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Short summary

Metal-nanoparticles (M-NPs) are of significant interest due to their novel and
characteristic properties. Their high volume area and number of active centers in
comparison with bulk materials, transform the metal-nanoparticles and nanomaterials into
attractive materials, in particular, in the field of catalysis. Metal-nanoparticles can be
prepared using common organic solvents with the presence of an external capping ligand
or stabilizers to avoid the thermodynamically favored aggregation and agglomeration due
to the Ostwald ripening. lonic liquids (ILs) are a good alternative for the stabilization of
M-NPs due to their ionic nature, high polarity, high viscosity and electrostatic-steric
supramolecular network, which also helps for a homogeneous nucleation and growth of
M-NPs.

In this work, we were focused on the deposition of M-NPs (Ir- and Ru-) on thermally
reduced graphite oxide (also named graphene or abbreviated as TRGO) using the ionic
liquid 1-butyl-3-methyltetrafluoroborate ([BMIm][BF,4]) and propylene carbonate (PC) as
solvents. Metal carbonyls, M,(CO),, are commercially available and easy to handle, and
their use as starting materials for the synthesis of M-NPs limits the formation of byproducts
and the presence of reducing agents is drastically reduce due to the already zero oxidation

state of the metal.

The deposition of iridium-nanoparticles (Ir-NPs) on TRGO could be achieved by the
thermal decomposition of tetrairidium dodecacarbonyl, Irs(CO)q2, in [BMIm][BF4]. The
synthesis of Ir@TRGO nanomaterials were prepared through microwave (MWI) or
electron-beam irradiation (IBA Rhodotron accelerator). Small Ir-NPs were obtained with
narrow size distributions of 1.0 £+ 0.4 and 2.7 £ 0.7 nm for the microwave and of

3.6 = 1.0 nm for the e-beam irradiation experiments.

The stable Ir@TRGO nanomaterials were used for the relevant hydrogenation of benzene
or cyclohexene to cyclohexane, an important intermediate in the synthesis of Nylon. The
microwave-obtained Ir@TRGO nanomaterials achieved a maximal conversion of 95.9 %
with a turn over frequency (TOF) up to 10000 h™" after ten consecutive hydrogenation
runs, meanwhile the Ir@TRGO nanomaterials from the e-beam irradiation showed a lower
TOF of 4582 h™" with a conversion of 96.3 % after five runs. I@TRGO nanomaterials were
also used for the hydrogenation of cyclohexene to achieve a conversion of 85.5 with TOF

of ca. 68000 h~'. The size of Ir-NPs showed a slightly increment after catalysis with size



distributions of 3.6 + 1.1 nm for the microwave irradiation and 4.6 + 1.5 nm for the e-beam

irradiation Ir@TRGO nanomaterials.

Levulinic acid (LA) is one of the products from the lignocellulosic-derived biomass
feedstock, and through hydrogenation reactions could be upgraded to y-valerolactone
(GVL). The Ir@TRGO nanomaterials achieved a TOF of 1430 h™" after four consecutive
hydrogenation runs under solvent-free conditions. The Ir-NPs showed an increment in the

size distributions to 7.8 + 4.4 nm after the catalysis reactions.

TRGO-supported ruthenium nanoparticles (RU@TRGO) were also obtained from the
decomposition of metal carbonyls, Ru3(CO)12, through microwave irradiation in propylene
carbonate. Small size distributions of 4.3 £ 1.4 nm were observed for Ru-NPs without the
presence of agglomeration. RU@TRGO nanomaterials were tested as catalyst for the
hydrogenation of benzene, which achieved a near quantitative conversion in less than
20 min with TOF of ca. 34000 h™". The RU@TRGO nanomaterials could be recovered and
re-used for at least ten consecutives hydrogenation runs; Ru-NPs showed a slightly

increment in the size distribution of 6.7 £ 2.4 nm after catalysis.

In parallel, we were focused on the synthesis of copper-nanoparticles (Cu-NPs) and
cuprite-nanocubes (Cu,O-NCs) in [BMIm][BF4] and PC. Cu-NPs are difficult to synthetized
without an external stabilizer due to their fast oxidation. Here, were chose copper salts, as
Cu(BF4)2, Cu(acac), and Cu(AcO), monohydrate, and the organometallic compound
copper(ll) bis(1-(dimethylamino)propan-2-olate), Cu(OCH(Me)CH;NMe3),, as starting
materials for the synthesis of Cu-NPs and Cu,O-NCs. The reduction and decomposition
through microwave irradiation led to the formation of Cu-NPs with sizes distributions of
45 nm from Cu(BF4); in PC and of 3.3 £+ 0.9 nm from Cu(acac), in [BMIm][BF4]. The
organometallic compound Cu(dmap), achieved size distributions of 3.1 £ 0.7 nm (in PC)
and 3.7 £ 1.4 nm (in [BMIm][BF4]). The Cu,O-nanocubes could be achieved by selecting
the water content metal salt Cu(AcO), monohydrate as starting material in [BMIm][BF4],

which led to the formation of Cu,O-NCs with size distributions of 43 + 15 nm.



Kurze Zussamenfassung

Metal-Nanopartikel (M-NP) sind aufgrund ihrer charakteristischen und neuartigen
Eigenschaften von groliem Interesse. M-NP besitzen im Vergleich zu makroskopischen
Stoffen eine grol’e Anzahl von Oberflachenatomen und aktiven Zentren, die besonders
interessant fur die Katalyse sind. Die Synthese von M-NP in konventionellen organischen
Losemitteln bendtigt externe Substanzen, die an die Partikeloberflache binden, um die
thermodynamische Aggregation durch die Ostwald-Reifung zu vermeiden. lonische
Flussigkeiten (ILs) sind aufgrund ihrer Ladungsdichte, hohen Polaritat, hohen Viskositat
und Eigenschaft um ein supramolekulares Netzwerk zu binden sehr attraktiv fur die
Stabilisierung der M-NP.

In dieser Arbeit wurde die Synthese von M-NP (Ir- und Ru-) und ihre weitere
Immobilisierung auf das thermally reduced graphite oxide (TRGO) in der ionischen
Flussigekeit 1-Butyl-3-methyltetrafluoroborat ([BMIm][BF4]) und in Propylencarbonat
durchgefuihrt. Die Metall-Carbonyl Verbindungen sind komerziell erhaltlich, leicht
verarbeitbar und aufgrund der bereits vorhandenen Oxidationsstufe Null des Metalls, sind
die enstandenen Nebenprodukte und die Verwendung fur Reduktionsmittel drastisch

reduziert.

Die Immobilisierung von Ir-NP auf TRGO (Ir@TRGO) wurde durch die Zersetzung von
Ir4(CQO)42 mit Hilfe vom Mikrowellen (MW)- oder Elektronenbestrahlung (e-beam irradiation)
dargestellt. Die Ir-NP aus den Ir@TRGO-Nanomaterialien zeigen eine Partikelgrof3e von
1.0£04 and 2.7+ 0.7nm aus der MW- und von 3.6+1.0nm aus der

Elektronenbestrahlungsmethode.

Die stabilen Ir@TRGO-Nanomaterialien wurden als Katalysatoren fiur die Hydrierung
von Benzol zu Cylcohexan verwendet. Die Ir@TRGO-Nanomaterialien aus der
Mikrowellenmethode zeigen katalytische Aktivititen von 10000 h™' mit einer maximalen
Umsetzung von Benzol zu Cyclohexan von 95.9 % nach zehn konsekutiven Durchlaufen,
wahrend die Ir@TRGO-Nanomaterialien aus der Elektronenbestrahlungsmethode
katalytische Aktivitaten von 4582 h™' mit einer maximalen Umseztung von 96.3 % ergeben.
Die Hydrierungsreaktion von Cyclohexen zu Cyclohexan erzielt eine groliere katalytische
Aktivitat von ca. 68000 h™' mit einer Umsetzung von 85.5 %. Die Ir-NP wurden nach der
kataytischen Anwendung mittels TEM untesucht. Die Ir@TRGO-Nanomaterialien zeigen

eine Partikelgréfie von 3.6 + 1.1 nm fir die Mikrowellenbestrahlung und von 4.6 £ 1.5 nm
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fur die Elektronenbestrahlung.

Lavulinsaure, der Rohstoff aus der Lignocellulose-Biomasse, wurde ebenfalls durch die
Hydrierung mit Wasserstoff zu y-Valerolacton umgesetzt. Die Ir@TRGO-Nanomaterialien

zeigen eine katalytische Aktivitat von 1430 h™' nach vier konsekutiven Durchlaufen.

Ruthenium-Nanopartikel wurden auf TRGO (Ru@TRGO) in Propylencarbonat nach der
Zersetzung von Ru3(CO)4, durch Mikrowellenbestrahlung immobilisiert. Die enstandenen
Ru-NP aus den Ru@TRGO-Nanomaterialien zeigen eine Partikelgrofe von 4.3 + 1.4 nm.
Die RU@TRGO-Nanomaterialien wurden ebenfalls als Katalysator fur die Hydrierung von
Benzol zu Cyclohexan verwendet, welche ein katalytische Aktivitat von ca. 34000 h™'nach
zehn Durchlaufen in weniger als 20 min zeigen. Die Ru-NP zeigen eine kleine

Veranderung in der Partikelgrofe zu 6.7 £ 2.4 nm.

Neben der Synthese der Metall @ TRGO-Nanomaterialien wurden auch Kupfer-
Nanopartikel (Cu-NP) und Kupfer(l)oxid-Nanowurfel (Cu,O-NC) in [BMIm][BF4] und PC
untersucht. Die schnelle Oxidation von Kupfer-Nanopartikeln an Luft stellen eine grol3e
Herausforderung dar. In dieser Arbeit wurde die Reduktion und die weitere Zersetzung von
unterschiedlichen Kupfer-Salzen, wie Cu(BF4)2, Cu(acac), und Cu(AcO),-Monohydrat, und
der metallorganischen  Verbindung  Kupfer(ll)-bis(1-(dimethylamino)propan-2-olat),
Cu(OCH(Me)CHzNMey),,  durchgefihrt,  um  Cu-NP  und  CuyO-NC  durch
Mikrowellenbestrahlung zu synthetisieren. Die Cu-NP aus Cu(BF4), in PC ergeben eine
Grolenverteilung von 45 nm und aus Cu(acac),; in [BMIm][BF4] von 3.3 £ 0.9 nm. Die
metallorganische Verbindung, Cu(dmap),, ergab eine GroRenverteilung von 3.1 £ 0.7 nm
(in PC) and 3.7 £ 1.4 nm (in [BMIm][BF4]). Die Kupfer-Nanowdirfel konnten bei der
Zersetzung und Reduktion von Cu(AcO),-Monohydrat in [BMIm][BF4] erhalten werden, die

zu Cu0-NC mit einer GroRenverteilung von 43 + 15 nm geflhrt haben.
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Table of abbreviations and symbols

°C Degree Celsius

A Angstrgm

a.u. Arbitrary unit

AAS Atomic absorption spectrometry

bar bar, unit of pressure (1 bar 2 100000 Pa 2 100 kPa)
bp Boiling point

CDG Chemically derived graphene

CNT(s) Carbon nanotube(s)

COD Crystallographic open database
dmap 1-(Dimethylamino)propan-2-olate
DMC Dimethyl carbonate

EDX Energy dispersive X-ray spectroscopy
FID Flame ionization detector

GC Gas chromatography

GO Graphite oxide

GVL y—valerolactone

h Hour

HAADF High Angle Annular Dark-Field

HMF Hydroxymethylfurfural

HR-TEM High-resolution transmission electron microscopy
IL(s) lonic liquid(s)

IR Infrared spectroscopy

LA Levulinic acid

mg Milligram

min Minutes

mL Milliliter
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mm

mol

mp
MTHF
MWI
MWNTSs
NC(s)
nm

NP(s)

PA
PC

ppm
PXRD
rpm
RTIL(s)
SEM
STEM
SWNTs

T

t

TEM
TOF
TON
TOPO
TRGO
TRGO-SH

Millimeter

Unit of amount of substance (1 mol 2 6.022:1023 particles)
Melting point

2-Methyltetrahydrofuran

Microwave irradiation

Multiwall carbon nanotubes

Nanocube(s)

Nanometer

Nanoparticle(s)

Pressure

Pentanoic acid

Propylene carbonate

Parts per million

Powder X-ray diffraction

Revolutions per minute

Room temperature ionic liquid(s)

Scanning electron microscopy

Scanning transmission electron microscopy
Single walled carbon nanotubes
Temperature

Time

Transmission electron microcospy

Turn over frequency

Turn over number

tri-n-octylphosphine

Thermally reduced graphite oxide, graphene

Thiol- functionalized TRGO
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VA Valeric acid

VE Valeric esters

wt % Weight percent

XPS X-ray photoelectron microscopy

0 Theta, angle of diffracted wave in the Bragg’s equation
o Standard deviation

Lambda (wavelength, nm)

] Diameter (particle size)

Table of ionic liquids*

[BF4 * Tetrafluoroborate

[BMIm]* * 1-Butyl-3-methylimidazolium

[BMPyr]* * 1-Butyl-1-methylpyrrolidinium

[CEMIm]" * 1-(3-carboxyethyl)-3-methyl-imidazolium, [CEMIm]*=[CEmim]"
[CF3SO3] * Trifluoromethanesulfonate, triflate

[EMIm]" * 1-ethyl-3-methylimidazolium, [EMIm]*= [Comim]”

[N(TF)2] ™ Bis(trifluoromethylsulfonyl)imide

[PFe] * Hexafluorophosphate

* There are no explicit abbreviations for ionic liquids regarding to the IUPAC. In this

work, the cation will be abbreviated as [Cation]" and the anion as [Anion]".

XV



Table of contents

DECIArAtiON....... e e e e e e e e aaaaa 1
ACKNOWIEAGMENTS ...t e e e et e e e e et e e e e et e e e e etaaeeas A\
0] o) AR =10 [ 2 4 F=1 VPP IX
KUrze ZussSamenfasSUNG .....cccooeieiieie e Xl
Table of abbreviations and symbols ... Xl
PR Yo [T 1T o T 1
PR I T oo T [ o RPN 1
1.2 OrganiC CarbONALES ......uui it e e e e e e e e aanaaas 3
(IR €T T o] a 1= o = SO OS R URRPPPUPPIRt 5
1.4 Synthesis of metal nanoparticles in ionic lIQUIAS ..........coooeieiiiiiiii e 9
1.5 Metal carbonyls for the synthesis of metal nanoparticles ..............cccoveiiiiin 12
1.5.1 Metal carbonyls — synthesis, structure and bonding ............cccccooeiiiiiiinnnn. 12

1.5.2 Metal nanoparticles from metal carbonyls in conventional organic solvents... 16
1.5.3 Metal nanoparticles from metal carbonyls in ionic liquids ..............ccevvveeieeennee. 21
1.5.4 Synthesis in ionic liquid with deposition on support ..........ccoovveiiiiiiiiiieieieeeees 25

1.5.5 Catalytic applications of metal nanoparticles from metal carbonyls in ionic

T[0T £ O UPPURTRRTN 28

1.6 Biomass, a promising feedStOCK...........ccuvviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee e 32
1.6.1 Synthesis of fine chemicals from lignocellulosic biomass .............ccccccvvveeeeeee.. 34

P N | 4 T ) {130 36
K T U o] [Te= 1 [ ] 1 37

3.1 Iridium@graphene composite nanomaterials synthesized in ionic liquid as re-

usable catalysts for solvent-free hydrogenation of benzene and cyclohexene........ 38

3.2 Synthesis of ruthenium@graphene nanomaterials in propylene carbonate as re-

usable catalysts for the solvent-free hydrogenation of benzene.............................. 61

XVI



3.3 Synthesis and application of metal nanoparticles catalyst in ionic liquid media

using metal carbonyl complexes as PreCUrSOrS. .......covvvvveieeeieeiie e 75

3.4 Comparative synthesis of Cu and Cu,O nanoparticles from different copper

precursors in ionic liquid and propylene carbonate .............ccooovviiiiiiiiiiiie e 107

VS U [ o1 o101 o] 111 0 T=To IR Yo o G 128
4.1 Iridium@graphene nanomaterials in propylene carbonate..................................... 129
4.2 Hydrogenation of levulinic acid with r@TRGO nanomaterials. .................cccooee. 131

5. EXPerimental ...t 137
5.1 GENEIAI .. a e e e e e e as 137
5.2 Instrumentation and analytical methods ..............cccooiiiis 139
5.2.1. CEM DiSCOVEI MICTOWAVE .......cuuuuiiiieeeeeeieeeiiiiieaa e e e e e e eeeeeeaaa e e e e e e aeeeeesnnnnns 139
5.2.2. Buchi pressflow gas Controller .............oooouviiiiiiiiiiiiecee e 139

5.2.3. Transmission electron microscopy and energy dispersive X-ray

SPECIIOMELIY ... 139

5.2.4. Powder-X Ray diffraCtion ... 140

5.2.5. Fourier transform infrared SpectroSCOPY .........ceeveeieiiiiiiiiiiiiiee e 140

5.2.6. Atomic absorption SPectrometry ..........oouiiiiiiiiiii 141

5.2.7. Gas chromatography ... 141

5.3 SYNENESIS ... 142

5.3.1. Synthesis of Thermally Reduced Graphite Oxide .............ccoeeeiiiiiviiiiiiininnnnnn. 142

5.3.2. Synthesis of 1-butyl-3-methylimidazolium tetrafluoroborate.......................... 142
5.3.3. Synthesis of TRGO-supported iridium nanoparticles in propylene

(07= 1 oo 0 T= 1 (PP 142

5.3.4. Hydrogenation of levulinic acid with Ir@TRGO nanomaterials ..................... 143

6. SUMMAry and OULIOOK. ............uiiiiiiiiiiiiiiie e 144

A N o o 1= o 1 G PRSPPI 146

7.1 Hydrogenation of levulinic acid to g-valerolactone with IF@TRGO........................ 146

o T U= (=1 (= o T SR 149

XV



1. Introduction

1.1 lonic liquids

lonic liquids (ILs) have been in the focus of researches in the last years due to their
novel properties and wide application fields.[>***®! |onic liquids are described as molten
salts, consisting on the combination of charged inorganic and organic ions, which are
known as room temperature ionic liquids (RTILs) when are liquid at room temperature
(Scheme 1)."#%1% Their tunable physicochemical properties by selecting an appropriate
combination of anions and cations offer many advantages of ILs as solvents, and therefore
are known as “design-solvents”. The high charge density, low vapor pressure (ILs are
almost non-volatile solvents), high polarity, high viscosity, dielectric constant, and the
supramolecular network are some of the characteristic properties of ILs. The most used
cations and anions for the formation of ILs are resumed in the Scheme 1, being the cations
alkylimidazolium and tetraalkylammoniun together with the anions tetrafluoroborate ([BF4])
or trifluoromethanesulfonate ([CF3SOs3]") the most common combinations. The
imidazolium-based ILs are likely coordinated to weekly anions ([BF4]~, [PFs]” or [CF3SO3]")
and had a wide liquid range of temperatures (<80 °C), thermal stability and a negligible

vapor pressures.[Sﬂ1,12,13,14,15,16,17]

Typical cations Typical anions
/7 \®
R/NVN\Me R=nBu, Et, nHexyl CI~, [BF4]~, [PFel”

[RMIm]+= 1-alkyl-3-methylimidazolium

(0]
|
|@ © |
/\/\N_ O—IS—CF3 =[TfO]-
| 5
[BtMA]+= n-butyl-tri-methyl-ammonium trifluoromethylsulfonate, triflate
(0] O
X |
| i o |
®_ F3C—ﬁ—N—IS|—CF3 =[Tf2N]-
N | |
|
"By (@) o
N-butylpyridinium bis (trifluoromethylsulfonyl) amide

Scheme 1 Common cations and anions used for ionic liquids.



The intrinsic organization structures of ILs can be defined as “nanostructured”
arrangements, stabilized by the combination of van der Waals interactions, Coulomb
forces and hydrogen-bond interactions between the cation and anion.!'®181920.21] Thege
interactions provide a three dimensional supramolecular network, where the cations
(IRR’Im]") are surrounded by the anions (A) of the type {[(RR’IM)(A)n)]"", [(RR’IM),
A(A)"L22%a structural pattern which can be observed in the solid, liquid and in gas
phase. The high-organized assembly of ILs offers hydrophobic and hydrophilic domains
with a high directionality (“IL-effect”) and the ionic channels and non-polar regions are
adaptable to many molecules, which allows the inclusion of molecules such as metal

nanoparticles in the structure of the ILs.*?



1.2 Organic carbonates

Organic carbonates (are commonly used for the synthesis of polymers (polyurethanes
or polycarbonates),”” as solvents (in electrochemistry, as organic solvent or for Li-
batteries),?>*?"1 and also in the industry for degreasing, cleaning or as additive for
lubricants.”® Organic carbonates are produced in a multitoned scale® and are stable
polar solvents under ambient conditions with a wide range of liquid temperatures (for

propylene carbonate, PC mp-49 °C, bp 243 °C).l*!

O
MeO)J\OMe o 0] O
Dimethyl carbonate M M J
(DMC) 9o oo o ©
' o
EtO)J\OEt Ethylene cCarbonate Propylene carbonate  Glycerol carbonate
(EC) (PC) (GyC)
Diethyl carbonate
(DEC)

Scheme 2 Lineal (dimethyl carbonate (DMC) and diethyl carbonate (DEC)) and cyclic
organic carbonates (Ethylene carbonate (EC), propylene carbonate (PC), glycerol
carbonate (GyC)).

The synthesis of organic carbonates has been reported and developed in a few different
strategies based on the condensation of alcohols and CO,,*3" the reaction of urea and
diols,®*% or by phosgenation reactions (reaction of hydroxy compounds with pyridine and

an anhydrous solvent),?*%

all of them techniques which have been already
reviewed.?3¢3"1 Among the most used organic carbonates (Scheme 2), dimethyl
carbonate (DMC) and propylene carbonate (PC) are the most common. DMC is actually
used for methylation reactions of aromatics (phenols, anilines or indoles)®=% and PC as
solvent for CO, removal (FLUOR process).*** PC is a biodegradable dipolar solvent with

(23]

a low flammability, low volatility and (eco)-tocixity; and due to their friendly

environmental properties very attractive in homogeneous catalysis in replace to organic

solvents [25:264243,44]

The use of propylene carbonate as solvent for the synthesis of M-NPs rarely appears in
the literature and only a few reports have been described.?*>*¢474® \/olimer et al. reported
the synthesis of metal nanoparticles (M-NPs) in propylene carbonate dispersions./***"!
Stable Mo-, W-, Re-, Fe-, Ru-, Os-, Co-, Rh-, and Ir-NPs were obtained by the thermal

decomposition of metal carbonyls through microwave irradiation to achieve size



distributions of ca. 1-5 nm. The obtained M-NPs/PC dispersions showed a high catalytic
activity for hydrogenation reactions reaching activities up to
1875 (mol cyclohexane) x (mol Rh) 'x h™ with Rh-NPs/PC dispersions under milder
conditions for the hydrogenation of cyclohexene (4-10 bar H,, 90 °C)."*¥ Schiitte et al.
reported the synthesis of Cu-, Zn- and Cu/Zn nanobrass alloy nanoparticles in propylene
carbonate without the presence of stabilizers with the dispersions stable up to six

months.B"!



1.3 Graphene

Carbon-based materials are well-known from a long time, from their allotropes as
diamond or graphite to the more recently materials such as fullerenes, carbon-nanotubes
(CNTSs) or graphene (TRGO or CDG). Graphene, also named chemically derived graphene
(CDG) or thermally reduced graphite oxide (TRGO), appears as a unique, versatile and
interesting material, whose number of publications has particularly grown in the last years
(Fig. 1).1°%?
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Fig. 1 Number of publications about graphene in the last years (reprinted from the Ref. [52]).

Graphene is formed by a two-dimensional layer based on the arrangement of the
sp>-bonded carbon atoms from the six-member ring (Fig. 2).°*** The thermally derived
graphite oxide (TRGO) can be prepared in bulk quantities from the exfoliation of the 2D
layers of natural graphite, whose synthesis has been already described by different
methods,*>°%°" considering the Hummers method®® as the most used. TRGO can be
prepared in a two-step oxidation/thermal reduction process from natural graphite. The
oxidation to graphite oxide (GO) is done using nitric acid and potassium permanganate in
concentrated sulfuric acid solutions.”® The obtained GO has a high content of oxygen on
the surface from the presence of oxygen-content functional groups (carboxyl, hydroxyl, or
epoxy).*®*%% When GO is subjected to rapid heating above 400 °C the functional groups
decompose into CO and CO; gas which exfoliates the layered GO structure into

functionalized graphene sheets.!®"! This thermal reduction of graphite oxide lends its name



to the product (TRGO). By adjusting the reduction temperature, the degree of
functionalization can be controlled. At a lower reduction temperature, more oxygen atoms
remain on the TRGO surface and thereby increase the degree of functionalization. This
degree of functionalization influences on the dispersibility of TRGO in polar solvents®? and
its use as a support material for metal nanoparticles. A higher degree of functionalization
improves the dispersibility, e.g. in water or acetone. Therefore, it can be expected that a
TRGO-material with a high degree of functionalization has a good interaction with metal
particles, and consequently represent an important application in the field of

heterogeneous catalysis.?*”

Graphene is very attractive due to their chemical and physical properties such as high
specific surface area (from 400 m?g™" up to 1500 m?g™"), high elasticity, thermal stability
or electrical transport (from the n-electron system over the Cg-rings), which permits its use
in a wide scope of applications like electronics,’®*® energy storage (Li-Batteries or solar

cells),**%°" sensors,®* or catalysis.**""

Fig. 2 Fullerenes, carbon nanotubes and graphene (reprinted from ref. [53]).



The functionalization of graphene involves a re-hybridization for the inner-carbon atoms
from sp2 to sp3 with the resulting perturbation of the m-system and modification of the
electronic and mechanical properties on graphene. In the literature are already described
covalent and non-covalent approaches for the attachment of functionalized groups over
the surface of graphene.l’""2™ Haddon et al. reported the modification of epitaxial
graphene by attaching nitrophenyl groups to the basal carbon.”"! The surface modification
was achieved by the spontaneous electron transfer from the graphene layer and its
substrate to the diazonium salt. The modification of the inner-carbon introduces an
electron flow barrier due to the transformation of the sp? carbon to sp?, which allows the
formation of insulating and semiconducting domains in the graphene surface.l’® The
attachment of polymers such polystyrene!”>’® or polyanilinel’? is also described in the
literature. The non-covalent functionalization involves the stabilization between the
substrates and the graphene layers through van der Waals and intramolecular interactions
with the n-electron system,”®® which are significant for the research and development of

nanomaterials.’"7"]

OH o
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Fig. 3 Example of covalent modification of graphene by the diazonium salt (adapted from [76]).

The use of ionic liquids (ILs) as solvents for the synthesis of metal@graphene
nanomaterials are very convenient, as ILs help on the growth, nucleation and further
stabilization processes for the formation of M-NPs to achieve small and narrow size
distributions. The dispersions of M@graphene/lLs nanomaterials can be prepared by
chemical reduction,/’®798%81 thermal decomposition,® electrochemistry’® or microwave

reactions (Fig. 4).184858.117]
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Fig. 4 Schematic synthesis of the deposition of metal nanoparticle on thermally reduced graphite

oxide (reprinted from ref. [84]).

(A more detailed introduction of M@graphene as catalyst in ILs is described in the

section 1.5, which is also part of the publication 3.3).



1.4 Synthesis of metal nanoparticles in ionic liquids

Metal nanoparticles (M-NPs) have received lot of attention in the last years due to their
application in fields such as science,®”®® medicine®*? or industry.®" M-NPs can be
prepared by the “top-down” or “bottom-up” approach.®?%%4 |n the “top-down” approach,
M-NPs are obtained from the subdivision and degradation of bulk materials through
chemical, thermal or mechanical processes.®>! In the “bottom-up” approach is involved a
chemical, thermal or physical reduction (or decomposition) of molecular or ionic
compounds (organometallic compounds or metal salts), method by which M-NPs
diameters of < 10 nm can be achieved.®”! The “bottom-up” approach is the most used,
because the obtained nanoparticles are commonly smaller than in the “top-down”
approach, but the small size of the particles favors the formation of aggregates and
agglomerates, converting the synthesis of M-NPs in a challenge and a time consuming
processes.*** The diameter of M-NPs can be influenced by synthesis parameters such

as temperature, pressure, solvent or the character of the stabilizers and capping agents.®!

Nanoparticles have a high ratio of surface to bulk atoms and with the decreasing of the
M-NP diameter the fraction of surface atoms and the surface energy increases greatly (Fig.
5). The surface atoms with their "unsaturated bonds" dominate the chemistry and physics
of nanoparticles.®® In catalysis M-NPs or metal nanoclusters are investigated as "soluble"
analogs of heterogeneous catalysts.['>%°1%! The activity of (heterogeneous) nanocatalysts
benefits strongly from the high surface area. Yet, small M-NPs of just a few nanometers
are only kinetically stable and will agglomerate to thermodynamically more stable larger

(nano)particles in a process called Ostwald ripening (Fig. 5).['°"°¢!
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Fig. 5 Schematic representation of the increase in surface area (top) with fragmentation of a
macroscopic object into nano-objects or the increase of surface atoms (bottom) relative to inner

atoms with decreasing size of a nanoparticle (reprinted from the ref. [109]).



In the last years numerous methods for the synthesis of metal nanoparticles have been

reported using chemical reduction,"'%"""1121131 thermal decomposition,!'™"®! microwave

n [116,117,118,119,120] [121,122,123] n 11241

reaction, sonochemistry, laser ablation, photochemical

reduction,'>'%! or electrochemistry,['?"'?®! and in order to prevent the thermodynamically
favored aggregation, the use of coordinating ligands, polymers or surfactants are
commonly and traditionally added during the synthesis of M-NPs to surround the M-NPs

with a protective electrostatic and/or steric layer.[°8114:129.130.131]
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Fig. 6 Stabilization of metal nanoparticles (M-NPs) in ionic liquids (ILs) (middle) or through
protective ligands (right).

Nevertheless, in catalysis the presence of a protective layer around the particle could
affect to the catalytic activity of the M-NPs. lonic liquids (ILs) are a good alternative to
replace the used of common solvents and external capping ligands because the ionic
nature of ILs favored the stabilization of M-NPs through their electrostatic-steric

supramolecular network (Fig. 6) (see section 1.1).113:22:23.116,132,133,134,133]

ILs are an attractive and suitable media for microwave reactions, or for microwave-
induced thermal decompositions in the case of metal nanoparticle formation due to their
high polarity, high ionic charge and high dielectric constant. ILs show a high dissipation
factor (tan &) for the conversion of microwave energy into heat.!"**"*"1 Microwaves are a
low-frequency energy source which induce an extremely rapid heating process in

high-absorptive media.['**1384% Microwave irradiation directly heats the reaction mixture
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and not the vessel because it is the reaction mixture which absorbs the microwave energy.
This leads to localized superheating, very fast and efficient heating rates so that
temperatures of 200 °C are reached within seconds.!'3®'#1142144 A5 soon as metal

particles are formed, they will also absorb the microwave radiation.

In ionic liquids metal nanoparticles can be kinetically stabilized by virtue of the ionic
nature, high polarity, viscosity and electrostatic-steric supramolecular network of these
molten salts without the need of external stabilizers.!>132223116.132-135145] The yse of ionic
liquids as solvents and stabilizers for metal nanoparticles should avoid the addition of
external capping ligands due to the electrostatic and steric stabilization through the
formation of an ion layer around the metal nanoparticles, although this type of stabilization
is nowadays still a manner of discussion.'*'%®! Reference is usually made to DVLO
(Derjaugin-Landau-Verwey-Overbeek) theory; thereby the IL provides a “protective shell”
for M-NPs 1147148149301 /| O theory predicts that the shell adjacent to the M-NP surface
must be anionic and, as consequence, the IL-anion should be the primary source of
stabilization of the metal nanocluster. The steric demand of the anions then also provides

for a steric stabilization (or electro-steric altogether).

The synthesis of metal nanoparticles in ionic quuids“5” can generally be achieved
through chemical reduction!'2%:192193134.155.156] o qecomposition,!'>” 198199180 by means of
electro-reduction/electro-deposition!'®'121%3 or photochemical reduction!’®>'?®! of metal
salts, where the metal atom is in a formally positive oxidation state (M™). The combination

of metal nanoparticles and ionic liquids is a growing field.[8:910:103:133.164.165,166167.168]

(This introduction section 1.5 is part of a cumulative thesis from the publication 3.3).
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1.5 Metal carbonyls for the synthesis of metal nanoparticles

The oxidation state of the metal atom in binary carbonyls is zero. No reductant is
necessary to derive at zero-valent metal from metal carbonyls My(CO),. Metal
nanoparticles (M-NPs) can be elegantly and easily obtained by thermal, photolytic or
sonolytic decomposition of binary metal-carbonyl compounds, M,(CQO),. The formation of
byproducts is very limited and the liberated CO can be easily removed with the gas
phase.l'®17% As pointed out above, also M-NPs from metal carbonyls need a stabilizer

such as capping ligands, polymers or surfactants to avoid oxidation or aggregation.
1.5.1 Metal carbonyls — synthesis, structure and bonding

Metal complexes with carbon monoxide, CO as a ligand are called metal carbonyls or
carbonyl complexes.''""" The stoichiometry in many metal carbonyls follows the 18-valence
electron rule. Carbon monoxide is a two-electron donor ligand. The CO group binds with
the carbon atom to the metal atom. Metal carbonyls are of structural and of theoretical
interest and technically important as catalysts (e.g. Monsanto acetic acid process,
hydroformylation, Fischer-Tropsch-synthesis). Carbonyl complexes occur mostly with the
transition metals of d-block elements. For main group elements, lanthanoids and actinoids
there are only singular examples with metal-CO bonds. The transition metals V, Cr, Mo,
W, Mn, Tc, Re, Fe, Ru, Os, Co, Rh, Ir and Ni can form metal carbonyls of the general
formula M,(CO),, that is, consisting only of the metal and the CO ligand. Such carbonyl

complexes are called binary metal carbonyls (Table 1).l'""]

Table 1. Binary metal carbonyls.?

Group 5 6 7 8 9 10
Metal V, Nb, Ta Cr, Mo, W Mn, Tc, Re Fe, Ru, Os Co, Rh, Ir Ni, Pd, Pt
V(CO)e Cr(CO)¢ Fe(CO)s Ni(CO),
omplexee. Mo(COs o
P W(CO)s Os(CO)s
Fez(CO)g COz(CO)g
Mn;(COMo  Eo(CO)My  CoW(CO)rs
polynuclear Tc,(CO) Ru,(CO)g Rh4(CO)4,
complexes 2A¥EN0 0 Rug(CO)z Rhg(CO)sg
Os(CO)g
Rez(CO)m 053(C0)12 Ir4(Co12

? Metal carbonyls given in bold were confirmed to be commercially available, e. g., from Aldrich, ABCR or

Acros.
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Examples for the binary metal carbonyl structures are collected in Fig. 7. Metal
carbonyls are commercially available (see Table 1) and relatively easy to handle. Ni(CO)4
and Fe(CO)s are produced on a multi-ton scale.l'”? Metal-carbonyl complexes Fe(CO)s,
Co2(CO)s and Ni(CO)4 can be prepared by direct reaction between finely dispersed metal

and carbon monoxide at elevated temperature and pressure (Eq. 1).

(0] (0] (6]
? ; ﬁ>
oc., | .co «CO .
OC—M! Ni ..
oc” | >co [ Yco oc” N8
C C
(e} (6]
M=V, Cr, Mo, W M = Fe, Ru, Os Ni(CO)4
OC\ co C|:Oco oc & co oc co
$ R OCu2 N_s.CO OCux S.CO
oc—/M 4I\|/I—CO \/Fe<c—r/Fe: */ o\C/Co\’
= 0C ocC 3 co oC o) co
oc °© co ¢ ¢
M= Mn, Tc, Re Fe,(CO)q Co,(CO)g solid state
o)
c
oc oc.,,F| CO OC\ co c
e 3
& co OC—Co——Co—CO
OC\EG/C}%\\ <CO | o
/N 5 °°
ocC c \ Co,(C0O)g gas phase
0 CcO 2 g gas p
Fe5(CO (0] (e}
e3(CO2 0C¢,Co 0c.¢,CO
0 M Ir
(e} oc., | .CO /O
g | oc / Ao\ co o co
oc., [~ G o 7Y Sy oc—r i-CO
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oc” | MY c—=MZl S
é cO 6 L o oc”i>co
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(e] O @)
M3(CO)12, M= RU, Os M4(CO)12, M= CO, Rh |r4(CO)12

Fig. 7 Molecular structures for the binary metal carbonyl examples. Rhg(CO)¢ where the Rhg

atoms form an octahedra is not shown.

A more general synthesis is the reduction of metal salts in the presence of carbon

monoxide (reductive carbonylation) (Eq. 2). Also, CO itself can act as a reductant (Eq. 3).

80 °C
(no pressure)
150-200 °C

———>  C0y(CO
2Co + 8CO n o core 2(CO)g

Ni + 4 CO

Ni(CO), (Mond process)

150-200 °C
Fe + 5CO — Fe(CO)s
CO-pressure (1)

13



140 °C
CrCl; + Al + 6 CO > Cr(CO)g + AICI3
300 bar CO

benzene

2Mnly, + 2ZnR, + 10 CO —— Mny(CO);q + 2 Znl, + 2 R-R

10 RhC|3(H20)3 + 28 CO + 15 H2 —>Rh4(CO)12 + RhB(CO)»]G + 30 HCl + 30 Hzo
Ni,* + S,0,%2 + 4 OH- + 4 CO ——> Ni(CO), + 2S03> + 2H,0 2)

R8207 + 17CO —— Rez(CO)»]O + 7C02

[Ni(NH3)g]2* + 5CO + 2H,0 —> Ni(CO), + (NH,),CO3 + 2 NH,* + 2 NHj 3)

The metal-carbonyl bond consists synergistically of a OC—metal o-donor bond and of
the important M—CO n-acceptor or back bond. The former originates from the c-HOMO of
CO into a metal orbital, the latter involves the electron transfer from an occupied metal d-
orbital into the empty n*-LUMO of CO (Fig. 8).

Energy
M@ - _5—2 ¢ O
M’_’!_g LUMO
. N P
il
o-—-e
'O T oo
v @c—ce

Fig. 8 Frontier orbital section of the qualitative molecular orbital (MO) diagram for the OC—metal
donor o-bond and the M—CO n-acceptor or back bond in the metal-carbonyl bond (HOMO =
highest occupied MO, LUMO = lowest unoccupied MO). For clarity only one of the M—CO n-bonds
is depicted.

Mononuclear metal carbonyls are formed with metal atoms possessing an even number
of d-electrons (d®: Cr, Mo, W; d®: Fe, Ru, Os; d' Ni) such that the d-electron count plus
the number of CO-ligands times two electrons (for each CO) then yields 18 valence
electrons. Example: Fe(CO)s 8 d-electrons + 5 x 2 CO-electrons = 18. An exception is
vanadium hexacarbonyl V(CO)s which forms a stable 17-valence-electron species. Metal

atoms with an odd number of electrons have to form di- or oligonuclear carbonyl clusters

14



with metal-metal bonds. Sharing of metal electrons then leads to the 18-valence-electron
configuration. Example: Cox(CO)s 9 d-electrons + 4 x 2 CO-electrons + 1 metal electron =

18. The even-numbered metal atoms Fe, Ru and Os (d®) form both mononuclear (M(CO)s)
and oligonuclear carbonyl complexes (Fe,(CO)q, M3(CO)12).
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1.5.2 Metal nanoparticles from metal carbonyls in conventional organic

solvents

Most of the early research on M-NPs from metal carbonyls focused on the synthesis of

Fe- or Co-NPs due to their magnetic properties.!'"

In the 1960°s Hess and Parker'’ and Thomas!'”® published the first works on the
synthesis of magnetic cobalt nanoparticles (Co-NPs) by thermal decomposition of dicobalt
octacarbonyl, Co0,(CO)s. The Co-NPs were prepared in toluene dispersions in the
presence of polymer dispersants, such as methyl methacrylate-ethylacrylate-
vinylpyrrolidone terpolymers, high-purity polystyrene, styrene-acrylonitrile polymers,
polyacrylonitril, chloropolyethylene sulfonamide, polyester, and polyether urethanes to
from stable colloids of discrete particles which were separated by polymer coatings. The
particle diameter and stability of the Co-NPs depended on a balance between the ligand
and precursor concentrations, temperature, polymer molecular weight and solvent, to

achieve a uniform size of Co-NPs in the 1-100 nm range.!""”!

Papirer et all'™'" described the preparation of spherical cobalt nanoparticles as a
ferrofluid by thermal decomposition at 110 °C of Co,(CO)s in an aromatic solvent in the
presence of an alkyl sulfonate surfactant. The diameter of the particles was determined by
small-angle-X-ray scattering and magnetic methods to an average diameter of 7 nm. The

intermediate formation of Co4(CO):, was detected.['"®

Suslick et al. prepared amorphous Fe-NPs'®'®l FeCo alloy-NPs!®” and
Mo,C-NPs!'®18" ysing sonochemistry techniques. The volatile metal carbonyl precursors
Fe(CO)s, Mo(CO)s, [Co(CO)3(NO)], were dissolved in a dry high-boiling solvent (decane or
hexadecane) at 0-90 °C and irradiated for 1-3 hours under argon. The sonochemically
produced amorphous Fe-NPs were ten times more reactive per gram in the the Fischer-
Tropsch conversion of carbon monoxide and hydrogen to low-molecular-weight alkanes at
very low temperatures (200 °C) than crystalline iron powder (5 um diameter). At 250 °C,
the activity for cyclohexane dehydrogenation (to benzene) and hydrogenolysis
(predominantly to methane) was over 30 times higher for the sonochemically produced

amorphous Fe-NPs relative to crystalline iron.['"®!

The formation of magnetic CoPt3 Cocqre-Ptshen Nanoparticles was reported by Cheon and
co-workers through redox transmetalation of the reactants Co,(CO)s and Pt(hfac), (hfac =

hexafluoroacetylacetonate), without the presence of external reductants. The composition
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of the nanoparticles could be tuned by adjusting the ratio of the reactants.!"®?!

Lee and coworkers reported the synthesis of iron, chromium, molybdenum and tungsten
metal clusters by laser decomposition of the respective metal carbonyls. The reaction was
carried out using a 10.6 ym CO, laser in the presence of Ar and SFs."® The metal
clusters of Fe, Cr, Mo, and W showed an average particle diameter of 6, 3.5, 2 and ~1 nm,
respectively, with narrow distribution. The presence of argon helped to increase the purity
of the metal clusters by avoiding the formation of higher nuclearity metal carbonyls. SFg
acted as infrared (IR) photosensitizer, which absorbed the 10.6 um IR photons from the
CO; laser and transferred the energy to a metal carbonyl via collisions. The metal clusters
were formed in the body centered cubic (bcc) lattice for Fe and Cr, face centered cubic
(fcc) for Mo, and in an amorphous structure in the case of W (all these bulk metals have
bce structure). Considering the cluster atom count (9630, 1870, 230 and ~30 for Fe, Cr,
Mo and W clusters, respectively) which was estimated from their average diameters, it is
likely that there exists a structural transition from fcc to bulk bcc with increasing cluster

size in these M-NPs.['8

Sun et al. prepared monodispersed iron-platinum (FePt) nanoparticles by thermal
decomposition of Fe(CO)s at high temperatures and the reduction of Pt(acac), (acac =
acetyl acetonate) by using a long-chain 1,2-hexadecanediol. Both reactions were initiated
together in the presence of oleic acid and oleylamine, to provide a controlled route to
monodisperse FePt-NPs."® Further investigations showed that the controlled variation of
the precursors Fe(CO)s and Pt(acac), can be adjusted to obtain ferromagnetic
FePt nanocrystal superlattices. Using dioctyl ether as solvent, a 3:2 molar ratio of Fe(CO)s
to Pt(acac), gave Fe4gPts, particles, a 2:1 molar ratio yielded Fes;Ptsg and a molar ratio of
4:1 gave Fe; Pty particles. The FePt diameter could be tuned from 3 to 10 nm.
Monodisperse FePt nanoparticles were of an average diameter of 3 nm and the
consecutive addition of more reagents could enlarge the existing seeds to the desired

particle size.l'®¥

Puntes et al. reported a pyrolysis method for the synthesis of monodisperse, stabilized
and defect-free e-Co nanoparticles. The magnetic colloids (Co-NPs) were synthesized by
the rapid pyrolysis of Coy(CO)s under inert (Ar) atmosphere to give narrow diameter
distributions (3-17 nm) of Co-NPs controlled by the concentration of the organic

surfactants mixture (oleic acid, lauric acid, trioctylphosponic acid and oxide, pyridine,
etc)_[185,186]
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Weller et al. synthesized CoPt; nanocrystals by reduction of Pt(acac), and
thermodecomposition of Co,(CO)s in the presence of 1-adamantanecarboxylic acid to
produce CoPt; nanoparticles. The mean particle diameter could be varied from 1.5 to
7.2 nm by the reaction conditions and the type of coordinating mixture. As-synthesized
CoPt; particles represented single crystal domains and had a chemically disordered face-

centered cubic (fcc) structure.!'®”]

Rutnakornpituk and coworkers!'®® reported superparamagnetic Co-NPs from Co,(CO)g
in toluene via thermal decomposition in the presence of poly(dimethysiloxane) (PDMS) as
carrier fluid and poly[dimethylsiloxane-b-(3-cyanopropyl)methylsiloxane-b-
dimethylsiloxane] (PDMS-PCPMS-PDMS) triblock copolymers as steric stabilizers. These
copolymers formed micelles and acted as “nanoreactors” for the thermal decomposition of
the metal carbonyl. The nitrile groups on the PCPMS central blocks were thought to
adsorb onto the particle surface, while the PDMS end blocks protrude into the reaction
medium to provide steric stability. The particle diameter could be controlled by adjusting
the cobalt to copolymer ratio and non-aggregated cobalt nanoparticles are observed in
TEM.

Bénnemann et al. prepared cobalt, iron and iron-cobalt nanoparticles via thermal
decomposition in the presence of aluminium alkyls (AIR3), as air-stable magnetic metal
nanoparticles. Once the metal carbonyls, Co,(CO)s, Fe(CO)s or Coz(CO)s/Fe(CO)s, were
decomposed the nanoparticle-AIR3 dispersions were treated with synthetic air through a
thin capillary (giving smooth oxidation to an Al,O3; shell around the M-NP core) to yield
magnetic particles stable in air under ambient conditions for over a year, as confirmed by

magnetic measurements.!'8%1%]

Yang et all™ synthesized magnetic nanoparticles and carbon nanotube (CNT)
core-shell nanostructures, such as CoO/CNTs and Mn3;O4/CNTs, by the non-aqueous
solvothermal treatment of the corresponding metal carbonyls on CNT templates using
hexane as solvent at 200 °C in an autoclave. The hydrophobic interaction between
nanoparticles and CNTs in hexane played the critical role for the formation of CNT-based
core-shell nanostructures. Moreover, the CoO/CNT core-shell nanostructures showed
weak ferromagnetic performance at 300 K due to the ferromagnetic Co clusters and the
uncompensated surface spin states, while the Mn3;O4/CNT core—shell nanostructures
displayed an apparent transition from paramagnetic to ferromagnetic behavior with

decreasing temperature.
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The above examples together with the several reviews published in the last
years!!16:135:173.192.193.194.195] g5\ that magnetic nanoparticles from iron or cobalt were early
on investigated for application in electronics, medicine or industry, but also due to the
commercial availability of Fe(CO)s or Coy(CO)s. By now, M-NPs based on metal carbonyl

precursors appear studied more for catalytic uses.

Hyeon and coworkers!'®® used cobalt nanoparticles for the catalysis in the inter- and
intra-molecular Pauson-Khand (alkyne+alkene or enyne) reactions for the synthesis of
cyclopentenone derivates. The Co-NPs were prepared from Co,(CO)s in dioctyl ether
together with oleic acid and trioctylphosphine. A transmission electron microscopic (TEM)
image confirmed that the particles were well separated and that they are nearly
monodisperse, having a mean diameter of 8 nm. The colloidal cobalt showed a high
catalytic activity for the intramolecular reaction of an enyne, achieving a yield of 97 % at
130°C at a CO pressure of 5atm in comparison with normal heterogeneous cobalt

catalysts supported on silica or charcoal.'%!

Landau et al!" deposited nickel nanoparticles on multiwall carbon nanotubes
(MWCNTs) by sonochemical decomposition of a solution of Ni(CO)s in decaline.
Ni/MWCNT composites contained 25 and 51 wt% nickel, showed good dispersion and
uniformity of size distribution of Ni-NPs at high loadings, together with enhanced catalytic
activity in the selective carbonyl group hydrogenation of chloroacetophenone by factors of

2-18, compared with non-sonochemical decoration methods.

Zachariach et all'®®

generated iron and nickel nanoparticles for the simultaneous
catalytic ignition of toluene in an aerosol reactor. Fe- and Ni-NPs were generated by gas-
phase pyrolysis of Ni(CO); and Fe(CO)s, respectively. In comparison to non-catalytic
homogeneous ignition, the addition of metal NPs lowered the ignition temperature of
toluene by as much as 150 °C. Iron was found to be a more active than nickel. Inspection
of the catalyst indicated sintering at relatively low temperatures presumably as a result of
the exothermic reaction on the particle surface. A turnover frequency of 80 s™' implied
greater catalyst efficiency than commonly found for substrate-stabilized catalysts. Electron
microscopic analysis shows that the Fe-NPs undergo structural transformation (oxidation
and sintering), which is likely initiated by the rapid heat release from the Fe-NP oxidation

process. A similar oxidation process was also observed for Ni catalysts.!"%®!

Chamberlain, Khlobystov, Bourne et al. reported the encapsulation of metal

nanoparticles into single walled carbon nanotubes (SWNT).l'%92%! Metal nanoparticles
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from tungsten, rhenium and osmium were inserted into single walled carbon nanotubes
(SWNT) by decomposition of the corresponding metal carbonyls under heat treatment or
electron beam irradiation. The nanotube host acted as an efficient template, controlling the
growth of M-NPs to ~1 nm in diameter. As a result, the M-NPs stayed largely spheroidal in
shape and were uniformly distributed throughout the entire length of the SWNT. The
released carbon monoxide (CO) gas creates pockets of high pressure between
nanoparticles, thus, preventing their collision and coalescence into larger structures.
Despite their extremely small size (30-90 atoms on average) and unprotected surface, the
metallic nanoparticles encapsulated in nanotubes were very stable under ambient
conditions and even at elevated temperatures.['*® Ru-NPs were also deposited on SWNT
(~1-2 nm diameter) in the gas phase using the volatile Ru3(CO) 2 precursor. Thermal
decomposition of Ru3(CO)s2 generated Ru-NPs size-controlled by the nanotube diameter.
TEM showed very small Ru-NPs with a narrow diameter distribution (0.92 £ 0.13 nm). The
Ru@SWNT nanoparticles were also tested as catalyst for hydrogenation reactions. The
extreme spatial confinement of the RU@SWNT catalyst yielded a lower TOF for the
reduction of cyclic alkenes in comparison to a Ru/C catalyst, but no drop in activity or
change in structure of the Ru-NPs embedded in SWNT were observed over 24 hours at
110 °C.2%

Fu et al. reported the synthesis of cobalt phosphide (Co,P) nanoparticles for
photocalatytic hydrogen evolution in a system with CdS nanorods as photosensitizer and
DL-mandelic acid as electron donor.?"?°2 Co,P nanoparticles were synthesized by
thermal decomposition of Co2(CO)s in 1,2-dichlorobenzene in the presence of tri-n-
octylphosphine oxide (TOPO) and oleic acid. The system demonstrated an H;, production
rate of up to 19373 mmol g~ h™" after 10 h LED light (I > 420 nm) irradiation. Mandelic acid

was oxidized to benzoylformic acid by the holes formed in CdS.[?°"!
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1.5.3 Metal nanoparticles from metal carbonyls in ionic liquids

The formation of M-NPs from metal carbonyls in the ILs can be achieved under inert
gas atmosphere by conventional thermal decomposition (at ~180-250 °C for 6-12 h), by
UV-photolysis (e.g. with a 1000 W mercury lamp for 15 min) or by rapid (3-15 min) and
energy saving (10-150 W) microwave irradiation (MWI) without the presence of any

stabilizer or capping ligand (Fig. 9, Fig. 10, Table 2.).

reaction medium ~
ionic liquid ’
Mx(Co)y »
-y CO

conventional heating: ~180-250 °C, 6-12 h/Q
or
photolysis: 200-400 nm, 1000 W, 15 min
or
microwave irradiation (MWI): <150 W, <15 min

@ =ILcation @=IL anion

Fig. 9 Synthesis and stabilization of metal nanoparticles from metal carbonyl precursors in ionic

liquids.

| somm |

a b

Fig. 10 Examples of TEM images of metal nanoparticles obtained from metal carbonyl precursors
in ionic liquids. (a) Os-NPs from Os3(CO)s.by MWI in [BMIM][BF,], @ 2.5 + 0.4 nm; (b) Ru-NPs
from Ru3(CO);, by photolysis in [BMIm][BF,], @ 2.0 + 0.5 nm (reprinted from ref. [116]).
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Table 2. Examples of metal nanoparticles formed from metal carbonyl precursors in ionic

liquids.
M-NP average
Metal carbonyl T diameter *
Metal precursor lonic liquid standard deviation Remarks Ref.
(nm)
[BMIm][BF4], <1.5+0.3, MWI,
Cr Cr(CO)s [BMIM][CF3SO4], thermal:® c.de [120, 211]
[BMIm][N(Tf),] 44 +1.0, h/
3.6 + 0.7 nm, MW, Iu":;:'eyf; g
Cr(CO)e [EMIm]CI 2.3+0.4 nm, g . [203]
thermal convltza'r3|o1n?, see
ig.
[BMImIBF, | _, _ "
Mo Mo(CO)s | [BMImI[CF;SOs], | _ 115 +26 '\eilvml-:-?r‘r/{alb c.d.e [120, 211]
[BMIM][N(Tf),] |~ 7~ 7™
[BMIm][BF4], 3.1+0.8, MWI;® c.de
W W(CO)s [BMIm][CF3S0O3], <1, hy® see Fig. 11, Fig. | [120, 211]
m 2 <1.5+0.3, therma 12
[BMIM][N(Tf)2] 1.5+0.3, th °
12.4 + 3, MWI; b, c, d
Mn Mn,CO+ [BMIM][BF4] <1, hv . [120, 204]
28.6 + 11.5, MW see Fig. 11
Mn,CO+y [CEMIm][BF,]° 4.3+1.0, MWI [204]
Re Re,COyy [BMIm][BF4] 24 i<01'gh‘l>/|W|’ ¢ d [120]
8.6+ 3.2, MWI;"
Fe Fe,(CO)g [BMIm][BF4] 7.0+3.1, hy c.d. e [132,120]
5.2 + 1.6, thermal®
cyclohexenone
Fex(CO)q [BMIm][BF,] thermal hydrogenat. [205]
cat., see Fig. 16
c, d, e. lg:
1.6 £0.3, MWI;° 'fge '9-
Ru Ru;(CO)s, [BMIm][BF4] 2.0+0.5 hy? T [132,120]
16+ 0.4, thermal® | Nvdrogenation
cat., Fig.16
Ru-NPs
deposited on
Ru3(CO)s, [BMIm][BF4] 2.2 +0.4, MWI TRGO. see text, [117]
Fig. 14, Fig. 17
cyclohexenone
Ru3(CO);, [BMIm][PFg] 2.9 + 0.8, thermal hydrogenat. [205]
cat., see Fig. 16
0.7 £0.2, MWI;" c.de
Os Os3(CO)12 [BMIm][BF4] 2.0+1.0, hy® . [132,120]
2.5+ 0.4, thermal® | S€€Fig- 10
[BMIM][BF4], 5.1 +0.9, MWI;°
Co Co,(CO)g [BMIM][CF3S0Og], 8.1+25, hy? c.de [120,132]
[BMIM][N(Tf),] 14 + 8, thermal’
C0o,(CO)g [CEMIM][BF 4]’ 1.6 £ 0.3, MWI [204]
Fischer-Tropsch
catalyst giving
[BMIM][N(TT),] 7.7, thermal at 150 olefins,
Cox(CO)s [C1oMIM][BF,] °C oxygenates, [206]
and paraffins
(C7'CSO)1
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reusable at

least three
times
Co-NPs with
cubic shape
Cox(COY | [CooMImIN(TR,] | 22 % zfééhfcrma' at together wit [207]
o-NPs o
irregular shape
[N1ggs][N(TT)2], 58+09t016+3 magnetic fluids,
[BMPyr][N(Tf),], | 3.6+0.7t021+6 particle size
Co,(CO)g [BMIm][PFg], 6+t1to7+1 varies with [208]
[BMImM][N(TT).], 11+3 concentration
[BMIm][BF4] 4+2
c, d, e, -
[BMIm][BF4], 1.7 £ 0.3, MWI; fge Fig.
Rh Rhg(CO)16 [BMIm][CF3S0Og], 1.9+0.3, hy® hydroge’nation [132,120]
b
[BMIM][N(Tf)2] 3.5+ 0.8, thermal cat., see Fig. 16
Rh-NPs
deposited on
Rhe(CO)s [BMIM][BF.] 28405 TRG% seetext | )
hydrogenation
cat., Fig. 17
Rh-NPs
deposited on
Teflon-coated
Rhg(CO)16 [BMIm][BF4] 21+0.5 stirring bar, see [209]
text, Fig. 15 and
Fig. 18.
[BMIm][BF.], 0.8 £ 0.2, MWI;® ¢9.¢ hydroge-
Ir Iry(CO)12 [BMIm][CF3S0O3], 1.4 +0.3, hv° nation catalyst, | [132,120]
[BMIM][N(Tf),] | 1.1+0.2, thermal® see Fig. 16
cyclohexenone
FeRu Fex(CO)o, [BMIm][PFg]
11 Rus(CO)1» [BMIm][BF.] 1.7 £ 0.3, thermal hydrogenat. [205]

cat., see Fig. 16

2 For selected IL cations and anions see Scheme 1; ® in [BMIm][BF4] ;° median diameters and standard

deviations are from TEM measurements; ° photolytic decomposition of metal carbonyls with a 1000 W Hg

lamp (200-450 nm wavelength) for 15 min; ¢ thermal decomposition of metal carbonyls for 6-12 h at

180-230 °C depending on the metal carbonyl. f[CEMIm] = 1-(3-carboxyethyl)-3-methyl-imidazolium.

The complete decomposition of metal carbonyls under microwave irradiation occurs in a

rapid and short time (3-10 min) and can be verified by vibrational spectroscopy through

absence of the (metal-carbonyl bands between 1750 and 2000 cm™' after microwave

heating (Fig. 11)."16:120
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o0 I‘ W(COQ)g dissolved in [BMIm][BF ] 0.08 MnoCO4q in [BMIM][BF 4]

W-NPs in [BMIm][BF,] after 3 min MW 0.07 Mn-NPs in [BMIm][BF 4] after 3 min MWI

| 0.06
;J 2 005 \ '

0.01+ 0.04

Raman Intensity
Raman Intensity

0.03 | ‘
0.02 ]} '
B R 0.01 |
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Fig. 11 Raman spectra of W(CO)s and Mny(CO),o in [BMIm][BF,] before and after microwave
irradiation (MWI for 3min at 10 W). Red boxes highlight the characteristic carbonyl and metal
carbonyl bands. [BMIm]" = [C;mim]" (reprinted from references [116,120]).

Tungsten and rhodium nanoparticles from the corresponding metal carbonyls W(CO)s
and Rhg(CO)q6 illustrated the importance of the IL anion for stabilization by showing an
increase in their diameter with the molecular volume of the ionic liquid anion
(Fig. 12) [210,211,212]

45 - 22 -
40_- 20 4 T
35 ] 18
= 1 T 164 -
E 30 £ TEN
% 25 4 % 14 4
i E 124
5 20 s
2 1 o 10
= 154 =z
z ] gz 9 B} L
10 o o THO
0_ T T T T T T T T T T T T 1 2
L

1 N 1 ' 1 ' 1
0.08 0.12 0.16 Q.20 0.24
IL-anion volume (nm™) L-anion valume (nm3)

Fig. 12. Correlation between the molecular volume of the ionic liquid anion and the observed W
(left) and Rh (right) nanoparticle diameter with standard deviations as error bars.”'%*'"! Adapted

from ref. [116] with permission from the author; © 2011 Elsevier B. V.
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1.5.4 Synthesis in ionic liquid with deposition on support

lonic liquids prevent agglomeration by forming a protective layer (shell) around the
particles (core). Also immobilization or deposition of nanoparticles on supports such as

2171 is a means to

graphene,['17209213214 carhon nanotubes®'®2'® or more often Al,O3
prevent agglomeration. Furthermore, when nanoparticles are used as catalysts biphasic
(liquid-liquid) homogeneous-catalytic systems!'?” often exhibit leaching of metal ions to the
products, making their separation and purification process economically and
environmentally more complicated. To avoid these problems, the research and
development of new quasi-homogeneous supported nanoparticle catalyst systems is an

iSSUG.[218’21g]

In the last years, carbon-based materials such as graphene?®?' or carbon
nanotubes®??232241  have become substrates for the depositon of metal
nanoparticles!#2%:226:227:228.229.230.231232,233.234] Tharmg|ly reduced graphite oxide (TRGO, or
also known as graphene)?*>**" has been long known®®??"! and is lately re-discovered as
an extremely versatile carbon material.??°??"2% TRGO can be prepared in a two-step
oxidation/thermal reduction from natural graphite (see section 1.3.).°0°962221 The
functional oxygen-containing (epoxy, aldehyde, hydroxyl, carboxyl) groups still present in
TRGO are an important aspect for the utilization of this material in the field of
heterogeneous catalysis.!**® Surface functionalization and the high specific surface area of
TRGOs of 400 m?g™" up to 1500 m? g~', make them promising support materials for
catalytic applications.!?*°2312%! Examples for metal-nanoparticles on carbon materials can
be found in ref. [84,85,236241].

For the synthesis of M-NPs on TRGO, the IL not only acts as kinetic stabilizing template
in the metal nanoparticle formation process, the IL also helps to exfoliate and separate the
TRGO-“graphene" sheets in order to increase the surface area and accessibility for
deposition of M-NPs. Ruthenium, rhodium or iridium nanoparticles can be supported on
TRGO by decomposition through microwave irradiation of their corresponding metal
carbonyl, Ruz(CO)s2, and Rhg(CO)+6 respectively, in an ionic liquid, e.g. [BMIm][BF4] with
small and narrow nanoparticle distribution (Ru 2.2 £ 0.4 nm and Rh 2.8 + 0.5 nm) (Fig. 13
and Fig. 14).'""
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Mx(CO)y
+

TRGO
("Graphene") —y CO

Fig. 13 Schematic synthesis of transition metal nanoparticles supported on the thermally reduced

graphite oxide through microwave irradiation.[""”!

Fig. 14 TEM images of Ru-NPs (left) and Rh-NPs (right) supported on thermally reduced graphite

oxide obtained upon decomposition of Ru3(CO)i,; and Rhg(CO)ss, respectively, by means of

microwave irradiation in [BMIm][BF,].'"""! (Reprinted from ref. [117])

An example for M-NPs on a non-carbon support was reported with the deposition of
Rhodium nanoparticles onto a standard Teflon-coated magnetic stirring bar which was
present during microwave decomposition of Rhg(CO)16 in [BMImM][BF,4] (Fig. 15). The metal
nanoparticle deposits could not be removed from the Teflon surface by simple washing
with organic solvents. The Rh-NP/stirring bar deposits were barely visible with the naked
eye and amounted to 32 pg or less Rh metal with average diameter 2.1 £ 0.5 nm on a

20 x 6 mm magnetic stirring bar.?*!

26



+ new stirring bar

(unused)
(20 x 6 mm)
Rhg(CO)16
microwave irradiation -
(MWI)
10 W, 6 min

~30 ug Rh-NP
Rh-NP@stirring bar

Fig. 15 Rh-NP deposition on a Teflon-coated magnetic stirring bar from an IL dispersion.?*
(Reprinted in part from ref. [209])
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1.5.5 Catalytic applications of metal nanoparticles from metal

carbonyls in ionic liquids

The absence of a strongly coordinating ligand layer around the metal nanoparticles in
ionic liquids could represent an advantage in terms of catalytic application, because the
shielding of the reactive metal surface towards the reaction substrates is drastically
reduced. The ionic liquid network contains only weekly coordinating cations and anions,
which should bind less strongly to the metal surface, and, hence, should be less
deactivating, than commonly employed capping or protective ligands (cf. Fig. 6). In this
context the system of metal nanoparticles and ionic liquids are sometimes referred to as a
green catalytic system because it can avoid the use of organic solvents. ILs are interesting
in the context of green catalysis®®*? which requires that catalysts be designed for easy
product separation from the reaction products and multi-time efficient reuse/
recycling!®®2**24] The very low vapor pressure of the ILs and the designable low solubility
of organic substrates in ILs help for the separation of the products by distillation or removal

in vacuum or by biphasic liquid-liquid separation.

Metal nanoparticles, which are stabilized on the ILs network, were shown to be
recyclable and reusable catalysts, because the IL is able to retain and stabilize the M-NPs
in its network.”?? The use of M-NPs/ILs dispersions (with M-NPs from non-metal-carbonyl
sources) as catalyst systems for many catalytic reactions were already reviewed.['%107:243]
The higher high surface area with decreasing diameter of M-NPs provides a larger number
of active sites, which generally increases the catalytic activity.!'>100:242246247] Generally, the
catalytic properties (activity and selectivity) of dispersed M-NPs indicate that they possess

pronounced surface-like (multi-site) rather than single-site-like character.[24024"]

Generally, iron,*®  ruthenium,*®  chromium,?® palladium®*® or iridium!'®
nanoparticles were used for diverse catalytic reactions in organic chemistry such as
hydrogenation,'0210%:106:205] Ly qroformylation!’®! and cross-coupling,!'%%2*®! in multiphase

conditions!'®*'%! and in energy-related processes such as biomass refinement.?%*!

Superparamagnetic cobalt nanoparticles (Co-NPs) from Co,(CO)s in ionic liquids, e.g.
1-alkyl-3-methylimidazolium-[N(Tf),]-ILs, with a particle diameter between 5-8 nm were
catalysts for Fischer-Tropsch synthesis. The reaction of syngas was carried out at 20 atm
of H,/CO(2:1) at 210 °C for 100 h and led mainly to hydrocarbons (Diesel-like products,

C7-Cap paraffins) and could be reused at least three times if they were not exposed to
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air [206.:207]

Stable dispersions of Ru-, and Rh-NPs/[BMIm][BF,] obtained by microwave irradiation
from their metal carbonyls were tested as catalyst for the biphasic hydrogenation of
benzene or cyclohexene to cyclohexane under organic solvent-free conditions
(Fig. 16).[120211]

550
500
4504

400

3504

@

[BMIm][BF 4]
O @ : & 250
M = RU, Rh 200 T T T T T T T

Hy, 4-10 bar, 75-90 °C

300

activity [mol cyclohexane x (mol Ru)_1 X h_1]

hydrogenation run

Fig. 16 Schematic hydrogenation reaction of cyclohexene to cyclohexane with Ru-, Rh- and
Ir-NPs/IL dispersions (from metal carbonyls, see above) without use of an organic solvent besides
IL and substrate.!"""'2°2"l The activity or turnover frequency (TOF) as (mol cyclohexane x (mol
Ru)" x h™ increases with the hydrogenation run (re-use) for the Ru-NPs/IL catalyst. The
hydrogenation reaction with Ru was run at 90 °C and 10 bar H, to 95 % conversion where the
reaction was intentionally stopped as thereafter the decrease in cyclohexene concentration
lowered the reaction rate.l” It was suggested that this activity rise with each recycle could be due
to surface restructuring and/or the formation of active Ru-N-heterocyclic carbene (NHC)®* surface
species. If the rate of restructuring or NHC-Ru formation reactions is slow then the continuous
formation of defects, edges, corners, or steps on the surface, which are known to be more active
sites,™” will gradually increase the catalytic activity even after seven runs.''”® Rh/[BMIm][BF,]
catalyst yielded an activity of 400 mol product x (mol Rh)™" x h™ with quantitative conversion at
75 °C, 4 bar H, pressure and 2.5 h reaction time. With the homologous Ir/[BMIm][BF,] catalyst
even higher activities up to 1,900 mol cyclohexane x (mol Ir)”" x h™" could be obtained under the
same conditions due to a shorter reaction time of 1 h for near quantitative conversion.!"®”
Reprinted from ref. [120].

The composite nanomaterials of Ru-NP/TRGO and Rh- NP/TRGO (obtained from metal

carbonyls in ILs, see above) were catalytically active for the hydrogenation of cyclohexene

or benzene with complete conversion to cyclohexane under organic-solvent-free and mild
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conditions (50-100 °C, 4-10 bar H,) (Fig. 17).["""]

1600 4
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4-10 bar H,

hydrogenation run

Fig. 17 Schematic hydrogenation reaction of benzene or cyclohexene to cyclohexane with Ru-, or
Rh- under organic-solvent-free conditions. The constant activities for cyclohexene hydrogenation
over 10 consecutive runs were achieved at 4 bar H, and 75 C with 0.01 mol cyclohexene,
1.89 x 107 mol Ru (molar substrate to metal ratio 530) or 1.82 x 10™° mol Rh (molar ratio 550)
(11 mg M-NP/TRGO with 17.4 wt% Ru or 17.0 wt% Rh, respectively)."'”! Reprinted from ref. [117]
with permission from the author; © 2010 Elsevier Ltd.

In addition, the Rh-NP/stirring bar could act as an easy to handle and re-usable catalyst

in the organic-solvent-free hydrogenation reaction of cyclohexene with quantitative

conversion and very high turnover frequencies of up to
32800 mol cyclohexene x (mol Rh)™ x h™ (Fig. 18).12%°!
35000
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: 30000 - / \\l
= il |
X 25000 4 / A
.g. ,"‘; \\\
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hydrogenation run

Fig. 18 Schematic benzene or cyclohexene hydrogenation by Rh-NPs deposited on a Teflon-
coated magnetic stirring bar and the activity plot over 10 consecutive runs for cyclohexene
hydrogenation (conditions 6.8 mmol cyclohexene, 3.1 x 10~" mol Rh, molar ratio ~22,000; 75 °C,

4 bar H,).?® Reprinted in part from ref. [209] with permission from the author; © 2010 Elsevier Ltd.
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Comparative activity data for related M-NP catalysts in cyclohexene and benzene

hydrogenation reactions was given in the aforementioned articles.[6:117:120. 209.211]

Fe-, Ru- and bimetallic Fe-Ru-NPs were tested as catalysts in [BMIm][BF4] and
[BMIm][PFg] for the hydrogenation of cyclohexenone to mostly cyclohexanone and partly
cyclohexanol at 50 °C (Fig. 16). The bimetallic FeRu (1 : 1) alloy was most active followed
by the pure Ru-NPs. Addition of CO; to the IL reaction mixture increased the reaction rate
up to four times faster with 60 bar of CO, than without. At 60 bar of CO, a high selectivity
>95 % to cyclohexanone, at a TOF of ca. 300 h™', was achieved and the catalyst could be

reused 5 times without noticeable deactivation.?%!

O OH | O OH

— A
A glelele
H,, 50 bar, 50 °C

rate increase with +60 bar CO, selectivity >95%
w. FeRu-NPs at 60 bar CO,

Fig. 16 Cyclohexenone hydrogenation to mostly cyclohexanone with Fe-, Ru- or FeRu-NPs
obtained from (mixtures of) Fe,(CO)s and Ruz(CO)4, in IL.12%!

Cr-NP catalysts from Cr(CO)s could dehydrate glucose to 5-hydroxymethylfurfural

(HMF) (Fig. 17) in the IL [EMIm]CI at T =120 °C. Mn-, Fe- or Co-NPs from their carbonyl
[203]

complexes did not catalyze this conversion.

HOH

H o 100-120 °C > HO 1\
H

Fig. 17 Conversion of glucose to 5-hydroxymethylfurfural (HMF) by Cr-NPs (obtained from Cr(CO)s
in IL).[2%%

(This introduction section 1.5 is part of a cumulative thesis from the publication 3.3).
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1.6 Biomass, a promising feedstock

In the 19" century the discovery of the crude oil or petroleum as a feedstock for the
production of energy and fuels produced a worldwide impact and a huge change on the
industry. However, the use of fossil fuels, especially in the petrochemical industry,
contributes to the global warming, acid rain and the deterioration of the air quality because
of the generation of gas emissions (nitrous acid and methane), a high consumption of heat
and energy and the greenhouse effect gases through its combustion.”*"! Biomass is a
good alternative to fossil fuels for the production of bio-fuels, chemicals and energy,

becoming a new research focus for researches in the last years (Fig. 19).[25%253:254.25%]

An estimated quantity of 1.3 x 10° metric tons of dry biomass/year can be produced
(from the agriculture and forest) only in the U.S. as the U.S. department of Agriculture
(USDA) as the Oak Rigdest National Laboratory reported.”® The demand of biomass is
increasing in the last years, and some chemical or oil companies, as Shell®*" or
Dupont®*®2*%l among others,?®*?®"! are developing the implantation of new infrastructures

for the production of biofuels from the biomass.

Ash i Biomaterials

Recycled \

J

L : 5 . . —
. \‘ > >
e Electricity
Biomass _ jem— rilrtbee
/ EEE
>

End-of-life biomaterials

Fig. 19 Biomass to biofuels, energy and biomaterials cycle (reprinted from ref. [255]).
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Biomass is a renewable source which growths from the organic waste (forest products,
agricultural waste, sugar or starch crops, or water weed) and the reaction (photosynthesis)
of CO, Hy0O, sunlight and air to obtain the renewable carbon-based feedstock,
lignocellulose (Fig. 20).%*% Lignocellulose is formed by lignin (10-25 %), cellulose
(40-80%) and hemicellulose (15-60 %).?°22%% The lignin fraction can be removed from
biomass through depolymerization/solubilization in alkaline-alcohol solutions and it is
commonly destined for the synthesis of bio-fuels or burned for the production of heat and
electricity.[?642652%%1 Hemicellulose contains five different sugar monomers as D-xylose,
L-arabinose, D-glucose, D-galactose and D-mannose, and the most common application,
after their extraction and hydrolysis, is for the production of ethanol (via fermentation) or
for the preparation of furfural (via dehydration).?®”2¢82%°l Cellulose, in comparison with
lignin and hemicellulose, is commonly used for the synthesis of fine chemicals. However,
the hydrolysis of cellulose needs strong mineral acids solutions (H>SO,4) and higher

temperatures for the formation of hydroxymethylfurfural (HMF) and levulinic acid (LA),

among other chemicals.!?"%2""!
Ethanol Diesel Fuels
EDIBLE: Starch Oils

LIMITED QUANTITY

J

\ NON-EDIBLE:
ABUNDANT

Y

Lignocellulose :

“Cellulose  Hemicelulose  Lignin -~
A

UPGRADEABLE
PLATFORMS

TRANSPORTATION
- FUELS

Fig. 20 Biomass based materials platform for the synthesis of biofuels (reprinted from ref. [251]).
Lignocellulosic biomass is mainly processed by thermochemical (gasification, pyrolysis

or liquefaction) and hydrolysis routes.”’? The thermochemical processes involve high

temperatures (up to 500 °C) and pressures, and are normally coupled to the syn-gas
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catalytic process (such as the Fischer-Tropsch, methanol or Water-Shift synthesis) for the
synthesis of bio-fuels.1251273:274.275.216.217] \jeanwhile, in the hydrolysis route the biomass is
treated by chemical or biological processes, which are more expensive as the

thermochemical, however offer a wider selective range of chemicals and processing
OptiOﬂS.[251’264'278’279’280'281]

1.6.1 Synthesis of fine chemicals from lignocellulosic biomass

The synthesis of sugars from lignocellulosic biomass requires a previously
pre-treatment to decrease the crystallinity of cellulose as well as to achieve the separation
of the hemicellulose and lignin from the cellulose. Pre-treatment of lignocellulose is the
most expensive process of the biomass treatment and includes chemical, physical and
thermal treatments.”®” The hydrolysis of the obtained cellulose is used for the production
of sugars (glucose or xylose), which can be converted into fine chemicals such as

hydromethylfurfural (HMF) or levulinic acid, and fuels (for the ethanol production).

Levulinic acid (LA) can be easily and cheaply produced from the hydrolysis of cellulosic
biomass.?®%%%% The further chemical reactions as hydrogenation, (de)hydration or
hydrogenolisis convert the levulinic acid into derivates as y-valerolactone (GVL), valeric
fuels, pentanoic acid (PA), 5-nonanone or methyltetrahydrofuran
(MTHF),[251:284,285,286,287,288,289.290.291] ' Ay jnteresting product from the hydrogenation of
levulinic acid is y-valerolactone (GVL).”®" GVL is a colorless liquid commonly used as
additive for perfumes or food due to their sweet and herbaceous odor and is stable at
normal conditions with a high boiling point (207 °C), and it is also used as solvent for the

synthesis of valeric esters, butane or MTHF [28%:292.29]

Noble metals, such as Zr-, Cu-, Pt-, Ru-, or Pd-NPs, are commonly used as catalysts for
the hydrogenation of levulinic acid, which are usually supported on carbon. The reduction
of levulinic acid can be done using molecular hydrogen[?®4295:2%.2971 ¢ formic acid as

reductant,?*®?° peing Ru-3%" and Pd-NPs?%? often used.

Weckhuysen et al. reported the influence of the support for Ru-NPs in the
hydrogenation of levulinic acid.®®® Non-acidic materials (Ru/TiO,) show higher selectivities
to GVL as when zeolite materials are used (Ru/H-b or H-ZSM5). However, the strongly
acidic sites on the zeolite materials can upgrade the levulinic acid conversion to pentanoic
acid (PA).
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Supported palladium nanoparticles (Pd-NPs) on SiO, were also reported by Yan et al.
achieving a turn over number (TON) of 884.7 for a 97.3 % conversion of LA to GVL.F*
Other mesoporous supports such as MCM-41, ZrMCM-41 and TiIMCM-41 were also tested
for supporting Pd-NPs for the hydrogenation of LA, reaching high conversions and

selectivity’s after several hydrogenation runs without loss of their catalytic activity.**”!

Recently, Chieffi et al. reported the use of FeNi-bimetallic nanomaterials to obtain GVL
at 150 °C and 50 bar H, in EtOH solutions to achieve conversions of 99.6 % to GVL.*%
Yang et al. also described the used of Ru-Ni/C bimetallic nanomaterials for the
hydrogenation of LA to GVL. Ru-Ni/C nanomaterials can be recovered and re—used for at
least 15 consecutive hydrogenation runs reaching activities with a turn over frequency of
>2000 h™".B7
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Fig. 21 Reaction routes from lignocellulosic biomass to fine chemicals (adapted from ref. [291]).
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2. Aim of this work

The synthesis of metal nanoparticles is usually done using capping ligands or stabilizers
to stabilize and avoid the aggregation and agglomeration of the particles. However, the
presence of ligands around M-NPs could reduce the catalytic activity, and therefore the
application. The aim of this thesis was based on the synthesis of “naked” metal
nanoparticles in the ionic liquid 1-Butyl-3-methylimidazolium tetrafluoroborate,
([BMIm][BF4]), and in propylene carbonate (PC) through the reduction or decomposition of
metal salts or metal carbonyls by microwave irradiation without the presence of external

stabilizers.

The use of metal carbonyls compounds should be investigated as starting materials.
Iridium- and ruthenium-NPs should be deposited on thermally reduced graphite oxide
(TRGO) by the thermal decomposition of Irs(CO)12 and Ru3(CO)q2 through microwave
irradiation in [BMIm][BF4] and PC. The obtained Ir@TRGO and Ru@TRGO nanomaterials
should be investigated for hydrogenation reactions as reusable catalysts for more than

5 consecutive runs.

This work is also focused on the synthesis of copper nanoparticles (Cu-NPs), a more
challenging research due to the quick oxidation and aggregation of Cu-NPs. The induced
microwave-reduction of the different copper salts or organometallic compounds should be

tested in both solvents, ILs and PC.

Metal-nanoparticles and metal @ TRGO nanomaterials should be fully characterized by
transmission electron microscopy (TEM) for an accurate size distribution of the
nanoparticles, together with a further analysis by powder X-ray diffraction (PXRD), energy
dispersive X-ray spectroscopy (EDX), atomic absorption spectrometry (AAS) and X-ray
photoelectron spectroscopy (XPS), which gives more information about the composition,

oxidation state, and the metal content on metal @ TRGO nanomaterials.
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3. Publications

In the following sections (3.1-3.4) are described the publications which are part of this
cumulative thesis. The publications are cited by the chronological order of publication and
submission, with their own references list. A brief introduction and summary of each

publication is given, together with the assignments of tasks of the authors.

The unpublished results are presented in the section 4 of this work.

37



3.1 Iridium@graphene composite nanomaterials synthesized in ionic
liquid as re-usable catalysts for solvent-free hydrogenation of

benzene and cyclohexene.

R. Marcos Esteban, K. Schutte, P. Brandt, D. Marquardt, H. Meyer, F. Beckert, R.
Mulhaupt, H. Kélling, C. Janiak.

Nano-Structures & Nano-Objects 2015, 2, 11-18.
http://dx.doi.org/10.1016/j.nan0s0.2015.07.001, ref. [85].

Small iridium nanoparticles (Ir-NPs) can be easily obtained and supported on thermally
reduced graphite oxide (TRGO) after decomposition of tetrairidium dodecacarbonyl,
Ir4(CO)q2, by two different heating methods such as microwave irradiation (MWI) and
electron-beam irradiation (IBA Rhodotron accelerator) (Scheme 3).

MWI: 200 W, 250 °C,

Method 1a: 90 min
Method 1b: 3 x 20 min

(CO) +

e-beam irradiation
Method 2:
10 MeV,3x1s
-12CO

10 bar H,
10 runs

0-0 O

Scheme 3 Schematic synthesis of Ir@TRGO in [BMIm][BF,] and their application as catalyst for

hydrogenation reactions of benzene or cyclohexene to cyclohexane.

The stable Ir@TRGO nanomaterials were characterized by transmission electron
microscopy (TEM) showing a well size distribution of the Ir-NPs on the TRGO layers with
an average of 1.0 £ 0.4 and 2.7 £ 0.7 nm for the microwave reactions (method 1a and 1b
respectively) and of 3.6 + 1.0 nm for e-beam irradiation (method 2). Further analysis were
done by powder X-ray diffraction (PXRD), energy dispersive X-ray spectroscopy (EDX),
infrared spectroscopy (IR) and atomic absorption spectrometry (AAS) to give information

about the composition and structure of the Ir@TRGO nanomaterials.

The Ir@TRGO nanomaterials were tested for the relevant hydrogenation of benzene or
cyclohexene to cyclohexane, a useful feedstock for the synthesis of Nylon or caprolactam

[308,309]. The hydrogenation reaction were done under mild conditions (100°C,
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10 bar Hy), where Ir@TRGO nanomaterials show a good selectivity to cyclohexane without
the presence of secondary products as cyclohexene. The catalyst could be recovered and
re-used for at least ten consecutive runs without loss of activity and achieving turn over
frequencies up to 10000 h™" (Fig. 22).

The Ir@TRGO nanocomposites seem to be very stable along the consecutive
hydrogenation runs and heating processes and the Ir-NPs increases their size only

ca. 1 nm after ten consecutives runs (Fig. 23).
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Fig. 22 Turn over frequency over number of run for the hydrogenation of benzene to cyclohexane
using Ir@TRGO nanomaterials (method 1b) as catalyst (100°C, 10 bar H,).

Fig. 23 TEM images of Ir@TRGO nanomaterials (left) before and (right) after the hydrogenation of
benzene (method 1b).
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