slow, the

rate of formation of residues on the catalyst deatds
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catastrophically. But if it is high enough can siggs extreme types of
surface dehydrogenation processes that producereebous residues
on the catalyst and deactivate the sample [65].

Scientists have been interested in bimetallic sysés catalysts for
many years. For longer beginning shortly after WoNar Il, much
attention was devoted to the use of metal alloysasaysts to probe the
relationship between the catalytic activity of atahend its electronic
structure [66, 67]. One type of alloy which wasestigated extensively
consisted of Group VIII and Group IB metal. In terof energy band
theory of electrons in metals, transitions metaishsas those Group
VIII possessd-bands whose those states are not completely catupi
by electrons. By contrast, the d-bands of non-ttemsmetals such as
those of Group IB are completely filled. The IB et can be
considered as almost inactive in these reactionsoagpared with the
Group VIII metals. When a Group VIII metal is allog with an 1B
metal, one effect is always present: active atorasdduted in a matrix
which itself is much less active with respect tatocarbon reactions.
As a rule the surface concentration of a Group Mitetal is
considerably lower than in the bulk average corre¢ion [68, 69]. By
all that, the formation of big ensembles of actatems is suppressed.
However, this is not the only way the componentalligys influence
each other. First it is possible, at least in pgle; that the
neighborhood of group VIII atoms ay cause the Bhatbms to became
active, for example by supplyingzHby a spill-over effect) or other
species formed on the group VIII atom sites. Sectmel properties of
individual group VIII may change when they disperse a matrix of
IB (or another metal). Of course, the extent ofhsclcanges depends on

the alloy components in consideration. These cheamgk be stronger
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with exotermically formed Pt-Cu which may form orelé structures
and will be less pronounced with Pt-Au pr Pt-Agteyss with limited
solubility. The bimetallic systems of interest am®t limited to
combinations of metallic elements that are highligaible in bulk. For
example, the ruthenium-copper system [70], in whitle two
components are virtually completely immiscible fre tbulk, exhibits
selectivity inhibition of hydrogenolysis similar tihat observed with
the nickel-copper system. The latter, of coursew&l known as a
system in which the two components form completeeseof solid
solution. Since the ability to form bulk alloys wa®t necessary
condition for a system of interest as a catalystehn the present work
it was decided to prove in the hydrogenolysis othyleyclopentane
the combination of two metals with very limit mibgity such as the Ir-
Au system. Much of the focus of ti@hapter 1l.5was concerned in the
investigation directed toward the validation andcalation of this

bimetallic system in the methylcyclopentane hydraggsis.
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Chapter 1.1

Different morphologies of silver nanoparticles
catalysts for the selective oxidation of styrene in

gas phase
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[1.1.1. Literature Review

Direct gas phase partial oxidation of olefins bylecalar oxygen to

epoxides is long considered one of the most importaactions in

commercial catalysis [1, 2]. The styrene is a usafkene model to

study the mechanism reaction of terminal alkenecieladion [3]. Silver

is considered almost the unique effective catdlysthe heterogeneous
epoxidation reaction [4]. In 1931, Lefort first m@ped success using
silver as catalyst [5]. The ethylene epoxidationthe most studied
partial oxidation reaction in industrial processl ailver catalyst is the
uniquely used under practical conditions [6].

It is well accepted that the selective oxidatioactens on supported
noble metals catalyst proceed via Mars-van Krevebechanism. The
redox property of the catalyst is therefore expdtteplay an important
role in these reactions. Alkaline metals are obe@rio enhance the
redox activities of a number supported metal catalj7]. Commercial

catalysts for the epoxidation of ethylene consfss$ilver supported on
low surface area materials such a#\l,0;. Alkali metals and their
salts have been proposed as promoters in theskystataCesium is
usually added to the catalyst to improve the seiggttoward the

epoxide [8-13].

To understand the reaction mechanism, the adsargticoxygen on

silver catalysts has been thoroughly performeds Thchnique gives
information about which type of adsorbed oxygen cegse are

responsible in the epoxidation reaction. It hasnbeleserved that the
oxygen shows different adsorption states. The etudievoted to
oxygen-silver system suggests that mainly two ciffé type of oxygen
are the active species: electrophilic oxygen legdio selective

-89 -



UNIVERSITAT ROVIRA I VIRGILT
NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN:

978-84-690-7618-7 / DL: T.1326-2007

oxidation products and nucleophilic oxygen prodgcicombustion
products [14]. These oxygen species exist on sibatalysts under
ethylene epoxidation conditions (160 - 3W) through reversibly and
irreversibly adsorption process. However, the studfy oxygen
adsorption on practical silver catalysts is esplgcieomplex since
silver surfaces are polycrystalline and contairssgaificant proportion
of defect [15]. Some results indicate that the jlddentation is an
important crystal face for real silver catalystqummably due to the fact
that it has the lowest surface energy [16]. Thera growing interest to
obtain advanced materials using nanoscale buildiagks, in order to
control the sizes and shapes of inorganic nanadsy$i7]. Therefore
the synthesis of well-controlled shapes of metalnoparticles
represents a new avenue in the study of selectigaton reactions
over silver catalysts.

In present work, an important objective of this W to study how the
size and morphology of silver nanoparticles affébe catalytic
behavior of silver catalysts supported arAl,Oz in the selective
oxidation of styrene in gas phase. Herewith we atsestigated the
performance of cesium promoted silver nanoparticlestalysts
supported a-Al,O3 in the epoxidation of styrene. Styrene
(CeHsCH=CH,) is a good choice because the phenyl growatectrons
activate the olefinic bound towards electrophili@ek by oxygen [19].
In this work, silver nanowires were synthesizedpbyyol process [18]
and then supported an-Al,O3. Besides, the effect of the addition of
cesium and the ©styrene molar ratios in the catalytic behavioreve
also studied. For comparison it was also studiedtalyst prepared by
wetness impregnation with an aqueous solution of N@g

Temperature programmed reduction (TPR) and X-ragtqeiectron
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spectroscopy (XPS) were performed to characteheeokygen species
formed on the silver nanowires after exposure {0The samples were
also structurally characterized using X-ray diffras (XRD) and
scanning electron microscopy (SEM), in order to reate the

morphological dependence of metal particles walcdtalytic activity.

[1.1.2 Experimental

[1.1.2.1 Preparation of the catalysts

Silver nanowires catalysts were prepared by pgbyotess. In a typical
synthesis of silver nanoparticles, 30 ml ethylemgca solution of
AgNO; (0.25 M, Aldrich) and 30 ml ethylene glycol sotuti of
polyvinyl-pyrrolidone (PVP) (0.375 M in repeatingitiweight-average
molecular weight= 40,000, Aldrich) were simultaneously added in 50
ml ethylene glycol at 433 K under vigorous magneiering. The
reaction mixture was then refluxed for 45 min as temperature. The
obtained nanopatrticles were diluted with acetong separated from
ethylene glycol by centrifugation at 4000 rpm fd@ &in. Then, silver
nanowires (11 wt. %) were dispersed by impregnadioa-Al O3 with

an acetone solution. TleeAl,O3 support, that shows a surface area of
around 0.4 rfig, was calcined at 673 K for 4 h before its user F
comparison, a silver catalyst obtained by suppuopregnation with an
aqueous solution of silver nitrate with the sameateontent (11 wt.
%) was also prepared.

The procedure for catalyst activation, before tharacterization and
the activity tests, involved heating up to a terap@e of 623 K in @
flow (heating rate 2 K/min), and then reduced in flbw up to a
temperature of 623 K (heating rate 5 K/min) at agpieeric pressure,
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followed by isothermal reduction at this temperatdor 3 h. To
investigate the promotion effect by cesium the Igata were
impregnated by an aqueous solution containing gguj@te amounts of
CsOH. After that the promoted catalyst was actaising the same

protocol.

[1.1.2.2 Catalyst Characterization
[1.1.2.2.1 X-ray diffraction (XRD)

XRD measurements were made using a Siemens D5fiarbmeter
(Bragg-Bentano parafocusing geometry and vertic8l goniometer)
fitted with a curved graphite diffracted-beam mdmaenator, incident
and diffracted —beam Soller slits, a 0.06° recgj\sht and scintillation
counter as detector. The angulér diffraction range was between®30
and 128. The data were collected with an angular step.@5%Uat 3s
per step and sample rotation.uadiation was obtained from copper
X-ray tube operated at 40 kV and 30 mA.

[1.1.2.2.2 Scanning electron microscopy (SEM)

The morphologies of the catalysts were observeS8HEM with a JEOL
JSM-35C scanning microscope operated at an actielensoltage of
15 kV. A small portion of each sample powder wasited on a
metallic disk holder and covered with a thin gagdr before the SEM

analysis.

[1.1.2.2.3 Temperature-programmed reduction (TPR)

TPR experiments were performed in a TPDRO 1100 rfinbe
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Finnigan), equipped with a thermal conductivity etor (TCD) and
coupled to a mass spectrometer QMS 422 Omnistar catalysts were
treated in @ for 1 h at 623 K before TPR analysis. Then, thegas
were purged with argon flow before the TPR analy$ise TPR of
silver catalysts was carried out using 5% iH Ar flow as reducing
agent, the gas flow rate was 20 ml/min and the e sample was
1.0 g. The gases evolved during the TPR experinvastmonitored by
TCD and mass spectrometer detector. The tempenatageaaised from
323 K up to 1073 K at a rate Bf= 20 K/min. Water produced during
TPR was trapped in CaO + p@&x(Soda lime).

11.1.2.2.4 X-ray photoelectron spectroscopy (XPS)

The XPS analyses were acquired in a VG Escalab 2€l@tron
spectrometer equipped with a hemispherical elearalyzer operating
in a constant pass energy mode and a non-monocticokig-Ka (hv

= 1253.6 eV, 1 eV = 1.608 10*° J). X-ray source operated at 10 mA
and 12 kV. Kinetic energies of photoelectrons weeasured using a
hemispherical electron analyzer working in the tamis pass energy
mode. The background pressure in the analysis atrawds kept below
7 x 10° mbar during data acquisition. The powder samples\pressed
into copper holders and then mounted on a suppadrtptaced in the
pretreatment chamber. All the spectra were signalaged for at least 80
scans and were taken in increments of 0.1 eV withlidimes of 50 ms.
The sample cleaning was performed by cycles dfeAching (1.5 keV,
5 min), oxygen treatments at 573 K with subsequemiealing in
vacuum. After three cycles of cleaning carbon contation was very

low and the remaining C 1s signal was used to kakbthe binding
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energies (BE Cls = 284.9 eV). High resolution spéenvelopes were
obtained by curve fitting synthetic peak componersisig the software
XPS Peak. Symmetric Gaussian-Lorentzian produdttimms were used

to approximate the line shapes of the fitting congms

[1.1.2.2.5 Catalytic activity

The catalytic epoxidation of styrene was perfornred stainless steel
tubular down flow reactor. The size of the fix-bre@ctor wasz10 mm

x 20 cm long provided with a temperature contradtegn. Reaction
temperature was measured in the middle of the ysithked by means
of a K-type thermocouple. The reactor was filledhvthe catalyst (1.0
g), which had been previously ground and sievatierrange of 75-100
mesh. The reactor was placed in an electric furmattea temperature
control system. A pressure indicator was used tasme the pressure
drop in the catalyst bed. Catalytic activity wasasi@red at steady state
conditions (after 5 hours of time on stream). Thedstock gas,
consisted of a mixture of £Ar, was fed to the reactor by independent
mass flow controllers, using a total flow rate beg¢w 100-300 ml/min.
The styrene was introduced into the reactor bygh-pressure metering
pump, which worked in a flow-rate range of 0.1-inlh. The reaction
temperatures were in the range of 503-623 K workih@tmospheric
pressure. The effluent gas was rapidly cooled amalyaed off-line
using a Shimadzu GC 2010 gas-chromatograph equippgkdan Ultra

2 capillary column and flame ionization detectolFr The presence
of combustion products was determined by on-lineDTé&d mass

spectrometer.
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11.1.3 Results and Discussion

Figure 11.1.1 shows the morphologies of the silvanoparticles
catalysts observed by SEM with a JEOL JSM-35C doann
microscope operated at acceleration voltage of M. Whe
morphologies obtained for the silver nanopartigespared by the
polyol process were found to be strongly dependent the
experimental conditions such as temperature and ntioéar ratio
between PVP and AgNO Previous studies have suggested that the
degree of polymerization of PVP (the average nunidferepeating
units in one PVP molecule) was also found to playnaportant role in

Figure 11.1.1 SEM images of the different silvemogaarticles catalysts.
(a-c) Silver nanowires, nanocubes and nanopolyhsdgpaorted orm-
Al,Os, respectively (11%A8"Y/a-Al,05 11%Ad"™)/ a-Al,0; and
11%Ad"" a-Al;05). (d) 40%Ag/MgO, (e) 15%Ag-Al,0s and (f)
Silver nanocubes supported on CaC@1%Ad\“/CaCQ). (—
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Scale bar of 500 nm for all the samples)

We have obtained silver nanowires (Figure Il.1.den the molar
ratio of PVP and AgN®@ was 1.5. These nanowires had a mean
diameter of 150 nm. No silver nanowires were forraédemperature
lower than 413 K. When the molar ratio was incrdagem 1.5 to 3
nanocubes became the major product (Figure I.1.18)ver
nanopolyhedra (Figure 11.1.1c) were also obtainddenv the silver
nanocubes were maintained for longer period of timé¢he reaction
mixture. SEM image of the 40% Ag/MgO catalyst (Figul.1.1d)
prepared by impregnation shows the presence dadrsiianowires and
other silver particles dominated by irregular stzapédth diameters
between 100 nm and 500 nm. Irregular shape pastieith diameter
between 200- 1000 nm (Figure Il.1.1e) were alsenkesl for the 15%
Ag/a-Al,0O5 catalyst prepared by wetness impregnation usisgvar
nitrate solution. Figure I1.1.1f shows the imagetlté silver nanocubes
catalyst support on CaGOAs already presented in section 1.4 the X-
ray diffraction of these silver nanoparticles sw#ised using the polyol
process suggested that silver existed purely infahe centered cubic
structure. The X-ray powder diffraction (XRD) patte were recorded
using a Siemens D5000 diffractometer using nickigtréd Cu K
radiation A = 1.54056 A) in 8 ranging from 300 to 800. The
diffraction did not suggest the presence of possifvipurities such as
Ag-0 and AgNQ. The three peaks detected for the silver nanaesti
were assigned to diffraction from the (111), (2@ay (220) planes of
fcc silver, respectively. The lattices constantkuwated by XRD for
the nanowires and nanopolygons were 4.0839 and 72.08
respectively, which are very closed to the repatiada = 4.0862 A,
Joint Comittee on Powder Diffraction Standards fil4-0783). The
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ratio of intensity between (111) and (200) peakisitais value of 4.5
and 2.5 for nanowires and nanopolygons respectivElgr the
nanowires this ratio is higher than standard fIERDS) (4.5 versus
2.5) indicating that the nanowires were abundant(lihl) facets
probably due to its external morphology. Nanowaasd nanopolygons
tend to grow as bicrystals twinned along the (1pMBEnes, showing
(111) crystal faces at their surface [10]. The UM-gpectrum of the
nanowires solution showed a broad peak at ca. 88that could arise
from surface plasmon excitation of the silver nanatures similar to
previously reported [11].

TPR profiles, after treatment in,@or 1 h at 623 K, of the 11% of
silver nanowire supported anAl,O3; and 15% Agi-Al,O3; (prepared

by wetness impregnation) catalysts are in Figufedla,b respectively.

. 1073

F873
ETIK

£673

@ ;473
o |
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0 50 100 150
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Figure 11.1.2 TPR profiles obtained from fresh tggts (a) 11% silver
nanowires supported anAl,O3, (b) 15%Agh-Al,Os.

The Figure 11.1.2 revealed two broad peaks for mares catalyst at
around 633 K (most intense peak) and at around K873he 40%
Ag/MgO and nanopolygons catalysts show similar beha. These
peaks have been attributed to different oxygenispe, O)) [12].
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However for 15%Agi-Al O3 catalyst these peaks are shifted to higher
temperatures (753 and 933K, respectively), withrtfwest intense peak
for this catalyst is the second one. Besides, ntensity of these peaks
are lower than the obtained from nanowires.

The selective oxidation of styrene (Table Il.1.M)eo Ag catalysts
shows phenylacetaldehyde (Phe) and styrene oxid® & main
products. A blank test run with theAl,03, MgO and CaCQ@ support
showed no conversion of styrene at the reactiorpéeature (523 K).
The direct combustion route of styrene was nedkgifor silver
nanowires nanocubes and nanopolyhedra even atatahconversion
condition. This fact was not observed for 15%dd#@.O; catalyst
which shows combustion products even at lower canee (around
5%). The pure silver nanowires catalyst (11% ™Ya-Al,0s)
showed a styrene conversion of 57.6% and a sélgcto styrene
oxide of 42.5%. Silver nanopolyhedra and nanocugported oro-
Al,O3; showed similar catalytic performance comparedhe silver
nanowires. The basic properties of the catalydtjtat of CaCQ as
support, improved the catalytic activity. When CaCfas used as
support for the silver nanocubes the styrene camerincreased from
42.5 to 93.1% and the selectivity toward phenyldehyde increased
(74.4%). It was also observed production of sulzsghrguantities of
phenylacetaldehyde when styrene oxide was heatéer uhe reaction
temperature studied. It is highly possible that pinenylacetaldehyde
obtained in the reaction is formed from the theis®lof the styrene
oxide [13]. Comparing the reaction activity andestlity with the
result of TPR profiles we could suggest that thstfpeak is the
responsible for the different performance and prsably related with
oxygen species that preferentially lead to higlvagtand selectivity.
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Table 11.1.1 Results of the catalytic activity testor the silver

nanoparticles in the epoxidation of styrene at &73

Catalyst Catalytic Activity

X(%)°? Phe(%j  SO(%f

15%Aghi-Al 03 4.9 53.2 15.6
11%Ad"W/a-Al 05 57.6 57.5 42.5
11%Ad"“Va-Al,05 56.9 68.6 31.4
11%Ad"a-Al 05 57.5 69.2 30.8
11%Ad"W/cacQ 93.1 74.4 24.6
40%Ad""/MgO 77.1 82.9 17.1

2NW: silver nanowires, NC: silver nanocubes, NRzesinanopolyhedra.conversion
(X) of styrene,

° selectivity to phenylacetaldehyde (Phedgelectivity to styrene oxide (SO%).:0
CgHg molar ratio of 50.

[1.1.4 Conclusion

In summary, we report the synthesis of Ag nanoglagi using of
poly(vinyl pyrrolidone) (PVP) as template. Threévar nanoparticles
were obtained: silver nanowires, nanocubes andpwyedra. The top
crystal face of these nanoparticles was the (1bd)ia possible that
this face shows beneficial effect in the selectixéation of styrene.
The morphology and the chemical composition ofesileatalyst were
determinant in the activity and selectivity for tlsgyrene oxidation
reaction. These differences can be explained takit@ account the
presence of different oxygen species in the sibetalyst confirmed by
TPR. It was found that the catalytic performance tbke Ag

nanoparticles for the selective oxidation of stgreran be improved
increasing the basic character of the catalystsithegis of silver
nanoparticles with shape controller shows poterdigplications for
selective oxidation of olefins.
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Chapter 11.2

Styrene epoxidation over Cs promoted silver

nanowires catalysts
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[1.2.1 Silver nanowires catalysts characterization

X-ray diffraction (XRD) pattern of the nanowiresnslgesized by the
polyol process suggested that silver existed purethe face-centered
cubic (fcc) structure (Figure 11.2.1 A(a)). The fdiiction pattern of the
silver nanowires did not suggest the presence sbipte impurities
such as AgO and AgNQ. The peaks detected for the silver
nanoparticles were assigned to diffraction from ¢h&l), (200) and
(220) planes. The lattice constant calculated byDXfr the silver
nanowires was 4.0839 A, which is very close to rieort data (a =
4.0862 A, Joint Committee on Powder Diffraction riétards file 04-
0783). The ratio of intensity between (111) andOj2@iffraction lines
for silver nanowires was higher than for the fl&RDS (4.5 versus 2.5)
for the standard silver (Figure 11.2.1A, B) indiceg that the nanowires
show preferred orientation in (111) facets. Thid fadicates that silver
nanowires tend to grow as bicrystals twinned altvey (111) planes,
showing (111) crystal faces at their surface [ZDyvinning is the
mechanism for forming these particles and it is theult of two
subgrains sharing a common crystallographic plag#]. [ Figure
1.1.2.1B shows the XRD patterns of the 119%%g*“> "Wa-Al,Os
fresh and after 30 days of reaction catalysts. X&tiy revealed the
presence of metallic Ag not detecting the preseoiceilver oxide
peaks. Besides, the presence of Cs was not defaatbdbly due to the
low amount. It is important to mention that the XRBttern for both
catalysts is quite similar. This indicates thaea# period of reaction of
30 days the particle size and the morphologicalksire of the catalyst
were preserved.

Figure 11.2.2a shows the SEM image of the silveaalyat obtained by
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impregnation with an aqueous solution of silveraig. SEM image
shows the presence of irregular Ag particles digted on thex-Al O3

support. However, the SEM image observed in Figu2e2b shows a
well dispersion of silver nanowires on the suppdtie diameters of
these nanowires were reasonable uniform, with ana@e value of 150
nm. Together with the silver nanowires (but in l@amount) the
presence of nanocubes and nanopolyhedra were alserved. The
cross section of the Ag nanowires (Inset Figur22b) clearly presents

a pentagonal shape according to previous studigds [2
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Figure 11.2.1 (A)XRD of the silver nanowires (a) and standard silver
sample (b). (B) Pattern obtained for the 11%Rd-*"CS)a-Al,04

catalyst (a) fresh, (b) after 30 days on stream.
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Figure 11.2.2 (a) SEM image of silver silver nanosg catalyst and (b)

Impregnated catalyst

TPR analysis was used to characterize the oxygeaiespformed by
exposure of silver catalyst under, Glow. Prior to the TPR
experiments, catalyst samples were treated in oxpge23 K. Figure
[1.2.3 (1-5) shows the TPR profiles of the silveanowires with

different loading of cesium. The unpromoted silmanowires catalyst
(11% Ad"/a-Al,03) and the silver impregnated catalyst (11%o0Ag/
Al,O3) are also shown in the inset of Figure 11.2.3. paaks observed
in TPR can be assigned based on the temperatwigict they appear.
Previous studies have shown that the peak arouddk8 attributed to
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the presence of subsurface oxygers)(@4-30]. Furthermore, the
presence of reduction peaks at higher temperatarede attributed to
the presence of oxygen species that are strongnisorbed on the

surface of silver and are labeled ag) (@7, 31-33].

1200

1000

Signal (mV)

[] 1 |
473 TR 873
Temperature (K)

-?l:uq.':lﬂu‘:l]';-
Figure 11.2.3 Temperature programmed reduction il@®fof silver
catalysts with different loading of cesium (refefréo the silver
content); (1) 0.0625%, (2) 0.125%, (3) 0.25%, (4%, (5) 1.0%.

Inset: (a) unpromoted silver nanowires, (b) silwepregnated catalyst.

- 105 -



UNIVERSITAT ROVIRA I VIRGILT

NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN: 978-84-690-7618-7 / DL: T.1326-2007

TPR results show that the impregnated catalysttiadowest intense
reduction peaks when compare with silver nanoworess. Besides, the
reduction peaks appear at higher temperatures K7&3d 933 K) (see
the inset b of Figure 11.2.3). The most intensekpea this catalyst is
the second one. However, more intense reductiokspage observed
for silver nanowires catalyst. The unpromoted silvenowires catalyst
(inset a of Figure Figure 11.2.3) shows two broaaks at around 623 K
(the most intense peak) and 873 K. So, the maigexgpecies for this
catalyst is the @ When silver nanowires were promoted by Cs a
strong increase in the signal of the first peakBR was observed. It is
noteworthy to observe that,Ix value first decreased when the pure
silver nanowires were promoted with 0.0625 wt.%cesium content
and then shifted toward higher values when the ucestcontent
continues increasing. However, the reduction pdaks, for cesium
promoted catalysts are always shifted to lower tapires in
comparison with unpromoted silver ones. Table.1l.28hows the
temperature of peak maxima and the hydrogen consomgf this first
peak at different cesium amount. The signal in@dawith cesium
loading. Furthermore, for Cs promoted catalystscadb peak at higher
reduction temperature (between 700 and 950 K) wetly low intensity
was also observed. This indicates the presence, ohGhe surface of
the silver particles even at these higher redudgamperatures.

The analysis of the near surface of the silver naes was performed
by XPS technique. The study of the electronic StXPS was carried
out on non supported silver nanowires in order tmid the
overshadowed of the oxygen component arising frowa ct-Al,Os
support. However the presence of oxygen compomsihg from the

promoter (cesium oxide) is expected. The XPS msfilof the
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unpromoted and cesium promoted silver nanowires da@cted in
Figure 11.2.4A and 11.2.4B respectively. Table ll2shows the binding
energies values for unpromoted silver nanowires arb wt. %
cesium promoted silver nanowires samples oxidize®28 K and
reduced in situ in the XPS equipment between 5748 K. Figure
I1.2.4A shows the XPS spectra of the oxidized silvanowires (a) and
then reduced at 573, 673 and 773 K (b, ¢ and gentiwely). The XPS
profile of the unpromoted silver nanowires (Figur2.4A) showed
only one peak for the binding energy of Ags@adentered between
367.5 and 367.7 eV as is shown in Table 11.2.1 taat be ascribed to
Ag,0 [34]. This is also confirmed by the value of O/éigaround 0.48
obtained by XPS for the unpromoted oxidized samplesides, the
binding energy values are around of 367.5 eV fon@as reduced at
773 K. This indicates that under reduction condgioin the XPS
equipment, the first atomic layers of the surfafesitver nanowires
(that have the main contribution to the XPS sigraaB in oxidized
state. This fact indicates the presence of oxygaties with a strong
interaction with the silver surface (O which are difficult to reduce
even at 773 K, in agreement with TPR results. Fii@hle 11.2.1, the
O1s peak signal observed for the unpromoted sihgrowires was
around 529.7 eV for both reduced and oxidized sampHowever,
when cesium was added (Figure 11.2.4B), the O Jak howed two
components, the major one at around 531.5 eV deskantense one at
around 529.8 eV. These O-species have been asdob@l and Q
species respectively [25, 31]. The distinction estw different types of
oxygen detected by XPS was recognized on the lodisise way in
which of the oxygen specie was embedded into thfaailattice of the

silver nanowires.
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From the XPS spectra of the unpromoted silver namesvthe Q was
the unique specie detected on the surface of timewiees. When
0.25 wt. % of cesium was introduced on the silvanowires the @
was the major oxygen species detected by XPS asvnsho
Table 11.2.1. It seems that the addition of Cs potes the formation of
the G species. Figure 11.2.4B also shows the XPS speatréhe
oxidized sample (a) and reduced at 573, 673 andK/{3, ¢ and d,
respectively). The deconvoluted peak of the Olspmmnt with a
binding energy value of around 531.5 eV represardand 90% for the
cesium promoted silver nanowires oxidized at 623 Rurther
information about the nature of oxygen specieshencesium promoted
silver nanowires surface was obtained by monitothng reduction of

the nanowires under hydrogen during XPS analysis.

01s ) (B)
(A)

A .
Z { ®
® )
! Z
(c)
© N
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Counts persecond (au)
Counts per second (au)
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Figure 11.2.4 XPS profiles. (A) Fure siver nanoggrana (8) promoted
Ag nanowire by 0.25% of Cs after oxidation at 823a), and then
reduced at different temperatures (b-d)573, 673728 respectively.

- 108 -



UNIVERSITAT ROVIRA I VIRGILT

NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN: 978-84-690-7618-7 / DL: T.1326-2007

From Figure 11.2.4B, the O 1s component at aroudtl% eV of the Cs
promoted silver nanowires sample decreases itivelmtensity from
90 to 60 % as the reduction temperature incredsgmrallel, The O 1s
component at around 529.8 eV increases its relatitensity from 10
to 40%. The increase in the relative signal of thiss component can
be attributed to the decrease in the signal ofptek around 531.5 eV
due to the reduction process, as well as the foomaf new Q species
probably by interstitial diffusion of the subsuréaoxygen (@) to the
catalyst surface [31]. The presence of the peakral 531.5 eV at
higher reduction temperature (773 K) could be a#abuted to the
contribution of the oxygen of cesium oxide sped&S], which is

overlapping the peak of thes@pecies.

Table 11.2.1 Binding energies (eV) and surface atoratios of silver

nanowires
Binding Energy, eV Binding Energy, eV
Treatment 0.25% Cs promoted Ag
Ag nanowires nanowires
Ag30s)2 Ols Ag3ds)2 Ols Cs3d.
Oxidation at 623 K 367.6 529.7 367.7 529.9 (10) 724.0
531.5 (90)
Reduction at 573 K 367.7 529.7 367.7 529.9 (16) 723.9
531.6 (84)
Reduction at 673 K 367.6 529.7 367.4 529.8 (39) 723.9
531.4 (61)
Reduction at 773 K 367.5 529.8 367.5 529.8 (40) 724.1
531.2 (60)
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[1.2.2 Catalytic Activity

The selective oxidation of styrene, at steady stater silver catalysts
shows phenylacetaldehyde (Phe) and styrene oxi@@ &S the main
products. Table 11.2.2 shows the catalytic perfamoea of the silver
catalysts for the epoxidation of styrene with malac oxygen as
oxidant at a reaction temperature of 523 K. A bltast run with thex-
Al,O3 support showed no conversion of styrene at thecticea
temperatures studied. Silver impregnated cataliistved a styrene
conversion of 1.0 % at 523 K. However, a conversséri0 % and
selectivity to styrene oxide of 42.5 % was obseraethe same reaction
conditions for silver nanowires catalyst. It is ionfant to mention that

the deactivation of the catalyst during an operatime of 30 days was

negligible.

Table I1.2.2Results of TPR and catalytic activity at 523 K

TPR analysis Catalytic Activity Tests
Catalyst Tmax  Hz2 consumption o\ 0 0

K) (umoligF X(%)® Phe(%j SO(%}
753 0.5 1.0 51.4 48.6
11%A"/a-Al,0, 623 1.3 10.0 575 425
11%AgNW00625%CYq_Al,0, 568 2.6 50.9 48.6 51.4
11%AgNVO15%C)q-Al,0; 570 2.7 60.1  46.8 53.2
11%Ag"VOB7C)q-AlL,O, 572 2.8 946 444 55.6
11%AgNVO30%C)q-AlL,O; 575 3.8 90.5  26.7 73.3
11%Ag"WOS*C)q-AlLO; 583 4.9 724 251 74.9
11%Ag"WO*C)q-AlLO; 587 8.1 423 241 75.9

4 peak signal from the first peak detected by tentpesaprogrammed
reduction (TPR)® conversion (X)¢ selectivity to phenylacetaldehyde
(Phe%),? selectivity to styrene oxide (SO%),0CsHs molar ratio of
50.

The promotion of silver nanowires catalysts witlsiaen increased the
catalytic activity up to 94.6 % for a cesium loagliof 0.25 wt. %.
Besides, the selectivity to styrene oxide increaseoh 42.5 % up to

75.9 % when silver nanowires catalyst was prometgd 1 wt. % of
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cesium.

In the case of catalytic oxidation reactions itmsll accepted that the
redox properties of the catalyst play a fundamerti@g on the activity
[7, 36]. Alkali metals are electropositive promatemhich act to
enhance the chemisorption of electron acceptorrbdts and weaken
chemisorption of electron donor adsorbates, as theyselves are
electron donors. Besides, the incorporation of lkaliae metal may
result in a decrease in surface acidity, since aites are neutralized
[37]. The enhancement in epoxide selectivity obsémn the presence
of CsOH was probably due to suppression of acidecsnn thea-
Al,O3 support and hence the isomerization route of sg/rexide to
phenylacetaldehyde was decreased. Consequently,adid@ion of
cesium increased both the catalytic activity anel $klectivity to the
epoxide. So, the cesium modified the Ag surfacdiqdarly toward
the epoxidation direction. Previous experimentatigs have show that
some alkenes without allylic hydrogen atoms, suglethylene, can be
directly epoxidize with high selectivity with molglar oxygen in the
gas phase over Ag catalysts [38]. In line witltese studies, the
catalytic results observed for our silver nanowicesalysts indicates
that these materials are indeed very active foxiglation since styrene
has no allylic hydrogens. Thus it is really expdcthat the styrene
behave as ethylene in epoxidation over the silatalgsts.Moreover
previous studies [39] have also shown that thistiea is sensitive to
particle size and more selective on large particléss fact can also
reinforce the high catalytic performance on theesilnanowires since
these materials are dominated by dense crysta¢plan

The silver nanowires catalyst promoted by 0.25%bf Cs showed the
highest conversion of 94.6% for the styrene. Tl tlaat both activity
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and selectivity change with the amount of Cs oncatalysts strongly
suggests that the promotion effect is electronigrigin [40]. However,
the activity increases up to a cesium loading 86@t. % and beyond
this amount the conversion of styrene decreasegrgssively. The
decrease of conversion at higher Cs loadings (C2% wt. %) can be
probably attributed to the effect of cesium dispars The excess of
cesium can block the active surface and thus dserélae catalytic
activity. This change in the catalytic activity @lso intimately
correlated with results obtained by XPS depictedable 11.2.3. On the
basis of the XPS results in Table 11.2.3 the sampith a cesium
loading of 0.125 wt. % shows a Cs/Ag atomic rafi®.419. When the

cesium increased up to 0.25 wt. % the Cs/Ag raimoeiased up to 0.24.

This proportion between Cs/Ag ratio and the amooinCs in the

sample indicates that cesium is well dispersedhensurface of silver
nanowires. However for samples with higher cesiomtent the Cs/Ag
atomic ratios decreased. For instance, the 119%AY" )a-Al,0;

sample, which has two times of cesium amount ttan1f%AdN""

0-25%Cs)q-Al,05, the Cs/Ag molar ratio detected by XPS analysis
lower (0.119). Similar behaviour is observed foe ttatalysts with a
cesium amount of 1.0 wt% that shows a Cs/Ag ratiibegsimilar than
for the catalyst with a cesium amount of 0.125 w{l%tis indicates that
agglomeration of cesium species on the silver saria produced at
higher cesium loading that covers the silver s@facoducing the
poisoning of the active sites. Thus, the increasthé cesium content
may cover progressively the silver surface decngalie active sites.
Furthermore, correlating the epoxidation perforneamdgth the XPS
results, it was also found that there is a diretationship between the

epoxidation performance of catalyst and Ols sigsabciated with
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specie. The @ species seems to be critical for the activatiorthef

silver for this reaction.

Table 11.2.3 ICP-AES and XPS surface analysis bfesinanowires

catalyst.
Catalyst ICP-AES analysis XPS analysis
(Atomic ratio) (Atomic ratio)
Cs/Al Cs/Ag Cs/Al  Cs/Ag
11%AgNW0-125%C)q Al ,O0; 0.00005  0.0009 0.005 0.119
11%AgNW0-25%Cs)q-Al,0, 0.0001  0.0018 0.009 0.240
11%AgN0-5%Cs)q-Al,0;  0.0002  0.0036 0.020 0.119
11%AgNWV10%Cs)q-Al,0;  0.0004  0.0072 0.023 0.220

This can also explain both the low activity andesality observed for
the 11% Agd-Al,O; impregnated catalyst since the main oxygen
species detected is,@hat is more strongly bound and harder to react.
There is a strong correlation between the peakasighthe Q specie
with the catalytic activity toward the epoxidatiof the styrene. This
specie seems to be responsible for the high acteuiid selectivity
while the strongly adsorbed surface atomic oxyday) ¢howed lower
activity.

In line with these observations, the shift of p@a&xima (Thay in the
TPR analysis (Table I1.2.2) to lower temperatures the cesium
promoted silver nanowires samples may clearly etgi¢he formation

of more reducible silver species compared with thgromoted
samples. All the cesium promoted samples presdmtgter catalytic
activity compared to the unpromoted silver samp{pare silver

nanowires (11% AY"/a-Al,0s) and impregnated sample (11% &g/
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Al,03)) which could be a consequence of electroniccesfof the
cesium on the properties of the silver since atlalinetals may act as
electron donator [37] increasing the electron dgnsi Ag and hence
affecting their reducibility. When the silver naniogs were promoted
by 0.25 wt. % of cesium the conversion of styrene the selectivity to
styrene oxide increased.

However, with higher cesium content (Cs > 0.25 %). the styrene
conversion decreased. This fact is also reinfolmgdhe XPS results
depicted in Table 11.2.3. At higher Cs content @.25 wt.%) the active
silver surface are been probably disengaged frarc#balytic cycle by
Cs, however those still active do not suffer frony anodification by
cesium and this maybe the reason that the selgcti@mains
unaffected.

In fact since repetitive redox cycles occur dutting selective oxidation
of styrene it also can be suggested that the lotalyte activity
observed for the unpromoted silver samples mayueetal the fact that
the oxidation-reduction cycle is more difficult thdor the cesium
promoted silver nanowires samples. So, cesium ptiomoay play an
important role increasing the catalytic activityvasll as preventing the
isomerization route to phenylacetaldehyde.

Table 11.2.4 lists the conversion and selectivity dtyrene oxide on
11%AgNW0-25%CS)qAl,0; catalyst at 503 K with different Blg: O,
molar ratios. The increase in the:@gHs molar ratio improved the

conversion and selectivity to styrene oxide.
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Table 11.2.4 Conversion and selectivity at differeD,:CgHg molar
ratios for styrene epoxidation reaction on 11%AF>*"Sa-Al,0s

catalyst
Molar ratio  Conversion (%)  Selectivity to SO (%)
OzngHg
25 59.3 55.3
50 76.5 68.4
100 79.7 70.5
150 84.2 73.5

% Reaction temperature: 503 K

When the @ CgHg molar ratio was 25, the conversion was 59.3% and
the selectivity reaches 55.3%, while foy. @gHg molar ratio of 150 the
conversion was 84.2% and the selectivity to styr@xide was 73.5%.
These results are in agreement with previous 1=§88]. It seems that
an oxygen rich atmosphere is also beneficial fothbactivity and
selectivity in the epoxidation reaction of styrefidis fact indicates a
strong competition between styrene and oxygen enathive sites of

the catalyst.

Figure 11.2.5 shows the catalytic behaviour of aesipromoted silver
nanowires catalysts at different reaction tempeestusuch as 503, 513
and 523 K. The results show that the amount ofucesn the catalyst
plays an important role in the conversion in thenge of the
temperatures studied. Catalyst containing 0.25 %t.of cesium
showed the highest activity in all the range of penatures reaction
tested the styrene conversion over silver nanowgedalysts changes
with the cesium loading. Higher reaction tempemtunproves the
catalytic activity but reduces the selectivity t@®.SAt 503 K, the
selectivity to SO was 68.4% and the styrene comensas 76.5%. At
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523 K the selectivity to SO decreased to 55.6%enmhie conversion of
styrene increased to 94.6%.

106

—— T=321K
—— T=313K
—— T=303K

90 -

80 1

70 A

60 -

Conversion of styrene (%)

50 1

40 A

Cs loading, wt %

Figure 11.2.5 Catalytic Activity of cesium promatesilver nanowires at
different reaction temperatures.

In order to study the stability of the catalystsieaction test during a
period of 30 days was performed using the silvaromares catalyst
containing 0.25 wt% of cesium. The activity andesélity at different
reaction temperatures (503, 513, 523 K), and arCgHg molar ratio of
100, are shown in Figure 11.2.6 as a function ofeion stream. As the
reactor temperature was increased the selectivotythe epoxide
decreased. A styrene conversion of around 79 % sahektivity to
styrene oxide of around 70% was achieved durinditbefive days of
reaction at 503 K. Then, the reaction was carriedad 513 K on the
following five days and the conversion of styremereased up to
86.2% while the selectivity to SO decreased to @6.After 10 days of
reaction the temperature was increase from 5132® I and the
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conversion of styrene increased up to 94.6% whieselectivity to SO
decreased to 55%. This cycle was repeated agaminoig similar
catalytic behaviour. This indicates that this cgalas stable during

this reaction test.
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Figure 11.2.6 Catalytic activity of 11%A" ©2%<S)q-Al ,05 catalyst in
the epoxidation of styrene as a function of timestream and reaction

temperature.
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[1.2.3 Conclusion

Styrene epoxidation by oxygen was carried out dwesinanowires
promoted with different contents of cesium. Additimf CsOH
significantly improves conversion of styrene and felectivity to SO.
The maximum activity was obtained when the silvanawires were
promoted by 0.25 % of Cs. A higher reaction temiugeacan improve
the activity of the catalyst, but reduces the geldég to SO. TPR
experiments indicated that the cesium affectedréueicibility of the
silver. Besides, the selectivity to styrene oxidesvenhanced by cesium
promotion. The selectivity to styrene oxide wasoaknhanced in
oxygen rich atmosphere. Furthermore, correlating #poxidation
performance with the XPS results, can be statedth®me is a direct
relationship between the epoxidation performanceadélyst and O1ls
signal associated with @3specie. The O species seems to be critical
for the activity of the silver catalysts. Besideggligible deactivation
of the silver nanowires catalyst promoted with O@256f cesium was
observed over 30 days of reaction. These resulisate the feasibility
of shape controlled silver nanoparticles as catslyl®r styrene
epoxidation and how the activity and selectivitytloé catalyst can be
changed by Cs promaotion.
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Chapter 1.3

Propylene epoxidation by nitrous oxide over Au-

Cu/TiO,, alloy catalysts
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[1.3.1 Abstract

Gold-copper alloy catalysts were prepared by impaggn of TiQ
(anatase) support with mixed chloride precursostasted in the gas-
phase epoxidation of propene. The bimetallic systetontained
different Au-Cu molar ratios and a total metal @tof 4 wt. %. The
corresponding monometallic Au/TiGnd Cu/TiQ catalysts were also
prepared for comparison. X-ray diffraction, XPS atrdnsmission
electron microscopy studies indicated that alloywas achieved. The
copper content in the catalyst seemed to haveoagsinfluence on the
dispersion of the metal particles and in their lgéita properties. In
particular, the greater the Cu content in the altbg smaller the metal
particle size achieved. These changes also cotedlio an increase in
the activity and in the selectivity to propene @idhe sample with a
Cu/Au ratio of 3/1 showed the best catalytic bebavBesides, the
catalytic activity of the samples can be correlateith the results
obtained by TPR.

Keywords alloy, gold, copper, propene, epoxidation, catalysttrous
oxide, HRTEM, XPS
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11.3.2. Introduction

Propene oxide (PO) is one of the most importanhit@ feedstocks
for producing resins such as polyurethane [1-3]jdvi@onventional
manufacturing methods require two-stage procesaguhlorohydrin
or Halcon (hydroperoxides) as an oxidant. In thierciydrin method,
large amounts of Glare consumed, which gives rise to serious
problems of equipment corrosion and environmentdlupon. The
Halcon method is capital intensive and its econsndepends on the
economic fortunes of the byproducts, namely styrendert-butyl-
alcohol. In analogy to ethylene epoxidation, muterdion has been
paid to the direct oxidation of propene using airoxygen as the
oxidant directly [4]. Epoxidation of ethylene wigaseous oxygen over
Ag catalysts was developed many years ago, bugaim reaction with
propene has not been successful. Propene is diffémm ethylene by
an existence of a methyl group. It is generallyidweld that this low
efficiency of propene epoxidation is associatechwitie presence of
allylic hydrogen atoms in the alkene, which readihdergo abstraction
on oxygenated silver, yielding a stable adsorbetyl atpecies
precluding selective oxidation and leading to costimn. Haruta and
co-workers [5] have reported that certain Au/JiCatalysts exhibit
selectivity greater than 90% for the productionpodpene oxide (PO)
using a combination of Hand Q as oxidation mixture, although the
reactant conversion was very low (1.1%). When falrag particles of
less than 10 nm and supported on metal oxidess A iactive catalyst
with unusual size-dependent activity and selegtivibr propene
epoxidation [6, 7]. For active supports such as,Tie oxygen

activation occurred on the support surface andottidation reaction
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occurred at the periphery between the support anel ¢old
nanoparticles. Thus, the requirement for very smatal nanoparticles
may arise mainly from larger contact peripheralse preparation route
of gold catalysts has been also determined to becplarly important
for propene epoxidation. Among single metal oxidBS), makes Au
selective for propene epoxidation only in the asat@rm [8]. Another
constraint is the deactivation of gold catalystthwime on stream [9].
Accumulation of PO and other successively oxidipedducts on the
catalyst surfaces was considered to be a majoromedsr this
phenomenon and for the limited propene conversiatently Lambert
et al. have shown that copper is also extremelgctffe in the
epoxidation of propene [10]. Therefore it is intdneg to examine
whether how copper and gold alloy catalysts behavthe propene
epoxidation. The structure of bulk Au-Cu alloy iglisknown and this
alloy is known to form solid solution very easiljhe main objective of
the present work was to explore the performanc&uwsCu alloy in the
epoxidation of propene by nitrous oxide(. The decomposition of
N,O can be expected to generate oxygen species witleatrophilic
characteristic on an appropriate catalyst, whicly mecount for the
highly selective epoxidation of propene [11,12]eTdmly byproduct is
N, and the process using,® as oxidant is thus environmentally
benign. In this work several Au-Cu bimetallic cgts, as well as
monometallic Cu and Au ones, were prepared. Theenadd were
characterized by Nadsorption, TPR, XRD, HRTEM, EELS and XPS.
The role of copper on Au dispersion and the catalytoperties were
assessed, which leads to relevant structure-funcgilationships for the
investigated reaction over a novel catalytic system
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[1.3.3 Experimental

[1.3.3.1 Catalyst Preparation

Gold-copper alloy catalysts supported on titaniuvide were prepared
covering the entire composition since gold is nukxiwith copper at
any composition range. The Au-Cu/Ti@atalysts were prepared by
impregnation the support (T¥D anatase) with an acidic aqueous
solution of HAuC}3BH,O and CuCIH,O in adequate amounts. The
samples were dried in vacuum for 2 h. Then, theltiag samples were
dried at 373 K for 12 h and finally reduced in hygen flow (50 mL
min?) at 673 K for 6 h. The total metal loading of ahmples
(monometallic and bimetallic samples) was fixed4awt. %. The
Au/Cu molar ratios in bimetallic samples were 3111 and 1/3.
Besides, a monometallic gold sample with 0.5 wt $6gold was
prepared in order to study the effect of the amafingold and metal
particle size in the catalytic behaviour.

The sample code of the bimetallic catalysts referthe molar ratios

(e.g. AuCuy).

[1.3.3.2 Catalyst Characterization

N, physisorption.N, adsorption-desorption isotherms at 77 K were
measured in a Micromeritics ASAP 2000 instrumeram§les were
previously evacuated at 623 K for 16 h. The BEThuodtwas used to
calculate the total surface area of the sampleg [f3e BET surface
area of the samples were around 28-31gh that is quite similar than
for the support (31 fing™).
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Temperature-Programmed Reduction (TPRRPR experiments were
performed in a TPDRO 1100 (Thermo Finnigan) insentmequipped
with a thermal conductivity detector (TCD) and clapto a mass
spectrometer QMS 422 Omnistar. The catalysts weeged in Qfor 1

h at 623 K before TPR analysis. Then, the sampla® wurged with
argon flow before the TPR analysis. The TPR of ¢atalysts was
carried out using 5% Hn Ar flow as reducing agent, the gas flow rate
was 20 mL mift and the weight of sample was around 30 mg. The
temperature was raised from 323 K up to 1073 Kratt& of 20 K min

! Water produced during TPR was trapped in CaO ON¢gBoda

lime).

X-ray diffraction. X-ray diffraction (XRD) measurements were made
using a Siemens D5000 diffractometer (Bragg-Bentpamfocusing
geometry and vertical-6 goniometer) fitted with a grazing incident
(o 0.52) attachment for thin film analysis and scintiltaticounter as

a detector. The samples were dispersed on Si &ifiple holder. The
angular B diffraction range was between®#nd 128. The data were
collected with an angular step of 0°08 12 s per step and sample
rotation. Cy, radiation { = 1.54056 A) was obtained from a copper
X-ray tube operated at 40 kV and 30 mAhe crystalline phases were
identified using the JCPDS files.

Transmission electron microscopy (TEMJYransmission electron
microscopy studies were performed at 200 kV wife®L JEM 2010F
instrument equipped with a field emission sourcel @m electron

energy-loss spectroscopy (EELS) detector. The mompe was
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operated in high-resolution (HRTEM) and scannin@EBI) modes,
both in bright-field and dark-field configurationsSamples were
dispersed in alcohol in an ultrasonic bath and @ dif supernatant
suspension was poured onto a holey carbon coatedagd dried

completely before measurements.

X-ray photoelectron spectroscopy (XP®jray photoelectron spectra
(XPS) were acquired with a VG Escalab 200R speatemequipped
with a hemispherical electron analyzer and an Mg(Kv = 1253.6 eV,

1 eV = 1.603x 10 J). X-ray source operated at 10 mA and 12 kV.
The peaks were fitted by a non-linear least sqfitiniey program using

a properly weighted sum of Lorentzian and Gausstamponent curves
after background subtraction according to Shirlagt &herwood [14].
The constant charging of the samples was corrdnye@ferencing all

energies to the Al 2p peak at 74.5 eV.

Catalytic activity. The catalytic reactions were carried out using a
fixed-bed reactor operated at atmospheric presdure. experiments
were carried out with typically 0.14 g of catalgstd a gas flow of 50
NmL min® (GHSV 9000 H). The gas mixture consisted of 10% of
N.O and 10% propene in argon. Before reaction, cstimlwere
pretreated with gas flow containing Ar (100 mL ijrand H (10 mL
min) at 673 K for 2 h. After the temperature was daseel to the
desired reaction temperature, the reactant gaumixtf Ar, GHg and
N>O was introduced to start the reaction. The praduatre analyzed
by two on-line gas chromatographs equipped withapak T and
molecular sieves columns using FID and TCD detsctaH lines and

valves between the exit of the reactor and thechaematographs were
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heated at 373K to prevent the condensation of theyats.

[1.3.4 Results and Discussion

XRD. X-ray diffraction of all samples was conducted ts@re that
alloying has been obtained in the bimetallic foratiwns with the
preparation procedure adopted in this study. TheDXpatterns in
Figure 11.3.1 show broad peaks due to the anatappost (JCPDS
211272). For 4%Au/Ti@and 0.5% Au/TiQ samples, diffraction lines
of gold were identified at 38.2°, 44.3°, 64.5° and6°, which have
been assigned to the (111), (200), (220), (311phgdaof the fcc
structure of gold, respectively (JPCDS 04-0784)pi¢gl XRD of the
Cu sample (Cu/Tig) showed B values at 43.4, 50.6 and 7%4that are
indexed as (111), (200) and (220) planes of thestaacture of copper
(JCPDS file, 4-386). Other phases such as CuO an® @ere not
detected. This means that if part of the coppestexn the form of
copper oxide clusters, these are under the detectipabilities of XRD
[15]. In the bimetallic samples, broad diffractilomes corresponding to
(111) planes of Au-Cu alloys were identified, whes€200) and (220)
Bragg reflections became hardly visible due to peadadening. This
effect is more pronounced as copper content inesas sample
formulation. The mean particle diameter calculafemm the (111)
reflection by the Scherrer formula for the sampW%Au/TiO,,
0.5%AU/TIO, 4%AWCWw/TIO,, 4%AuCW/TIO, and 4%AuCu/TiO,
are respectively Au=27.1 nm, Au=8.6 nm; #®w=13.5 nm,
Aui;Cu=9.3 nm, AyCu=7.3 nm and Cu =5.5 nm. For pure gold
samples, when the amount of gold decreased frono4¥% % the gold
particle size decreased from 27.1 nm to 8.6 nmth@rother hand, for
bimetallic catalysts, when the copper content iaseel the bimetallic
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particles size decreased. Pure monometallic copgtatyst showed the
lowest metal particle size (5.5 nm). When gold aadper are brought
together to form a solid, there is a compressiothefelectronic charge
density [16]. This may contribute to the stabilitiythe as-synthesized
bimetallic particles against agglomeration comparted the pure
elements. The formation of alloys in the bimetalkamples is
demonstrated by the;d values, which progressively decreased with
Cu content with respect to pure Au. The latticeapzaters of the metal
crystallites in our samples as function of bulk pasition are depicted
in Figure 11.3.2. When the copper content increafedn a Cu/Au
molar ratio of 1/3 to 3/1, the lattice parameteadyrally decreased. So,
a linear evolution of the lattice parameter of the-Cu crystallites

clearly indicates the formation of alloys in thenlettallic samples.
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Figure 11.3.1XRD patterns of Au, Cu and Au-Cu alloys supported o
TiO2. (a) 4%Cu/TiQ, (b) 4%AUCW/TIO,, () 4%AuCW/TiO,, (d)
4%AWLCW/TIO,, (e) 0.5%AU/TIQ and (f) 4%Au/TiQ.
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However, the lattice parameters of our bimetallimples exhibit some
small deviations of the Vegard’s law in agreemeithyrevious works
[17].

0,42

o Experimental

0.411 o Vegard'slaw
0.4 4
0.39 1

0.38 1

=l

Lattice constant {nm)

0.37 1

0.36 4

0.35 . . ; .
0 20 40 B0 80 100

Bulkk Au content (wt %a)
Figure 11.3.2Effect of Au-Cu composition on the lattice paranetg,
of fcc alloy crystallites calculated from the (1Xtystallographic plane
by XRD.

TEM. In order to get a more insight about the natur¢hefmetal and
alloy particles identified by XRD, we carried outletailed TEM-EELS
study over all the catalysts. 4%Au/TiCatalyst is constituted by small
metal particles ranging from 8 to 15 nm in diametemwell as by large
agglomerates up to 100-250 nm. This is shown imreidl.3.3, where
the location of gold particles and agglomerates smen in the same
area taken in bright-field (BF) and dark-field (DRyodes. This
indicates that the size distribution of Au partscia this sample is quite
heterogeneous, and that agglomeration of Au easityrs. In contrast,

monometallic catalyst 4%Cu/TiOis mainly constituted by copper
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metal particles between 10 and 20 nm in diametenil&ly, all the
bimetallic samples and 0.5%Au/TiGample, are constituted only by
well-dispersed metallic particles at the nanomstale. Figure 11.3.4

shows a representative image of a metallic particle catalyst

4%AuwLCW/TiO, obtained under Z-contrast, BF and DF STEM modes.

0.2 um

.. — R
Figure 11.3.3. Bright-field (left) and dark-fieldight) TEM images of
catalyst Au/TiQ at low magnification. In the DF image, individual

gold particles as well as gold agglomerates apipiegint.

All particles imaged in this catalyst exhibited mieters of about 15-25
nm. High-resolution TEM (HRTEM) and electron eneiggs
spectroscopy (EELS) were performed over individoaiticles. In all
cases, EELS data revealed the simultaneous pres#ngeld and
copper for each individual metallic particle ana&gz and HRTEM
revealed the presence of thez8w alloy (Figure 11.3.4). Particles in
catalyst 4%AuCuw/TiO, exhibited a narrow size distribution of about
5-10 nm. Figure 11.3.5 shows STEM images for thasabyst as well as
EEL spectra recorded over different areas. Arezlémb “a” in the
figure, with low Z-contrast, correspond to the Fi€upport according
to EELS (characteristic pattern with peaks at aldoutl, 23, 38 and 46
eV), whereas area labeled “b” in the figure depatsarticle with high
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Z-contrast and with an EEL spectrum that indicatésmetallic Cu-Au
composition (a single signal at ca. 25 eV).

Figure 11.3.4 Z-contrast STEM, HRTEM, and FT imageéandividual
metal particles in catalyst 4%A0u/TiO,. EELS analysis reveal that
particles are bimetallic, and lattice-fringe and &Talysis show CuAu

particles supported on THO

0 20 40
eV eV

Figure 11.3.5. Z-contrast STEM images of catalf8sAwuCu/TiO,
and EEL spectra recorded over areas marked astareSponding to
TiO,) and “b” (bimetallic Cu-Au patrticle).
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Another individual particle in catalyst AQu,/TiO; is shown in Figure
[1.3.6 in BF and DF STEM modes as well as under HRITconditions.
The atomic-scale image along with FT indicates ttte particle
corresponds to the CuAu alloy. All the lattice-fenimages recorded
over metallic particles in catalyst 4%4A&ty/TiO, corresponded to the
AuCu alloy and no other alloys in the Au-Cu systesre identified.
Figure 7 corresponds to STEM images of a represeatparticle in
catalyst AUCuw/TiO,. In this catalyst, particles exhibit sizes in the
range 10-15 nm. Again, EELS data demonstrated tneethllic
composition of particles and, in this case, HRTEMlgsis identified
Au;Cus crystallites located on top TiZrystals of the support (Figure
11.3.7).

3.7A
CuAu(001)
P

Figure 11.3.6. Z-contrast STEM images of an indiadl metal particle

in catalyst AuCuw/TiO, and HRTEM and FT images corresponding to
the area enclosed by the square. The lattice-frangpdysis indicates
that the patrticle is CuAu alloy.
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1 2.0 A
Cu,Au(110)

Figure I1.3.7. Z-contrast STEM, HRTEM, and FT imag# individual
metal particles in catalyst 4%A0u/TiO,. EELS analysis indicate that
particles are bimetallic, and lattice-fringe and &%alysis correspond to
4%CuAu particles supported on T30

TPR.TPR profiles recorded over 4%Au-Cu alloy catalysith various
compositions as well as over 4%Au/ti@nd 4%Cu/TiQ samples are
shown in Figure 8a. The TPR profile for Cu/gi€ample presented two
reduction peaks centered at 460 and 630 K, whichbeaascribed as
highly dispersed Cu(l)O clusters and the isolat€d(ll) ions,
respectively [18-20]. Similarly, two TPR peaks weeeorded over all
catalysts with Au-Cu alloys, as depicted in Figuir8.8a, but their
position and absolute intensity depended on theposition of the
alloy particles. Both the low-temperature and higimperature TPR
peaks of the bimetallic samples shift to lower eslwith increasing Cu
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content. The maximum of the low temperature peak fwand to vary
from ca. 470 K for the 4%ACw/TiO, catalyst to around 440 K for
4%AuCw/TiO, and 4%AuCus/TiO, catalysts. The high temperature
peak shifted from 650 K for 4%ACGu/TiO, to 630 K for 4%Cu/TiQ.
This may be explained taking into account that es@gioms can affect
the electronic structure of gold by near-neighimbenactions [21].

H. uptake
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Figure 11.3.8.(a) TPR profiles of Cu/TiQ, Au/TiO, and Au-Cu/TiQ
catalysts. Amount of hydrogen uptake: (b) Low terapge and (c)

High temperature peak.

The work function of Cu is reported to be 4.65 eNfilesthat of gold is
5.1 eV. Since the work function of copper is lovean that of gold,
electronic interactions between Au and Cu atomseapected to result
in electron transfer from copper to gold, whichium results in a lower
reduction temperature. Additionally, as the size tbé bimetallic
particle decreased with the copper content, suatoarmed by XRD
and HRTEM results, obviously the fraction of thefaoce atoms also
increases. At the same time, because the overlageofron orbitals
decreases as the average number of bonds betwees latcomes less,
the band structure is weakened, and surface atorparticular start to
behave more as individuals than as members of lttstec [22]. This
fact could also explain the shift to lower temperas values observed
in the TPR when the Cu content increased. Besitiese is another
important fact that must be considered. For theekattic samples, and
particularly for 4%AyCu/TiO, and 4%AuCu/TiO, samples, the low

temperature peak increased in intensity while tigh Hemperature
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peaks decreased ( see Figures 8b and 8c, resp@cti®m Figure 8b
it is clear that the low-temperature TPR peaks iatalgsts
4%AuCw/TiO, and 4%AuCuw/TiO, are significantly more intense
than those of the other samples. ThecHnsumption observed for our
bimetallic samples was higher than the theoreticakpected. The
discrepancy between theoretical and experimentdliesacan be
tentatively explained by the reduction of the suppgurface upon
hydrogen spillover. Copper may act as a dispersgeint for gold
decreasing the bimetallic particle size of clustessconfirmed by our
XRD and HRTEM analysis. This fact increases thesatitive
adsorption of hydrogen on such metal sites to thi@cant support sites.
Previous work regarding on the activation of hydmogn Au/TiQ
catalysts showed that,Hlissociates on nanosized gold producing the
reduction of the support by spillover [23]. Thisncalso explain the
small H uptake value observed for the monometallic AusTi€ince
such larger gold particles does not adsogkatiainy appreciable extent.
This fact is an important distinct behavior amoragatysts and may
have an important influence on catalytic perfornreand¢he higher
reducibility of catalysts 4% AL w/TiO, and 4%AuCus/TiO, may be
related to the decrease of particle size with retsfmethe other samples
(as evidenced by XRD and TEM results) as well agetometric effects
in the alloy particles [24]. This also suggestsepahdence of hydrogen
adsorption on the particle size. Finally, an addl evidence for a
strong alloying-derived effect in these samplethes appearance of a

low-intense, intermediate TPR peak at ca. 555 K.

XPS.XPS is a powerful technique to obtain valuable rinfation of

chemical compositions of nanoparticles [25, 26].r Rbis reason
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surface analysis by XPS was performed. Table listuhmarizes the
elemental XPS positions together with the atomtmsaof Cu/Ti and
AuU/Ti. The binding energy of the Ti 2p peak at 458.7 eV was
unchanged for all samples. The corresponding XR8&-level spectra
acquired for the Au-4f and Cu-2p regions are shawfigure 11.3.9.
For the 4%Au/TiQ sample the Au 4f spectra, characterized by the
spin-orbit splitting (Au 4f,and Au 4§, components), shows values of
84.0 eV and 87.7 eV, respectively. Both peaks patjng from the Au
indicate that these binding energies are consistetit the Ad
oxidation state. The Au 4% binding energies obtained from the
bimetallic samples were in the range 83.7- 83.8 A¥.the copper
content in the bimetallic catalysts increases,timeling energy of the
Au 4f;, shifted towards lower binding energies with resptecthe
monometallic gold sample. According to Pauling” streinegativity
table, the electronegativity of Au is higher thamu.CONe should
therefore expect some electron transfer from coppeyold atoms by
shifting the Au core levels towards lower bindingesgies [27]. The
shift of the Au 44, to the lower energies observed for our samples
containing alloy particles is consistent with thgeneral rule. No
evidence for Au bonded to oxygen was encounteredus® the oxide
shows binding energies around 85.8 and 89.5 e\Ato#f;, and Au
4fs,, respectively [28-30].

Concerning copper, as the Au content in the birhetaamples
increased, the binding energies of Cu2plightly shifted to higher
energy values than those of the monometallic comaenple. The
higher electron affinity of gold with respect taathof copper led to an
electron transfer from the Cu to Au, thus decreadine electron

density of the Cu atoms. The Cuz2walues were found in all cases to
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be between 932.2 and 932.5 eV, about 1.5 eV |olaer for CuO, thus
precluding the form of CuO. It is interesting tonsaler, from the
relative surface atomic ratios (Au/Ti and Cu/Tiegented in Table
[1.3.1, how the state of dispersion of the bimé&takamples was

affected by the addition of copper.

Au 4f a2
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Figure 11.3.9. X-ray photoelectron spectra recordeer 4%Cu/TiQ,
AU/TiO, and Au-Cu/TiQ catalysts.

For example 4%ACw/TiO, shows an Au/ Ti ratio of 0.0083 while for
monometallic gold catalysts the Au/ Ti ratio is @8. So, taking into
account the amount of gold in these samples wecoanlude that the

addition of copper produce a significant increasdhie dispersion of

- 140 -



UNIVERSITAT ROVIRA I VIRGILT
NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN:

978-84-690-7618-7 / DL: T.1326-2007

the bimetallic samples. However this effect was pbserved for
copper suggesting that the particle size of oue mapper catalysts is
quite similar with the bimetallic samples as hagrbeonfirmed by
XRD and HRTEM.

Table 11.3.1. Binding energies and surface atomatos of TiQ

supported Au-Cu catalysts

Catalyst , . .
Ti 2Pz Cu2p, Audf;, Au/Tiat Cu/Tiat

Cu/TiO, 458.7 932.3 - - 0.064
AuzCw/TiO,  458.7 932.2 83.8 0.0089 0.012
Au;Cw/TiO,  458.7 932.2 83.7 0.0083 0.022
Au;Cuw/TiO,  458.7 932.5 83.7 0.0030 0.040

AU/TIO, 458.7 - 84.0 0.0068 -

Catalytic activity. The direct propene epoxidation reaction witbON
was tested at different reaction temperatures @atvb30 and 653 K).
The main products obtained were acrolein, acetprapanal, propene
oxide and total combustion products,(H and CQ). In a blank
experiment it was determined that Fi@one had no activity for the
epoxidation of propene with & in the range of temperatures tested.
The values of propene conversion and selectivitgliierent products
obtained over the different catalysts are compiledTable 11.3.2.
Among all samples tested, 4%Au/LiGhowed the lowest activity. In
contrast, bimetallic catalysts were more active prapene conversion
and selectivity towards propene oxide progressivatyeased with

copper content. The 4%Cu/TiGample was also active in propene
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epoxidation as has been reported previously by lestvéi al. [31], but
the catalytic performance of 4%4£Cw/TiO, and 4%AuCus/TiO,

catalysts was superior than for the monometalli€Cd#%i0, sample.

Table 11.3.2 Summary of the catalytic performandeAu-Cu/TiO;
catalysts for propylene epoxidation at 573 K

Catalyst CaHe oo o ASeIec'tAi\éi:ty (%Z\CR o Rate
(X%) (mmol.ga-.h™h
AU/TIO, 0.8 74 6.4 104 312 446 0.36
AusCu/TiO, 1.9 124 12.2 11.3 21.4 42.7 0.86
Au;Cu/TiO, 3.9 236 101 11.5 18.5 36.3 1.78
Au;Cu/TiO, 4.3 243 127 13.2 15.6 34.2 1.96
Cu/Tio, 2.4 126 10.3 11.1 24.0 42.0 1.09

& PO- propylene oxide, PA- propanal, AC- acetone,RA@crolein,
CO, (CO, and CO). Pressure: 1atm, GHSV 9000 h

At a reaction temperature of 573K, as shown in @abl3.2, the
4%Cu/TiQy catalyst exhibit 2.4% of propene conversion writhe
4%AU/TIO,;, 4%AuCW/TIO, and 4%AuCuw/TiO, the propene
conversion was 0.8, 3.9, and 4.3% respectivelprdier to compare the
catalytic behaviour of monometallic gold cataly$#86Au/TiO, and
0.5%AuU/TiIG ), an experiment loading 1.12 g of 0.5%Au/Fi€atalyst
instead of 0.140 g of 4%Au/TiOcatalyst was performed (8 times
higher in order to have the same amount of gold)e Ppropene
conversion was 1.4% for 0.5%Au/TiOThis conversion was higher
than for the 4%Au/Ti@ catalyst (0.89%) but lower with respect to the
monometallic copper catalyst and bimetallic onessi@es, the
bimetallic catalyst with the lowest Cu content, 406B8uw/TiO,,

exhibited the lowest activity when compare the hallie samples.
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Therefore, the relative content of Au and Cu appéato play a
determinant role in the catalytic behavior. Thesswevidence for alloy
formation in the bimetallic samples. Furthermore ave shown by
TPR experiments that 4%A0u/TiO, and 4%AuWCus/TiO, catalysts

that have the highest conversion also have an eeHdarow-

temperature reduction peak with respect to therath&alysts. Taking
into account the metal particle sizes of our sas)pthe particular
behavior observed for bimetallic catalysts couldutefrom alloying

effects [32]. It has been suggested that upon ialjpgopper with gold,
a net transfer of electrons from copper to goléxpected, rendering
copper deficient in electrons [33, 34]. This faasteen confirmed by
XPS analysis. Presumably, electron transfer alkestplace from the
reduced support to the metal clusters during theti@n. By electron
transfer due to the interaction of nanosized clasthe metal particles
may become enriched in valence electron densigretly altering the
interaction of the active sites with the functiogabup and facilitating
a partial transfer of electron density to the orbital of unsaturated
bond of the olefin. This may also favor the adgorpat cationic sites,
and consequently the electrophilic oxygen species enhanced
increasing the catalytic activity toward selectiexidation [35].

Additionally, the resulting weaker copper-gold bsnaay favor the
desorption of the reaction products, which may aésglain the

increase in the catalytic activity observed for bimetallic catalysts.
Indeed intimate metal-titania contacting appearbdassential for the
production of partial oxidation capability. As theopper content
increased the metal particle size, determined bip XéRecreased down
from 27.1 nm for 4%Au/TiQ catalyst to ca. 7.3 nm for
4%Au Cuw/TiO, catalyst, increasing the catalytic performancetfar
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bimetallic samples. Surely this size effect caro algluce changes in
the electronic properties of the metal nanopasiré.

Figure 11.3.10 shows the temperature dependencehencatalytic
performance of 4%ALCus/TiO, catalyst for the selective oxidation of
propene by RO at 10 minutes of reaction. Propene conversion and
selectivity to propene oxide were sensitive to thange of reaction
temperature. Propene conversion of 4.3% and atsatipof 26.3% in
propene oxide were obtained for the 4%Buw/TiO, catalyst at 573 K
(Figure 11.3.10). At a reaction temperature of 33&he conversion was
1.9% and a selectivity to propene oxide of 40.5%jlevat higher
reaction temperature (653 K) the conversion was6%3.and a
selectivity to propene oxide of 10.9%.

It is of interest that in the range of reaction pematures studied the
propene oxide (PO) selectivity decreased whilegnegal acrolein and
COy selectivities increased as the reaction temperaiocreased.
However, bimetallic catalysts always show highenvassion and
lower selectivity to CQ than the monometallic ones. These data
provide another evidence of the different catalytehavior of alloy
samples. So, copper played a marked effect onatedytic properties
of the Au.

It should be stressed that during the catalytitstesme deactivation
process was observed. According to previous stuthesdeactivation
may occur mainly due to an irreversible adsorptibpropene oxide on
the catalyst surface which undergoes further oligamation, re-
arrangment, cracking, coupling, etc. on acid ®sThe deactivation,
however, was completely reversible and the actiws completely
restored after a regeneration procedure at 573 Klemunan

oxygen/helium atmosphere.
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Figure 11.3.10.Effect of temperature on the selectivity of the mai
products (left axis) and propylene conversion (rigixis) for the
epoxidation of propylene on 4% AQuw/TiO,. Pressure: latm, GHSV
9000 H'.

11.3.5 Conclusions

Bimetallic Au-Cu particles supported over TiOhave been
characterized and tested in the epoxidation of gmepby NO.

Structural studies carried out by X-ray diffractio’rXPS and
transmission electron microscopy techniques dematest the
existence of Au-Cu alloy particles. In additione thlloy particle size
decreased as the amount of copper content incréasled catalysts. It
Is possible to use Cu to modify the reactivity af #ith respect to the
epoxidation of propene. Copper-gold bimetallic bests constituted by
alloy particles of about 5-15 nm in size proved&much active and

selective towards propene oxide than monometallicoACu samples
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supported over Ti® The most active catalysts consumed the largest
amount of hydrogen at low temperature in TPR expents,
suggesting that some spill over effect occurs eliimetallic catalysts.
Both effects, particle size and alloying, are cdesed to play a

determinant role in the catalytic performance.
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Chapter 1.4

Oxidation of Ethanol to Acetaldehyde over Na-

promoted vanadium oxide catalysts
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11.4.1 Abstract

Sodium-promoted vanadium oxide catalysts suppantedCM-41 and
TiO, (anatase) were investigated for the partial oxagadf ethanol to
acetaldehyde. The catalysts were prepared by ewmipwetness
impregnation with a vanadium oxide content of 6 Wh. The
experimental characterization was performed by X-diffraction
(XRD), N, adsorption, temperature programmed reduction (TPR)
temperature programmed oxidation (TPO) of carbopodis after
reaction and diffuse reflectance UV-Vis. The preseof sodium plays
a strong role in the dispersion and reducibilitytteg vanadium species
as detected by temperature programmed reductidgseand optical
absorption spectroscopy. Additionally, temperatupgogrammed
oxidation of the spent catalysts revealed an irs&réa the Na loading
decreases the carbon deposition during reactiorthéncase of the
catalysts supported on MCM-41 these modificatioeseamirrored by
an increase on the activity and selectivity to aldethyde. In contrast,
in the VOJ/TIO, catalysts the catalytic activity decreased assttium
content in the catalyst augmenté@d model in which sodium plays a
strong role on the morphology of the vanadia spedias been
proposed to explain all these observations.

Keywords Vanadium oxide; oxidation; ethanol; MCM-41; Ti(Na;
DRS-UV-Vis, XRD, TPO.
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[1.4.2 Introduction

Catalysts based on supported vanadium oxides anerkto be active
and selective for a number of industrially impottegactions, including
the selective oxidation reactions @dylene [1-4], ammoxidation of
hydrocarbons [5], and selective reduction of \Nith NHs; in the
presence of @[6- 9]. In these catalysts AD;, SI0,, TiO,, MgO and
ZrO,are commonly used as the supports [10- 12]. In faatell known
that the support plays an important role in bottiviag and selectivity
of vanadium oxide catalyst affecting the morpholafythe dispersed
surface metal oxide phase. For instance, vanadiide supported on
titanium oxide (anatase) is one of the best catalystems for the
selective oxidations. The spreading of vanadia akierTiQ, support
leads to a modification of the chemical physicabparties of the
former and to an enhancement of its catalytic ptogee[13, 14] It has
been proposed that the essential role of the amasaso favor the
formation of a stable VOmonolayer [15]. By contrast to TiCthe
interaction of vanadia species with $i@3 weak and, therefore the
properties of VQ species over SiDare different, showing higher
tendency for thermally induced aggregation andwadaspersion of the
active phase [16, 17]. Indeed, in silica, isolateshadium sites are
formed just at low vanadium content (below 1- 3t.while at higher
loading polymeric species and even crystallin®d/species containing
a large number of V-O-V entities are observed [TI8]e presence of
polymerized vanadium species may have not only #&intental
influence on the selectivity but may also exertegative effect on the
catalyst activity, due to the presence of vanaeyiters which are no
accessible to the reactant molecules. It is cleairin order to obtain a

more active and selective vanadium based catatygtsdispersion of
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vanadium oxide species even at high vanadium Igadshould be
achieved. Therefore, great efforts have been dedicioward the
potential applications of high surface area malerés supports for
dispersing vanadium oxide [19, 20].

Among these high surface area supports the disg@fg¢he family
of siliceous mesostructured materials have attdanotach attention as
catalyst supports since they posses high surfagas gr> 800 mg?)
and good thermal stability as well as hexagonahakls (2-8 nm) with
tunable pore sizes [21, 22]. In spite of these athges there are very
few references in the literature about the use @gaporous silicates as
supports for vanadium oxide species. For instakomdratenko and
coworkers have reported relatively high dispersiohganadia species
on MCM-41 at up to 5.3 wt % loadings [23]. And retetudies of
suported vanadium oxides on mesoporous silicas hewvealed that
such materials show unusual activity and selecfiwe oxidative
dehydrogenation reactions [ 24, 25].

In the case of oxidation reactions it is well gited that the redox
properties of the catalyst play a fundamental oaleactivity [26, 27],
and for the particular case of metal oxide catalgdkaline metals are
observed to enhance the redox activitiy [28]. Imjébe promotion of
vanadium oxide with alkali compounds or basic ogided their effect
for catalytic performance in different reactionssHaeen subject of
several studies [29]. For instance, the additiopathssium to vanadia
catalysts influences the activity of surface vaaapecies by retarding
its redox potential and simultaneously increasitgy gelectivity in
oxidation reactions [30]. An explanation has besyppsed attributing
electropositive properties to the alkaline ions chhiwill weaken

chemisorption of electron donor adsorbates, as theyselves are
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electron donors [31]. More recent, studies of thetial oxidation of
toluene to their corresponding aldehydes on alkatal-containing
vanadia catalysts have shown that toluene converai aldehyde
selectivity is a function of the alkali cation sia2, 33]; which seems
to be in line with the electronic effect hypothesis

In the present communication we investigate thecefdf sodium on
the catalytic behavior of vanad@atalysts supported on mesoporous
silica (MCM-41) and TiQ (anatase) using the partial oxidation of
ethanol to acetaldehyde. The materials were charaed XRD, N
adsorption, diffuse reflectance UV visible, tempere-programmed
reduction (TPR) and temperature-programmed oxidaibPO). The
role of the effect of the Na on the vanadium disfmer and the catalytic
activity of the catalyst were evaluated, leadingretevant structure-
function relationships for the investigated reatctmver this catalytic

system.

[1.4.3 Experimental

[1.4.3.1 Preparation of Catalysts

Catalysts were prepared by depositing vanadiumherstipports by
incipient wetness impregnation. The supports usedewliQ and
MCM-41. The TiQ support was in the anatase crystalline form (Alpha
Aesar) with a surface areag$) of 60 nf g*. The mesoporous MCM-
41 support was obtained from Mobil. The Na promatathlysts were
prepared by incipient wetness impregnation of tlheppserts with
aqueous solution of NaNGrior to the impregnation of the vanadium
oxide preocursor. The resultant solids were byddaed then calcined
in a muffle at 773 K overnight. Catalysts were el with different
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Na/V molar ratios in the range 0 — 2, and the amhofilNaNQ; added

to the MCM-41 was varied accordingly. Vanadium watsoduced in

the Na-doped supports by incipient wetness usinguredyl oxalate
aqueous solution. The amount of vanadium in thesags solution
corresponds to the one needed to get a loadingvat €0 V,Os. The

resultant solids were finally dried at 383 K for Aand calcined in dry
air at 673K for 3h.

[1.4.3.2 Catalyst Characterization

N, adsorption. N, adsorption-desorption isotherms at 77 K were
measured using a Micromeritics TriStar 3000 equipmBefore the
analysis the samples were degassed (1.33°%P&) at 473 K. The
specific area was calculated following the methbBminauer, Emmet,
and Teller (BET). The BJH method was used to detegrine pore size
distribution (PSD).

X-ray diffraction. X-ray diffraction (XRD) measurements were made
using a Siemens D5000 diffractometer (Bragg-Bentpamfocusing
geometry and vertical-6 goniometer) fitted with a grazing incident
(w: 0.52) attachment for thin film analysis and a scintitta counter
as a detector. The V-MCM-41 and V-TiOatalysts were dispersed on
Si (510) sample holder. The angul& dffraction range was between
1° to 1d and 18 to 120. The data were collected with an angular step
of 0.0 at 12 s per step and sample rotationgCradiation j =
1.54056 A) was obtained from a copper X-ray tuberaged at 40 kV
and 30 mA. The crystalline phases were identified using theD§&
files.
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H,-TPR. Temperature programmed reductioms performed using a
Thermo Finnigan instrument TPD/R/O/1100, equippéith & thermal
conductivity detector (TCD) and coupled to a mgscgometer QMS
422 Omnistar. Typically the sample (40 mg) wast firetreated in a
guartz reactor with a gas flow containing &d N at 673 K for 1 h
followed by purging in UHP argon. After the samplas cooled to 323
K, an H-Ar (5 vol% H,) mixture was introduced into the reactor and
the temperature was raised to 1073 K at a rat®df min’ at a flow

of 20 ml/min. The amount of hydrogen consumed (imotig) was
calculated by integrating the TCD signal intensitiender the

corresponding TPR peaks, using CuO as a reference.

Diffuse reflectance UV-visible spectrdhe UV-Vis spectra were
recorded on a Varian Cary-5000 spectrometer eqdippth a diffuse
reflectance accessory. The spectra were collect@@t 800 nm with
MgO as a reference. The sample cell was equipptdanhneater unit, a
thermocouple, and a gas flow system for in situ sueaments. The
samples were dehydrated in situ in air at 673 K3@rminutes. The
spectra were recorded upon cooling down to roonpésature, with
dry air flowing through the sample to avoid rehydna. The absorption
edge energies for dehydrated spectra were deteintipdinding the
intercept of the straight line in the low-energgeriof a plot of [
(Rwo)hu]*? againsthu whereF(Rx) is the Kubelka-Munk function and

ho is the energy of the incident photon [34, 35].

Temperature programmed oxidation (TPO) of the spatdlysts. TPO

measurements of spent catalysts were performedaiyze the amount
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of carbon deposited on the catalysts after thetimacThe TPO
experiments were carried out by passing a contsutaw of 2%

O./He (Airgas, 99.99%) over a range of temperatutevéen 323 and
1073 K with a heating rate of 0.2 B.sCQ, and CO formed were
guantitatively converted to methane in a methanatmsing

15%Ni/Al,O3 as catalyst and working at 673 K. Methane fororati
was measured by a flame ionization detector (FEbprated with 100

ul pulses of CQ, and by combustion of known amounts of graphite.

[1.4.3.3 Catalytic activity

The experiments were carried out at atmosphergsgore in a fixed
bed microcatalytic reactor connected to an on-figdent 3000 micro
GC, equipped with a temperature conductivity deteeind a Plot Q
column. Typically around 40 mg of catalyst werspdirsed on a quartz
frit and held in the middle of a quartz flow reac{6.7 cm i.d.). All
samples were treated in flowing dry air (0.8%cs) at 673K for 1 h
before catalytic measurements. After reducingtémeperature to 400
K , ethanol was introduced into the reactor by vegrag it into a
flowing mixture (80 sccm) of 5% £He (Airgas) at 100.1 kPa and 370
K by controlled injection with a syringe pump tovgia constant
ethanol pressure (0.85 kPa). The outlet of thetoedo the micro GC
was heated to avoid condensation of the produdis. catalytic runs
were performed in the temperature range 400-70Cd6version and
selectivity to products were calculated on a carlmiom basis,
expressed as a mol % ratio of ethanol transforroexdhtanol fed, and a
ratio of ethanol transformed to each product to tbal ethanol
transformed, respectively. The rate of partial akmh of ethanol was

calculated according to Eq (1) :
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F.p
rC2H60 = WC(CZHGO) (1)

where F is the total volumetric flow (cfargmin), p refers to the
density of ethanol (g/cfjy M,, molecular weigth of ethanol (g/mol) and
C(GCsHgO) is the ethanol conversion. These rates were alaed by

the molar amount of vanadium present in the catalys

11.4.4 Results

[1.4.4.1 N, adsorption

The BET surface areas o ®Ws/TiO, (V-TiO;) and \bOs/MCM-41
(V-MCM-41) catalysts with different Na contents aieown in Table
[1.4.1. The addition of 6 wt. % of vanadium in MCM- produces a
decrease in the BET surface area from 700 to 64&.nThe pore
volume of the sample also decreases when vanadasnntroduced on
the MCM-41 support (from 1.25clg to 0.95 cr¥g). Table 11.4.1 also
shows the average pore diameter of the samples.
Pure MCM-41 shows the highest average pore dianfateund 6.1
nm). When vanadium was introduced the average pmiaeneter
decreases up to 5.8 nm. The low decreases in H6thdBea and pore
volume observed when the vanadium was introducetherMCM-41
support indicates that the vanadium species aiteapiyp located inside
the channels, coating the w alls of the mesoponeaisix of the MCM-
41. Further decrease was also observed in BET caurdaeas, pore
volume and average pore diameter when Na was presethe
V,0s5/MCM-41 sample.
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Table I1.4.1 BET surface area and average pore aet@mof the
vanadium catalysts

Na/VV V,0s/MCM-41 V,05/TiO,
Molar  Sger Vp Des Choo-. @00’ SeeT Vp Dea”
rato  (m%g) (cm’gl 2 A) (m%  (cnfgl)  (nm)
(hm) 9)
Support 700  1.25 3.4 448518 60  0.12 10
0 645 0.95 3.3 449 51.2 42 0.13 12
0.5 638 0.92 3.2 44.8 51.7 29 0.14 15
1.0 567 0.84 3.2 431 49.7 28 0.14 19
15 561 0.84 3.1 43.8 50.5 23 0.14 27
2.0 537 0.93 3.0 425 49.1 26 0.15 25

@ The pore-size distribution (PSD) based on the Bwthod
b Unit cell parameter values calculated usigeReo0/V3

A slight decrease of BET area is observed for Nat/ar ratios lower
than 1.0. Higher Na/V molar ratios (between 1.0 &r@) produce a
sensible decrease in the surface area (from 62§ ta 537 mM/g).
Besides, the addition of Na also causes a reduofitine average pore
diameter and pore volume of the samples. Surplisitige sample with
the highest amount of Na and the lowest BET ar8 (§/g) shows an
unexpected high average pore diameter (around &) and pore
volume (0.93 crifg). This could suggest that some pores of the Eamp
are blocked due to the presence of Na.

Figure 11.4.1 shows the Nadsorption-desorption isotherm and the
corresponding pore size distribution curves egD¥MCM-41 catalysts
with different Na loadings. These isotherms are rattaristic of
mesoporous solids with uniformly sized mesoporgpe(tlvV IUPAC
classification) and exhibit an H1 hysteresis loapjch are typical to

mesoporous materials.
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As the partial pressure increases (P/R.25), the isotherm exhibits an
inflection characteristic of capillary condensatwithin the mesopores
[36]. The addition of sodium did not significantly nifydthe textural
properties of the MCM-41 catalysts. The pore sigridution of the
V,05/MCM-41 catalysts shows that the mesoporous strectid the
support has been preserved after the Na additionth® other hand,
when the vanadium species were added in the, i@ BET surface
area decreased from 60 to 4%gn The surface area also shows a
significant decrease upon increasing the sodiundinga(see Table
11.4.1).

[1.4.4.2 X-ray diffraction

Figure 11.4.2a shows the XRD patterns for th®OyYMCM-41 catalysts

at low diffraction angles. X-ray diffractograms \¢fMCM-41 catalysts

is characterized by three distinct Bragg refledicsmt low angles,
indexed to (100), (110), (200) which are repredergaof MCM-41-
type ordered materials with hexagonal arrangemehtmesopores.
This suggests that the mesoporous structure of MdAMwas
maintained after the introduction of sodium and adiom species.
Moreover it seems that the intensity of thgogpeak remains almost
constant (inset of Figure 11.4.2a) when vanadiurd andium species
were loaded in the MCM-41. This indicates the absen

of the degradation of the hexagonal arrangemetiteoMCM-41 pores.
This fact corroborates that the ordered hexagorrahgement of the
MCM-41 frameworks upon sodium introduction was nteiimed as
observed by Madsorption. However, compared to the pure MCM-41
the doo and @ values for Na promoted V-MCM-41 materials show

slight decrease as depicted in Table 11.4.1. Thaadse in @avalues
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=
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may be attributed to the coating of the pore wdil tloe silica

mesoporous material by the vanadium and Na spE&igs

Relative Pressure P/IPO

Figure I1.4.1 (A) Nitrogen adsorption-desorption isotherms (a)
V/IMCM-41 (Na/V=0, «: adsorption,o: desorption); (b) V/IMCM-41
(Na/VV=0.5, ¢:adsorption,¢: desorption); (c) V/IMCM-41 (Na/V=1.0,
A: adsorption, A: desorption); (d) V/MCM-41 (Na/V=2.0,m:
adsorptiono: desorption). (B) Pore size distribution (PSD)fies of
the corresponding samples. (C) TEM image of the MEMsupport.

All of the MCM-41 samples showed the same chargties,
demonstrating that the mesoporous structure ofviid-41 support
was preserved after the catalyst preparation psoc&ore important,
diffraction peaks are not observed at higher anffegure 11.4.2b).
These results indicate that the vanadia phasehbiginéy dispersed on
the surface of the silica support.For V,0s/TiO, catalyst, the
crystallographic phases identified by X-ray difftan were anatase
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(JCPDS File N, 21-1272) and rutile phases (JCPDS Fitg 21-1276)
of titania, respectively as shown Figure 11.4.3eTgresence of sodium
vanadate phase was not detected. Again, diffragtieaks indicating

the presence of crystalline vanadium oxides wetehserved.

Peak Mtersity (a.u.)

HaVmaler b

WHMCM-41 Nal = 2.0}

VHMCM-41 Nav = 1.5)

WACH-41 Nav = 1.0)

Intensity (a.u.)

WIMCM-41 Nalv = 0.5)

VHMCWM-41 Nalv = 0.4)

V-MCM-41 NaVv = 0.25)

WM-MOM-41 (Nav =0)

MCHM-41
T T T T T

7 i 9 10

m‘*&“ s WAICH-41 NalV = 2.0)
, VAU CH41 (NaiV/ = 1.5)

o e ey ') i
MN._ a—— - VEHCH-41 (NalV = 1.0)
Mﬁ_ . — VM CM-41 (NalV = 0.5)
M“"MLI . o VMCM_41 NafV = 0.4)
M N WAICM-41 (Narv = 0.25)
mm . VN CH41 (NalV = 0

—_— e ) MCM-41
T

Intensity (a.u.)

10 30 5|0 2 Theta 70 90 110
Figure 11.4.2 X-ray diffraction patterns obtained for,8s/MCM-41.
(a) Low diffraction angles (1-1% and (b) High diffraction angles (10-

120).
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Figureure 11.4.3. X-ray diffraction patterns obtghfor the Os/TiO,

catalysts.

[1.4.4.3 Temperature programmed reduction (TPR)

The TPR experiments were carried out to deternfineeffect of Na on
the redox properties of the vanadium species. NB FRudies were
performed above 973K to avoid damage to the MCMiddcture. TPR
of the V,Os/MCM-41 and \iOs/TiO, catalyst with different Na
loadings are shown in Figures 1l.4.4a and Il.4.4bpectively. The
single Thax Obtained for all the V-MCM-41 samples may suggest
single step of reductionindeed, the TPR profile of the undoped
V,0s/MCM-41 sample shows a single peak with a maximuourd
820 K. Wachs and co-workers [38] have reported thatreduction

peak of surface vanadium oxide highly dispersediboa appears at
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around 800 K. This temperature is almost the sasthat observed
here for \blOs/MCM-41. Figure Il.4.4a, also shows a shift to higher
temperatures in the pIx as the Na/V molar ratio in the MCM-41
supported catalysts increases. This behavior sgmreement with the

results obtained by Fierro et al. on K-promotedacha catalysts [30].

V-TiDg (NaV = 1.5

V-TiOg (Na/V = 1.0}

V-TiC, (Na/V = 0.5)
2

Hydrogen consumption (a.u.)

V-TiQg (Na/V = 0)

473 573 673 773 873 973
Temperature (K)

(b)

V- C M1 (Na=2.0)
Vh C W41 (Nafv=1.5)

VLN O (Man=1.0)
Vo CM-41 (Na=0.8)

VA T4 (Hafv=T)

i

473 573 673 773 873 973
Temperature (K)

Hydrogen consumption {au]

Figure 11.4.4 TPR profiles for (a) YOs/MCM-41 and (b) \Os/TiO>

catalysts.

The increase in the [« valuequalitatively reflects a decrease on the

overall reducibility of the vanadium species supgdron MCM-41.
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The single Tax obtained for the samples may suggest a singledftep
reduction of the V° to V. However, it cannot be excluded that a
fraction of VV* is also present. Indeed, quantification of therbgen
uptake (Table 11.4.2) indicated a lower hydrogenstomption than the
one necessary for a complete reduction &Ftd V*>. The progressive
shift of peak maxima of Hconsumption to higher temperatures with
the Na loading may suggest a formation of less agibtll vanadia

species.

Table I1.4.2 Position of the peak maxima and hydrogcomsuption
(expressed as the V/H molar ratio) obtained frorR HRalysis

Na:V

Molar ratio V,0s/MCM-41 V,0¢/TiO,
Tmax (K) V/H? Tmax (K) V/H?
0 821 0.55 742 0.80
0.5 838 0.83 793 1.29
1.0 872 0.50 845 1.19
15 888 0.49 775, 856 1.23
2.0 885 0.59 795, 844 1.62

& mmol vanadium per mmol of hydrogen consumed

TPR of \LOs/TiO, catalysts are shown in Figure 11.4.4b. Non-doped
sodium sample shows a main reduction peak at argd@dK. This
reduction temperature is lower than the obtained rion-doped
V,0s/MCM-41 catalyst. This indicates that vanadium sgpeare easier
to reduce in titanium oxide than in MCM-41 suppditis main peak
also shows a shoulder at 725 K, that probably sstggbe presence of
more dispersed vanadium species [30]. At Na/V m@tos of 1.5 and
2.0 two peaks in the TPR profiles were detecte@ d$signment of the
two peaks in the M0s/TiO, TPR profile can be ascribed to polymeric
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vanadium and isolated vanadium species, respegt[@8- 41]. It is
well known that the redox properties of the vanaspacies species
depend on their interaction with the support ad a®lon their domain
size [29]. Hence, the progressive shift of peakxima of H
consumption to higher temperatures for the V-MCMatid V-TiG
samples with the Na loading may clearly indicai firmation of less
reducible vanadium species which could be consemgueof a
modification of either their interaction with tkepport or their domain
size by sodium. Another possible explanation mightsodium acting
as electron donor [31] increasing the electron ilerd vanadia and

hence affecting its reducibility.

11.4.4.4 UV-visible spectroscopy

The information obtained on the band gap energparticularly useful
to evaluate the dispersion and local structureupperted VQ species
[42, 43]. Several methods have been proposed itoastthe band gap
energy of vanadium oxide compounds by using optatadorption
spectroscopy. A general power law form has beggesied by Davis
and Mott [44] which relates the absorption coeéfintiwith the photon
energy. The order of this power function is detegd by the type of
transition involved. However, in the case of vanadoxide species it
seems that this choice is based mostly on the Ibesdr fit of the
energy gap curve [45, 46] Bartaat,al.[47] have recommended using
the square root of the Kubelka-Munk function mdiég by the photon
energy. By plotting this new function versus thHeoton energy, the
position of the absorption edge can then be deterthby extrapolating

the linear part of the rising curve to zero. Théuga thus obtained
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carry information about the average domain size tlué oxide
nanoparticles since, as for the case of a paitickebox, the band gap

energy decreases as the domain size increases [48].

; —A-VMCM-AT (Nal =0)
—o—=V-MCM-41 (NaN =0.9)
——V-MCM-41 (NaN =1.0)
— V-MCM-41 (NaN =1.9)

6 —o= V-MCM-41 (NaN =2.0)

(F(Reo)hv)2

0 ; T T

2 25 3 35 4
Energy (eV)
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—— VTiO, (NaV =0)
— V-TiOp (NaV/ =0.5)
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i —o= V-TIO, (NaV =2.0)
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o
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Figure 11.4.5 Optical absorption spectra expressedunction of the

photon energy for (a) X0s/MCM-41 and (b) Os/TiO, catalysts.
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Typical diffuse reflectance UV-Vis. spectra obtalrfer the samples of
the present study are shown in Figure 11.4.5. “&bhsorption band
reflects a ligand to metal charge transfer bandT(L&ansition [49].
The results obtained for the band gap energy a@ted in Figure 6 as
a function of the Na/V molar ratio in the catalysive \,Os/MCM-41
samples (Figure 11.4.5axhibit band gap energy values between 2.3
and 3.1 eV. The addition of sodium up to a Na/V anohtio of 0.5
produces and increase in the edge energy. Furtiskurs loading did
not produced ulterior edge energy increase.

For the case of the undopedQ4/TiO, (Figure 11.4.5b) samples an
edge energy value around 2.3 eV was observed. indisate the
formation of highly agglomerated vanadyl specidss tapparently
surprising result might be rationalized taking irdocount the high
vanadium loadings in the catalyst and the highasafarea of the
mesopours (700 ffy) with respect to the Tisupport (60 rfig).

As mentioned above, for both supports an incréaske gap energy
values is observed when the amount of Na in thal\ysts increases, as
depicted in the Figure 6. While for the undopedlyat the energy gap
lies close to the values corresponding to highllymerized vanadium
oxide [46]; for doped catalysts the energy gaptshd higher values,
indicating a decrease in the number of next nearesthbors of the
VO, species of the vanadia domains [50]. These baedygivaluesi,

~ 3.1 eV) indicate the formation of isolated suefa¢O, species,
perhaps in the form of a non-stoichometric surfacdium vanadate
[51]; it is clear then that the dispersion of oxidic vdioan species is

deeply influenced by the presence of sodium.
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Figure I1.4.6 Band gap energy values obtainednfrthe optical
absorption spectra for X0s/MCM-41 and \MOs/TiO, catalysts as a
function of the Na/VV molar ratio on the catalysts.

[1.4.4.5 Catalytic Activity for partial oxidation o f ethanol

The partial oxidation of ethanol to acetaldehydes waed to evaluate
the catalytic activity of the vanadium Si@nd TiQ catalysts. A blank
test run with the MCM-41 and Tisupports showed no conversion of
ethanol at the reaction temperature (523 Kyhen running the
vanadium catalysts the only products observed \@eetaldehyde and
ethylene. Combustion products (CO and ;JC@ere not observed.
Figure 11.4.7 shows steady-state ethanol oxidatates per V atom and
the selectivity to acetaldehyde as a function wofetion stream using
different space velocities (SV) f&f,0s/MCM-41 samplesThese data
show that the ethanol partial oxidation rates &mengly influenced by
the amount of sodium dopant. Moreover, the presdncesodium

seems to affect the selectivity to acetaldehydevels Figure I1.4.7a
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also show that, with increasing of SV the conversmf ethanol
decreases although as Figure 11.4.7b indicates séfhectivity was not

affected bv the space velocitv.
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Figure I1.4.7 Catalytic activity data of the V-NUE41 sample with
different Na/VV molar ratiosa( Na/VV =0;0 Na/V=0.5 anc Na/V= 1.0).

(@) Conversion of ethanol and (b) selectivity tecetatdehyde as a
function of time on stream usingifferent weight hourly space
velocities (WHSV); WHSY=96.84 (mol ethanol/mol V.h);
WHSV,=193.68 (mol ethanol/mol V.h); WHS¥338.94 (mol

ethanol/molV.h).
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A more rigorous comparison of intrinsic reactivitgquires that we
extrapolate measured rates to zero reactant coongpthese rates are
shown in Figure 11.4.8 as a function of the Na logdin the catalyst,
for both MCM-41 and Ti@supports. For the case the MCM-41 (Figure
[1.4.8a) catalyst partial oxidation rates increassdthe amount of Na
increases in the catalyst until they reached a mama at Na/V molar
ratios close to 0.5, then they begin to drop agaithe amount of Na
dopant keeps increasing. A contrasting behavior el@erved in the
case of the Ti@ supported materials (Figure 11.4.8b). In this case
monotonically decrease on activity was observethasamount of Na
increases on the catalyst. Figure 11.4.9 depithedinitial selectivities
(extrapolated at zero conversion) to aceltadehydeedhylene for the
V-MCM-41 and V-TIiQ catalysts. For the case of the Fi€Catalyst
almost total selectivity of aceltadehyde was obsgénunder our
reaction conditions and this was not affected bg firesence of
sodium. However for the case of the MCM-41 supmbrtatalyst a
gradual enhancement in the selectivity to aceltpdielvas observed as
the amount of Na increased in the catalyst. Aftevatue of 1 is
obtained for the Na/V molar ratio the selectivity aceltadehyde
reaches its maximum and then continuous additiddeofo the catalyst
did not improve the selectivity but, as Figure .B.4hows takes a toll
on the activity for partial oxidation. Moreover shiincrease in
selectivity observed in the MCM-41 supported malsriis at the
expense of the generation of ethylene. Indeed guréli.4.9 clearly
shows, the increase on the selectivity to acetgitielis followed by a

simultaneous decrease in the selectivity to etleylen
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Figure 11.4.8 Initial partial oxidation rates normalized by the@unt
of vanadium present in the catalyst as a functioth® Na content for
the (a) LOs/MCM-41 and (b) VOs/TiO, catalyst series.
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Figure I1.4.9 Initial selectivities to acetaldeleydand ethylene
observed for the M0s/MCM-41 and \LOs/TiO, catalysts as a function
of the Na content.

11.4.4.6 Temperature Programmed Oxidation (TPO)

TPO can be used to probe carbonaceous depositatalyst surfaces.
The analysis of the CGZLCO evolved allows both qualitative and
guantitative assessments of the type and reactofitthese deposits
[52]. TPO measurements detected significant amouwftscarbon
deposited in the catalyst after partial oxidatioh ethanol. Figure
[1.4.10 shows the amount of carbon in the V-MCM-did V-TiO
samples determined by TPO as a function of the Natib on the
catalyst. For all samples the addition of Na deswdathe amount of
carbon deposited after reaction. However a plateahe amount of

carbon deposits is apparent for molar Na/V ratiohe 0.5-1.5 range.

-172 -



UNIVERSITAT ROVIRA I VIRGILT

NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN: 978-84-690-7618-7 / DL: T.1326-2007

V-Tio,

[S)]
L.
=]

=]

.
L
L]

[55)
L

V- MCM -41

Carbon yield (% C in sample)
(]

] 04 0.8 12 1.6 2

Na: \VV molar ratio
Figure 11.4.10 Amount of carbon deposits (weight &% C in the
sample) as determined by TPO analysis of the sgedt/MCM-41
and VLOs/TiO, catalysts.

I1.4.5 Discussion

From the results described above it is clear thaftresence of sodium
influences the catalytic activity on both MCM-41damiO, supported
materials, however the extent of the modification tiee catalytic
materials seems to depend on both the Na loadidgtla® support
itself. First, from the XRD results it is clear tha both supports highly
dispersed surface UGspecies are present. On the basis of our XRD
results for the V-MCM-41 samples it was suggeshted the MCM-41
mesoporous structure was preserved in all samfilersiatroduction of
vanadium and sodium species. BET of the V-MCM-4ltemal also
showed that in the presence of vanadium and sodipeties, the

mesoporous channels remain accessible. However,mai@ pore
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diameter decreased significantly (Table 11.4.1, tim@in pore size
decreased of 11 %). This last observation suggests that vamadind
sodium species are probably locate inside the aisnwcoating the
walls of the mesoporous matrix. Indeed, these tesue backed up by
the optical absorption experiments which indicatkd presence of
relatively high dispersed vanadia species on thelyst. The catalytic
activity results showed that the performance of ¢it41 and V-TiQ
catalysts in the oxidative dehydrogenation of etthawas also
dependent on the dispersion of ¥€pecies on the catalyst surface. In
our experimental conditions a small amount ethyleas formed on V-
MCM-41 catalysts. Previous reports indicate thélykene is usually
formed through a parallel route in which catalyites of acidic nature
present on the VQdomains play a significant role. The presence of
these very active acidic catalytic sites, respdasifor ethylene
formation, are usually linked to vanadium oxide @&mms which are not
interacting strongly with the support [53]. Accaordly, Bond and
Flamerz [54] have reported that when vanadia styomgeracts with
the support faster rates for dehydrogenation tleirdéhydration are
observed. The exact nature of the proposed acitis s still under
discussion in the literature; although G. Fierr®][oising XPS has
proposed that these sites can be identified ‘Asc&tions coordinating
to hydroxyl groups. In line with these studiese tformation of
ethylene observed in our V-MCM-41 catalysts indésathe presence of
acidic sites in these materials, which indeed agey vactive for
dehydration. These acidic sites seem not to beeptesn the TiQ
supported materials since ethylene was not obseiezlevaluation of
catalytic properties of the Na-doped catalyst reggbron this work
provides strong evidence of role of the sodiumhenV\-TiO, catalysts;
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particularly at higher Na contents. Indeed theiahitatalytic rates
observed for the V-Tigsamples decreased with the Na content (Figure
[1.4.8b); while the UV-DRS and TPR results cleamdicated that
when the sodium loading increased the vanadium iepeormed
highly dispersed but very refractory sodium vanad&ig. 11.4.5a and
Table 11.4.2 respectively). Figure 11.4.11 illudtea this dependence on
the dispersion (expressed as the UV-visible abgor@dge energy) for
the V-MCM-41 and V-TiQ samples respectively. For the V-TLiO
catalysts (Figure 11.4.11b) the initial rates desed with the increase
in the edge energy, i.e. decrease in dispersiors décrease on the
number of active vanadium species may be the refgaime decline
on the catalytic activity and also for the lack cfange on the
selectivity toward acetaldehyde; i.e vanadium oxidpecies are been
disengaged from the catalytic cycle by sodium hawvethose still
active do not suffer from any modification by sadiuand the
selectivity remains unaffected. On the other hanel differences in the
amount of carbonaceous deposits observed for tl-stipported
series seem to be related to an increase on tlstarese to carbon
deposition during acetaldehyde formation as degicia the
Figure 11.4.10. Indeed, it is well known that a roen of alkali metal
oxides can promote carbon gasification, these peEse usually
involving oxygen transfer steps in which the cattlyarticipates in a
redox cycle between stoichiometric and substoickinin oxide
species [56]. However this increase on the resistato carbon
deposition does not seem to play an important orlethe overall
catalytic performance of the TiOsupported catalyst. A contrasting
behaviour is displayed by the V-MCM-41 catalysts. this case a

steady increase on the catalytic activity is obsgérwhen the sodium
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content increases up to Na/V = 0.5 molar ratigjobe this limit the
activity decreased progressively as the amount afpkesent on the
catalyst increases (Figure 11.4.8a). These changestivity were also
intimately correlated to the changes in the edgerges values and
reducibility observed in the DRS-UV Vis and TPR ewxments
respectively (Figs. 1l.4.11a and I1.4.4a respedtyivelndeed when the
amount of sodium increases in the catalyst the exiggrgy values
shifted to larger values, indicating a dispersiébmhe vanadium oxides
species as showed in Figure Il.4.11a., Moreovecpntrast to the case
of the TiQ, support, in this case the amount of reducibleadam
oxide species (obtained form the quantificatiorthef H, uptake) does
not present a monotonic decrease, but a minimuNadbading values
(Table 11.4.2 V/H values) that correlate well withe maximum
observed in activity as depicted in Figure 11.4.8s. high Na loadings
(Na/vV > 0.5), a fraction of the vanadium speciesynisecome
refractory surface sodium vanadates and thereaduaible and in a
similar way as the case of the Ti@atalyst the activity decreases. In
fact, since repetitive redox cycles occur duringe tloxidative
dehydrogenation of ethanol it also can be suggdsi@dthe decrease
on the reducibility observed for the doped YO, catalysts indicates
that for these samples the re-reduction is morkcdif than for the
undoped ones. This may be another reason for ther lactivity of the
doped vanadium catalysts particularly at highestvNaolar ratios. It
becomes clear then that the reducibility of theaddmnm species is
dependent on the amount of sodium present on tiaéysabut also on
their domain size. However these observations do explain the
decrease in the amount of carbon deposits or ckaogeselectivity

observed on the catalysts when Na is added. Thesations have to
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be explained proposing a decrease in the surfadéyacf the catalyst
generated by Na titration [57]. In other words, sleéectivity of ethanol
to acetaldehyde was enhanced by basic promotios d€brease in the
acidity can be due to elimination of Bronsted &acidenters via
replacing surface protons with the alkaline catifi2@]. The sodium
promotion may play the following pivotal roles imetincreasing of the
catalytic performance of the MCM-41 catalysts: @asing the activity
by raising the dispersion of vanadium species alirdiraating the
surface acidity thereby preventing the dehydratmute. Furthermore,
the decrease in the dehydration route as alreadytioned can also
explain the decrease in the carbon deposition wederfor the
vanadium catalysts supported on MCM-41 and,Ti@terials with the
increase of the sodium content since it is expetttatidehydrogenated
species may suffer polymerization forming carbormpadés on the
catalyst surface. The lower amounts of carbon depobserved in our
TPO results confirms that an increase in the sodianient decreased
the activity for dehydrogenation and clearly desegsathe amount of

acid sites.

(@)
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Figure 11.4.11 Initial partial oxidation rates namhzed by the amount
of vanadium present in the catalyst as a functiothe edge energies
obtained for the (a) M0s/MCM-41 and (b) Os/TiO; catalysts.

[1.4.6 Conclusion

Vanadium (V) oxide supported on mesoporous silM&§-41) and

TiO, (anatase) promoted by sodium were investigatechén partial

oxidation of ethanol to acetaldehyde. These reswdte correlated with
the nature of the vanadia species formed, partiguéd intermediate
sodium contents. The optical absorption and TPR eexg@nts

indicated that as the sodium content increasedditygersion of the
vanadium species is further enhanced, affecting tleelucibility as

well. Moreover, for the case of the silica supptie acid/bases
properties of the catalyst are also affected asT®#@ results and the
variation on selectivity indicated. These resutlidicate the feasibility
of mesoporous materials for catalyst support and the selectivity of

the catalyst can be changed by Na doping.
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CHAPTER II.5

Effect of a sonicated reconstruction on the
accessibility of active sites in hydrotalcite-like

compounds
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[1.5.1 Abstract

Mg-Al hydrotalcite-like materials with atomic ratimf 4 were tested as
heterogeneous catalyst in the styrene epoxidaBantion. The effect
on the catalytic activity by using different rehgtlon procedures such
as mechanical stirring or ultrasounds was relatethé structure and
basicity of the resulting materials. An enhancementhe catalytic

activity was observed when both the stirring andagbund time was
increased during the rehydration procedure. This w@related with

the increase in BET surface area of the obtainetenmés and the
accessibility of the basic sites of the catalygdtigh resolution

transmission electron microscopy showed that stinitgroduced a
high amount of defects in the lamellar structureswiall hydrotalcite

nanoplatelets, causing the presence of strongemsand active basic
sites for epoxidation reaction as determined by-TPD and benzoic

acid titration.

Keywords: hydrotalcite; rehydration; exfoliation; nanoplatsie

ultrasounds, styrene epoxidation.
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[1.5.2 Introduction

In this chapter, the formation of defect sites hie tagglomeration of
layers has been deliberately attempted by the Uskrasounds or high
mechanical stirring during reconstruction of mix@ddes derived from
hydrotalcites and accurately observed by HRTEM. iftagerials were
also characterized by,Ndsorption, and TGA. The catalytic role of the
basic sites has been envisaged through the beasgzemt epoxidation
of styrene. Determination of the effective basidesi on the
reconstructed catalysts has been validly assesgeagbisoning with
benzoic acid as a probe molecule. A linear corigidbetween reaction
rates and number of active sites has been foundhirrehydrated
hydrotalcites by mechanical stirring whereas twtensecting linear
segments were observed for the sonicated materials.

It is well known that some clay minerals undergoorgpneous
exfoliation in water. Similar exfoliation has beatrtificially achieved
for several classes of layered materials such am doydrotalcites by
ultrasounds or mechanical stirring. Exfoliation regarded as an
effective way of maximizing the accessibility antlity of the LDH
host layer as well as introducing unusual physieoabal properties or
quantum effects [1,2]. In the presence of an agpéeoustic field,
(cavitation) bubbles that are within a certain ®ngre forced to
oscillate and grow in size. Gas bubbles are intligrenesent in liquids.
However, a free gas bubble in a liquid does notaianstable [3]. It
either dissolves or floats to the surface of thj@itd, depending on the
size of the bubble. Acoustic cavitation is the adtvund-driven
formation, growth, and collapse of the microbubbl8s, the use of
ultrasounds should stimulate the exfoliation of thgdrotalcites

particles during the rehydration. Nanoplateletdoageconstructed
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hydrotalcites are originated. The number of exte@®d groups near
the edges of the layers of the resulted materradiseased, obviously
due to the most accessibility. The chemical propef nanomaterials
are dominated by surface effects. The nanoplabele¢d reconstructed
hydrotalcites exhibit preference face-to face dagans due to the
increase in surface atoms relative to the bulk n@teAtoms on the

surface and edges are not fully coordinated. Asptmticles become
smaller, the chemistry is dominated by the surfatems, as they
represent a greater percentage of the total steicBased on this,
reconstructed hydrotalcite platelets produced byoletion which

possess small crystallites that are beneficiattferactivity compared to

larger crystals.

[1.5.3 Experimental

The Mg-Al hydrotalcite (Mg/Al molar ratio = 4) waprepared by
coprecipitation at constant pH of an aqueous swiutiof
Mg(NO3),.6H,O (1 M) and AI(NQ)3.9H,O (1 M) and a second
solution of NaOH (2 M). Both solutions were mixewbplwise under
stirring at 298 K, and after addition of the reatsathe slurry was aged
for 18 h at room temperature. The resultant sluvas filtered and
thoroughly washed with deionized water and finalfied at 383 K to
yield the as-synthesized hydrotalcite (HT-as). Hasple was calcined
at 723 K in air for 48 h to obtain the correspoigdMg(Al)O mixed
oxide (HT-ca). This material was reconstructed @catbonated water
(0.05 g in 5 ml of water) by means of high mechahistirring
(500 rpm) for different times (25 min, 4 h and 24dn by sonication
(25 and 50 min). The reconstructed samples, derteeeshfter as HT-
rm(25min), HT-rm(4h) and HT-rm(24h) or HT-rus(25miand HT-
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rus(50min) (according to the reconstruction by naeatal stirring or
by ultrasonication, respectively), were kept unidert atmosphere for
further use.

The chemical composition of the samples was detethby ICP-OES
in a Perkin-Elmer Plasma 400. X-ray diffraction (Rmeasurements
were made using a Siemens D5000 diffractometer g@Bentano
parafocusing geometry and verticéi® goniometer) fitted with a
grazing incident @ 0.52°) attachment for thin film analysis and
scintillation counter as a detector. The samplesevadspersed on Si
(510) sample holder. The anguld @iffraction range was between 5°
and 70°. The data were collected with an angutgr of 0.03° at 12 s
per step and sample rotation. Gukadiation A = 1.54056 A) was
obtained from a copper X-ray tube operated at 4Gkl 30 mA. The
crystalline phases were identified using the JCHIES. For high-
resolution transmission electron microscopy stu@#TEM), a JEOL
JEM 2010F electron microscope equipped with a fegtaission gun
was used working at an accelerating voltage of R@0Samples were
dispersed in ethanol in an ultrasonic bath andaop df supernatant
suspension was poured onto a holey carbon coateldagd dried
completely before measurements., Mdsorption and desorption
isotherms at 77 K were measured on a Micromerii&\P 2000
surface analyzer. Before analysis, the samples vdegassed in
vacuum at 393 K for 16 h. Temperature programmemiéion (TPD)
of CO;, from hydrotalcites samples was studied using a/RRD 1100
(Thermo-Finnigan) equipped with a TCD detector aodpled to a
mass spectrometer QMS 422 Omnistar. Before the TR®samples
(200 mg) were treated at 80°C with 3% & flow (20 cni/min) for

1 h. After that, the desorption process was camigdfrom 80 to 900°

- 187 -



UNIVERSITAT ROVIRA I VIRGILT

NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN: 978-84-690-7618-7 / DL: T.1326-2007

at 10°C mift in He flow. Determination of the base amount @& HiT
catalysts was also estimated by titration usingzbenacid. Thermal
analysis was performed in a Perkin-Elmer TGA 7 riwalance,
equipped with a programmable temperature furnadee $ample
(50 mg) was heated from room temperature up to ¥0#Bargon (80
cm*(STP)min') at 5 K min’. The epoxidation of styrene was
performed in a batch reactor at 313 K and atmosphmessure.
Typically, styrene (4 mmol), acetone 8.0 ml (0.186I), acetonitrile
6.3 ml (0.153 mol), water (5 ml), 8, (3 ml at 33% in water) and 50
mg of hydrotalcite sample (calcined or rehydratdd)O, efficiency
was determined by KMnQtitration. Samples were taken at regular
time periods for both reactions and were analyzédine by a
SHIMADZU GC-17 gas chromatograph using an ULTRAa&pitlary
column (15 m x 0.32 mm x 0.38n) and equipped with a FID detector.
All the reactants were purchased from Aldrich asdduwithout further

purification.

11.5.4 Results and discussion

[1.5.4.1 X-ray diffraction

The layered structured of the as-synthesized, readicend rehydrated
hydrotalcites was confirmed by XRD as show in Fguik5.1. The
XRD pattern of the as-synthesized (HT-asy) sampleibgted sharp
and symmetric reflections for the (003), (006),Q)Lplanes and broad
symmetric peaks for the (113), (102), (105) andBjXanes, which are
characteristics of hydrotalcite-like materials (&P 22-700). The
reflections correspond to an hexagonal lattice \®8mrhombohedral

symmetry.
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Figure 11.5.1 X-ray diffraction of the LDHs matelsa (a) HTasy; (b)
HT-rm(25min) (c) HT-rm(4h), (d)HT-rus(25min); (eHT-rus(50min);
and (f) HT-cc.

The (003) and (006) reflections at 17a6d 23.4, respectively, were
used to calculate the basal spacing between thegslay The (110)
reflection (at 61.1) was used to calculate the unit cell dimensign, a
wherea = 2d;10 [13]. The results of these calculations are shawn
Table 11.5.1. The lack of the (003) reflection hetXRD pattern of the
calcined product at 723 K (HT-cc sample in Figufeiddicates that
the layered structure of the HT has been destrbyechlcination. For
the HT-cc, the characteristic reflections obseraed ~ 43 and 63
correspond to a Mg-Al-O (periclase-like structud€PDS 87-0653).
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This observation was also confirmed by HRTEM.

Reconstruction of the calcined samples resulteithenrecovery of the
layered structure back to meixnerite (JCPDS 35-98& a result of
the well-known “memory effect” [14]. In that, thegsence of water
restores the interlayer hydrogen bonding networtk gallery spacing
while the original carbonate anions in the as-sgsitted hydrotalcite
have been replaced by Brgnsted OH-sites [15-17. X4nay patterns
of the rehydrated samples are depicted in Figubeel( One of the
most striking features for the platelet-like samléhe loss of intensity
of sharp basal peaks, particularly for the sonttasamples (HT-
rus(25min) and HT-rus(50min)), which appear as throeflections.
This could indicate that the exfoliation treatmdeads to a more
amorphous structure with smaller crystals, in whibh hydrotalcite
layers are no longer in parallel.

The (110) reflection is discerned at 60.5°, indiwatthat the two
dimensional crystalline order of LDH was still peeged. The new
term nanosheet$18] has been widely accepted to represent this tw
dimensional anisotropy, typically micrometer inelal size while
nanometer in thickness, of the individual host faydt is noteworthy
that similar broad profiles have been taken as dorgpevidence of

exfoliated layered materials [19].
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Table 11.5.1 Surface area of the hydrotalcite s@®@ind calculation of
lattice parameter and basal plane spacing as atidoanof the

exfoliation process

Sample code Mg:Al Surface

Atom ratid  area ooz (A) djilo ad)
(m’g) &

HT-ca 3.90 196 - - -
HT-rm(25min) 3.88 215 8.113 1.516 3.032
HT-rm(4h) 3.91 og6 8045 1512  3.024
HT-rus(25min) 3.90 437 8.135 1.511 3.022
HT-rus(50min) 3.87 466 8.106 1.514 3.028
|CP-AES
[1.5.4.2 HRTEM

To investigate the morphology and microstructuratainic level of the
hydrotalcite samples obtained after rehydration eundhechanical
stirring or ultrasounds, as well as of the calcisathple, an accurate
HRTEM study was performed. Low-resolution transmoisselectron
microscopy images of these materials are showmguré 11.5.2.

a

Figure 11.5.2 Low-magnification, bright-field tramsssion electron
microscopy images of the calcined sample (a), ehgidrated samples

obtained under mechanical stirring (b) and ultrasisuc) treatments.

In all cases, a platelet morphology characterisfihiydrotalcite-type
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materials is observed. However, platelets in thepta obtained after
rehydration under mechanical stirring (Figure RIH. are generally
larger than those present in the sample obtainecklvydration under
ultrasounds (Figure 11.5.2c), which in turn are #amto those present
in the calcined sample (Figure 11.5.2a). Althoughnoticeable change
in the morphology of the samples was detected vatnh@agnification,
important differences were observed in the latlitegge images
obtained at higher magnification under high-resoiut TEM
conditions. Figure 11.5.3 corresponds to a HRTEMage of the
calcined sample. The inset corresponds to the &otransform image
(FT) of the crystallographically oriented crystlin the center of the
HRTEM image. Spots at 2.4 and 2.1 A corresponche (111) and
(200) planes, respectively, of thec periclase structure. The relative
position of the spots in the FT image indicate ttheg crystallite is
oriented along the [011]-type crystallographic dilen. Selected-area
electron diffraction patterns (SAED) recorded oseveral areas show
that the calcined sample is mainly constitutedh®y gericlase structure
(rings at 2.4, 2.1 and 1.5 A), although minor amsuwsf the original
hydrotalcite phase are still recognizable (at 3.8 2.6 A).

Figure 11.5.4 corresponds to a representative HRTgibMure of the
sample rehydrated under mechanical stirring. Thepsais constituted
by crystallites showing a well-developed platelebrphology. The
platelet at the center of the image in Figure 41i8.crystallographically
oriented and a portion of its lattice-fringe imageside the marked
square) is enlarged and showed apart, along wehctrresponding

Fourier transform image.

-192 -



UNIVERSITAT ROVIRA I VIRGILI

NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN: 978-84-690-7618-7 / DL: T.1326-2007

Figure 11.5.3. HRTEM image corresponding to theccadd sample and

FT image of the oriented crystallite at the cenfehe image.

Figure 11.5.4 HRTEM image corresponding to the aiaye sample
under mechanical stirring. The inset show an eelanf the area

enclosed by the square and its corresponding Fgama

Spots at 3.8 A correspond to (006) planes of thdrdtgicite phase,
thus indicating that the platelet is oriented padieular to thec
crystallographic axis, or in other words, that thesal plane of the
platelets coincides with theb crystallographic plane of the hydrotalcite
structure. The enlarged image has atomic resoluéind shows a
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general well-ordered array of atomic rows, witklditstructural defects.
Figure 11.5.5 corresponds to a similar analysisfqrered over the
sample rehydrated under ultrasounds (exactly thee saagnification
and data analysis). In this case, however, thee iarportant
differences with respect to the sample rehydratedeu mechanical

stirring.

Figure 11.5.5 HRTEM image corresponding to the fayed sample
under ultrasounds. The insets show an enlarged wdEvwhe area

enclosed by the square and its corresponding F§ema

The Fourier transform image corresponding to tHarged area of the
platelet enclosed in the square in Figure 1.5.8sdaot show single
spots at 3.8 A corresponding to (006) planes ofydrotalcite phase,
as it is observed in the sample rehydrated undethamecal stirring
(Figure 11.5.4). Instead of this, in the FT imagé the sample
rehydrated under ultrasounds there are parallglgstrof spots which
are indicative of short-range atomic ordering. Witthe main string,
spots around 3.8 A are brighter, which correspand006) planes,
whereas the strings are separated at exactly 2shikh corresponds to
(120) planes in the basal plane of the platelee Blck of single spots

- 194 -



UNIVERSITAT ROVIRA I VIRGILI
NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN:

978-84-690-7618-7 / DL: T.1326-2007

and the presence of the strings in the FT imagetéspreted in terms
of a highly disordered structure for the hydrot@lghase obtained by
rehydration under ultrasounds. This is seen cleatrithe atomic scale
in the enlarged, direct-space HRTEM inset of Figlie5 where high
density of structural defects is easily identifieBhe hydrotalcite
platelets maintain the same crystallographic hakitin the sample
rehydrated under mechanical stirring, that is, witle basal plane
perpendicular to thec crystallographic axis, but in the sample
rehydrated under ultrasounds the extent of welexed arrays of
atomic rows within the hydrotalcite platelets isniied due to the
existence of numerous structural defects. The figbfective structure
of platelets in the sample rehydrated under ultrade is also depicted
in Figure 11.5.6, where extensive structural defeate indicated by

arrows.

Figure 11.5.6. HRTEM image corresponding to theydriated sample

under ultrasounds. Several structural defects arked by arrows.

Another representative HRTEM image of the rehydraample under

ultrasounds is shown in Figure 11.5.7. In this caseeral platelets are
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stacked and curved together. The Fourier transfonage (inset of

Figure 11.5.7) shows three different strings of tspthat correspond to
the different orientation of platelets followingrée different directions
(labeled “a”, “b”, and “c”). Within the strings, sfs due to (006) planes
of the hydrotalcite structure at 3.8 A are recoghie but, again, the
presence of the strings is indicative for the exise of abundant
structural defects in the platelets. Spots at 2.6ofespond to (120)
planes of the hydrotalcite structure and are lac@tethe FT image

perpendicular to the string labeled as “b”, thudigating that they

belong to the basal plane of platelets “b”. SAEMgras recorded for
rehydrated samples both under mechanical stirrimg @ltrasounds
exhibit rings corresponding to the hydrotalcite gghabut also some
minor amount of the periclase structure, which tartes the bulk of

the calcined sample. This indicates that the redtialr of the periclase
structure into hydrotalcite is almost complete athbcases.

Figure 11.5.7 HRTEM image corresponding to the hfayed sample
under ultrasounds and its associated FT image.
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11.5.4.3 TGA

The thermogravimetric analysis of the reconstruseuples, as well as
that of the calcined sample, is shown in Figure 8. A low weight loss
was observed during the TGA experiment for the ldBample (Figure
8a). This fact indicates that during the calcinatpyocess, practically
all the hydrotalcite was transformed into the dasge-like phase. All
the rehydrated solids display the two characteristages of weight
loss in the temperature range of 343 to 1073 K afrdtalcite-like
materials [20,21]. The first weight loss is notidegtween 343 and 553
K for all the samples, which is attributed to tlosd of adsorbed and
interlayer water. The second step of weight losghie temperature
range of 553 to 1073 K is ascribed to dehydroxgtaif the brucite-
like sheets [13], resulting from the collapse o theixnerite structure.
The TGA results and the corresponding degreescohisgruction of the
solids are summarized in Table 11.5.2. The HT-r6gfih) and HT-
rus(50min) hydrotalcites showed a reconstructib®4% and 100%,
respectively. In contrast, the samples preparednbghanical stirring
(HT-rm(25min), HT-rm(4h) and HT-rm(24h)) showed aver degree
of reconstruction, with values at 48.0, 80.2 andl® respectively.
Accordingly, the materials reconstructed underasthunds presented
higher weight losses in both decomposition steps;anpared to the
samples prepared by mechanical stirring. This leadicates that a
great number of OH groups is present in the somicsamples.

This is reasonable taking into account that theication produces
higher surface materials and small crystallites dxfoliation and
consequently the diffusion of the water in the rilatger space to form
the meixnerite-like phase is enhanced. This fagveg in the presence

of larger number of exposed OH- materials, andiqdarly those
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located at the edges of the platelets [2,23]. Meggothis sonication
effect is dramatically pronounced when larger cointanes are used
(HT-rm(50 min) vs HT-rm(25 min)).

60 ~
(f)
(e)

] (d)
40 (c)

501

(b)

Weight loss / %

@)

360 ' 560 ' 7(50 ' 960 ' 11100
T/K
Figure 11.5.8 Thermogravimetric analysis of the totdicite samples.
(@) HT-cc; (b) HT-rm(25min), (c) HT-rm(4h) and (&)T-rm(24h) (e)
HT-rus(25min) and (f) HT-rus(50min).

[1.54.4 Temperature programmed desorption of,CO

The measure of the base site density was obtamd@dPD of CQ. The
peaks observed can be assigned based on the téunpertawhich they
appear. Previous studies have shown that the pesk which
decomposes at temperatures about 693 K can béuttdi to the
contribution of mainly bidendate carbonates speciegether with
bicarbonate species, on the catalyst surface. Tésepce of a small
peak at higher temperature (813 K) can be attribtaethe presence of
monodentate species [22]. Figure 11.5.9 shows tlg @ptake during
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temperature-programmed  desorption  experiments  ovewo
representative samples, prepared under mechanitaings or
ultrasounds, respectively. The low temperature p@il3 K) was
detected for all the samples whatever the recoctgiru treatment
employed, whereas the peak at higher temperatuseomy observed
for the sonicated materials.

T-rus(50min)
0 /ﬂ -rm(24h)
ﬁ:T.fﬁi&\ﬁh‘L___‘“-__h_&h
'“-' .l—l— iy
160 %60 560 760
Temperanps’ °C

Figure 11.5.9 CQ uptake during temperature-programmed desorption

experiments over HT-rm(24h) and HT-rus(50min) saspl

Since the calcination treatment was sufficientiygoto avoid the
presence of residual carbonates in all the samiiiegpeak observed at
higher temperature could be ascribed to the presehstrong basic
sites in the sonicated samples. Integration ottdreesponding profiles,
calculated as the amount of €@volved, is reported in Table I1.5.3.
The total number of basic sites for the HT-rus(2bmand HT-
rus(50min) samples was 1200 and 18200l g...", respectively. As

determined by ICP analysis, the total number oficoages can be
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calculated from the number of &lions present in the hydrotalcite,
which is proportional to that of the compensatimgpas (OH). From
the quantification in Table 11.5.3, the amount o©Levolved with
respect to the bulk Al content indicated that agpnately 38 and 57%
of the OH sites were detected for HT-rus(25min) and HT-r0s{®),
respectively. In contrast, only 16 and 26% of thel Qites were
detected in the HT-rm(4h) and HT-rm(24h) sampledicating that the
amount of basic sites seems to be dependent omettmastruction
procedure. In particular, these results not onligevce that not all of
the total OH sites are evaluated by GOPD experiments, but also that
the OH groups in the sonicated samples are actually raocessible.
Moreover, the presence of the two peaks suggestsxilstence of basic

sites of different nature.

Table 11.5.3 Quantification of the basicity by @OPD profiles and

benzoic acid titration for rehydrated hydrotalcites

Sample Peak at Peakat Total CQ COJ/Al Benzoic Acid
693K 813K  [umolg.] ratio® [umOlges ]
(%) (%)
HT-rm(4h) 100 - 520 0.16 310
HT-rm(24h) 100 - 850 0.26 420
HT-rus(25min) 90.5 9.5 12)80 0.38 (0.036) 700 (120§
(114
HT-rus(50min) 85.2 12.8 18)b20 0.57 (0.073) 1100 (190)
(232

2 Mol of total adsorbed COper mol of Al in the HT.” ¢ Between
brackets, contribution of the peak at 813%® Mol of total benzoic
acid consumed during the titration of the HT obedirirom the plot of
initial reaction rate versus benzoic acid amountFigure 11.5.11
(between brackets, contribution from the first ineegment).

The differences in basicity observed along the metracted materials

are likely due to the existence of abundant strattdefects in the
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platelets in the sonicated samples, as revealeHiRVEM analysis.
Furthermore, the smaller crystallites and corredpan high surface
area of the sonicated samples automatically deriveslarger number
of exposed OH which are not only located at the edges of tlatefets
[2, 23], but also at defect sites generated akiliation.

[1.5.5 Catalytic Activity

The epoxidation of styrene was carried out to fatidicture-sensitive
correlations between the rehydration methods armd presence of
defect sites on the catalytic activity. A represgine reaction profile

for the epoxidation is presented in Figure 11.5.10.

100+
S 80+
=~ —=— HT-asy
S —— HT-cc(no water)
[ 60 - —A— HT-cC
() —A— HT-rm(25min)
P —e— HT-rm(4h)
S 40+ —O— HT-rus(25min)
o —e— HT-rus(50min)
c
2 20-
2
@ 1 4"’__,{k——”’———'—{P—~’—’_——_£k_—~—_-——ﬂ

0 - - |
0 20 40 60 80 100
time / min

Figure 11.5.10 Conversion vs time for the styrepeadation at 313 K
for the different hydrotalcite samples. (a) HT-afy) HT-cc (reaction
without water) (c) HT-cc (d) HT-rm(25min) and (eYHm(4h) (f) HT-

rus(25min) and (g) HT-rus(50min).

In all cases, the selectivity to styrene oxide Wwagher than 95%. The

as-synthesized sample (HT-asy) displayed an extyelme activity of
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around 1.2 % of styrene conversion after 100 msofereaction. The
activity of the calcined sample, without water e treaction medium,
as depicted in Figure 10, was slightly higher thzat obtained for the
HT-asy. However, a very significant enhancementtlod styrene
conversion up to 90% was achieved after 60 mineattion with the
HT-cc sample, when water was introduced in thetr@aenedium. The
latter leads to the reconstruction of the mixeddexduring reaction
[24], and further suggests that the presence oh&eal basic sites in
the catalyst is a key parameter governing the yiatadctivity of this
reaction. Accordingly, the catalytic activity waspressively increased
when the reconstructed materials were employelddndaction. A total
styrene conversion was achieved in 60 min using thgalysts
reconstructed under mechanical stirring (HT-rm(29noir HT-rm(4h)),
while more pronounced is the increase in catalgitivity for the
samples previously treated under ultrasounds (FH{2&min) and HT-
rus(50min)). In the latter case, only 30 min weeeassary to reach the
total conversion. From these results, it can beclcoled that vigorous
stirring and the use of ultrasounds produce theltion of the mixed
oxides during reconstruction, leading to materiaith an enhanced
catalytic activity. However, the initial rate ofetsonicated hydrotalcite
(HT-rus(50min) was ca. 6-fold higher than thatfué tatalyst obtained
under mechanical stirring. Therefore, the formatidrdefect sites (as
previously observed by HRTEM) in the sonicated dasps likely
accounting for the increase in the number of adoles®H groups. In
order to elucidate the origin of the remarkablevégtof the sonicated
catalysts, and correlate it with the enhanced bgsobserved during
CO,-TPD experiments, an additional determination o tffective

base amount was carried out by titration with bénacid. In order to

- 202 -



UNIVERSITAT ROVIRA I VIRGILT
NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN:

978-84-690-7618-7 / DL: T.1326-2007

accomplish this, different amounts of benzoic guieliously dissolved
in acetone, were added during reconstruction ohth@d oxide, either
by mechanical stirring or by ultrasounds. The gatal were

subsequently used in the styrene epoxidation mactind the results

are presented in Figure 11.5.11.

—e— HT-rm(4h)
—+— HT-rm(24h)
—O0— HT-rus(25min)
—e— HT-rus(50min)

o 1_‘\‘\*\‘\\‘
04

0 200 400 600 800 1000 1200

Benzoic acid / pmol g_*

cat

Figure 11.5.11 Titration by benzoic acid for thetefenination of the
base amount of the HT catalysts. Reaction rateuseesmount of
benzoic acid added. (a) HT-rm(4h) and (e) HT-rm{24fH) HT-
rus(25min) and (g) HT-rus(50min).

The catalytic activity can be extremely reducedabyihilation of the

active sites if the latter are neutralized with Z@o acid. This implies
that the addition of benzoic acid is able to redilmeamount of basic
sites, and consequently decrease the styrene imwveat a certain
extent. Accordingly, a linear correlation betweka amount of benzoic
acid and the initial rate was found for the hydiotas reconstructed
under mechanical stirring (HT-rm(4h) and HT-rm(24#s the amount

- 203 -



UNIVERSITAT ROVIRA I VIRGILT
NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN:

978-84-690-7618-7 / DL: T.1326-2007

of benzoic acid was increased, the correspondiii@limeaction rate
decreased until no activity was detected. Extramaof the linear
segment ay = 0 leads to the amount of benzoic acid that is &b
eliminate the catalytic activity of that cataly$the amount of benzoic
acid was 310 and 42Amol g.* (see Table 3), respectively. The
samples treated under ultrasounds exhibited aréiftebehavior upon
reconstruction with different amounts of benzoi@aé&rom Figure 11,
two intersecting linear segments can be easily rgbdein HT-
rus(25min) and HT-rus(50min) hydrotalcites, suggesthe existence
of at least two kinetically distinguishable acti@#l” sites. A very fast
decrease of the initial reaction rate (first lineagment) was observed
for the HT-rus(25min) sample, followed by a graddetrease down to
700pumol g.* (second linear segment).

More pronounced was the decrease in initial reaatate for the HT-
rus(50min) sample when small amounts of benzoid a@re added,
but finally reaching a total number of evaluated "Osites of
1100pmol g.:* until no activity. Strikingly, the existence of theo
segments in the sonicated samples suggests thenpeesf two types
of basic sites in the reconstructed hydrotalcité® latter would be in
agreement with the presence of two different dagmrpgpeaks in the
CO,-TPD analysis, assigned to basic sites of diffestrgngth. In fact,
the values derived from the extrapolation of thetfsegment to zero
leads to a corresponding number of basic sites 2 &nd 190
pmol g.ai*, for HT-rus(25min) and HT-rus(50min), respectivaigther
similar to the values obtained by gOPD (Table 11.5.3). These
stronger basic sites, which are primary titratedy be ascribed to those
located at defect sites in the sonicated samplesm Ftitration
experiments, it seems that not all of the basic §ids in the sonicated
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samples are equally accessible as compared to atmples treated
under mechanical stirring. This implies that a tieedy small amount
of benzoic acid is sufficient to inhibit the catidyperformance to a
significant extent, particularly in the sonicateahwples. For example,
adding only 19Qumol g..i* of benzoic acid leads to a 2-fold decreased
initial rate, while an important number of basitesistill remain in the
catalyst until final annihilation of the catalyfperformance. Therefore,
the catalysts prepared under ultrasounds displagrain amount of
strong basic sites and a higher amount of bases siith medium
strength. This is confirmed in the samples recoostd under
mechanical stirring, displaying lower values in tteeal number of
basic sites. The basic sites related to the defgottuced by sonication
have around 6 times more activity than the badiessobtained by
exfoliation. Basicity results are in good agreemenith the
thermogravimetric analysis (Figure 11.5.8), in wiithe higher weight
loss of the samples reconstructed under ultrasoleadis to a higher
degree of reconstruction. This derives into an tamthl amount of OH
groups, which in fact, are able to be detected B Br titration.

As previous works demonstrated [9,10], a propertyivation of
hydrotalcites is clearly a critical factor. The ebdtion during
reconstruction leads to a more irregular structui@/oring the
accessibility of the OHgroups near the edges of the platelets. This
specific feature occurred upon reconstruction unglélasounds has
been confirmed with our HRTEM analysis (Figure .B) leading to
the conclusion that the dramatic disorder producedhe solid is
responsible for the increase in the basic strengths fact is also
confirmed by our TPD experiments, which revealedrnanease of the
amount of CQ evolved in the sonicated samples as comparedgeth
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exfoliated by mechanical stirring.

The activation of the mixed oxides via reconstmttcombined with
ultrasounds most likely causes the generation gfeedefects, thus
increasing the accessibility to the interlayer gjadls and facilitating the
exposure of a major number of Ogtoups. Indeed, it appears that the
OH groups located at these defects are much moretigdefor the
epoxidation reaction. Moreover, the catalytic atgisncreases with the
increasing surface area (from 215gh(HT-rm25min) up to 446 fy*
(HT-rus(50min.)), further indicating not only that great number of
exposed OHare easily accessible, but also that smaller hgtirite
crystals (see HRTEM) are present in the sonicadetptes.

The use of ultrasounds not only changes the tatalber of basic sites
but also reinforces the fraction of stronger on@slids with lower
crystal size possess a higher concentration ofs siteth low
coordination number. Those ORpecies located in corners of the
crystals likely present a stronger basicity thaosthlocated on crystal
faces, thus favoring the performance towards tlexieption reaction.
These results support the fact that the epoxidatfostyrene reaction
effectively proceed at Brgnsted basic sites locattebr at the edges of
the nanoplatelets, or/and at defect sites of theonsructed

hydrotalcite.
[1.5.6 Conclusion

Exfoliation is regarded as an effective way of maxing the
accessibility and utility of the OHyroups in reconstructed hydrotalcites
for epoxidation reactions. This was achieved bymfation of small
hydrotalcite nanoplatelets. The exfoliation meth¢gbnication or

mechanical stirring) applied during reconstructadrthe mixed oxides
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derived from hydrotalcite clearly influences thetatgtic activity in
styrene epoxidation. The formation of defect siteshe hydrotalcite
nanoplatelets upon ultrasounds treatment is a mibeetive method to
create stronger and more active basic sites, dirglteer surface areas
and an increased number of exposed basic sitelyfilad to an
improved catalytic activity in the styrene epoxidat This aspect can

be further generalized to other base-catalyzediosec
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Chapter 11.6

Hydrogenolysis of methylcyclopentane over

bimetallic Ir-Au/ y-Al ,O5 catalysts
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[1.6.1 Abstract

The gas-phase hydrogenolysis of methylcyclopenté@M€P) was
investigated over bimetallic Ir-AwAl,O; catalysts. The bimetallic
systems, which contained atomic Au/lr ratios in thage of 0.125-8
and a fixed total metal content of 8 wt. %, werepared by sequential
impregnation and co-impregnation methods. The epoeding
monometallic Inj-Al,O3 and Au¥-Al,O; catalysts were also prepared.
The materials were characterized by ICP, XRD,adsorption, TEM,
and H chemisorption. Highly dispersed iridium nanopaesc(<10 nm)
were obtained in all cases, while the size of gaolhoparticles
increased (up to 50 nm) upon increasing the goldterd in the
catalyst. The monometallic gold catalyst did nosatled H. The
incorporation of gold increased the amount of iemsible adsorbed
hydrogen in the Ir-AyfAl,O; catalysts with respect to the
monometallic ones. The products obtained in the M@#ogenolysis
were 2-methylpentane (2-MP), 3-methylpentane (3-MiJ n-hexane
(n-H). The initial rate (molecules of MCP reactetigs™) increased
with the gold content. Moreover, the deactivatidrthe catalysts was
lower for bimetallic catalysts, particularly forelto impregnated ones.
Consequently, the addition of gold played a markdé@ct on the

chemisorption and catalytic properties of the Ir.

Keywords: bimetallic; catalysts; chemisorption; MC hydrogen;

hydrogenolysis; Ir; Au.
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[1.6.2. Introduction

Methylcyclopentane (MCP) is a recognized probe ok in the
investigation of the structure sensitivity of selethydrocarbon
conversions catalyzed usually by noble metal-bassdlysts [1-5].
These include reactions involving skeletal rearesngnt of
hydrocarbons with an accompanying hydrogenationp. st&he
isomerization of pentanes has been usually takem tast reaction to
study particle size and alloying effects on thealydic performance.
The classical work by Gault et al. investigated Hreangement of
methylcyclopentane (MCP) on alumina supported Ralgsts by**C
tracer technique, which made it possible to distisig elementary steps
involved in the reactions [6]. Two mechanisms wereposed: cyclic
and bond shift mechanisms, denoted as CM and B&cggely. The
CM involves adsorbed methylcyclopentane (MCP) asititermediate
transition state. From this intermediate, threedpots were obtained
(n-hexane (n-H), 2-methylpentane (2-MP) and 3- wiptntane (3-
MP)), whose distribution changed with the Pt contamd dispersion.
Gault et al. showed that, for high dispersion dARD; catalysts, the
mechanism of the hydrogenolysis is non-selectivd #re product
distribution is 40% n-H, 40% of 2-MP and 20% of 3MFor low
dispersion catalysts, the mechanism is selectealting in 67% of 2-
MP and 33% of 3-MP [7]. The partial,Hpressure plays a prominent
role in the skeletal rearrangement of hydrocarb{#40]. In the
absence or low hydrogen amounts, the noble me&s are covered by
hydrogen-deficient hydrocarbon residues. As a tedhle catalyst
dehydrogenation activity largely determines theraleaeaction rate.
Due to the low hydrogenation activity, formationstfongly adsorbed

olefinic species is favoredUpon increasing the hydrogen partial
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pressures, the hydrocarbon hydrogenation is aetebtbrand the
catalytic process is controlled by isomerization thfe olefinic
intermediates on the acid centers of the suppadlf [R]. Suitable
catalysts for hydrocarbon rearrangement are bifonat in nature. The
metal component is responsible for hydrogenatidmydeogenation
activities, while the isomerization function is atdd with the acidic
properties of the support (typically alumina) [13l]. Pty-Al,O; was
applied industrially for hydrocarbon rearrangemdating the 1950s
and 1960s, however it is largely changed over toetallic systems
such as Pt-Re [15], Pt-Au [16], Pt-Ir [17], Pt-SIi8] and Pd-Au [19].
In all these catalytic systems, the two metal congpds are miscible.
However, catalytic systems of interest for reaciomvolving
hydrocarbon rearrangement are not only limited @miginations of
metals that form bulk alloys. Herewith we investegh bimetallic
catalysts with very limited miscibility in the bu[R0] such as Ir-Aut
Al,0O3 in methylcyclopentane (MCP) hydrogenolysis. Montatiie Ir
supported on oxides has been usually included stesyatic studies
dealing with hydrogenolysis, dehydrogenation, asdmierization of
aliphatic hydrocarbons [21, 22]. The presence of iAulr-based
catalysts might modulate the catalytic performawnéelr for MCP
hydrogenolysis, since Au is virtually inactive fatissociatively
adsorption of K Furthermore gold may also induce a different
morphology, dispersion, and cluster compositiontted resulting Ir
species in the material [23-25]. The catalysts wprepared by
sequential impregnation and co-impregnation methddse atomic
ratio Au/lr was systematically varied in the ran@d25-8, including
also the corresponding monometallic catalysts. Taerials were

characterized by ICP, Hchemisorption, Badsorption, XRD, and
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TEM. The role of Au on the Ir dispersion and the &bsorption
properties of the catalyst were assessed, whicdslda relevant

structure-function relationships for the investeghteaction.

11.6.3. Experimental

[1.6.3.1 Catalyst Preparation

The support used wagsAl,03; (Degussa, Type 221) with a grain size of
45-175um and a specific surface areasd8 of 220 nf g*. The as-
received support was calcined in static air at RG0r 4 h before metal
incorporation. The Ir-AyfAl, O3 catalysts were prepared by
impregnation using equimolar acidic aqueous sahstibblrClg[6H,0
and HAuUCI3H,O (0.6 M). Two series of Ir-AyfAl O3 catalysts were
investigated. The first series was prepared byngarégnation of
alumina with the metal precursor solutions. The @asmwere dried in
vacuum for 2 h. Finally, the resulting samples waried at 373 K for
12 h and reduced in flowing of hydrogen (50°amin™) at 750 K for 4
h. The second series was prepared by sequentiaégmation with Ir
first, followed by Au. Impregnation of each metahsvfollowed by the
removal of solvent under vacuum for 2 h and dnanh@73 K for 12 h.
The catalysts were reduced at 750 K (4 h) afterrempation with
iridium and at 600 K (4 h) after the impregnatioithwgold. The total
metal loading of all samples was fixed at 8 wt. Plae catalysts were
prepared with different Au/lr atomic ratios (0.12h25, 0.5, 1, 2, 4,
and 8). Reference monometallicy#l,O3 and Auf-Al,O; catalysts
were also prepared. YAl O3 catalysts were prepared with the same
iridium content as in the corresponding bimetaliamples. The

monometallic gold catalyst was prepared with 8 Wb. The
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monometallic iridium and gold catalysts were redueg 750 K and
600 K for 4 h respectively. Table 1 summarizes ¢atalysts prepared
in this study and their chemical composition asedeined by ICP-
AES. The sample code of the bimetallic catalystergeto the atomic
metal ratio (e.g. Ast Ir;) and the preparation method (CIl: co-

impregnation and Sl: sequential impregnation).

Table 11.6.1 Chemical composition of the bimetaind monometallic

catalysts
. Metal content
Aullr a_tom|c Nominal (wt.%) In solid
Sample ratio (Wt.%)
(at/at.) Au Ir Au Ir
Irg-Auy (CI) 0.125 0.91 7.09 0.96 7.00
Irg-Auy (CI) 0.25 1.63 6.37 1.60 6.44
Iro-Auy (CI) 0.5 271 5.29 2.68 5.32
Ir;.Aug (CI) 1 4,05 3.95 4,12 3.83
Ir1-Au; (CI) 2 5.38 2.62 5.68 2.84
Ir1-Aug (CI) 4 6.43 1.57 6.58 1.52
Ir1-Aug (CI) 8 7.13 0.87 7.34 0.92
Irg-Au; (S1) 0.125 0.91 7.09 0.90 7.05
Irg-Auy (S1) 0.25 1.63 6.37 1.65 6.42
Ir,-Aus (SI) 0.5 271 5.29 2.75 5.21
Ir;.Auq (SI) 1 4,05 3.95 4.10 3.90
Ir1-Auy (S1) 2 5.38 2.62 5.25 2.58
Ir1-Aug (S1) 4 6.43 1.57 6.53 1.50
Ir1-Aug (S1) 8 7.13 0.87 7.01 0.85
Irg - - 7.09 - 7.03
Iry - - 6.37 - 6.44
Iro - - 5.29 - 5.25
Iry - - 3.95 - 3.94
Iros - - 2.62 - 2.52
Iro.os - - 1.57 - 1.53
Iro.105 - - 0.87 - 0.82
Aug - 8.0 - 7.94 -
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The Ir monometallic catalysts were denoted lywhere x is in the
range 0.125- 8. The monometallic iridium catalyséve the same Ir
content as the corresponding bimetallic samples. é&@mple, I
contains 7.09 wt. % Ir, asgtAu;, see Table 11.6.1). The monometallic

gold catalyst (Ag) contains 8 wt. % Au.

[1.6.3.2 Catalyst Characterization

11.6.3.2.1 Chemical composition
The Ir and Au content in the samples were deterthimg ICP-AES
(Philips Scientific PU 7000 spectrometer).

11.6.3.2.2 N adsorption
N, adsorption-desorption isotherms at 77 K were nreasun a

Micromeritics ASAP 2000. Samples were previouslyaaated at
623 K for 16 h. The BET method was used to caleulla¢ total surface

area of the samples [26].

11.6.3.2.3 X-ray diffraction

X-ray diffraction were measured in a Philips Analgt X' Pert PW
3050 diffractometer using nickel-filtered Cua kadiation A = 1.54056
A). Spectra were obtained in th8 ange of 10- 85°, using a scan rate
of 4° min' and a 0.02° data interval. The crystalline phasese
identified using the JCPDS files. The average mptaticle size (d)
was determined by the Scherrer equatidr; 0.9/Bcod), where is
the wavelength of the radiation (1.5418 A),is the Bragg diffraction
angle, and B is the full width at half maximum (fwh taking into
account the instrumental line broadening usingWeeren’s correction
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(B =4B;-B’), where BM is the experimental fwhm and Bl is the

instrumental fwhm.

[1.6.3.2.4 Transmission electron microscopy

The morphology and size distribution of the mepalrticles was
investigated by TEM in a JEOL JEM-2000EX Il micrope operated
at 80 kV. The solid sample, which was homogeneodgpersed in
pure ethanol by means of an ultrasonic bath, wamsgieed in the
copper grid and then the solvent was allowed topesate under

vacuum before analysis.

11.6.3.2.5 H chemisorption

Hydrogen chemisorption was conducted in a Microtiosri ASAP
2010 apparatus. Prior to the measurement, the sana@re evacuated
at 400 K for 1 h, treated in flow of pure hydrog®0 cn? min) at the
600 K for 1 h, evacuated at 600 K for 2 h, andlijheooled down to
310 K for chemisorption. The amount of irreversiblysorbed KHwas
measured using the double isotherm method [27]mFthe first
isotherm, measured in the 0-68 kPa pressure raingeotal volume of
hydrogen adsorbed was obtained. Then, the catatgst evacuated
(about 10° Torr) again at the chemisorption temperature forriin for
back sorption measurements in order to obtain thenve of hydrogen
reversibly adsorbed. The linear portion of eachthison was
extrapolated to zero pressure in order to estinttadetotal adsorbed
volume and the reversibly adsorbed volume of hyenogThe
difference between two hydrogen uptakes provides \tbhlume of
irreversibly adsorbed hydrogen. The fraction of @sed iridium was

calculated by the ratio of the irreversible uptdkethe total metal
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content assuming an adsorption stoichiometry of #1:1 [28, 29].

[1.6.3.2.6 Catalytic activity

The gas-phase hydrogenolysis of methylcyclopenté@M€P) was
studied in a fixed-bed tubular quartz reactor (16 md.) at 457 K
using 50 mg of catalyst. The reaction temperatuss wontrolled by a
thermocouple located inside the catalytic bed. Adfeof hydrogen
saturated with MCP vapor was generated by bubting cnimin™)
through a saturator, which was inserted in a wigtemmostat at 273 K.
Based on this, the partial pressures efadd MCP at the reactor inlet
were 94 mbar and 5 mbar, respectively (molafMCP ratio = 18.8).
The reaction products were analyzed on-line usiggsachromatograph
(HP6890) equipped with FID and TCD detectors an@haomosorb
WAW 100/120 mesh column.

I1.6.4 Results and Discussion

[1.6.4.1 Chemical composition ang Bdsorption

Table 11.6.1 shows the iridium and gold loadingthe samples as
determined by ICP-AES. The nominal metal contemd the values
analyzed in the solids were very similar, indicgtthe efficiency of the
preparations. Consequently, we have referred tamedmu/Ir ratios to
describe the experimental results and discussimmgaihe manuscript.
Characterization by Nadsorption has shown a decrease of the surface
area of the catalyst upon impregnation with theatsefThe BET area

of the calcined-Al,O; support (220 mg?) decreased upon increasing

the metal loading (down to 180°my* in the bimetallic catalysts).
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11.6.4.2 X-ray diffraction

The XRD patterns of the reduced Ir-Awil,O5 catalysts prepared by
co-impregnation and sequential impregnation as agthe support are
shown in Figure 11.6.1. The catalysts were alwayalyzed in reduced
state. The diffraction lines of-Al,O3 are relatively broad and weak,
indicating its low crystallinity. Diffraction line®f Au were identified
(JPCDS 04-0784), which have been assigned to &iB,({200), (220),
(311), (222) planes of the face centered cubic) (&toucture of the
metal. Contrarily, reflections associated with iwith were not detected
in none of the samples, indicating a high dispersibthis metal on the
alumina support (Figures 11.6.1A-C). The latticegraeter of Au in the
catalysts was determined from the (111) reflectiming the Bragg
equation, resulting in a value around of 4.078TAis is very close to
the reported value of a=4.0786 A in the JCPDSl.cahis fact
suggests that alloying did not occur in any comjmsiin our samples
since Ir and Au are, in bulk, of very limited misitity [30]. The size of
the gold particles, that were estimated from the lvidth of the (111)
reflection using the Scherrer equation, increasgonuncreasing the
gold content in the catalyst (see Figure 11.6.18he error in this
determination is equivalent to the diameter of shmbols used in the
figure. However, the particle size of gold for Citalysts is always
lower than for the Sl ones. Besides, it can be mieskea sharp increase
in particle size when going from Au/lr = 0 to 2)léaved by a slight
increase at higher gold contents. The increashefAu cluster size
can be rationalized considering that mass trangga@old is significant
at temperatures above 1/4 from its melting poirt],[3esulting in

sintering.
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Figure I1.6.1 X-ray diffraction of the sampies Invesugatea Insin
study. (A) Co-impregnated (CI) catalysts (a:Aug; b: Ir;-Aug; c: Ir-
Auy; d: In-Aug; er In-Aug; fioIrs-Aus; g0 Irg-Aug; h: y-AlLOs), (B)
Sequential Impregnated (SI) catalysts &Aug; b: Ir-Aug; c: Iri-Aup;
d: Ir;-Aup; e: In-Aug; o Irg-Aug; g0 Irg-Aug; h: y-AlOs3), (C)
Monometallic Ir catalysts (a:dhizs b: Irg2s C: Irgs d: Irg; e: 1r; £ ry;
g: Irg; h: y-Al,03). (D) Mean gold particle size as a function af #u
loading in the bimetallic Ir-AytAl ;O3 catalysts.

It can be tentatively put forward that the low paet size of gold

- 219 -



UNIVERSITAT ROVIRA I VIRGILT
NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN:

978-84-690-7618-7 / DL: T.1326-2007

observed for CI catalysts with respect to SI omegrobably due to a
high interaction between gold atoms and the catalygport or due to
the presence of iridium during the co- impregnatidiaking into

consideration these facts, there are several pligssbfor the structure
of the Ir-Au system in the catalyst. In such cagleen two metals have
very limited miscibility in bulk, separate clustersf the pure

components can be expected to form on the suppesides, it is also
possible that gold atoms cover progressively thdium surface

because metals from the IB group possess loweasifree energy
than metals from the VIII group (1410 ergénfor Au and 3000
erg cm?® for Ir) [32]. Based on this, enrichment of theditim surface
by gold could be expected. Consequently, the Aulapdrticle size as
well as the enrichment of the Ir surface by golgeatals on the

preparation method of the catalysts.

11.6.4.3 TEM

Figure 11.6.2a,b,c shows the TEM images for theesentative reduced
Iro-Au; (CI), Irp-Aus (SI), and Ig catalysts, respectively, which have the
same iridium content (~5.3 wt. % Ir, Table 1). Wadifined y-Al,Os
crystallites were observed in all the samples, wtibe metal particles
are stabilized. The monometallic; licatalyst (Figure 3c) exhibits
iridium clusters of uniform size (3-4 nm), which ieenot identified by
XRD. The SI bimetallic catalysts (Figure 11.6.2l5)osv a broader size
distribution (3-40 nm) compared with the monomaeataliridium
sample. Metal iridium particles with similar sizean for monometallic
iridium samples are observed. Besides, togethen wietal iridium
particles, larger metal gold particles (between4@0nAm) were also

observed.
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— | I > b

Figure 11.6.2 TEM images of Is-Au; (Cl) (a), In-Au; (SI) (b) and Is
catalysts (c). The bars correspond to 100 nm.

The gold metal particles of the Sl catalyst seenbe@darger than the
gold particles for Cl sample (see Figures 11.6.3@ &8b), that is in
agreement with the crystall sizes determined by XBBsides, under
magnification values in this work (below 100.000tlk¢ metal iridium
particles for Cl sample are not detected.

[1.6.4.4 H, chemisorption

The results of K chemisorption at 310 K on the reduced catalysts ar
summarized in Table I1.6.2. As expected, the irrside H uptake
diminishes with decreasing the iridium loading (S&dble 11.6.2 and
Figure 11.6.3). Comparing catalysts with similardium content the
irreversible H uptake was in the following order CI>SI> monomiatal
catalysts. This fact is more evident for low irigiuloading. For
example, the IrAug (CI) catalyst has five times more irreversible
hydrogen than the corresponding monometallic sanfjulgg.The
monometallic gold-containing catalyst did not shokydrogen
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adsorption, in agreement with previous works [23)]. ZTypical
isotherms for Ir-Au catalysts are shown in Figuté.BA-C. The lines
represent strongly adsorbed hydrogen, that isdifierence between
the total hydrogen adsorption and the weakly adsbrhydrogen.
Metallic dispersions were expressed in terms of qoantity H/lr,
which represents the ratio between the number@¥ersibly adsorbed
hydrogen atoms and the total number of iridium a&deee also Table
[1.6.2). For high Ir loading all the samples showagite similar H
uptake (between 2.41 and 2.ol. g* cat) as well as H/Ir (between
0.58 and 0.65). However a strong difference wasemiesl in the
samples with low iridium contents. For the co ingprated catalysts
(CI) the H/Ir remained practically unaffected by tamount of iridium
or gold in the sample (the H/Ir values are arout). @ontrarily, for Sl
catalysts the H/Ir value decreased when the iridiumount decreased.
This effect is more evident for monometallic iridiusamples. For
example, If-Aug (Cl), Ir;-Aug (SI) and 1p.125 samples which have the
same iridium amount show an H/Ir value of 0.59,10.2nd 0.12,
respectively. These facts are also illustrated iguie 11.6.3d. The
highest H/Ir decrease observed for monometallgatalysts, mainly at
lower iridium contents, could be attributed to @osg interaction
between the Ir and the support. Probably, due ¢cathid character of
the iridium precursor (HrClgl6H,O) some part of the surface of the
support {-Al,O3) can be dissolved covering the surface of theund
particle and consequently decreasing thehemisorption. The highest
H/Ir values observed for Sl catalysts with resgecthe monometallic
iridium catalysts could be explained taking intocamt that gold
apparently spreads over the iridium surface. Thiggsstion is

reasonable because Au has lower surface free etieagylr. In this
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sense, the higherHuptake in the bimetallic catalysts as compared to
the monometallic Ir catalysts can be tentativelgoagted with the
spillover of atomic hydrogen from iridium sites adjacent gold sites
[33]. This fact is more evident for the bimetaltiatalysts obtained by
co-impregnation method (CI catalysts). Alternatyehis result can be
also explained by a change in the adsorption stmoétry of hydrogen

on iridium induced by an electronic effect due tjaaent gold ions
[35].

Besides, considering the TEM results, particuléshythe Cl samples, it
seems that the incorporation of gold changes thdspersion and as
consequence the hydrogen adsorption propertiesridium was
improved. This local bimetallic domain, where Audain may have a
direct interaction, induces an electronic effedheTpresence of gold
clearly has a marked effect on surface processasmeg on iridium.
This effect is more evident in the co-impregnatathlysts. Probably in
these sites, iridium atoms dissociatively adsorh, kvhich is
subsequently spillover to the surrounding Au atomsplaining the

overall enhanced Huptake.
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Table 11.6.2 H chemisorption at 310 K data of Ir-Au catalysts by
chemisorption

Samples Irreversible H uptake H/Ir
(umol g'cat) )

Irg-Au; (ClI) 2.60 0.63
Ir4-Aus (CI) 2.22 0.60
Ir-Au; (ClI) 1.92 0.62
Ir;Au (CI) 1.47 0.64
Ir;-Au; (CI) 1.03 0.67
Ir1-Aug (CI) 0.61 0.66
Ir;-Aug (ClI) 0.30 0.59
Irg-Auy (SI) 2.67 0.65
Ir4-Aus (SI) 2.16 058
Ir-Auy (SI) 1.57 0.50
Ir;Au; (SI) 1.07 0.46
Ir;-Auy (SI1) 0.50 0.32
Ir1-Aug (S1) 0.22 0.24
Ir;-Aug (SI) 0.11 0.21
Irg 2.41 0.58
Iry 2.06 0.55
Iry 1.50 0.48
Iry 0.86 0.37
Iros 0.31 0.20
Iro.2s5 0.14 0.15
Iro.125 0.06 0.12
Aug - -
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Figure 11.6.3 Irreversiblehydrogen adsorption isotherms of the CI, Sl

and Ir monometallic samples at 310 K. (A) Cl sampl(@) lg-Aus; (b)
Irs-Aug; () Ir-Aug; (d) In-Aug; (e) In-Aug; (f) Iri-Aug; (9) In-Aus.
(B) SI samples: (a) ¢rAug; (b) Irs-Aug; (C): Ir-Aug; (d) Ir-Aug; (e) In-
Auy; () Iri-Aug; (9) Ir-Aug. (C) Monometallic Ir samples: (a)sir(b)

Ira; (C) Iry; (d) Iry; (€) o5, (F) Iro.2s (Q) Iro.125

(D)

Dispersion

(H/Ir) values versus atomic Au/lr ratio for (a) Chtalysts, (b) Sl

catalysts, (c) monometallic Ir catalysts.

[1.6.4.5 Catalytic Activity

Table 11.6.3 summarizes the catalytic activity veduobtained in the
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methylcyclopentane hydrogenolysis reaction. Theaihrate expressed
as MCP molecules reacted per second and per gramsadlepicted in
the Table 11.6.3. The catalytic activity stronglgateased in 60 minutes
of reaction for all the catalysts. Previous wor8S,[36] also mentioned
the deactivation of MCP hydrogenolysis reaction romeble metal-

based catalysts.

Table 11.6.3 Catalytic activity in the MCP hydrogsysis at 457 K

Initial rate 2-MP/3-MP

Catalyst (10*° MCP molecules$g, ™)

Irg-Au1 (CI) 3.03 2.4
Ir4-Au; (CI) 3.34 2.4
Ir,-Aus (CI) 3.85 23
Ir,.Au; (CI) 5.21 2.1
Ir1-Aus (CI) 5.83 2.0
Ir-Aug (CI) 6.28 2.1
Ir1-Aug (C) 6.14 2.0
Irg-Aus (SI) 2.92 2.4
Irs-Aus (SI) 2.92 2.3
Ir,-Aus (SI) 3.13 2.2
Ir,.Aus (SI) 3.82 2.1
Ir1-Aus (SI) 3.86 2.0
Ir-Au, (SI) 3.88 2.1
Ir1-Aug (SI) 3.87 2.1
Irg 2.77 2.4
Ira 2.74 2.3
Ir, 2.53 2.2.
Irq 2.78 2.1
Irgs 1.67 1.9
Iro.25 2.03 2.0
Iro.1o5 2.06 2.1

Aug - -

% Ratio between the selectivity to 2-MP and 3-MP.

The deactivation was probably originated from th&teesive
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dehydrogenation of chemisorbed hydrocarbon to kighisaturated
specie which in turn follows a sequence of dehydnagjon steps
leading to the formation of carbon surface fragmefgactivating the
catalyst [37].

On the other hand, a blank test run with the alansimpport showed no
conversion of methylcyclopentane at the same m@acinditions. The
monometallic gold catalyst (Au also did not show activity for the
MCP hydrogenolysis. The distribution of the produdid not change
significantly using different catalysts as is shownTable 3. The main
products obtained were 2-methylpentane (2-MP), 8ighganetane (3-
MP) and n-hexane (n-H) with selectivity closed 68} 20% and 40%,
respectively. The presence of the gold did notcaffiee ratio 2-MP/3-
MP. The selectivity distribution was close to thatistical distribution
of products with the ratio between the selectivitp 2-
methylcyclopentane  (2-MP) and the selectivity to  3-
methylcyclopentane (3-MP) near to 2. The ratio 2fFBAMP is related
to the rate in the cleavage of C-C bonds locatedkeufd position to
those located in thg position relative to the tertiary carbon atom.
Based solely on statistical considerations thigorahould be 2 [38].
We did not observed cyclopentane or products aj enlargement,
such as cyclohexane and benzene. From our resulspossible to
conclude that non-selective product distributionsvedoserved for all
the catalysts. The MCP hydrogenolysis results etfeinteresting
fingerprints in probing the structure of the Ir-Aatalysts. The data in
the Table 11.6.3 provide a piece of evidence oéiiattion between gold
and iridium particularly at higher gold contents ihe bimetallic
catalysts. For co impregnated catalysts (Cl), thidal rate (MCP

molecules reactedsg,™) increased with the gold content in the
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catalyst. For example, the;dAug(Cl) catalyst has an initial rate of
around two times higher than fog-lAu;(Cl) catalyst. For S| samples a
similar trend was observed. However, the initiaénaas always lower
than the correspondent Cl samples. The monomesaliitples showed
the lowest initial rate values. Besides, the ihitede for monometallic
catalysts slightly decreased when the iridium cointdecreased.
Consequently, the addition of gold in the bimetatlatalysts increased
the initial reaction rate compared with the cormegfping monometallic
Ir catalysts as depicted in Figure 11.6.4. Takimgconsideration that
similar hydrogen amount with respect to iridium @ and H/Ir
values were obtained for all the CI catalysts, wHibr the SI and
monometallic Ir samples the H/Ir values decreaskdnathe Ir content
decreased, these data provide further strong itidicaf interaction
between the Ir and Au. However an increase in ftigal rate was
observed for ClI and Sl bimetallic catalysts whee thu content
increased compared to the correspondent mononcetaties. If the
catalysts consisted of merely separated gold cliséad iridium
clusters, it would be reasonable to expect thatirthi@al rate must be
not affected when gold was incorporated in thelgsts

This expectation would be based on the fact thatgbld did not
present activity for the MCP hydrogenolysis, so theorporation of
gold would presumably behave as an inert diluemwéver, the
addition of gold in the bimetallic catalysts incsed the initial rate
compared with the corresponding monometallic lalysts. These data
provide another evidence of interaction betweenithend Au in the
bimetallic catalysts, particularly for the Cl sampl

This fact may favor the hydrogenolysis reactionteaad of the

dehydrogenation reaction that produces the strodgoration of

- 228 -



UNIVERSITAT ROVIRA I VIRGILT

NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN: 978-84-690-7618-7 / DL: T.1326-2007

dehydrogenated organic molecules on the surfacéhef catalysts
leading the deactivation. In this sense, the deatobn process has

been studied. The results are shown in Figurebll.6.
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Figure 11.6.4Evolution of initial rate (MCP molecules reacted g ™)
versus Au/lr atomic ratios. (a) Cl catalysts, (b) &talysts, (c)

monometallic Ir catalysts.
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Figure 11.6.5 Conversion vs. time curves in the myktyclopentane
reaction at 457K: (a) ClI catalysts, (b) Sl catay$t) monometallic Ir
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catalysts.

Nevertheless all the catalysts suffered deactimationder the
experimental conditions, the order of stability tok catalysts is as
follows: CI > SI > monometallic catalysts. The bialéc catalysts
showed less severe deactivation compared with threometallic ones,
particularly the CI catalysts. The addition of g@demed to play an
important role in the stability of the catalystatltould be related with
the presence of Au atoms on the surface of thaumdhat increases
the capability for the adsorption of hydrogen ire thurface of the
catalyst improving the catalytic behavior.

[1.6.5 Conclusion

Several Ir-Auy-Al ;O3 catalysts were prepared by co-impregnation and
sequential impregnation methods. Iridium and goldnometallic
catalysts were also prepared as references. XRyssmandicated a
broader particle size distribution of the gold @®ym). The iridium
particles distributed on the support originatinghdispersed particles.
Monometallic gold catalyst was inactive for the amgion of
hydrogen. The chemisorption results showed highgdrdgen
adsorption of Ir-Au system compared with the pure This fact
indicated that the adsorption properties were detexd by the
localized properties of the metal surface sitesgesting interaction
between the metals. The main products obtained hem MCP
hydrogenolysis were 2-methylpentane (2-MP), 3-mip#ntane (3-
MP) and n-hexane (n-H). The catalysts tested mwrk showed non-
selective product distribution. In applying MCP hygenolysis as a
probe to establish interaction between iridium gott, it was found

that the incorporation of gold increased the ihizde (MCP molecules
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reacted ¢ g, %) compared to the monometallic Ir catalysts. Beside

low deactivation rate was observed for bimetalltatysts. To explain

this different catalytic behaviour one could comesithat some type of

interaction between Ir and Au in the bimetallicadgsts occurs.
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Final Considerations

Because the high symmetry of thee system, forcing noble-
metal colloidal particles to acquire a non-sphérstepe is not
an easy matter, and involves a competition agaestiesire of
the systems to minimize the surface area energyudftir the
formation of spherical particles. Therefore, thestmocommon
morphologies are isotropic particles, ranging froqoasi-
spherical to highly faceted particles, typicallyirtge octahedral
or cubic in shape as well as nanowires/rods, ndgbedra and
nanocubes. The production of this thermodynamically
unfavorable reaction environment was attributed ttee
preferential absorption of the capping agent, sagkhe case of
the silver nanowires produced by the polyol methodthe
presence of poly(vinyl pyrrolidone) (PVP). Diffeteshapes of
Ag nanoparticles have been prepared by polyol psoessing
PVP as a structure-directing agent. The morphotogie the
silver nanoparticles prepared by the polyol proceese found
to depend heavily on the experimental conditionshsas
temperature and the molar ratio between PVP and GAgN
Three silver nanoparticles were obtained: silvenowdres,
nanocubes and nanopolyhedra with preferred orientain
(111) facets. It is highly possible that the PVRder specific
reaction conditions, is truly helping to increabe tield of a
particular structure, but the growth mechanism khalso
consider nucleation and kinetics, and not onlyriatynamics
or physical constrictions imposed y the modifyirgeat. This
suggestion relies on the formation of twin planest fprobably
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promote the creation of favorable sites for furtlggowth,
leading to the anisotropic growth as observed for silver

particles.

We chose noble metals (such as Ag-Au system) axample
to demonstrate the effectiveness of the phaseferasgstem in
yielding high quality of nanocrystals. Silver andldy form
random solid solutions over the entire compositiange. As a
result, alloy samples with a large variation in face
composition can be formulated and studied. Unifanobel
metal quantum dots, or nanocrystals, were obtainexigh the
reduction by NaBH of the nobel metal ions inside the micells.
Our transmission electron microscopy analysis redegood
uniformity and that the particules were usuallyrannd shapes
with smooth surface. The diameters of the nanoalystan be
reasonably tuned from about 4 to 15 nm. X-ray ddfion
measurement have proven the successful synthesicef
centered cubic structure Ag (JCPDS 4-183), Au (JSRBEL84).
Uniform Au-Ag alloy were obtained. Our XPS analysisre
consistent with the EDX results. All the nanocristaas easily
dispersed in an nonpolar solvent such as toluendonm
homogeneous colloidal solutions which were stabienionths.
By dropping the solution on the surface of a suabstr
monolayer film of functional nanocrystals which Wgreatly

increase their application in nanoscience and tolyy.

Styrene epoxidation by oxygen was carried out dwesi

nanowires promoted with different contents of cesiurwo
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species of oxygen was detected: (i) subsurfaceaxy@) and
strongly chemisorbed oxygen O Addition of CsOH
significantly improves conversion of styrene and #electivity
to SO. The cesium may affect the acid-base praseriy
changing the electron density around the metal. TPR
experiments indicated that the cesium affectedrédeicibility
of the silver. The presence of cesium may al$loence the
type of oxygen present on the silver surface inldgjiwum with
gaseous oxygen and the reaction conditions in eéb&idation
step. Indeed the alkaline metals in metal-basedlysts are
known to facilitate the dissociation of an oxygealacule. This
can explain the positive effect of the alkaline ahgiromoter
observed on the rate of the partial oxidation gfeste. The @
species seemed to be critical for the activity loé tsilver
catalysts. There is a strong correlation betweenptak signal
of the @ specie with the catalytic activity toward the
epoxidation of the styrene. This specie was resptnfor the
high activity and selectivity while the stronglysatbed surface
atomic oxygen () showed lower activity. If the £specie does
not participate in the epoxidation directly at kessrve as like
an oxygen reservoir that supplies oxygen for thactien
playing a key role for the epoxidation.

* The greater the Cu content in the alloy, the smdfle clusters
size achieved. Highly dispersed copper specieseapared for
the partial oxidation of propylene by.®. The spectroscopy
and microscopy findings suggest that the activecisgefor
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propylene epoxidation consists of a highly dispenmsa@noscopic
copper metallic phase. The active phase of coppeears to be
a highly dispersed form of metallic Cu. Higher nhetarticles

favor the formation of total combustion products.

¢ Vanadium (V) oxide supported on mesoporous Sill&C -
41) and TiQ (anatase) promoted by sodium were investigated
in the partial oxidation of ethanol to acetaldehyfleese results
were correlated with the nature of the vanadia isgeformed,
particularly at intermediate sodium contents. Thi&oduction
of sodium may modify properties essential for attivand
selectivity of the vanadium catalyst, such as &ade
properties, reducibility (fax) and rate of electron transfer in the
catalyst and between the catalyst and adsorbedath@he
optical absorption and TPR experiments indicateat #s the
sodium content increased the dispersion of the dianma
species is further enhanced. This work has elteidthat Na
plays a strong role on the dispersion of the vamadspecies
mainly for supports with high surface area sucM&sV-41. As
the sodium content increased the dispersion ofveredium
species is further enhanced. The positive effedilafaddition
on the selectivity to acetaldehyde is mainly du¢ht decrease
in acidity and increase in basicity. The role of tHa it is also
related with the depression of the carbonaceouesitspon the
surface of the catalyst. UV-vis spectra and TPRlyaig also
reinforced that sodium governs the dispersion ahé t
reducibility of the vanadium species. By TPO anialysvealed

that as the Na content increased a less yield éncidrbon
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deposition was found. The Na seems to have a stalagn the
adsorption and catalytic properties of the vanaduatalysts.

Exfoliation is regarded as an effective way of maiing the

accessibility and utility of the LDH host layers agll as

introducing physicochemical properties effects. Thaterials
obtained through exfoliation were composed of vemall

crystallites, usually several tens of nanometersaiaral size,
and often in aggregate form of heavily buckled fongstallites.
The method of exfoliation onto hydrotalcites clgarfluenced
the catalytic activity in the styrene epoxidatismce difference
in textural properties were obtained. Higher swefacea was
generated by exfoliation in the hydrotalcite massti
Exfoliated materials by ultrasound presented tlyhldn surface
area. This fact leaded to an increase number expbssic

sites, and thus to an improved catalytic activity.

Although the iridium-gold system can hardly be ¢des=d on
which form alloys, bimetallic Ir-Au aggregates shemv
improved adsorption and catalytic properties coregavith the
monometallic iridium sample in the MCP hydrogendys
reaction. Several Ir-AyfAl,O3 catalysts were prepared by co-
impregnation and sequential impregnation methoasum and
gold monometallic catalysts were also preparedeéerences.
XRD analysis indicated a broader particle sizerithstion of
the gold (10-40 nm). The iridium particles disttiédi on the
support originating high-dispersed particles. Thengisorption
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results showed higher hydrogen adsorption of Ir-gystem
compared with the pure Ir..Hadsorbs on Ir while it does not
adsorb, at any appreciable extent, on gold. Thas ifedicated
that the adsorption properties were determinedhbyldcalized
properties of the metal surface sites suggestirigrantion
between the metals. The amount &dlsorbed was expressed in
terms of the quantity H/Ir which represents thdoraif the
number of hydrogen atoms adsorbed to the numbethef
iridium atoms in the catalyst. The stoichiometrytioé strongly
chemisorbed fraction was considered to correspdndesely
to one hydrogen atom per surface of iridium atoralués of
H/Ir were higher for bimetallic samples than for mometallic
iridium sample, indication some interaction betweagdium
and gold. These results were interpreted primanlyerms of
near-neighbor electronic interactions between gold iridium
atoms. The gold may affect the electron structdrsuoface of
the iridium atoms and in terms of geometric alierast of
surface. The main products obtained in the MCP dyeinolysis
were 2-methylpentane (2-MP), 3-methylpentane (3-6liR) n-
hexane (n-H). The catalysts tested in this workwst non-
selective product distribution. In applying MCP hygenolysis
as a probe to establish interaction between iridand gold, it
was found that the incorporation of gold increasieel initial
rate (MCP molecules reacted® sg,') compared to the
monometallic Ir catalysts. Besides, a low deacivatate was
observed for bimetallic catalysts. To explain tligferent
catalytic behaviour one could consider that sompe tyf
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interaction between Ir and Au in the bimetallic atgsts

occurred.
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Silver nanoparticles of different morphologies were prepared
using the polyol process and then dispersed on e-alumina.
Catalysts were tested for the selective oxidation of styrene in the
gas phase. Activity and selectivity were strongly dependent on
the morphology of the silver nanoparticles.

Silver catalysts have become increasingly important in the selectrve
oxidation of olefins for the synthesis of industnally interesting
products such as epoxides and aldehydes ' Metal nanoparticles
have attracted considerable attention because of their novel
pliysical properties and thewr potential applications m areas such as
catalysis.? Recently, silver nanoparticles have been synthesised by
reducing silver nitrate with ethvlene glycol in the presence of
poly{vinylpyrrolidene) (PVP) via a polyol process-* It 1s well
known that the activity and selectivity of catalyst nanoparticles are
strongly dependent on their size. shape and surface structure. as
well as on their bulk and surface composition The shape-
conirolled synthesis of metal nanoparticles can open up a new
world of heterogeneous catalysis. This approach may help to
understand the effect of crystal planes on chemical reactrvity.”
Ornented nanoparticles could also be extended to mdustrial
applications to obtain many useful chemicals. In these regards.
catalysts obtamed from silver nanoparticles seem to be particularly
mnteresting for stdying the selective oxidation of olefins with
oxygen as oxidant because it has been demonstrated that silver 1s a
selective catalyst for olefin epoxidation ®

This study investigates how different morphologies of silver
nanoparticles supported on «-AlO; and MgO affect the selective
oxidation of styrene in the gas phase using oxygen as oxidant. The
promotion effect of potassinm hvdroxide on the catalytic activity
has also been wnvestigated.

The catalysts were prepared by two procedures. In the first. the
wetness impregnation method was used to impregnate a-Al,Os and
MgO supports with an appropriate amount of an aqueous sclution
of silver nitrate to obtain 15 and 40 wi% of silver, respectively. In
the second, silver nanoparticles (11 wi%) were dispersed on -
ALO; with an acetone solution. The silver nanoparticles were
synthesized viz a polyol process. In a typical synthesis of silver
nanoparticles, 30 ml ethylene glycol solution of AgNO; (0.25 M.
Aldrich) and 30 ml ethylene glveol solution of PVP (0.375 M in
repeating unit weight-average molecular weight = 40000, Al-
drich) were simmultaneously added m 50 ml ethylene glycol at 433
K under vigorous stimmg. The reaction muxture was then refluxed
for 45 minutes at this temperature. The nanoparticles obtained were
diluted with acetone (about 10 times by volume) and separated
from ethylene glycol by centnfugation at 4000 rpm for 20 minutes.
Silver nanoparticles were also prepared with a PVP/AgNO; molar
ratio of 3. The catalysts were dnied 1n an oven at 393 K for 24 hours
and reduced in H at 623 K for 3 hours before the characterization
and the activity tests.

The samples were structurally charactenzed using X-rav diffrac-
tion (XRD). temperature programmed reduction (TPR), scanning
electron nucroscopy (SEM), transmussion electron microscopy
(TEM) and UV-vis absorption spectroscopy. The selective oxida-
tion of styrene in gas phase at 573 K was carned out in a continuous
fixed-bed reactor over 1.0 g catalyst at atmosphenc pressure. The
catalytic tests were operated at different styrene : O, - Ar molar
ratios. The feed gas mixture (O,. Ar) was delivered by means of

845 |

Chem. Commun., 2004, B46-847 |

Different morphologies of silver nanoparticles as catalysts for the
selective oxidation of styrene in the gas phase
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Firsr published as an Advance Article on the web 26th February 2004

mass flow controllers and the styrene was introduced mto the
reactor by a pump. The products were analysed by a Shimadzu GC
2010 gas chromatograph equipped with a capillary columm and FID
detector.

Fig. 1 shows the morphologies of the catalysts observed by SEM
with a JEOL JSM-35C scanmng nucroscope operated at an
acceleration voltage of 15 KV.

The morphologies of the silver nanoparticles prepared by the
polyol process were found to depend heavily on the experimental
conditions such as temperature and the molar ratio between PVP
and AgNOj;. Previous studies have suggested that the degree of
polymenzation of PVP ( the average number of repeating units m
one PVP molecule) also plays an important role in determining the
morphology of the silver nanoparticles® We obtained silver
nanowires (Fig. 1a) when the molar ratio of PVP and AgNO; was
1.5. These nanowires had a mean diameter of 150 nm. This was
consistent with TEM results. When the molar ratio was increased
from 1.5 to 3. nanopelyhedra were the major product (Fig. 1b). The
SEM image of the 40% Ag/MgO catalyst (Fig. 1c) prepared by
impregnation shows the presence of silver nanowires and other
silver particles domunated by imegular shapes with diameters
between 100 nm and 500 nm Irregularly shaped particles with
diameters between 200 nm and 1000 nm (Fig. 1d) were also
observed for the 15% Ag/a-Al,O; catalyst prepared by wetness
1mpregnation using a silver nitrate solution.

The X-ray duffraction of the nanowires and nancpolvhedra
synthesized vsing the polyol process suggested that silver existed
purely m a face-centered cubic structure (Fig. 2). The X-ray powder
diffraction (XRD) patterns were recorded using a Siemens D5000
diffractometer using nickel filtered Cu Ko radiation (4 = 1.54056
A) in 26 ranging from 30° to 80°.

The diffraction did not suggest the presence of possible
1mpurziies such as Ag>O and AgNO;. The three peaks detected for
the silver nanoparticles were assigned to diffraction from the (111).
(200) and (220) planes of frc silver, respectively. The lattice
constants calculated by XRD for the nanowires and nanopolyhedra
were 4.0839 and 4.0872 A_ respectively, which are very close to the
report data (@ = 4.0862 A, Jomnt Commuttee on Powder Diffraction
Standards file 04-0783). The ratio of intensity between the (111)

Fig. 1 SEM images of silver catalysts.

Thisjournalis @ The Royal Society of Chemistry 2004
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Sensitivity of styrene oxidation reaction to
the catalyst structure of silver nanoparticles

" a0 n 3 gk -
R.J. Chimentao®, I. Kirm", F. Medina™", X. Rodriguez ",
h h * 7 - ~:
Y. Cesteros ", P. Salagre ", LE. Sueiras®, J.L.G. Fierro®
* Departament d Enginveria Quimica, Universitar Rovira § Virgili, #3007 Tarragona, Spain
"IJ\q’Jarmmem de {himica Inorgdnica. Universitat Rovira § Virgili, 43005 Tarragona, Spain
“instiiwo de Catalisiy v Petroleoguimica, CHC Cantoblanco, 28048 Madrid, Spain

Available online 16 March 2005

Abstract

This study shows how different morphologies of silver nanoparticles affect the selective oxidation of styrene in the gas phase
using oxygen a8 oxidant. Silver nanoparticles (nanowires and nanopolyhedra), prepared using the polvol process, were
supported on a-All0s. For comparison, a conventional catalyst oblzined by wet impregnation was also prepared. Phenyla-
cetaldehvde (Phel and styrene oxide (S0) were the main products for nanoparticles catalysts, The promotion effect on the
catalytic activity of potassium and cesium on the silver nanowires catalysts was also studied. At 573 K, the styrene conversion
and selectivity to stveene oxide with the silver nanowires catalvst were 57.6 and 42.5%, respectively. Silver nanopolyhedra
catalyst showed 57.5% conversion and 30.8% selectivity to styrene oxide. The promotion by cesium played an important role in
improving the epoxidation of styrene. The samples were structurally characterized using X-ray diffraction (XRD), ultraviolet-
visible spectroscopy (UV-vis), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) X-ray
photoelectron spectroscopy (XPS) and temperature programmed reduction {TPR) were applied to characterize the oxygen
species detected (Og, Oy) on the silver surface.

[ 2005 Elsevier B.V. All rights reserved.

Kevwords: Silver nanoparticles; Manowires; Nanopolyhedra; Styrene; Selective oxidation

1. Introduction and their potential applications i areas, such as
catalysis [1]. Metal nanoparticles with shape control

Metal nanoparticles have attracted considerable can have structures and  properties significantly
attention because of their novel physical properties different from those conventional materials [2].

Recently, silver nanoparticles have been synthesized

* Comespding auther. Tel: 434 9775 S9767; by rcduum_g sﬂvur_ml:ruLu Wl_ll'.l ethylene gi_\_fuul in the
fux: 434 OTT5 50667 presence of poly(vinyl pyrmolidone) (PVP) via a polyol
E-mail address: fmedina@eseurv.es (F, Madina). process [3-7]. It s well known that the activity and

069433208 — see front madter (© 2005 Elsevier BV, All nghts reserved.
o1 10,10 Eh.lfi.'mensc.‘Iil].’:-.iE.E]ﬁfl
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Styrene epoxidation over cesium promoted silver nanowires catalysts
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Abstract

Epoxidation of styrene to styrene oxide (S0) by molecular oxygen was studied over cesium promoted silver nanowires catalysts. Styrene oxide
(50} and phenylacetaldehvde (Phe) were the main products. The results showed that Cs plays an important role improving the efficiency of the
catalyst. The effect of the reaction temperature and the 0.:CyH; molar ratio on the catalytic epoxidation was also investigated. Low reaction
temperatures or high OxCyH; ratios increase the selectivity to SO. The catalytic activity shows a maximum for silver nanowires promated
with .25 wt.% of Cs, achieving 94.6% of conversion and total selectivity to desired oxidation products (styrene oxide and phenylacetaldehyde).
Besides, negligible deactivation of the catalyst was observed over 30 days of reaction. The experimental characterization was performed by X-ray
diffraction (XRD), scanning electron microscopy (SEM), temperature-programmed reduction (TPR) and X-ray photoelectron spectroscopy (XPS).
The presence of cesium plays a strong role in reducibility of the silver as detected by temperature-programmed reduction analysis affecting the
catalytic activity. The results also suggested the presence of two different species of oxygen formed on the silver nanowires surface after oxygen

exposure.
@ 2006 Elsevier BV, All rights reserved.

Keywords: Silver nanoparticles: Nanowires: Styrene: Cs; Epomidation; XP5; SEM

1. Introduction

Diirect gas phase partial oxidation of olefins by molecular
oxygen to epoxides is long considered one of the most impor-
tant reactions 10 commercial catalysis [1.2]. The styrene 1s a
useful alkene model to study the mechanism reaction of terminal
alkene epoxidation [3]. Silver is considered almost the unique
effective catalyst for the heterogeneous epoxidation reaction [4].
In 1931, Lefort first reported success using silver as catalyst [3].
The ethylene epoxidation is the most studied partial oxidation
reaction 1 industrial process and silver catalyst is the uniguely
used under practical conditions [6].

It is well accepted that the selective oxidation reactions on
supported noble metals catalyst proceed via Mars—van Kreve-
len mechanism. The redox property of the catalyst is therefore
expected to play an important role in these reactions. Alkaline
metals are observed (o enhance the redox activities of a num-

* Corresponding author. Tel: +234 977 559787: fax: +34 977559667,
E-mrilf address: francesc.medina@ury.cat (F. Medinal

L3R1-1169/% — see front matter © 2006 Elsevier BV, All rights reserved.
doi: 10,1016 molcata. 200607 028

ber supported metal catalysts [7]. Commercial catalysts for the
epoxidation of ethylene consist of silver supported on low su-
face area materials such as a-AlaOs. Alkali metals and their salts
have been proposed as promoters in these catalysts. Cesium 15
usually added to the catalvst to improve the selectivity toward
the epoxide [B—13].

To understand the reaction mechanism. the adsorption of
oxygen on silver catalysts has been thoroughly performed.
This technique gives information about which type of adsorbed
oxygen species are responsible in the epoxidation reaction. I
has been observed that the oxygen shows different adsorption
states. The studies devoted to oxygen-silver sysiem suggests
that mainly two different type of oxygen are the active species:
electrophilic oxygen leading to selective oxidation products and
nucleophilic oxygen producing combustion products [14]. These
oxygen species exist on silver catalysts under ethylene epoxida-
tion conditions | 160-300“C) through reversibly and irreversibly
adsorption process. However, the study of oxygen adsorption on
practical silver catalysts is especially complex since silver sur-
faces are polycrystalline and contains a significant proportion of
defect [15]. Some results indicate that the ¢ L | 1) orientation is
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3 Hydrogenolysis of methylcyclopentane over the bimetallic
Ir—Au/y-Al,O;5 catalysts

4
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10
12
13
14 Abstract
15 The gas-phase hydrogenolysis of methyleyclopentane (MCP) was investigated over the bimetallic le-Au/y-AlLO; catalysts. The bimetallic
16 systems containing the atomic Aw/lr ratios in the range of (0.125-8 and a fixed total metal content of 8 wi.%, were prepared by the sequential
17 impregnation (SI)and co-impregnation (CI) methods. The corresponding monometallic Ir/y-ALQOs and Au/y-Al;Os catalysts were also prepared.
18 The materials were characterized by ICP, XRD, N; adsorption, TEM, and H; chemisorption. Highly dispersed Ir nanoparticles were obtained in all
19 cases, while the size of Au nanoparticles increased (up o 50 nm) upon the increasing Au content in the catalyst. The monometallic gold cataly st did
20 not adsorb H,. The incorporation of Au increased the amount of irreversible adsorbed H, in the Ir-Au/y-Al; O catalysts with respect to the
b3 monometallic ones. The products obtained in the MCP hydrogenolysis were 2-methy [pentane (2-MP), 3-methylpentane (3-MP) and n-hexane (n-
n H). The initial rate (molecules of MCP reacted s~' g, ") increased with the Au content. The deactivation was lower for bimetallic catalysts,
3 particularly for the Cl ones. The addition of Au played a significant effect on chemisorption and catalytic properties of Ir.
4 i) 2007 Published by Elsevier B.V.
2 Keywords: Bimetallic; Catalysts; Chemisorption; MCP; Hydrogen; Hydmogenolysis: Iz Au
26
27

1. Introduction sites are covered by hydrogen-deficient hydrocarbon residues.
28 Upon increasing the Hs partial pressures, the hydrocarbon
29 Methyleyclopentane (MCP) is a recognized probe mole- hydrogenation is accelerated and the catalytic process is
30 cule in the investigation of the structure sensitivity of several controlled by isomerizaton of the olefinic intermediates on
31 hydrocarbon conversions catalyzed by noble metal-based the acid centers of the support [9]. Suitable catalysts for
32 catalysts [ 1-5]. The classical work by Gault et al. investgated hydrocarbon rearrangement are bifunctional innature [ 10]. P/
3 [6] the arrangement of methyleyclopentane (MCP) on alumina  vy-Alx05 was applied industrially for hydrocarbon rearrange-
M supported Pt catalysts by 'C tracer techniqgue. Two  ment during 19505 and 1960s, however, it was largely changed
35 mechanisms  were distinguished: cyclic and bond shift, by miscible bimetallic systems such as Pt-Re [11], Pi-Au
36 denoted as CM and BS, respectively. The CM involves  [12], Pt=Ir [13], Pt=Sn [14] and Pd-Au [15]. Here we
37 adsorbed methyleyclopentane (MCP) as the intermediate investigated bimetallic catalysts with very limited miscibility
38 transition state. From this intermediate, three products were in the bulk [16] such as Ir-Au/y-Al,O; in the MCP
39 obtained (n-hexane (n-H), 2-methylpentane (2-MP) and 3- hydrogenolysis. Monometallic Ir supported on oxides has
40 methylpentane (3-MP)), whose distribution changed with the been usually included in systematic studies dealing with
41 Pt content and dispersion. The partial H, pressure plays a  hydrogenolysis of aliphatic hydrocarbons [17]. The presence
42 prominent role in the skeletal rearrangement of hydrocarbons  of Au in the Ir-based catalysts might modulate the catalytic
43 [7.8]. In the absence or low hydrogen amounts, the noble metal performance of Ir for MCP hydrogenolysis since Au is

* Corresponding author, Tel.: +34 977 55 9787,
E-mail address: rchiment@urv.cat (R.J. Chimentio),

0169-4332/8 - see front matter © 2007 Published by Elsevier B.V.
doiz 10, 1016/ apsuse, 2006,1 2061

virtually inactive for dissociative adsorption of Ha [18]. The
effect of Au on Ir dispersion and Ha adsorption properties of
the catalyst was determined, which leads to relevant structure—
function relationships Tor the investigated reaction.

Please cite this article in press as: R.J. Chimentiio et al., Hydrogenolysis of methyleyclopentane over the bimetallic Ir-Awy-ALO, catalysts, '
| Appl. Surf. Sci. (2007). doi:10.1016/j.apsusc.2006.12.061
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Synthesis of silver-gold alloy nanoparticles by a

phase-transfer system
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Y. Cesteros and P. Salagre

Departament de Quimica Inorginica, Universitat Rovira § Virgili, 43005 Tarragona, Spain

{Received 23 June 2005; accepted 15 August 2005)

We have studied the preparation of silver-gold alloy nanoparticles based on the phase
transfer of metal precursors from aqueous phase to organic solution by a fatty amine at
room temperature. Silver-gold nanoparticles were synthesized with different molar
ratios (2:1, 1:1, 1:2). Ultraviolet-visible absorption spectra suggested the formation of
alloy phases. The elemental Ag:Au ratios in the bimetallic nanoparticles determined by
energy dispersive x-ray analysis (EDX) were consistent with the Ag:Au molar ratios
used in the feeding solution. Transmission electron microscopy (TEM) revealed the
formation of a uniform size distribution of Ag:Au nanoparticles (around 5 nm). X-ray
photoelectron spectroscopy (XPS) showed that the composition in the outer part of the
Ag:Au nanoparticles was similar to that obtained by EDX analysis, which indicates the
formation of homogeneous silver-gold nanoparticles. Silver-gold alloy nanoparticles on

a gram scale can be obtained with this method.

. INTRODUCTION

Metal nanoparticles are currently a very active area of
research due to their potential applications in areas such
as electronics and catalysis." Metal nanoparticles have
significantly different properties from those of bulk met-
als.> The unique chemical and physical properties of
nanoparticles are determined by the large proportion of
atoms in surface positions and by the shape control of the
crystallographic planes on the particle surface.” Bimetal-
lic nanoparticles are particularly attractive due to the im-
proved catalytic properties and the change in the surface
plasmon band energy relative to the separate metals.
Many alternative routes to obtaining nanometer-sized
particles of metals have been developed. These include
templating,” photochemistry,® microemulsion,” and or-
ganic encapsulation.” Recent publications have reported
the formation of homogeneous Ag:Au alloy nano-
particles in a milligram scale.”™™ However, these tech-
niques do not avoid the precipitation of AgCl during the
synthesis of Ag:Au nanoparticles, on a gram scale, when
HAuCl, and AgNO, are used as metal precursors. A

* Address all correspondence to this author.
e-mail: fmedina@ etse.urv.es
DOL 10.1557/IMR.2006.0014

J. Mater. Res., Vol. 21, No. 1, Jan 2008
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different gold salt or an adjustment in the solution
concentrations is therefore required.'™® The Ag:Au
system is a good choice because Ag and Au have face-
centered cubic structures with similar parameters that
lead to the formation of random solution alloys at all
concentrations.'®'” On the other hand, Ag and Au mono-
metallic nanoparticles have a different plasmon absorp-
tion in the visible region, and the absorption spectra of
Ag:Au alloy exhibit only one surface plasmon band,
which is related to the alloy composition. Moreover, the
high f density states at E¢ of gold are very susceptible to
modification upon alloy formation.'®

In this study. we report a method for obtaining
homogeneous Ag:Au nanoparticles on a gram scale,
using HAuCly and AgNO; salts as precursors. This
method is based on extracting the metal ions from the
aqueous phase to an organic phase by a fatty amine such
as hexadecylamine. Different organic solutions con-
taining silver or gold metal ions protected by the amine
were prepared separately. The resultant solutions were
then mixed in appropriate amounts to obtain different
Ag:Au molar ratios and finally reduced with sodium
borohydride.

The silver-gold nanoparticles obtained were character-
ized by transmission electron microscopy (TEM), ultra-
violet-visible (UV-vis) absorption spectra, x-ray diffrac-
tion (XRD), energy dispersive x-ray spectroscopy

© 2006 Materials Research Society 105
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Shape controlled metal nanoparticles were studied in the epoxidation of olefins. PVP mediated
polyol processes were employed to generate silver nanowires/rods. nanocubes and nanopoly-
hedra. Spherical copper nanoparticles were also obtained by the polyol process. The mean
diameter of the silver nanoparticles was around 150nm. Furthermore, Cu nanoparticles were
synthesized in an ethanel selution using CTAB as surfactant and as reducing agent.
Additionally Au nanoparticles were synthesized by a phase-transfer system irradiated with
254 nm UV light. The mean diameter of these Au and Cu nanoparticles was around 10 nm. The
catalytic activity of these nanoparticles on several supports such as @-AlO;, CaCO; and
spherical particles of TiO; obtained by the Stober method was investigated in the epoxidation
of a no-allylic olefin such as styrene, as well as for an allylic olefin, such as propene, using
molecular oxygen and N,O as oxidants. The effect of Cs promotion in the styrene epoxidation
was also investigated. The type of metal, the particle size, the support and the oxidant, as well as
the addition of promoters such as Cs, showed a strong influence towards the formation of
selective oxidation products. The metal nanoparticles were characterized employing various
techniques such as X-ray diffraction (XRD), temperature programmed reduction (TPR),
UV-visible spectroscopy, transmission electron microscopy (TEM). scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and ICP-AES.

Keywords: Copper; Epoxidation: Gold; Nanocubes; Nanoparticles: Nanopolyedra; Nanowires;
Olefins; SEM; Silver; TEM; UV-vis

1. Introduction

The development of uniform nanometre sized particles has been intensively pursued
because of the many technological and fundamental scientific interests associated with
these nanoparticles [1]. Nanoscales materials such as metal nanoparticles have received
great attention due to their potential applications in the areas of nanofabrication,
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Abstract
polyol reduction of silver nitrate in presence of poly-
vinyl-pyrrolidone (PVP). The as-synthesized silver
nanowires were deposited on z- Al,O5. For compari-
son silver catalysts were also prepared by welness
impregnation obtaining irregularly shaped silver par-
ticles. Epoxidation of styrene to styrene oxide (50) by
molecular oxygen was studied using the silver calalysts.
The main products were styrene oxide (50) and phe-
nylacetaldehyde (Phe). The promotion effect of the Cs
on the silver nanowires catalysts was investigated. The
Cs loading was in the range of 0-1 wL.% (refereed Lo
silver). Furthermore, the effect of O=CygHg molar ratio
on the catalytic epoxidation was also investigated. Sil-
ver nanowires catalysts showed superior catalytic
activity compared Lo those prepared by impregnation
method. Besides, higher 0,:C¢Hy ratios improved the
selectivity to SO. The catalytic activity showed a
maximum performance for silver nanowires promoted
with 0.25 wi.% of Cs, achieving 94.6% of conversion
and total selectivity to desired oxidation products
(styrene oxide and phenylacetaldehyde). Moreover,
the cesium promotion also contributed o the increase
in the selectivity 1o styrene oxide. Temperature pro-

Silver nanowires have been obtained by
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grammed reduction (TPR) and X-ray photoelectron
spectroscopy  (XPS) were emploved to detect the
presence of different species of oxygen in the catalysts
indicating that subsurface oxygen was beneficial for the
epoxidation. The samples were also structurally char-
acterized using X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron
microscopy (TEM), UV-visible absorption spectra and
selected area electron diffraction pattern (SAED).

Introduction

Materials in nanometer scale are of great interest due
to their unique optical, electrical, and magnetic prop-
erties. These properties are strongly dependent on the
size and the shape of the particles and therefore it is
very important to be able to finely control the mor-
phology of the nanomaterials [1, 2]. Besides, these
malerials have a large fraction of surface atoms per
unit of volume [3]. The ratio of surface atoms to bulk
depends on the particle size. So, a dramatic increase in
this ratio can be expected for metal nanoparticles
changing the physical and chemical properties of these
materials [4]. Current research has been focused on
one-dimensional nanoparticles such as nanorods and
nanowires since the morphological anisotropy results
in very complex physical properties and sell assembly
behaviors compared Lo those bulk materials [5]. Metal
particles have been synthesized by using various
methods such as templating [6, 7). photochemistry [8].
seeding [9, 10], and electrochemistry [11, 12]. Reduc-
tion of the metal complexes in diluted solutions is the
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Effect of H,O on the Adsorption of NO; on -Al;O;: an in Situ FTIR/MS Study
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The effect of water on the adsorption of NO; onto a -ALO; catalyst support surface was mvestigated using
Fourer transform infrared spectroscopy (FTIR) and mass spectrometry (MS). Upon room-temperature exposure
of the alumina surface to small amounts of NO,, nitrites and nitrates are formed, and at higher NO; doses
only nitrates are observed. The surface nitrates formed were of bridging monodentate, bridging bidentate,
and monodentate configuration At elevated NO; pressures. the surface hydroxyls were consumed in their
reaction with NO; giving pnimanly bndge-bound mitrates. A sigmificant amount of weakly adsorbed N,0;
was seen as well. Exposure of the NO,-saturated y-ALO; surface to HyO resulted in the desorption of some
NO, + NO as H,O interacted with the weakly held N;O;, while the bridging monodentate surface nitrates
converted into monodentate nitrates. The conversion of these oxide-bound nitrates to water-solvated nitrates
was observed at high water doses when the presence of liquid-like water is expected on the surface. The
addition of H,O to the NO;-saturated )-AL,O; did not affect the amount of NO, strongly adsorbed on the
support surface. In particular. no NO, desorption was observed when the NOs-saturated sample was heated
to 573 K prnor to room-temperature H;O exposure. The effect of water 1s completely reversible; 1.e.. during
temperature-programmed desorption (TPD) experiments following NO, and H.O coadsorption, the same IR
spectra were observed at temperatures above that required for H;O desorption as seen for NO, adsorption

only experiments.

Introduction

y-Al0; 1s the most frequently used oxide catalyst support
marterial due to 1ts superior chemical and thermal stability and
high surface area. Alumina is used as a support in traditional
three-way automotive catalysts, and it 1s proposed as the support
of choice in lean NO, trap catalysis (also known as NO, storage
reduction, NSR) as well. In this latter application, a basic oxide
(most commonly BaO or K,0) supported on high surface area
y-ALOj; acts as the active NO, storage material 12 The fully
formmlated catalyst also contains a noble metal component (most
often Pt) to convert NO to NO, in the lean operation cycle and
to carry out traditional three-way catalysis chemistry (NO,
reduction and hydrocarbon and CO oxidations) in the rich cycle.
Although it is widely accepted that most of the NO; is stored
on the basic components of the fully formulated catalyst, it 1s
also believed that y-AlyOs can contribute to the total NOy storage
capacity of these catalyst systems as well.

Due to its widespread use as the support of automotive
exhanst control catalysts, a number of previous studies*% have
mvestigated the nteraction of NO., with y-Al,O;. Using
primarily FTIR spectroscopy, a variety of different types of ionic
surface NO, species have been observed when NO, (NO and
NO;) 15 contacted with 3-ALO;. In a comprehensive study of
NO and NO + O, adserption on y-AbO; at room temperatuse,
Venkov et al.* assigned the IR features observed to differently
coordinated nitrite and mirate species on alumina. When a clean
alumma surface was exposed to a mixture of NO and O-, first
nitrites and then, with increasing 0. amounts, nitrates were
formed. Concomitant to the development of IR absorption
fearures characterizing adsorbed 1onic NO, species, the infensi-

* Corresponding author. E-mail: janos szanyi@pnl gov.
T Cumrent address: Department d'Enginyeria Quimica, Universitat Rovira
i Virgili, Tarragona, Spain.

10.1021/1p066326x CCC: $37.00

ties of the voy features of the alumina support gradually
decreased. At the same time, the accunmlation of adserbed N.05
was observed as well Westerberg and Fridell® studied the
adsorption of NO, on y-ALO; at elevated temperatures (from
373 to 673 K) and reported the formation of the same types of
mitrates as just discussed. They also determuned the relative
abundance of these mitrate species with changing femperature.
The results of those experiments allowed them to conclude that
the bond strength between the alumina surface and the nitrate
ions is increasing in the order of bidentate < monodentate <
bridging. The thermal stabilities of NO, species formed upon
the exposure of a y-AlLO; sample to NO was studied in a
combined IR and temperature-programmed desorption (TPD)
mvestigation by Huang et al ® In the TPD spectra, they observed
three NO desorption features at 370, 680, and 800 K: the low-
temperature feature was assigned to NO desorpiion from
adsorbed nitrosyl species, the medium temperature one to the
decomposition of linear and chelated nitrites. and the high-
temperature NO desorption feature (accompanied by O, de-
sorption) was correlated with decomposition of surface bidentate
nitrate species.

These adsorption studies were all carried out with the
exclusion of H,O that 1s present m most of the catalytic
processes m which aluminas are used esther as supports or actual
catalysts. In fact. m the technology we are interested 1n (lean
NO: trap catalysis), there 15 a large amount of water present
over the catalyst under practical engine operation conditions.
Thus, the effect of water on the performance of BaQ/ALO;-
based NO, storage/reduction catalysts has been studied previ-
ously.™ Epling et al.” found that the presence of HyO influences
primarily the NO, uptake properties of Pt/Ba0/AlyO; NSR
catalysts (shortens the time before NO, slip occurs). and this
effect was most sigmificant under low operating temperatures.

© 2007 Amencan Chemical Society
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Exposure of NOy-saturated BaOfy-Al,0y NO, storage mate-
rials to HxO vapour results in the conversion of surface nitrates
to Ba(NOy): crystallites, causing dramatic morphological
changes in the Ba-containing phase, demonstrating a role for
water in affecting the NO, storage/reduction properties of these
materials.

The demand to develop highly fuel efficient internal combustion
engines that require operational conditions of high air-to-fuel
ratios (20 or higher) coincides with increasingly stringent environ-
menial regulations on harmful exhaust gas emission levels. Under
highly oxidizing (lean) conditions traditional, 3-way catalysts are
unable to reduce NO, due to their high oxidation efficiency that
converts essentially all of the reducing agents present in the exhaust
stream to COs. One of the promismg technologies being
considered is lean NO, trap (LNT) systems,"l that operate under
cyclic fashion. NO, 15 being stored on the storage component (e.g
BaO supported on y-ALO;) of the system primarily as nitrates in
the lean cycle. Upon saturation of the NO, storage material, a
brief reducing cycle is applied in which NO, is reduced by the
precious-metal component (e.g. Pt) of the system, similarly to that
known from 3-way automotive catalysis. Recently significant
efforts have been focused on understanding the uptake of NO,
(m particular NO,) by the Ba-containing phase. A number of
spectroscopic investigations have clearly identified the presence of
two different types of nitrate specics present on the BaO phase
upon its exposure to NO.*" These species were identified as
surface nitrates (strongly held NO; on the monolayer of BaO on
the surface of alumina support), and bulk nitrates (nitrates that
formed by the reaction of BaO particles with Nl);j,“ The thermal,
chemical and spectroscopic properties of these two types of nitrate
species are distinctly different. For example, surface nitrates
decompose at a lower temperature than bulk nitrates and, more
importantly, their desorption product is exclusively NO,, while
bulk nitrates decompose as NO + O, at high temperatures
similarly 1o unsupported Ba(NOs) (~ 800 K).

Despite the extensive fundamental studies that have been
conducted on these materials, key issues that strongly influence
the performance of these catalytic systems still remain. One of the
major concerns comes from the fact that under lean conditions the

“Institute for Interfacial Catalysis, Pacific Northwest National
Laboratory, Richland, WA, 99352, USA. E-mail: janos.szanyi@pnl gov;
Fax: 509-376-5106; Tel 509-376-6466

bDeparmrcm af Chemisery, Braokhaven National Laboratary, Upton,
NY, 11973, USA

“Department d'Enginyeria Quimica, Universitat Rovira i Virgifi,
Tarragona, Spain

water level in the exhaust gas is very high (~10%). Previous
studies have indicated a detrimental effect (although in widely
varying extent) of water on the performance of these NO, storage
materials;' 'S however no clear understanding of this effect has
been developed.

Inspired by the contrasting explanations given for the effects
of water on these systems, we conducted Fourier transform
infrared spectroscopy (FTIR), temperature programmed desorp-
tion (TPD), and synchrotron time-resolved X-ray diffraction (TR
XRD) experiments on BaO/y-ALO; materials. The emphasis of
our investigation was to follow the fate of different nitrate speces
formed during NO; adsorption (FTIR), and the corresponding
changes in the morphologies of the Ba-contaiming phase (TR-
XRD) as the samples were exposed to water.

Fig. | displays three FTIR spectra obtained after an § wit%s
BaOfy-Al;Os sample was first saturated with NO; (spectrum (a))
then exposed to HyO at 300 K (spectrum (b)), and finally during
TPD at 640 K sample temperature (spectrum (c)) . The amount of
water added to the system in this experiment is very small, and the
equilibrium water vapour pressure was less than 0.2 Torr aflter the
mtroduction of the last HyO dose.

Exposure of the clean BaO¥y-Al(s sample to NO: resulted in
the development of IR features (spectrum (a)) characteristic of
both surface (1294, 1582 ecm™') and bulk (1325, 1434-1480 em™")
nitrate species associated with Ba(“),tE while evidence was also seen
for the formation of surface nitrates on the alumina support (1270,
~1620 em™"). Upon the introduction of H;O onto the NO»-
saturated sample, first a significant drop in the intensities of IR

204
1.8
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1.4

Absorbancelcm’

/‘-'L_ .}‘
2200 2000 1800 1600 1400 1200
Wavenumbersferm™?

Fig. 1 FTIR spectra collected at 300 K from an & wt% BaQfv-Al0
sample after NO- saturation (a), subsequent H-0 exposure (b), and during
TPD between (40 and 670 K (c).
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The effect of water on the morphology of BaO/Al,O;-based INO, storage materials was investigated using
Fourier transform infrared spectroscopy. temperature programmed desorption. and time-resolved synchrotron
X-ray diffraction techmques. The results of thus multispectroscopy study reveal that i the presence of water
surface Ba-nitrates convert to bulk nitrates and water facilitates the formation of large Ba(NQ;); particles.
The conversion of surface to bulk Ba-nitrates is completely reversible (i.e . after the removal of water from
the storage maternial a sigmificant fraction of the bulk nitrates reconverts to surface mtrates). NO; exposure of
a H;O-containing (wet) BaO/ALO; sample results in the formation of mitrites and bulk nitrates exclusively
(i-e.. no surface nitrates form). After further exposure to NO,, the nitrites completely convert to bulk nitrates.
The amount of NO, taken up by the storage matenial. however, 1s essentially unaffected by the presence of
water regardless of whether the water was dosed prior to or after NO; exposure. On the basis of the results
of this study, we are now able to explain most of the observations reported in the literature on the effect of

water on NO, uptake on similar storage materials.

Introduction

Today, the dnve to increase fuel efficiency in internal
combustion engines 1s coupled with the demand to decrease
hazardous exhaust gas emission. Lean engine operation (higher
than storchiometric amounts of oxygen) can lead to a significant
increase m fuel efficiency; however, 1t prevents the use of
traditional three-way catalysts (TWCs) for emussion control.
Under lean conditions, TWCs bum most of the reducing
compounds present in the exhaust gas mixture, thus starving
the system of an efficient reducing agent for reaction with NO,.
Therefore. eliminating NO, from these highly oxidizing envi-
ronments presents a great challenge. Several new technologies
have been considered for lean NO, reduction in the last two
decades, although very limited practical application has been
achieved. One of the more pronusing approaches 1s the NO,
storage/reduction (NSR) technology (also called lean NO traps,
LNTs). Onginally developed by Toyota in the early 1990s,12
this technology requires cyclic engine operation; in the lean
cyele all of the NO, is converted to NO; and 1s stored as nitrates
(mostly on alkali or alkaline earth oxides), while in a subsequent
short-reducing cycle thus stored NO, 1s released and converted
to N similarly to that in the TWC technology. Despite extensive
research that has contributed to an understanding of NO, storage
and reduction cycles,” several issues remain open and debated
about the operation of these systems.

The effects of H;O and CO, on the uptake of NO, over BaO/
Al,O;-based storage systems have been recognized and

* Corresponding author. E-mail address: janos.szanyi@pnl gov.
TPacific Northwest National Laboratory.

1 Universitat Rovira i Virgili.

¢ Brookhaven National Laboratory.

I University of Waterloo

10.1021/jp067932v CCC: $37.00

reported *° However, the extent of the effects of these
compounds on the NO, uptake and the mechanisms by which
these compounds influence NO, uptake are still widely debated.
In particular, the effect of water seems poorly understood. Toops
and co-workers®” suggest that water pnmanly influences the
alumina support material by preventing NO, uptake on the
alumina support itself and in this way reducing the total NO,
uptake capacity of the entire system. A completely different
explanation has been given by Cant and Patterson.’ who
examined the effect of H:O on the temperature programmed
desorption (TPD) profiles of NO,-saturated BaO/AlO; samples.
They observed that in the presence of HzO 1n the purge gas
(1% H20 1n He) the maximum NO. desorption rate of the low-
temperature desorption feature 1 the TPD spectrum shifted to
a higher temperature (by ~20 K), while the total amount of
NO, desorbed i the lower-temperature desorption feature
decreased at the expense of the lugher-temperature one. Among
a number of possible explanations that they provided, Cant and
Patterson’ preferred the one that suggested the formation of a
Ba(OH); crust on top of the Ba(NO:): particles that slowed
down the decomposition of Ba(INOs),. Lietts and co-workers®
found an mteresting dependence of NO, storage m the presence
of water in the gas stream during the uptake process. They found
that the presence of H,O promoted the uptake of NO, at low
temperatures (<573 K) and inhibited 1t at higher temperatures.
Epling et al* have also shown mhibition of NO, uptake m the
presence of H2O: m particular. m the presence of water the tune
required for the NO, slip to occur was shortened in comparison
as to when water was absent from the system during NO, uptake.
In general, all of the literature data available seem to suggest a
detrimental effect of H;O on NO, uptake. However, the extent

© 2007 American Chemical Society
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Abstract

Mg-Al hydrotalcite-like materials with atomic ratwf 4 were tested as heterogeneous
catalyst. In this work we study the effect on tlatatytic activity by using different
rehydration procedures such as mechanical stirdngiltrasounds. The obtained
materials with a Mg/Al molar ratio of 4 were provéud the styrene epoxidation
reaction using hydrogen peroxide as oxidant inghesence of acetonitrile, acetone
and water. An enhancement in the catalytic activigs observed when both the
stirring and ultrasound time was increased durivgrehydration procedure that can
be correlated with the increase in BET surface afethe obtained materials (>400
m?/g) and the accessibility of the basic sites ofdhglysts due to the high degree of
exfoliation of the HT-platelets. The LDHs were cheterized by inductively coupled
plasma-emission spectrometer (ICP-AES), X-ray ddfion (XRD), thermal
measurement (TG-DTG), high resolution transmisstacttron microscopy (TEM),
N,-adsorption and COTPD. Based on this, exfoliation of the hydrotadsitproduces
reconstructed materials with small crystallites ethiare very active in the styrene
epoxidation compared to the larger crystals preisetite calcined hydrotalcites.
Keywords:hydrotalcite; Mg-Al; styrene; exfoliation; nanopdédéts; HRTEM
*corresponding author

E-mail addresdrancesc.medina@urv.cat

- 255 -



UNIVERSITAT ROVIRA I VIRGILT

NANOMATERIALS IN CATALYSIS: STUDY OF MODEL REACTIONS.
Ricardo José Chimentao

ISBN: 978-84-690-7618-7 / DL: T.1326-2007

- 256 -



