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Abstract

This PhD Thesis addresses the tailored synthesis of metal/carbon hybrid 

nanomaterials from a novel “laser chemistry” approach, based on the idea that the 

composition and structure of the synthesized materials can be tuned by selecting the 

laser irradiation parameters and the chemical composition of the ablated coordination 

compounds.  

The work presented here is mainly focused on the synthesis of metal/carbon foams, 

which consist of metal nanoparticles embedded in nanocarbon matrices which comprise 

both graphitic nanostructures and amorphous carbon. By selecting the ablated ligands 

and laser parameters used (such as irradiance, and laser operation mode -continuous 

wave or pulsed mode-) this versatile “laser chemistry” method enables tailoring the 

metal loading, and nanoparticle size and composition, as well as the structure of the 

produced carbon matrices. Moreover, metal-free carbon foams have been also 

synthesized by this laser technique. This work also discusses on the physicochemical 

properties (textural-, magnetic-, and electrochemical properties), and processing of the 

produced nanostructured materials, as well as on the mechanisms involved in plasma-

assisted high temperature assembly of carbon- and metal building blocks toward the 

growth of the synthesized nanomaterials. 

Alternatively to this “laser chemistry” method, a chemical route for the gold 

nanoparticle decoration of metal-free carbon foams and other carbon materials 

(including carbon nanotubes, graphene oxide, carbon black, ordered mesoporous carbon 

and nanodiamond) has been developed and the resulting gold/carbon nanohybrids 

provided a remarkable catalyst performance in hydroamination reactions. Finally, this 

GNP decoration process has been extended to bidimensional inorganic layered 

materials: tungsten (IV) sulfide and montmorillonite, a pillared clay. 
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Chapter 1  

Introduction  

1.1. Carbon: the element

Carbon is a light non metallic element having 6 protons and 6 electrons with a great 

ability to form covalent bonds with other small elements and having reported 

compounds with practically all the elements of the periodic table.  

There are three different natural carbon isotopes, 12C (relative abundance 98.89 %), 

13C (1.11 %) and 14C (10-10 %). The first two are stable, whereas 14C is radioactive, 

which allow this isotope to be used in radiometric dating of biological materials [1].  

The origin of carbon atoms is currently accepted to take place by nucleosynthesis as 

the result of thermonuclear burning in stars, especially in the relatively rare stars that 

become supernovae [1]. Out of the stars, carbon can be found in interstellar dust as 

polycyclic aromatic hydrocarbons (PAH) [2] (Fig. 1.1), and as other carbon compounds 

in comets, planets or asteroids.  

Fig. 1.1. Interstellar dust in Orion nebula, where PAH have been detected. 
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Carbon abundance in the Earth´s crust is 0.094 % in weight [1]. There are different 

minerals having carbon in their composition, basically as inorganic carbonates (calcite 

group, aragonite group, dolomite group, hydrated carbonates) whereas organic carbon 

deposits are found as coal deposits, petroleum, natural gas, graphite or diamond (Fig. 

1.2).  

Fig. 1.2. Carbon in Earth: (a) calcite mineral, (b) coal and (c) organic carbon 
conforming biosphere. 

The ability of carbon to adopt different atomic hybridizations besides its great 

versatility to form stable covalent bonds to itself and with other elements such as 

oxygen, nitrogen, hydrogen, sulfur or phosphor allowed the development of life as we 

know it. Thus, organic molecules (compounds whose main component is carbon) such 

as lipids, nucleic acids, sugars, or proteins are the very essence of life.  

In fact, the wealth of carbon chemistry is so broad that a whole branch of chemistry 

(the organic chemistry) is devoted exclusively to it and its derivates. It is estimated that 

about 500,000 new organic compounds are synthesized every year as a result of the 

great research work in the area [3].  

Organic chemistry studies the synthesis and reactivity of carbon compounds and 

classifies them according to their functional groups, for example as alcohols, carboxylic 
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acids or alkenes. The frontier between organic chemistry and other branches of 

chemistry studying carbon-containing compounds is not clear, anyway, apart from its 

central role in organic chemistry, carbon forms many compounds considered inorganic 

and a broad series of organometallic compounds.  

On the one hand, inorganic carbon compounds would include carbon dioxide (a key 

compound in plants´ life), carbonates, hydrogencarbonates, carbon monoxide, carbon 

halides, hydrogen cyanide or carbides.  

On the other hand, organometallic compounds consist on compounds presenting 

metal-carbon bonds between a central metallic atom and a ligand (an organic molecule 

bonded to the central atom). This concept can be expanded to coordination compounds, 

where the organic ligand is bonded to the central metal atoms towards an atom different 

of carbon.  

Natural or synthetic carbon-derived materials are all around us: from the pages of 

this Thesis and the ink utilized to print it, up to plastic objects, clothes, soaps, food, 

fuels, medicines… 

Fig. 1.3. Examples of carbon-based materials: (a) limestone utilized as building 

materials to built Giza necropolis, (b) proteins based mainly in carbon (50 wt. %) form 

the strands that conforms the skeins of wool and (c) plastic bottles made of polyethylene 

terephthalate -(C10H8O4)n-. 
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Carbon-based materials have also been extensively utilized in construction since, 

for example, cement contains limestone among its precursors, tar is obtained by 

distillation of different carbon-based materials, and different minerals (such as marble 

or limestone) have been utilized as building materials since long time ago [4].  

Carbon also plays a fundamental role in manufacturing of iron alloys to produce 

steel, controlling qualities such as the hardness, ductility, and tensile strength of the 

resulting steel [4].  

Carbon sources (natural gas, coal and petroleum) are extensively utilized for the 

energy production due to the high energy level delivered during their combustion. 

Moreover, physical and chemical treatments of petroleum and other carbon sources 

allow obtaining different carbon starting materials (aliphatic and aromatic 

hydrocarbons, gasoline, fuel oil, paraffin, tar, pitch and coke) for industries of different 

fields, such as pharmaceutical, plastic polymers, synthetic textiles or pesticides [4]. 

Thus, the high chemical versatility of carbon and derived materials placed this 

element as the key for the development of life, and also as the center of important 

industries and as the focus of intense research in different fields such as organic, 

inorganic and bio- chemistry, pharmaceutical, material science or polymers.  
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1.2. Carbon-based materials and carbon allotropes 

Besides the traditional graphite, diamond or activated carbon, an intense research 

activity in the area of carbon materials in recent years led to the emergence of new 

nanostructured carbon materials and carbon allotropes.  

1.2.1. Diamond

Diamond is an allotropic form of carbon that can be found in nature. There are two 

different crystalline structures described for diamond: the well-known cubic structure, 

where each sp3 carbon atom is covalently bond to four others located at the vertices of a 

regular tetrahedron [Fig 1.4 (a)], as well as the hexagonal Lonsdaleite structure [1] [Fig. 

1.4 (b)].  

Diamond is one of the hardest materials known (10 in Mohs hardness scale) and 

has low electrical conductivity and high thermal conductivity. It is thermodynamically 

unstable and has tendency to evolve to graphite in ambient conditions, although this 

interconversion is extremely slow [5]. 

Monocrystals of relatively high size are appreciated in jewelry, whereas small 

microcrystalline diamonds are utilized as abrasive materials for cutting and grinding [5].  

Besides natural sources, diamonds are produced at high temperature and pressure 

processes by means of d-metal-assisted catalysis and thin films of diamonds can be 

produced by chemical vapor deposition (CVD) methods [1].  

1.2.2. Nanodiamonds

Nanodiamonds (ND), or diamond nanoparticles [Fig. 1.4 (c)], were firstly observed 

in 1963 by Volkov et al. [6]. ND results from the assembly of round nanoparticles of 2 
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to hundreds of nm in diameter, depending on the synthesis route. The more common 

routes to produce ND are detonation of explosive materials, such as 2,4,6 trinitrotoluene 

(TNT) mixed with other carbon-based precursors [7,8] and CVD techniques [9]. 

Structurally, it seems clear that ND has a diamond-like core structure, although the 

surface nature mainly depends on the precursors utilized and the conditions during the 

synthesis procedure, varying from C-H bonds to other functional groups, such as 

hydroxyl, ether, and other groups, such as graphite-like structures [10].  

Applications in the fabrication of miniaturized mechanical devices [11], as additive 

for lubricants [12] or as filler to reinforce polymers have been reported for ND-based 

materials [13]. 

Fig 1.4. (a) Cubic-diamond structure, (b) Lonsdaleite structure and (c) transmission 

electron microscopy (TEM) image of ND.  

1.2.3. Graphite

Graphite is the most stable allotropic form of carbon under ambient conditions, 

having a structure that consists on stacked layers that interact to each other by Van der 

Waals forces. Each layer presents an arrangement of sp2 hybridized carbon atoms in 

which each carbon atom in covalently bonded to three others, producing a planar array 

of fused hexagons [4] [Fig. 1.5 (a)]. A stabilizing delocalized orbital of π symmetry is 
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formed as a consequence of the interaction of the un-hybridized 2pz orbitals of neighbor 

carbon atoms [14]. There are two different stackings: the most common form 

(hexagonal graphite) consists on layers stacked in ABAB fashion, whereas 

rhombohedral graphite shows an ABCABC pattern [5]. Adjacent layers rotated with 

respect to each other produce stacking faults and a broadening in the interlayer distance; 

this is what is known as turbostratic graphite [14].  

Graphite behaves like an electrical semiconductor and a bad thermal conductor in 

the perpendicular direction to the layers, whereas it poses a high thermal and electrical 

conductivity in the parallel direction, due to the presence of delocalized π electrons [5]. 

Due to its particular structure, graphite layers can be easily moved over each other, with 

confers lubricant properties to graphite. Besides to exist in nature, graphite can be 

synthesized with different crystallinity degrees by different methods [15]. Pyrolytic 

graphite (a polycrystalline from of graphite with high degree order in the stacking 

direction) can be prepared by heating a carbon-based gas above 2000 ºC. Further 

thermal treatment of this material originates highly oriented pyrolytic graphite (HOPG) 

[14].  

Applications of graphite include electrode for arc welding [5], lubricant oils, inks, 

pencils, steel fabrication, electrodes [16] or fabrication of refractory crucibles, among 

others.  

1.2.4. Graphene

Ideally, this carbon allotrope is a two-dimensional material consisting on a 

monolayer of carbon atoms having the same structure as described for graphite but 

lacking stacking: sp2 carbon atoms forming a honeycomb lattice [Fig. 1.5 (b)]. In 

practice, the limit between graphene and graphite is established in 10 graphene layers. 
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Over this value, the material is considered as thin graphite. Thus, graphene is usually 

classified as single-, double-, or few- (3 to 10) layered graphene. The electrical and 

spectral properties vary among the types of graphene [17].  

Geim and Novoselov produced the first free-standing graphene layers in 2004 [18]. 

Besides exfoliation, different methods, such as epitaxial growth of graphene over 

different substrates by CVD [19], exfoliation of graphite in solution by sonication [20] 

or reduction of graphite oxide [21] have been utilized to produce graphene.  

Graphene has exceptional electronic and physical properties, which enables 

applications such as component of transistors [18,22], composites [23], sensors [24] or 

catalyst supports [25,26].  

1.2.5. Graphene oxide

Graphene oxide (GO) is not a carbon allotrope (due to its high oxygen content: ~50 

%) but has been included in this due to the structural resemblance with graphene [Fig. 

1.5 (c)]. Strong oxidant treatments of graphite are usually utilized to produce graphite 

oxide [27]. When exfoliated in a few (or single) layers thick, graphite oxide turns into 

GO. This material can be easily dispersed in water due to its high surface 

functionalization (mainly as epoxide, hydroxyl and other oxygenated groups [28]) to 

produce dispersions that, differently to graphene (which require surfactants to be 

dispersed in water [29]) forms by itself stable dispersions [30]. This feature has led to a 

flourishing GO-based chemistry. However, due to the breakdown of the graphene 

structure because of the oxidation, GO is not electrically conductive.  

One of the main potential applications of GO is as water-dispersible precursor of 

graphene [30], although it is also used as catalyst support [31] or as component for 

sensor [32] or electrode fabrication [33].  
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Fig. 1.5. (a) Graphite structure model, (b) graphene structure model and (c) TEM 

image of GO.  

1.2.6. Fullerenes

Fullerenes (also known as Buckminsterfullerenes) are carbon allotrope that consists 

on structures with a definite number of atoms (therefore they can be considered as 

discrete molecules) that alternates pentagons and hexagons and, sometimes, also 

heptagons, up to form closed polymorphic hollow structures [5]. Although the first 

description of fullerene remains controversial, Kroto, Curl and Smalley are usually 

considered as the discoverers of these materials [34].  

The more common fullerene is C60, composed by 20 hexagons and 5 pentagons, 

positioned such that pentagons do not share any side [Fig. 1.6 (a)]. Higher fullerenes 

(such as C70, C76, C82, or C84,) were also described [35]. 

Fullerenes are usually produced by arc discharge (the so-called Krätschmer method 

[36]) and also by laser vaporization [37]. Since their discovery, the rich chemistry of 

fullerenes was extensively studied, and applications such as in the development of 

superconductor materials [38], gas encapsulation [39] or fabrication of solar cells [40] 

were reported.  
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1.2.7. Carbon nanotubes

Carbon nanotubes are tubular structures having the longitudinal dimension much 

larger than the diameter of the tube (usually in the nm scale); thereby they are 

considered as quasi 1D materials. Although there are evidences showing that this carbon 

allotrope was observed decades earlier, the first structural description, relating these 

materials to fullerenes was done by Iijima in 1991 [41].  

Ideally, the carbon nanotubes structure could be described as a graphene layer 

cylindrically curved having a closed carbon bonds structure [Fig. 1.6 (b)]. Moreover, 

carbon nanotubes may have open or closed edges and, depending on their structure, 

behave as metallic or semi-conducting materials. If carbon nanotubes walls consist in a 

solely carbon layer, the material is called single-walled carbon nanotubes (SWCNT), 

whereas if nanotubes walls comprise more than one layer (concentric carbon nanotubes 

with increasing diameter) they are called multi-walled carbon nanotubes (MWCNT) 

[42].  

Carbon nanotubes are nowadays mainly synthesized by CVD techniques [43], but 

can also been produced by arc discharge [44] or laser ablation [45] of metal-containing 

graphite rods, and have been successfully applied as reinforcement material in polymers 

and other matrices [46,47], catalysts [48], sensors [49], capacitors [50], photovoltaic 

devices [51] or transistors [52].  

Beyond carbon nanotubes and fullerenes, new carbon structures combining features 

of both carbon allotropes have been described during the last years, including carbon 

peapods [Fig. 1.6 (c)] (which consist of fullerene-filled carbon nanotubes) [53] and 

carbon nanobuds [Fig. 1.6 (d)] (a material that combines fragments or full fullerenes 

covalently bonded to carbon nanotubes [54]).  
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Fig. 1.6. Model structures of (a) fullerene (C60), (b) SWCNT, (c) carbon nanobud and 

(d) carbon peapod.  

1.2.8. Other graphitic structures

 Besides carbon nanotubes, graphene and fullerenes, during last decades several 

nanostructured carbon materials based on nonplanar graphitic structures were described. 

These materials include graphitic cones (GC, also known as carbon nanocones), 

nanoscrolls, nanocoils and nanohorns.  

Graphitic cones consist of stackings of conical-shaped graphene layers. Graphite 

layers are thought to be turbostratic (not orientated to each other) [Fig. 1.7 (a)]. The 

opening angle of the cones varies depending on the number of pentagons that GC have 
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in their structure, from discs (no pentagons) up to 20°, 60º, 120º and other values. GC 

are usually produced by pyrolysis of hydrocarbons in a plasma torch [55,56].  

Carbon nanoscrolls are graphene layers rolled up on themselves [Fig. 1.7 (b)]. 

These materials structurally resemble MWCNT, although their cross section shows a 

spiral structure instead of the concentric circles of MWCNT. These materials formation 

occurs by spontaneous curling of graphene layers after exfoliation of potassium-

intercalated graphite [57].  

Carbon nanohorns are structures related to carbon nanotubes and GC that, 

differently to the former, have a conical structure instead of tubular, and a length much 

larger than the cone diameter, in contrast to GC, whose diameter and length are of the 

same order of magnitude [Fig. 1.7 (c)]. These materials were firstly described by Harris 

et al. in 1994 [58]. As in the case of GC, the presence of pentagons in the edge cause an 

opening angle on the structure [59]. Depending on their shape and assembly, a variety 

of carbon nanohorns have been reported, from “dahlia” to “bud”-shaped nanohorns. 

Carbon nanohorns are usually prepared by arc discharge [58] or laser ablation of 

graphite [59]. 

Carbon nanocoils [Fig. 1.7 (d)] are spiral-shaped carbon structures [60]. These 

materials are usually synthesized by CVD [61].  

These materials (GC, nanoscrolls, nanohorns and nanocoils) have been extensively 

studied, and applications such as additive to polymers [62], sensors [63,64], 

supercapacitors [65] or catalyst supports [66,67] have been reported.  
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Fig 1.7. (a) Scanning electron microscopy (SEM) micrograph of GC, (b) model of 

carbon nanoscrolls, (c) model of carbon nanohorns and (d) SEM micrograph of carbon 

nanocoils.  

1.2.9. Carbon onions 

Carbon onions (also called onion-like carbon, graphite onion or carbon nano-

onions) consist on concentric spherical sp2 carbon layers, similarly as a Russian doll 

made of fullerenes of increasing size [Fig. 1.8 (a)]. This material was firstly described 

by Ugarte [68] when he observed the formation of quasi-spherical particles composed of 
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concentric graphitic shells when carbon soot particles and tubular graphitic structures 

were subjected to intense electron-beam irradiation in a high-resolution electron 

microscope.  

There are different methods to produce these materials besides the one mentioned 

above, including arc discharge [69] thermolysis of a NaN3-C6Cl6 mixture [70], 

carbonization of phenolic-formaldehyde resin catalyzed by ferric nitrate [71], 

naphthalene combustion [72], or CVD [73]. Interestingly, metal nanoparticles 

encapsulated within carbon onions were also developed [74,75].  

Carbon onions applications such as anode materials for lithium-ion batteries [76], 

additive to improve the properties of lubricants [77] or supercapacitors [78] have been 

envisioned.  

1.2.10. Carbon nanofoams

Carbon nanofoams are an allotropic form of carbon firstly described by Rode et al. 

[79]. These materials consist on granular cluster-assembled foam having a significant 

fraction of sp3 carbon [Fig. 1.8 (b)]. The “Schwarzite” structure proposed for this 

material consists in graphite-like sheets having a strong hyperbolic curvature. Carbon 

nanofoams are obtained by ultrafast laser ablation of a glass-like carbon target under Ar 

atmosphere at low pressure (0.1 Torr), producing a material of a extremely low density 

(0.02-0.002 g/cm3), high surface area (3̴50 m2/g) and high resistivity (1-3x109 Ohm·cm) 

[79, 80].  

Interestingly, carbon nanofoams show an exceptional ferromagnetic susceptibility 

below 90 K, and paramagnetic behavior over this temperature due to the relatively high 

abundance of unpaired electrons, which contrasts with the usual diamagnetism of 

carbon materials [81,82].  
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Potential applications of these materials in biomedicine and other areas are focus of 

current research.  

1.2.11. Glass-like carbon

Glass-like carbon (IUPAC recommended name), also known as glassy-carbon or 

vitreous carbon, is a non graphitizable agranular monolithic carbon [Fig. 1.8 (c)]. It was 

firstly described in 1963 by Lewis, Redfern and Cowlard [83], and is considered as an 

allotropic form of carbon.  

Glass-like carbon shows small proportion of opened pores despite having a density 

about 60 % of graphite, and nowadays is accepted that carbon shows sp2 hybridization. 

However, the structure of glass-like carbon has been controversial. There are different 

models, conveniently detailed in reported work [84,85].  

Pyrolysis of different polymers is the usual method to produce glass-like carbon. 

Applications of this material would include the fabrication of crucibles and electrodes 

[86,87]. 

Fig. 1.8. TEM micrographs of (a) carbon onions, (b) carbon nanofoams and (c) glass-

like carbon.  
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1.2.12. Amorphous carbon

Amorphous carbon is a broad group including materials consisting of mainly sp2-

hybridized carbon atoms arranged in layers and lacking long-range crystallinity in the 

stacking direction. Usually, amorphous carbon alternates some regions with certain 

degree of crystallinity, and others completely disordered. These materials can also 

contain a variable fraction of sp3 hybridized carbons that commonly acts as linking 

agent between the different disordered layers [1,14].  

Besides graphite and diamond, amorphous carbon was considered the third

allotropic form of carbon up to the discovery of the new carbon allotropes, although 

some materials classified as amorphous carbon have variable amount of hydrogen or 

other elements, which would exclude them particularly as “allotropes”.  

Depending on whether an amorphous carbon develops a graphitic structure 

continuously when it undergoes thermally annealing process (1500 to 3000 ºC) or not, 

these materials are classified as graphitizable or not graphitizable, respectively. A key 

issue for a material toward graphitization is to present a low degree of crosslinking 

between the different layers, thus facilitating the re-orientation for more favorable 

stacking [14].  

Carbon black (CB), activated carbon (AC), carbon fibers, carbon gels (aerogels and 

xerogels) or amorphous diamond-like carbon are among the carbon materials usually 

classified as amorphous carbons, and will be discussed below [14].  

Amorphous diamond-like carbon 

Amorphous diamond-like carbon (DLC) usually contains a very high fraction of sp3

carbon atoms (up to 85%) [14]. DLC can be prepared by different methods, including 
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ion beam deposition, laser ablation or plasma enhanced CVD [15]. Depending on the 

precursors (usually graphite or gases such as methane, butane or ethylene) and the 

production method, DLC can be composed up to 50 % of hydrogen (the so called 

hydrogenated diamond-like carbon). If the hydrogen content is below 1 %, then the 

materials are classified as tetrahedral amorphous carbon [88].  

DLC are usually obtained as a fine layer over different substrates [Fig. 1.9 (a)] and 

utilized for applications of friction at low temperature, for example as protective layer in 

orthopedic implants or hard disks, for the fabrication of optical windows for infrared 

laser devices and also as solid lubricant [14, 15].  

Carbon black

CB has a grainy structure as a result of the assembly of small beads (tens to 

hundreds of nm in diameter), eventually resulting in a material with high surface area 

(up to 1500 m2/g [14]) [Fig. 1.9 (b)]. CB usually has a sp2 carbon based structure with 

relatively high crystallinity, with the presence of dangling bonds (immobilized atoms 

with unsatisfied valences [15]). The size of the beads forming the material and thus, the 

surface properties, depends on the synthesis process. Usually, CB are obtained by 

incomplete combustion or by pyrolysis of aromatic hydrocarbons, natural gas, or 

acetylene [1]. 

The most common use of CB is as reinforce additive in tire, rubber and plastic parts 

[15]. CB is also utilized as black pigment for printing inks and paints, and a plethora of 

other uses, for example in catalyst or electrode fabrication [89,90], have been reported 

for this material.  
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Activated carbon  

AC is a generic term encompassing a broad family of carbon-based materials with a 

highly porous structure dominated by micropores and achieved by chemical or physical 

activation processes [Fig. 1.9 (c)], which results in very high surface areas (up to 3000 

m2/g). The final properties of the material (degree of order of carbon phase and surface 

area) greatly depend on the utilized precursors (coal, biomass, plastics) and material’s 

processing [1,14]. Physical activation based on carbon dioxide or steam treatment 

between 700 and 1100 ºC are usually utilized to industrially produce AC. A previous 

carbonization step is generally required [14].  

The main applications of these materials operate within the field of water and gases 

purification or decontamination processes [14]. Other uses include catalyst synthesis 

[91,92], gas storage [93] and electrochemical devices [94].  

Carbon fibers and nanofibers 

Carbon fibers are cylindrical-shaped materials, usually prepared by pyrolysis or 

thermal treatments from polymers or petroleum derivates and also by CVD techniques 

from hydrocarbons (specially utilized for the growth of carbon nanofibers) [14, 15, 95, 

96]) [Fig. 1.9 (d)]. The properties of these carbon materials depend on the synthesis 

method. Carbon fibers can be amorphous of exhibit different degrees of crystallinity (up 

to nearly 100 %) and may be graphitizable [14]. The structure of carbon fibers usually 

consists of stackings of graphene layers in a determinate direction to the axis [97].  

Carbon fibers are used as filler for polymer reinforcement [98,99], in 

electrochemical devices [100-102] and in decontamination of wastewater [103].  
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Carbon gels: aerogels and xerogels 

When a carbon-based material is utilized to produce an organic gel which is further 

dried and pyrolyzed, carbon gels are produced. These materials usually have low 

density and high surface areas and can be produced as monoliths, films or particles [14].  

Gels are usually produced by sol-gel methods (polycondensation of resorcinol and 

formaldehyde [104,105]). Depending on the drying process preceding to pyrolysis, 

carbon xerogels (CX) [Fig. 1.9 (e)] or carbon aerogels are the final product (the former 

when drying process take place under ambient conditions, and the second one if 

supercritical conditions are utilized) [106, 107]. Interestingly, the micro- and 

mesoporosity of these materials can be independently controlled by adjusting the 

synthesis conditions [15], which enables the production of a variety of materials with 

controllable properties. Applications of carbon aerogels and CX include thermal and 

acoustic isolators [15], catalyst support [108,109], water decontamination [110], 

hydrogen storage [111] and fabrication of catalysts for fuel cells [112,113].  

1.2.13. Materials with controlled porosity

This broad family of carbon materials has in common that their structure can be 

controlled during their production (usually by carbonization of different carbon-based 

precursors) to produce materials with controlled and well developed porosity. Thus, 

depending on the starting materials and on the synthesis methods, macro-, meso- or 

microporous carbon materials can be produced [15]. As an example, ordered 

mesoporous carbon (OMC) [Fig. 1.9 (f)] is produced by using a mesoporous silica 

SBA-15 as template [114]. These materials have high surface areas and a well-

developed mesoporosity, and have successfully been utilized as catalyst support for 

hydrogen peroxide synthesis [114] and in fuel cells [115, 116].  
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Fig. 1.9. (a) SEM micrograph of DLC film deposited over a Ni substrate, (b) TEM 

micrograph of CB, (c) SEM micrograph of AC produced by carbonization and 

activation of pistachio-nut, (d) carbon nanofibers, (e) CX and (f) OMC.  
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1.3. Gold/carbon foams synthesized by laser ablation

Gold/carbon foams (Au/CF) is a metal/carbon nanohybrid material discovered in 

the frame of a collaboration between researchers of the Laser Applications Lab (LAL, 

Instituto de Ciencia de Materiales de Aragón, ICMA, Universidad de Zaragoza-CSIC), 

the Applied Organometallic Chemistry Group (Grupo de Química Organometálica 

Aplicada, QOA, Instituto de Síntesis Química y Catálisis Heterogénea, ISQCH, 

Universidad de Zaragoza-CSIC) and The NanoChemistry Group of the Instituto de 

Carboquímica (ICB-CSIC). Au/CF were accidentally discovered in laser-assisted Au-

coating experiments of ceramic tiles for decorative purposes: the laser ablation of a 

thick film of the gold salt, bis(acetylacetonate)aurate(I) of 

bis(triphenylphosphine)iminium (PPN[Au(acac)2]), deposited onto a ceramic substrate 

in air atmosphere with a Nd:YAG laser (λ = 1064 nm) led to the formation of a fibrous 

soot, whose appearance resembled those collected in previous SWCNT production by 

laser ablation [117,118]. 

SEM characterization showed that, instead of SWCNT, a material exhibiting a 

spongy structure was produced, due to the aggregation of nanoparticles, 20 to 40 nm in 

diameter, in the form of “rosary”-like ensembles [Fig. 1.10 (a)] [119]. Similar structures 

were reported in carbon materials consisting of arrangements of carbon aggregates such 

as carbon nanofoams [79-80], carbon aerogels [105-107], carbon nanobeads [120], 

carbon nanopearls [121] and nanospheric carbon [122]. TEM characterization revealed 

that Au/CF consist of gold nanoparticles (GNP) encapsulated within a carbon matrix 

[Fig. 1.10 (b)]. GNP are 3-7 nm in size and have face centered cubic (fcc) crystalline 

structure, whereas the produced carbon matrix comprises both graphitic nanostructures 

and amorphous carbon. The observed graphene sheets are organized in several-layer 
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stackings, eventually in the form of concentric structures. Raman spectra of Au/CF 

showed typical features of disordered carbon materials [119]. 

Fig. 1.10. (a) SEM micrograph of Au/CF showing the spongy texture that result of the 

interconnected ‘rosary’-like ensembles structure, and (b) TEM micrograph showing 

GNP embedded within a carbon matrix comprising both amorphous carbon and 

graphitic nanostructures.  

Very interestingly, the synthesis of these materials occurred in air atmosphere. 

While the formation of a Au coating was expected as a result of the combustion of the 

organic moiety used, instead, the laser irradiation of the mentioned precursor led to the 

first laser-synthesis of these metal/carbon nanohybrids due to plasma-induced 

processes. Recombination and assembly processes of high-temperature ionized clusters 

within the plume prior to interacting with the surrounding gas were proposed as 

mechanism for the Au/CF production. Remarkably, the phenyl groups of the ablated 

material would act as the required carbon feedstock [119].  
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1.4. Metal/Carbon Nanohybrids: from Laser Chemistry to 

Nanochemistry

The aim of this Thesis is broadening the laser production of Au/CF to other 

metal/carbon nanohybrids, exploring their physicochemical properties, and evaluating 

their potential applications. The laser synthesis of a Au/C nanohybrid from a Au-based 

coordination compound where the irradiated organic ligand itself provided the required 

carbon feedstock, as well as the ability of this laser method to readily provide metal 

nanoparticles diluted in a carbon matrix sounds very attractive, not only scientifically 

but also in terms of technological applications. While conventional thermal processes 

lead to combustion or to complete decomposition of coordination compounds, the 

plasma-assisted cluster rearrangement that results of the laser pyrolysis enable 

envisioning a new chemistry that may offer fascinating opportunities toward the “à la 

carte” growth of metal/carbon nanohybrids carbon-based materials, where metal/carbon 

synergies might occur similar to those previously observed by our group during the 

laser ablation production of carbon nanotubes from metal/graphite composite targets 

[45, 123]. The beauty of this “laser chemistry” approach is that the production of a 

whole new family of metal/carbon nanohybrids can be envisaged, whose compositions 

and structures (and, therefore, their properties) can be controlled by conveniently 

selecting the metals and ligands of the ablated molecular precursors. Moreover, this 

ability to obtain extended carbon nanostructures from molecular precursors should 

provide valuable information on the mechanisms involved in the growth of carbon 

nanostructures, especially on the chemical nature of the generated highly reactive 

clusters. In these processes, the laser-matter interaction could be tuned by suitably 

adjusting the laser parameters, such as the laser wavelength, the laser operation mode 
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(pulsed- or continuous wave -CW- mode), the scanning speed, or the laser irradiance, so 

the photons can be considered as reactants (and not only as thermal activators) in the 

synthesis of the metal/carbon nanohybrids.  

However, this laser chemistry is not a new approach in materials synthesis. Thus, 

the laser radiation has been successfully utilized as photo-thermal and photo-chemical 

activator of chemical reactions in solid state. The Laser Applications Lab has pioneered 

the growth of eutectic oxides based in alumina or zirconia by means of laser fusion zone 

methods [124], and has applied laser technologies to the synthesis of functional 

ceramics, coatings, and high-melting-point oxides from inorganic precursors (Fig 1.11) 

[125-131]. These chemical syntheses are triggered by the extremely high power density 

of the used laser radiations. In this Thesis, however, our “laser chemistry” is applied to 

low melting point (even highly volatile) precursors, therefore again suggesting that non-

conventional thermal mechanisms would be involved in the formation of the collected 

products. However, just like in the laser synthesis of inorganic materials, our “laser 

chemistry” also strongly depends on the laser parameters themselves, as well as of the 

optical- and thermal properties of the irradiated precursors or, in other words, on the 

laser-matter interaction, as mentioned above. 

Fig. 1.11. Laser chemistry applied on (a) surface modification and synthesis under 

extreme temperature conditions of (b) phosphorescent pigments [129] and (c) 

nanofibrillar Al2O3–YAG–YSZ eutectics [130].  



Introduction 

27 

The group’s experience in laser production of carbon nanostructures was also 

important and useful to conceive this work. Actually, laser technologies are very 

versatile toward the production of carbon nanostructured materials, as shown in Table 

1.1. 

Table 1.1. Examples of carbon materials synthesized using laser technologies. 

Material Precursor Laser/ λ Ref. 

ND CB Nd:YAG (1064 nm) 133 
Fullerenes Graphite Nd:YAG (1064 nm) 34 
SWCNT Graphite/metal Nd:YAG (1064 nm) and 

 CO2 (10.6 µm) 
134 
123 

GC Graphite CO2 (10.6 µm) 135 
Carbon nanohorns Graphite CO2 (10.6 µm) 135 
Carbon onions Graphite Nd:YAG (355 nm) 136 
Carbon nanofoams Glass-like carbon Nd:YAG (1064 nm) 79 
DLC Graphite Excimer (248 nm) 137 
Carbon fibers Graphite Excimer (248 nm) 138 

As an example, the collaboration between the Group of Carbon Nanostructures and 

Nanotechnology (G-CNN) of the Instituto de Carboquímica ICB-CSIC and the Laser 

Applications Lab resulted in the development of the first CO2 laser ablation method for 

SWCNT production (Fig. 1.12) [45,118,123]. This pioneering work showed that the use 

of a continuous laser, the laser-target interaction, the target (metal-containing graphite 

targets) composition, and the gas and pressure effects are key parameters for the 

efficient SWCNT production.  
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Fig. 1.12 Electron microscopy micrographs of SWCNT materials produced using a CW 

CO2 laser [45, 118,123]. 

The use of the laser chemistry approach toward the synthesis of metal/carbon 

nanohybrids has been here conceived as follows:  

The production of Au/CF has been extended to the synthesis of other 

metal/carbon foams (M/CF), whose compositions and structure can be tailored by 

choosing the chemical composition (metal and ligands) of the ablated coordination 

compounds (Chapter 3), paying special attention to potential catalytic/nucleation 

phenomena of the utilized metals on the growth of ordered carbon structures. 

The efficiency of certain organic compounds (eventually, the ligands previously 

used in M/CF synthesis) as carbon feedstock for the production of carbon 

nanostructured materials is described in Chapter 4, and the subsequent production of 

metal-free carbon foams (CF) is demonstrated. 
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The tailored production of Au/CF from a series of chloro(phosphine)gold(I) 

complexes and by dilution of a triphenylphosphine-based gold coordination compound 

in triphenylphosphine is further investigated in Chapter 5. 

The synergetic effects between metals and carbon materials have resulted in a 

variety of technological applications for other metal/carbon nanohybrids, such as in 

catalysis, sensor devices, electrodes, or fuel cells. Structural and physicochemical 

characterization studies were here performed to evaluate potential applications of the 

produced nanomaterials (Chapters 3 and 4). 

The effect of the gas and pressure conditions, as well as of the laser parameters 

used on the laser-target interaction and, therefore, the materials production is described 

in Chapter 6.  

Alternatively to our “laser chemistry” approach, this Thesis describes the 

development of a chemical method for GNP decoration of metal-free CF and extended 

to other carbon material for comparison purposes. The resulting Au/C nanohybrids have 

been then successfully tested as catalysts in hydroamination reactions (Chapter 7). 

The chemical route described in Chapter 7 has been broadened to GNP 

decoration of layered tungsten (IV) sulfide (WS2) [139] while visiting Prof. Valeria 

Nicolosi’s laboratory at Centre for Research on Adaptive Nanostructures and 

Nanodevices (CRANN) at Trinity College Dublin, and then to another nanostructured 

layered material: montmorillonite (MMT), a pillared clay (Chapter 8). 
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Chapter 2 

Laser Synthesis and Characterization Techniques 

2.1. Introduction

This chapter addresses the experimental set-up utilized for the synthesis of 

nanostructures materials by laser ablation (Chapters 3 to 6) and briefly describes the 

techniques used for the characterization of the produced materials. Experimental issues 

related to the wet-chemical synthesis of GNP as well as their implementation in coating 

processes of different nanostructured materials (carbon materials, WS2 and MMT) are 

described in Chapters 7 and 8.  
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2.2. The laser synthesis experiments

2.2.1. The Laser System

A laser (the acronym of Light Amplification by Stimulated Emission of Radiation) 

is a source of temporally and spatially coherent light. These characteristics implies that 

the laser radiation exhibits high monochromaticity and high intensity even at relatively 

long distances from the source, which enable laser focusing onto very small surface area 

(the so-called laser spot), eventually leading to high irradiance levels.  

In the present work, a BAASEL Lasertech Starmark Nd:YAG laser (Fig. 2.1) 

located at the Laser Applications Lab was utilized. This solid-state laser system utilizes 

a neodymium-doped yttrium aluminum garnet (Nd:Y3Al5O12, Nd:YAG) as laser 

medium. The exit wavelength is 1064 nm, which is located in the middle-infrared zone 

of the electromagnetic spectrum. The optical resonator of the laser incorporates a Q-

switch system to produce a pulsed output beam if required. In our laser system (1), the 

laser beam is directed by galvanometric mirrors and focused by means of lenses (2). 

The laser system is supported on top of a stage (3) whose height can be adjusted for 

focusing the laser beam onto the target placed in (4). All laser parameters are computer-

controlled (5), and CAD software enables laser beam scanning of any desired shape or 

drawing throughout the target.  
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Fig. 2.1. BAASEL Nd:YAG laser system utilized in laser synthesis experiments.  

2.2.2. The evaporation chamber

The laser synthesis experiments were performed inside a stainless steel portable 

evaporation chamber [Fig. 2.2 and Fig. 2.3 (a)]. The top of the chamber contains a 

quartz window which is transparent to the used Nd:YAG laser radiation. This 

evaporation chamber has been designed to ease the collection of the synthesized 

products, performing fast evacuation and purge cycles, and the use of different buffer 

gases at controlled pressures. Fig. 2.2 shows the evaporation chamber (1), the quartz 

window (2), the gas inlet (3), the gas outlet (4), the pressure gauge (5) and the pump (6) 

used in the laser synthesis experiments.  
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Fig. 2.2. The evaporation chamber utilized to perform the laser synthesis experiments.  

2.2.3. Synthesis of metal/carbon nanohybrids by laser ablation

Fig. 2.3. (a) Schematic diagram and (b) picture of the experimental set-up used in the 

laser ablation production of carbon foams.  

A schematic diagram of the experimental set-up is shown in Fig. 2.3 (a): in typical 

laser synthesis experiments, a galvanometer mirror box (A) distributes the laser 

radiation (B) through a flat field focal lens and a quartz window (C) onto layers of the 

employed coordination compounds (D) deposited onto a ceramic tile substrate (E) 

placed inside the portable evaporation chamber (F). The synthesized soot is mainly 
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collected on an entangled metal wire system (G). The produced vapors are evacuated 

through a nozzle (H). Fig. 2.3 (b) shows the evaporation chamber placed below the laser 

system just before performing a laser irradiation experiment. In our laser experiments, 

the formation of an intense plasma plume is observed upon irradiation of the ablated 

targets, resulting in the emission of vapors and the formation of soot. The produced soot 

is collected on a stainless steel sieve (a kitchen strainer) placed around the irradiated 

area [Fig. 2.4 (a)]. The produced materials usually have the fibrous appearance shown in 

Fig. 2.4 (b). When the laser irradiation ends, the produced vapors are evacuated, the 

evaporation chamber is then purged several times, and finally opened [Fig. 2.4 (c)], and 

the produced soot is then collected and stored [Fig. 2.4 (d)]. Table 2.1 indicates the 

typical laser parameters and experimental conditions used.  

Fig. 2.4. The synthesis of foams. (a) Preparation of the precursor and colleting system 

for the sample, (b) typical fibrillar texture of the produced soot, (c) aspect of the 

chamber after laser ablation, and (d) vials containing the collected sample (dark soot) 

and precursor used.  
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Table 2.1. Typical laser parameters and experimental conditions in laser synthesis 

processes. 

Parameter Value 

Scanned area 5x100 mm 

Irradiance 1.8·107 W/cm2

Operation mode CW 

Scanning speed 100 mm/s 

Laser spot size 3.14·10-6 cm2

Buffer gas  Air 

Pressure Atmospheric 
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2.3. Characterization techniques

Different techniques, presented below, were utilized for the physicochemical 

characterization of materials produced by laser ablation and also in GNP-coating of 

nanostructured materials.  

2.3.1. Optical microscopy

An optical microscope (Wild Heerbrugg) having 5 objectives with different focal 

distance to obtain 5x, 10x, 16x, 25x and 40x magnification coupled to a CCD camera 

(Canon Powershot S40) connected to a computer was utilized to take pictures of the 

collected soots, whose microscopic structure and texture give valuable information of 

the materials growth mechanisms in the plasma-induced processes. 

2.3.2. Scanning Electron Microscopy 

SEM allows obtaining high resolution images of the structure of the collected soots 

by scanning it with a fine and intense electron beam. The interaction of the electrons 

with the sample takes place with atoms close to the surface, providing different 

information depending on the considered interaction: 

-When secondary electrons are considered (electrons ejected from the core orbitals 

of sample atoms by scattering interactions with the electron beam) structural 

information is obtained.  

-When operating in backscattered electron mode (electrons reflected from the 

sample by elastic scattering) information about the distribution of the elements in the 

sample is obtained since the intensity of the signal depends on the atomic number, Z.  
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In this work, a microscope SEM EDX Hitachi S-3400 N (Servicio de Análisis, 

Instituto de Carboquímica) was utilized. The samples were introduced over a conductive 

amorphous carbon tape. When required, the samples were coated with a gold layer of 8 

to 12 nm thick by gold sputtering.  

2.3.3. Transmission Electron Microscopy 

The basis of TEM consists of the interaction of an intense electron beam with the 

sample, so the electrons that are not obstructed by the sample hit a fluorescent screen or 

CCD camera located on the opposite side of the electron gun. Thus, the sample must be 

an ultra thin specimen in order to allow correct observation. TEM characterization was 

performed in bright field mode, the most commonly used TEM imaging technique. The 

darker areas in a TEM micrograph correspond to areas where fewer electrons could pass 

through the sample or, in other words, to thicker areas of the sample or to areas with 

higher atomic number Z.  

Three different microscopes were utilized for TEM characterization: a JEOL JEM-

3000F microscope (Universidad Complutense, Madrid), a TEM JEOL-JEM 2000 FXII 

microscope operated at 60 kV equipped with a CCD GATAN mod. 609 camera 

(Servicio de Microscopia Electrónica, Servicios de Apoyo a la Investigación, 

Universidad de Zaragoza), and a FEI Titan Transmission Electron Microscope (operated 

while visiting Prof. Nicolosi’s Group at Trinity College Dublin).  

One drop of a 1 mL ethanol dispersion prepared by mild sonication was placed on 

TEM grids (usually, Cu grids) with holey amorphous carbon support films. TEM grids 

were completely dried overnight under vacuum before TEM characterization was 

conducted.  
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2.3.4. Energy-dispersive X-ray spectroscopy 

Energy-dispersive X-ray spectroscopy (EDS) enables the elemental analysis of a 

sample during SEM and TEM characterization. Elemental analysis is performed using 

the emission of characteristic X-rays that is produced when a sample is stimulated with 

an intense electron beam. The number and the energy of the emitted X-rays are recorded 

and transformed into an electric signal by a detector, which makes the corresponding 

element assignments. SEM microscope was equipped with an EDX Röntec XFlash 

Si(Li) detector, whereas an INCA 200 X-Sight X and a Oxford Instruments ISIS 300 X-

ray microanalysis system and a LINK “Pentafet” detector were utilized in the JEOL-

JEM 200 FXII and JEOL JEM-3000F TEM microscopes.  

2.2.5. X-Ray Diffraction

X-Ray diffraction (XRD) of powdered materials was utilized to study the atomic 

structure and composition of crystalline phases. The specimen is irradiated with X-rays, 

whose wavelength is similar to interatomic distances, and constructive interferences by 

elastic scattering take place in a few specific directions due to the presence of crystalline 

atoms planes, therefore producing a diffraction pattern. Comparison of the obtained 

patterns to those available in XRD libraries allows the assignment to specific crystalline 

phases.  

Moreover, the average crystallite size (crystallite is a small region or domain 

having the same ordered structure and direction) was analyzed by using the Scherrer 

equation, which correlates the average crystallite size in a solid with the broadening of a 

peak in the diffraction pattern (Eq. 1) [1].  

 = ·
· Eq. 1.
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where τ is the average crystallite size, K is the shape factor (varies with the shape of the 

crystallite), λ is the wavelength of the X-rays utilized, β is the line broadening at half the 

maximum intensity and θ is the Bragg angle. 

XRD characterization of the synthesized materials was performed using a Bruker 

D8 Advance Series 2 diffractometer (CuKα radiation), (Servicio de Análisis, Instituto de 

Carboquímica).  

2.3.6. Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a technique utilized to study how the weight 

of the samples evolve as a function of the temperature with time or, in other words, to 

determine the thermal stability of a sample. Thus, information such as the temperature 

of maximum decomposition, oxidation, or phase change (among others) can be obtained 

by means of this technique, and/or when combined with other techniques such as 

differential thermal analysis. 

In the present work, TGA was utilized to estimate the carbon content of different 

samples by measuring the change on the mass of the sample when heating them up to 

850 ºC in Pt pans at a heating rate of 10 ºC/min in an atmosphere of air flowing at 100 

mL/min. A Setaram Setsys 2000 thermobalance (Servicio de Análisis, Instituto de 

Carboquímica) was utilized for TGA measurements. Some experiments were also 

performed by heating the sample under nitrogen to study the change in structural 

properties as a function of temperature (Chapter 3).  

2.3.7. Raman spectroscopy

This technique is broadly utilized to characterize the vibrational, rotational or other 

low-frequency modes derived of inelastic scattering of monochromatic light, providing 
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information about the nature of the sample. Generally, the sample is irradiated with a 

monochromatic light source usually produced by a laser system. After interaction of the 

photons with the sample, inelastic scattering is produced and measured. The shift in 

energy provides information about the vibrational modes of the system, thus indicating 

the structural conformation and the types of chemical bonds present in the sample. 

Raman spectroscopy is a powerful tool for characterizing carbon materials as it provides 

valuable information on carbon crystallinity/disorder, and some carbon materials such 

as SWCNT and graphene provide characteristic Raman features. Coupling an optical 

microscope to the Raman spectrometer enables collecting spectra at different spots of 

the studied samples, which provided valuable information when studying heterogeneous 

samples. 

In this work, micro-Raman spectroscopy was utilized to characterize carbon-based 

samples produced by laser ablation, by using a Dilor XY Raman spectrometer (usually, 

λexc = 514.5 nm). Micro-Raman characterization was performed in the frame of our 

collaboration with the Processing and Characterisation of Structural and Functional 

Ceramics Group (ProCaCEF Group, María Luisa Sanjuán, Instituto de Ciencia de 

Materiales de Aragón, ICMA, Universidad de Zaragoza-CSIC). 

2.3.8. Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is a technique that measures the 

absorption of electromagnetic radiation by the sample in solution in the region between 

160 and 800 nm. The basis of this technique is the measurement of the absorbance A of 

sample solutions placed in transparent cuvettes. The sample concentration can be 

calculated from the measured A by using the Beer-Lambert law (Eq. 2). 

A=α·l·c  Eq. 2.  
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where α is the absorption coefficient, l the length of the cuvette and c the molar 

concentration of the absorbing species.  

In the present work, Thermo Scientific Evolution 600 (Instituto de Síntesis Química 

y Catálisis Homogénea, ISQCH, Universidad de Zaragoza-CSIC) and Cary 6000i 

(Chemical Physics of Low-Dimensional Nanostructures, Trinity College, Dublin) 

spectrometers were utilized. Wavelengths ranging from 400 to 800 nm were studied in 

this work.  

2.3.9. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is a technique based on the measurement of the 

absorption of electromagnetic radiation in the radiofrequency region (4 to 900 MHz) by 

atomic nuclei. When certain nuclei are exposed to external strong magnetic fields, the 

splitting of their energy levels occurs, thus enabling the absorption of electromagnetic 

radiation. Moreover, the chemical environment defines the absorption of a specific 

nucleus and therefore this can be related to the molecular structure of the specimen. In 

this work, 1H, 13C and 31P NMR were performed by using a Bruker AV 400 MHz 

spectrometer (Instituto de Síntesis Química y Catálisis Homogénea, ISQCH, 

Universidad de Zaragoza-CSIC) to characterize the synthesized 

chloro(phosphine)gold(I) complexes and the course of a catalyzed reaction was 

followed by 1H NMR.  

2.3.10. Elemental analysis

This technique has been utilized to analyze the carbon, hydrogen, nitrogen, sulfur 

and oxygen content of the produced samples. Characterization was performed using a 

Thermo Flash EA 1112 NC analyzer (Servicio de Análisis, Instituto de Carboquímica).  
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2.3.11. Helium pycnometry

Helium pycnometry was performed to measure the density of the produced 

materials by relating the volume of helium displaced to the weight of the sample. In the 

present work, a Micromeritics AccuPyc II 1340 helium pycnometer (Servicio de 

Análisis, Instituto de Carboquímica) was here utilized for density measurements.  

2.3.12. Porosity characterization by gas adsorption

Adsorption of gases on solids by physical interactions (physisorption) is one of the 

most utilized techniques to study the textural properties (surface area, distribution and 

volume of the pores) in solid materials.  

In this work, N2 was utilized as adsorbate to characterize the porosity of different 

carbon materials. Experiments were performed using a Micromeritics ASAP 2020 

instrument (Servicio de Análisis, Instituto de Carboquímica), at constant temperature of 

77 K, measuring the variation in weight undergone by the sample due to the adsorption 

of N2 as a function of the relative N2 pressure. This variation in weight can be directly 

related to the N2 volume using the classical gas laws. Adsorption isotherms are obtained 

when plotting the quantity of adsorbed gas (in volume per gram of solid sample) versus 

the relative pressure. Fig. 2.5 shows an example of adsorption/desorption isotherm. 

Suitable analysis of the adsorption isotherm by different methods provides information 

about surface area and volume and pore distribution. 

Pores are classified depending on their size as micropores (smaller than 2 nm), 

mesopores (2 to 50 nm) and macropores (bigger than 50 nm) by IUPAC.  
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Fig. 2.5. Adsorption/desorption isotherm example.  

Different methods, including Brunauer-Emmett-Teller (BET) [2]method, Barrett-

Joyner-Halenda (BJH) method [3] and the t-plot method [4] were utilized in this work. 

BET measurements were performed between relative pressures of 0.05 to 0.3. 

Micropore area and micropore volume were studied by t-plot method, whereas BJH 

method was utilized to analyze mesopore area and mesopore volume.  

2.3.13. Magnetic measurements

The magnetic properties of different M/CF were characterized by performing 

hysteresis loops by using a vibrating sample magnetometer PPMS-VSM Quantum 

Design at 300 K and with a maximum field of 2 T (magnetic resolution 10-6 emu, 

frequency 40 Hz). This technique measures the magnetic moment of a sample when it is 

vibrated perpendicularly to a uniform magnetizing field [5]. The diamagnetic 

contribution of the sample holder was considered, and subtracted. These measurements 
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were performed at Pilar Marín’s Group at the Instituto de Magnetismo Aplicado (IMA, 

Universidad Complutense de Madrid-Adif-CSIC). 

2.3.14. Electrochemical measurements

Electrochemical properties of CF obtained by laser ablation of PPh3 and of the 

same CF thermally treated (1000 ºC, heating rate 2ºC/min, N2 flow rate of 50 ml/min, 

dwelling time of 2 hours in a furnace) were studied. Carbon black Super P (Timcal) was 

utilized as reference material in these electrochemical studies.  

Electrodes were prepared by mixing the carbon material with a binder based on 

polyvinylidene fluoride (Aldrich) in weight ratios of 9 to 1. Mixtures were further 

pressed into 10-15 mg pellets. Three-electrode cells were assembled on a Teflon 

Swagelok system using the carbon pellet as working electrode, a graphite rod as counter 

electrode and a saturated mercury/mercurous sulfate as reference electrode (SME). The 

carbon pellets were dried at 60 ºC under vacuum overnight and vacuum-impregnated 

before assembling the cells. 

All potential values were also expressed vs. the normal hydrogen electrode (NHE). 

Aqueous 1 M H2SO4 was utilized as electrolyte. Before the electrochemical 

measurements, the electrodes immersed in the electrolyte were allowed to equilibrate at 

open circuit conditions while recording the corresponding rest potential after 

equilibration. Cyclic voltammograms were performed using a computer controlled 

potentiostat/galvanostat (Biologic VMP multichannel potentiostat) at a scan rate of 2 

mV/s in the potential range between -600 and +200 mV vs SME (to prevent the 

electrolyte decomposition).  

The resistivity measurements of the powdered and pressed carbon materials 

(binderless) were carried out at atmospheric pressure, using a home-made apparatus. 
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Measurements were based on the van der Pauw technique [6], which involves the 

application of a bias current of 10 mA to the carbon pellets and measuring the voltage 

drop, using a four probe configuration. Resistivity measurements were conducted in 

triplicate over four different points of each carbon electrode, and average values are 

presented.  

Electrochemical characterization was performed within a collaboration framework 

with the research group Adsorption and Environmental Protection on Porous Solids in 

Instituto Nacional del Carbón INCAR-CSIC (Oviedo, Spain). 
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Chapter 3  

“Laser Chemistry” for the Tailored Production of 

Metal/Carbon Foams.  

3.1. Introduction

Nanostructured Au/CF were initially synthesized by the one-step laser ablation of 

the gold coordination compound PPN[Au(acac)2] [1]. One of the main goals of this 

work consists on evaluating the versatility of our “laser chemistry” approach toward the 

tailored production of M/CF. Thus, we first study the effect of the chemical composition 

of the ablated molecular precursors on the composition and structure (and, therefore, the 

properties) of the resulting soots. Thereby, different coordination compounds were here 

proposed as precursors to investigate the production of M/CF. Both the central metal 

atom and the ligands were varied in order to expand the production of M/CF. The role 

of the metals and ligands used on the composition and structure of the resulting 

materials is here evaluated, as well as the efficiency of the ligands used as carbon source 

for the synthesis of carbon nanostructured materials. Additionally, special attention will 

be paid to possible catalytic effects of the produced metal nanoparticles in the growth of 

ordered carbon nanostructures. 

 The production of M/CF was performed using the experimental conditions and set-

up described in Chapter 2 [1]. Precursors containing Au, Cu, Fe, Pd, Pt, Co, Ni, and Zn 

were purchased from Sigma-Aldrich and used as received (Table 3.1). The effect of 

laser irradiation of coordination compounds containing non-aromatic -such as 

acetylacetonate (acac) and 1,3,5-triaza-7-phosphaadamantane (PTA)- and aromatic 

ligands -such as triphenylphosphine (PPh3), triethylphosphine (PEt3), benzonitrile 
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(PhCN), 1,10-phenanthroline (phen), 2,2´bipyridine (bipy), diphenylphosphinoethane 

(dppe) and tetraphenylporphyrin (TPP)- is here studied. 

Table 3.1. Coordination compounds utilized as precursors for the synthesis of M/CF. 

Precursor     Formula     Molecular formula 

Bis(triphenylphosphine)iminium tetrachloroaurate(III) PPN[AuCl4] C36H30AuCl4NP2

Chloro(triphenylphosphine)gold(I) [AuCl(PPh3)] C18H15AuClP 

Chloro(1,3,5-triaza-7-phosphaadamantane) gold(I) [AuCl(PTA)] C6H12AuClN3P 

Chlorotris(triphenylphosphine)copper(I) [CuCl(PPh3)3] C54H45ClCuP3

Hydrido(triphenylphosphine)copper(I) hexamer [CuH(PPh3)]6 C108H96Cu6P6 

Bis(acetylacetonate)copper(II) [Cu(acac)2] C10H14CuO4

Bromotris(triphenylphosphine)copper(I) [CuBr(PPh3)3] C54H45BrCuP3

Tetrakis(triphenylphosphine)platinum(0) [Pt(PPh3)4] C72H60P4Pt 

Cis-dichlorobis(triphenylphosphine)platinum(II) [PtCl2(PPh3)2] C36H30Cl2P2Pt 

Dichlorobis(triethylphosphine)platinum(II) [PtCl2(PEt3)2] C12H30Cl2P2Pt 

Dichlorobis(benzonitrile)palladium(II) [PdCl2(PhCN)2] C14H10Cl2N2Pd 

Dichloro(1,10-phenanthroline)palladium(II) [PdCl2(phen)] C12H8Cl2N2Pd 

(2,2´bipyridine)dichloropalladium(II) [PdCl2(bipy)] C10H8Cl2N2Pd 

Dichlorobis(diphenylphosphinoethane)iron(II) [FeCl2(dppe)] C26H24Cl2P2Pd

Dichlorobis(triphenylphosphine)cobalt(II) [CoCl2(PPh3)2] C36H30Cl2CoP2

Tetrakis(triphenylphosphine)nickel(0) [Ni(PPh3)4] C72H60NiP4

Dichlorobis(triphenylphosphine)nickel(II) [NiCl2(PPh3)2] C36H30Cl2NiP2

5,10,15,20-tetraphenyl-21H,23H-porphine copper(II) [Cu(TPP)] C44H28CuN4

5,10,15,20-tetraphenyl-21H,23H-porphine nickel(II) [Ni(TPP)] C44H28N4Ni 

5,10,15,20-tetraphenyl-21H,23H-porphine zinc(II) [Zn(TPP)] C44H28N4Zn 

5,10,15,20-tetraphenyl-21H,23H-porphine iron(III) 
chloride 

[Fe(TPP)Cl] C44H28ClFeN4

5,10,15,20-tetraphenyl-21H,23H-porphine cobalt(II) [Co(TPP)] C44H28CoN4

All coordination compounds (except [AuCl(PTA)]) produced milligram quantities 

of soot exhibiting a fibrous appearance when irradiated with the laser.  
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3.2. Gold/Carbon Foams

Since the first M/CF were synthesized from a gold coordination compound [1], 

three different gold compounds were here irradiated: PPN[AuCl4], [AuCl(PPh3)] and 

[AuCl(PTA)] (Fig. 3.1). While the first two compounds produced milligram amounts of 

soot, negligible amounts of soot were collected by laser ablation of [AuCl(PTA)].  

Fig. 3.1. Molecular structure of gold coordination compounds used as precursors in the 

Au/CF synthesis: (a) PPN[AuCl4], (b) [AuCl(PPh3)] and (c) [AuCl(PTA)].  

SEM characterization of materials obtained by laser ablation of PPN[AuCl4] and 

[AuCl(PPh3)] showed that the microstructure of these materials exhibited a foam-like 

texture which results from the aggregation of “necklace”-like ensembles of nanobeads 

(Fig. 3.3, Fig. 3.4 and Fig. 3.5), similar to that observed in other “spongy” carbon 

materials [1-8]. 

Fig. 3.2. SEM micrographs of Au/CF produced by laser ablation of (a) PPN[AuCl4] 

and (b) [AuCl(PPh3)].  
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Fig. 3.3. Anaglyph (3D) SEM micrographs showing the spongy texture of Au/CF 

obtained from [AuCl(PPh3)].  
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Fig. 3.4. (a) Anaglyph (3D) SEM micrographs showing the spongy texture of Au/CF 

obtained from PPN[AuCl4].  
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Fig. 3.4. (b) Anaglyph (3D) SEM micrographs showing the spongy texture of Au/CF 

obtained from PPN[AuCl4].  
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TEM characterization of those soots showed that, similarly as Au/CF produced 

from PPN[Au(acac)2] [1] the produced Au/CF consisted of GNP embedded within 

carbon matrices comprising both amorphous carbon and graphitic nanostructures (Fig. 

3.5). The GNP usually exhibit twinning, a common feature in metal nanoparticles [9-

11], as can be observed in Fig. 3.5 (a) and confirmed by the corresponding Fast Fourier 

Transform (FFT), which indicates diffuse streaking along [111] [Fig. 3.5 (b)]. 

Fig. 3.5. (a) TEM characterization of Au/CF of [AuCl(PPh3)], showing the fcc structure 

along the [01ḹ] zone axis of the GNP. (b) Corresponding FFT analysis of A and B in 

(a). (c) Crystalline structure of GNP and FFT of them (inset) and (d) detail of the 

graphitic nanostructures.  
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A more detailed TEM study revealed that these Au/CF are, in fact, three-component 

materials [Fig. 3.6 (a)] [12] consisting of: 

a) Crystalline Au fcc nanoparticles 5-30 nm in diameter (typically larger than 20 

nm in Au/CF produced by laser ablation of [AuCl(PPh3)]) embedded within amorphous 

carbon nanoparticles [Fig. 3.6 (b)]. 

b) Amorphous carbon aggregates (30-60 nm in diameter) [Fig. 3.6 (c)]. 

c) Carbon aggregates containing multilayered graphitic nanostructures [Fig. 3.6 

(d)]. 

Fig. 3.6. (a) TEM micrographs of Au/CF obtained by laser ablation of PPN[AuCl4] 

showing their three components: (b) crystalline GNP embedded within amorphous 

carbon nanoparticles, (c) amorphous carbon nanoparticles and (d) graphitic 

nanostructures.  
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While similar structures have been already reported for Au/CF [1], TEM 

characterization studies presented here revealed for the first time that they could be 

eventually observed as independent, separate components in the produced soots. 

Although the presence of transition metal nanoparticles is required in the formation of 

graphitic nanostructures in thermally-annealed metal-loaded carbon aerogels [13-15], no 

obvious link between the metal nanoparticles and the synthesized graphitic structures 

was observed here. This issue will be further discussed in Chapter 4.  

Interestingly enough, P was only detected in EDS analyses performed on the 

amorphous carbon-containing aggregates, but not in the produced graphitic 

nanostructures. 

XRD patterns of these Au/CF displayed the characteristic peaks for Au fcc. 

Average Au crystallite size of 14 nm and 20 nm were calculated from the Au diffraction 

peaks width measured in the XRD patterns of the foams synthesized from PPN[AuCl4] 

and [AuCl(PPh3)] precursors respectively using the Scherrer equation (Chapter 2 [16]) 

(Table 3.2). These values were significantly larger than those calculated for Au/CF 

derived from the laser ablation of PPN[Au(acac)2] (~5 nm) [1]. These results therefore 

suggest that the metal crystallite size in these M/CF can be tuned by suitably choosing 

the composition and size of the ligands. An in-depth study on the production of Au/CF 

by laser irradiation of a series of chloro(phosphine)gold(I) complexes having different 

Au contents and varying the chemical composition and phenyl-group content of the 

ligands will be studied in Chapter 5.  

Finally, TGA (Table 3.2) performed in air showed that foams produced by laser 

ablation of PPN[AuCl4] and [AuCl(PPh3)] left ca. 11 and 45 wt. % residues, 
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respectively. This result indicates that the PNN ligand acts as a more efficient carbon 

source than the PPh3 ligand for the production of Au/CF [12], and that the carbon 

content of the ablated ligands does affect the carbon content of the resulting CF. 

Table 3.2. Average Au crystallite size and TGA residue of Au/CF. 

Precursor TGA residue Average Au Crystallite size 

[AuClPPh3] 45.4 % Au fcc 23 nm 

PPN[AuCl4] 11.0 % Au fcc 14 nm 



Laser Chemistry for the Tailred Production of M/CF 

75

3.3. Copper/Carbon Foams

In our first attempt to broaden the M/CF production to metals other than Au, four 

different copper compounds were utilized to synthesize copper/carbon foams (Cu/CF) 

(Table 3.1 and Fig. 3.7). Three of these compounds -[CuCl(PPh3)3], [CuBr(PPh3)3] and 

[CuH(PPh3)]6- had aromatic PPh3-based ligands, whereas [Cu(acac)2] is a non-aromatic 

coordination compound target.  

Fig. 3.7. Molecular structures of the copper-containing coordination compounds 

utilized as precursors to produce Cu/CF: (a) [CuCl(PPh3)3] and [CuBr(PPh3)3], (b) 

[CuH(PPh3)]6 and (c) [Cu(acac)2].  

SEM characterization of soots produced by laser ablation of PPh3-containing 

copper targets showed a spongy texture similar to that described for Au/CF [Fig. 3.8 (a) 

and (b)]. On the contrary, laser ablation of [Cu(acac)2] resulted in the production of a 

powdered soot in significantly lower amounts than when employing PPh3-containing 

targets, that eventually also exhibited some fibrillar texture. SEM characterization 

revealed that this powder-like soot consisted of assemblies of ribbon-like 

nanostructures, rather than in nanoparticle aggregates [Fig. 3.8 (c) and (d)] [12].  

TEM characterization showed that Cu/CF obtained by laser irradiation of 

[CuCl(PPh3)3] precursor were also multi-component materials which consisted of:  
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a) Crystalline Cu fcc nanoparticles [Fig. 3.9 (a-c)] in agreement with the measured 

periodicities and the corresponding FFT analysis shown at the inset [Fig. 3.9 (a)], 

typically 10 to 30 nm in diameter, diluted within amorphous carbon aggregates.  

b) Amorphous carbon nanoparticles that eventually coalesce into large aggregates 

[Fig. 3.9 (b)], also exhibiting a broad diameter distribution (typically, around 50 nm in 

diameter). 

c) Graphitic nanostructures [Fig. 3.9 (c)]. 

Fig. 3.8. (a) SEM micrographs of Cu/CF obtained by laser ablation of [CuCl(PPh3)3], 

(b) [CuBr(PPh3)3] and (c,d) [Cu(acac)2].  

TEM micrographs neither showed here a clear involvement of the Cu nanoparticles 

in the growth of these graphitic structures. Again, EDS analyses showed P only on the 

amorphous carbon aggregates and the metal-containing aggregates, but not associated 

with the graphitic nanostructures [12]. The role of P and other elements presenting 

intumescent properties, such as Cl and Br [17,18] is discussed in Chapter 4.  
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Fig. 3.9. (a-c) TEM micrographs of Cu/CF produced by laser ablation of 

[CuCl(PPh3)3] and (d-f) [Cu(acac)2].  
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On the other hand, TEM studies indicated that Cu/CF soots synthesized from 

[Cu(acac)2] consisted of Cu nanoparticles of typically 20 to 40 nm in diameter 

embedded within interconnected amorphous carbon aggregates [Fig. 3.9 (d)]. High 

resolution TEM micrographs and FFT analyses show Cu fcc features [Fig. 3.9 (e)]. 

Some degree of carbon organization can eventually be observed in these carbon 

matrices in the form of nanometer-long graphene-like structures [Fig. 3.9 (f)], similar to 

those observed in nanostructured carbon materials produced by pyrolysis of benzene or 

ethanol [19]. The recombination of reactive species generated in these laser ablation 

processes did not however lead here to the formation of multilayered graphitic 

structures.Moreover, TEM characterization suggested that Cu/CF produced from 

precursors with the non-aromatic ligand acac showed a higher metal content than Cu/CF 

obtained from copper-containing coordination compounds with aromatic (PPh3-based) 

ligands.  

This was further confirmed by TGA (Table 3.3): while burning the Cu/CF produced 

by laser ablation of [CuCl(PPh3)3], [CuBr(PPh3)3] and [CuH(PPh3)]6 up to 850ºC left ca. 

16, 23 and 10 wt. % residues, respectively, the TGA residue was as high as 94 wt. % in 

materials synthesized by irradiation of [Cu(acac)2]. EDS analyses of these residues 

indicate the presence of, mainly, Cu and O and, additionally, P in those resulting of 

Cu/CF produced from PPh3-containing precursors.  

Very interestingly, different Cu-based crystalline phases were detected by XRD 

(Table 3.3). XRD patterns of Cu/CF produced by laser ablation of [CuH(PPh3)]6 and

[Cu(acac)2] are shown in Fig. 3.10. Thus, Cu fcc crystallites were found in Cu/CF 

prepared from [CuH(PPh3)]6, while when irradiating [Cu(acac)2], Cu fcc, the metastable 

cuprite (Cu2O) primitive cubic (pc) and tenorite (CuO) base-centered monoclinic (bcm) 
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crystalline phases were detected. Similarly, Cu/C hybrids have been reported by arc 

discharge technique from graphite and copper [20], and by laser ablation of a Cu plate 

submerged within a liquid [21]. On the other hand, XRD patterns corresponding to the 

materials that resulted from the irradiation of [CuBr(PPh3)3] indicate the presence of 

copper (I) phosphide (Cu3P) primitive hexagonal (phex). Cu3P is the only copper 

phosphide stable under ambient conditions [22] and can be synthesized by different 

routes, including direct solid-state reaction (utilized in the industrial scale Cu3P 

production [22]), and solvothermal [23] and electrochemical methods [24]. Moreover, 

synthesis of spherical Cu3P particles with diameters of 200-300 nm via solvothermal 

process have also been reported [25]. Despite XRD showed a low intensity Cu3P peak, 

we could not claim that this is the only metal crystalline phase of Cu/CF because other 

phases (like Cu fcc nanoparticles) could be also present but, due to their small crystallite 

size or their low concentration, are below the detection threshold of the XRD 

diffractometer. The same could be extended to other M/CF: minority species could 

coexist with the detected phases but not be detected due to the weakness of the XRD 

signal. As an example, while Cu fcc nanoparticles were detected by FFT during TEM 

characterization, no Cu crystalline phase was detected by XRD in Cu/CF synthesized 

from [CuCl(PPh3)3], in spite of the relatively high Cu content of this Cu/CF nanohybrid 

(TGA residue: 16.4 wt. %).  

Table 3.3. TGA residue wt. % and crystalline phases detected by XRD in Cu/CF. 

Precursor TGA residue Crystalline phases 

[CuCl(PPh3)3] 16.4 % No signal 
[CuBr(PPh3)3] 9.7 % Cu3P phex  
[CuH(PPh3)]6 23.4 % Cu fcc 34.4 nm 
[Cu(acac)2] 94.0 % Cu fcc 117 nm 

 Cu2O pc 38.9 nm  
CuO bcm 73.9 nm 
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Fig. 3.10. (a) XRD pattern of Cu/CF prepared from [CuH(PPh3)]6 , showing Cu fcc 

signals and a broad band at 2θ=25º due to the presence of short-range crystalline 

domains in carbon structure [26]. (b) XRD pattern of soots synthesized using 

[Cu(acac)2] as precursor, showing Cu fcc (blue lines), Cu2O pc (green lines) and CuO 

bcm (purple lines) characteristic peaks. 

Raman spectra of Cu/CF synthesized from [CuCl(PPh3)3] and [Cu(acac)2] (Fig. 

3.11) showed two broad bands centered at ~1355 cm-1 (D-band) and ~1588 cm-1 (G-

band) of equivalent intensities. This feature is typical of short-range ordered sp2-bonded 
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carbon [27], including defective graphites [28,29] and other nanostructured carbon 

materials such as carbon nanofoam produced by ultrafast laser ablation of highly 

oriented pyrolytic graphite [3] and carbon aerogels [6,15]. According to the evolution of 

the Raman spectrum for progressive amorphization [27], the band positions and their 

relative intensities would place these materials in a stage intermediate between 

nanocrystalline graphite and sp2-bonded amorphous carbon, in the limit of validity of 

the Tuinstra and Koenig expression (Eq. 3.1) [30]. The latter relates the ID/IG ratio to the 

in-plane size of the graphitic nanocrystalline regions (L): 

 L (nm) = 4.4(ID/IG)-1  Eq. 3.1

In order to apply this expression the Raman spectra was decomposed as a 

superposition of bands (Fig. 3.11). Asymmetric profiles are needed for the D and G 

bands, which are attributed to the short correlation lengths of the ordered regions. L 

values of ≈3.6 nm and ≈1.8 nm for the products derived from the laser ablation of 

[CuCl(PPh3)3] and [Cu(acac)2] precursors, respectively, were thus obtained. Though 

these figures are subject to large errors due to the low intensity of the spectra and the 

difficulties in substracting the background, it is clear that the higher intensity ratio of the 

D- to G bands (ID/IG) measured on the Raman spectra corresponding to the 

nanostructured carbon material produced using the [Cu(acac)2] precursor [Fig. 3.11 (b)] 

is indicative of the higher degree of carbon disorder of this material, which is in good 

agreement with the TEM results described above. This higher degree of carbon disorder, 

together with the low carbon content of this material account for the lower signal-to-

noise ratios measured in their Raman spectra [Fig. 3.11 (b)].  
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Fig. 3.11. (a) Raman spectra of Cu/CF produced by laser ablation of [CuCl(PPh3)3] 

and (b) [Cu(acac)2].  
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3.4. Palladium and Platinum/Carbon Foams

3.4.1. Characterization of Palladium/Carbon Foams (Pd/CF) and Platinum/Carbon 

foams (Pt/CF)

Different Pd and Pt coordination compounds were irradiated to produce Pd/CF and 

Pt/CF, respectively, including [PdCl2(bipy)], [PdCl2(PhCN)2], [PdCl2(phen)], 

[Pt(PPh3)4], [PtCl2(PPh3)2] and [PtCl2(PEt3)2] (Table 3.1 and Fig. 3.12). 

Fig. 3.12. Molecular structures of the Pd- and Pt-based precursors utilized to produce 

Pd/C- and Pt/C nanohybrids: (a) [PdCl2(bipy)], (b) [PdCl2(PhCN)2], (c) 

[PdCl2(phen)], (d) [Pt(PPh3)4], (e) [PtCl2(PPh3)2] and (f) [PtCl2(PEt3)2].  

 SEM characterization (Fig. 3.13) showed the usual spongy texture previously 

described for other M/CF consisting on a “rosary”-like assembly of nanoparticles in all 

samples except in those foams produced from [PtCl2(PEt3)2] target, which seem to have 

a more dense structure than other synthesized M/CF [Fig. 3.13 (d)].  
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Fig. 3.13. SEM micrographs of Pd/CF produced from (a) [PdCl2(phen)] and (b) 

[PdCl2(bipy)] and Pt/CF produced from (c) [Pt(PPh3)4] and (d) [PtCl2(PEt3)2]. 

TEM characterization of Pd/CF and Pt/CF showed that these foams are also three-

component materials. The diameter of the Pd nanoparticles observed in Pd/CF samples 

ranged from 3 to 30 nm (Fig. 3.14), whereas Pt/CF showed markedly differences 

between the Pt nanoparticles produced: thus, while foams synthesized from [Pt(PPh3)4], 

and [PtCl2(PPh3)2] consisted on carbon matrices comprising platinum nanoparticles ~2-

3 nm in diameter, eventually located in large aggregates [Fig. 3.15 (a-d)], foams 

obtained from the non-aromatic [PtCl2(PEt3)2] precursor had Pt nanoparticles of a broad 

diameter distribution (2-50 nm) embedded within matrices of significantly lower carbon 

content than those produced using aromatic targets [Fig. 3.15 (e) and (f)]. Some regions 

showing very small platinum nanoparticles were also observed [Fig. 3.15 (f)]. 
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Fig. 3.14. (a,b) TEM micrographs of Pd/CF obtained by laser ablation of 

[PdCl2(PhCN)2], (c,d) [PdCl2(phen)] and (e,f) [PdCl2(bipy)].  



Chapter 3 

86

Fig. 3.15. TEM micrographs of Pt/CF obtained from (a,b) [Pt(PPh3)4], (c,d) 

[PtCl2(PPh3)2] and (e,f) [PtCl2(PEt3)3]. 
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Interestingly, TGA results (Table 3.4) showed similar trends as observed for Au/CF 

and Cu/CF: the lower the metal content in the precursor and the aromaticity of the 

ligands, the higher the metal content in Pt/CF and Pd/CF [12]. This is in agreement with 

TEM observations. Pd/CF and Pt/CF whose precursors have aromatic ligands show 

TGA residues ranging 9 to 39 wt. %. On the contrary, a TGA residue as high as 87 wt. 

% was obtained for Pt/CF produced by laser ablation of the non-aromatic [PtCl2(PEt3)2] 

precursor.  

Table 3.4. TGA residues (wt. %) and crystalline phases detected by XRD in Pd/CF and 

Pt/CF. 

Precursor TGA residue Crystalline phases 

[PdCl2(PhCN)2] 9.5 %  - 
[PdCl2(phen)] 33,7 %  - 

[PdCl2(bipy)] 38,9 %  - 
[Pt(PPh3)4] 12.4 % Pt fcc 

[PtCl2(PPh3)2] 36.4 % Pt fcc 

[PtCl2(PEt3)3] 87.5 % Pt fcc 1-2 nm 
Pt fcc 30.8 nm 

PtP2 pc 39.2 nm  

XRD patterns revealed the presence of Pt fcc characteristic peaks in all synthesized 

Pt/CF (Table 3.4). However, the intensity of those peaks corresponding to Pt/CF 

produced by laser irradiation of [Pt(PPh3)4] and [PtCl2(PPh3)2] targets was too low to 

allow calculating the average Pt fcc crystallite size, probably because of the small Pt 

nanoparticle size (diameters as small as 1-3 nm were measured by TEM, which range 

below the XRD detection limit). The peak shape of Pt fcc nanoparticles of foams 

produced using [PtCl2(PEt3)2] target (Fig. 3.16) suggested a bimodal distribution for Pt 

fcc nanoparticles, showing a 1-2 nm distribution together with bigger nanoparticles with 

average crystallite size of 31 nm [31,32], which was confirmed by TEM [Fig. 3.15 (e) 
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and (f)]. Very interestingly, a crystalline platinum phosphide (PtP2) with pc system 

phase was also detected by XRD. The average crystallite size of this PtP2 pc phase was 

39 nm. Direct reaction between P vapor and Pt under non-oxidizing conditions at high 

temperatures was reported by Mellor as a convenient method to produce platinum 

phosphides [33]. Moreover, different techniques were described to produce PtP2

nanoparticles [34,35], highlighting the synthesis of carbon particles coated by PtP2

nanoparticles from [Pt(PPh3)4] by thermal treatment at 1000 ºC under inert atmosphere 

[36].  

Fig. 3. 16. XRD pattern of Pt/CF produced by laser irradiation of [PtCl2(PEt3)2] 

showing Pt fcc (blue lines) and PtP2 pc (red lines) characteristic peaks. 

The absence of Pd characteristic peaks in XRD did not however allow assigning the 

crystalline phases of the Pd nanoparticles observed by TEM.  

3.4.2. Magnetic properties of Pd/CF and Pt/CF

Our “laser chemistry” approach is a very interesting and attractive method for the 

synthesis of magnetic materials when metal nanoparticles embedded in carbon matrices 
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are required. In a previous work, García et al. reported unexpected ferromagnetism of Pt 

nanoparticles in Pt/CF synthesized by laser ablation of 

Dichlorobis(benzonitrile)palladium(II) [PtCl2(PhCN)2] [10]. Here, the magnetic 

properties of M/CF synthesized from [PdCl2(PhCN)2], [PdCl2(Phen)],[Pt(PPh3)4] and 

[PtCl2(PEt3)2] were also characterized and compared to those reported for foams 

synthesized from [PtCl2(PhCN)2].  

 Materials subjected to an external magnetic field can undergo different response. 

Thus, a diamagnetic material slightly opposes to the external field, whereas in 

ferromagnetic materials different regions having their own small magnetic fields 

(magnetic domains) became aligned to the external magnetic field, thus the total 

magnetic field inside the material is increased. When a ferromagnetic material is 

subjected to an increasing external magnetic field, it shows increased magnetization 

until saturation is reached. Additional increasing of the external magnetic field does not 

cause an increase in the magnetization of the material. Further decreasing of the external 

magnetic field to 0 causes that the magnetization inside the ferromagnetic material 

decreases to a determinate value above 0 (remanent magnetization). Coercive field is 

the intensity of the applied external magnetic field required to reduce the remanent 

magnetization to zero.  

In recent years, ferromagnetism in nanoparticles of nonferromagnetic bulk 

materials, such as Pd or Pt has been demonstrated, which may be interesting for a 

variety of technological applications. The case of Pd which is paramagnetic in bulk, can 

be understood as due to the structural changes when the size of the particle is in the 

nanometer range. Pd is close to satisfying the Stoner criterion and the small changes in 

the electronic structure, associated with confinement effects and the presence of twin 

boundaries, give rise to ferromagnetic behavior [11]. Pt is a paramagnetic metal, but 
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almost in the limit of ferromagnetic behavior, and thus, the structural changes due to 

size effects (controlled through the preparation conditions) could modify its magnetic 

behavior [10].  

All synthesized Pd/CF and Pt/CF showed ferromagnetic-like behavior (coercitivity 

and hysteresis) at 300 K, similarly as reported for Pt/CF synthesized from 

[PtCl2(PhCN)2] [10]. Thus, since the amount of sample produced was too small to 

ensure a correct weighing, the magnetization was normalized and then the diamagnetic 

signal due to the measurement instrument was subtracted (Fig. 3.17).  

Fig. 3.17. (a) Magnetization vs applied external magnetic field for Pt/CF produced by 

laser irradiation of [PtCl2(PEt3)2] and [PtCl2(PPh3)2] and (b) detail of the hysteresis 

cycle of these samples. (c) Magnetization vs applied external magnetic field for Pd/CF 

and Pt/CF produced by laser irradiation of [PdCl2(PhCN)2], [PdCl2(Phen)] and 

[PtCl2(PhCN)2] and (d) detail of the hysteresis cycle of these samples.  
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Pt/CF synthesized from [PtCl2(PPh3)2] showed a high coercive field of 100 Oe, 

contrasting with the small coercive field value of in Pt/CF synthesized from 

[PtCl2(PEt3)2]. Interestingly, M/CF synthesized from precursors having the ligand PhCN 

shows higher coercive values (103 and 105 Oe for M/CF synthesized from 

[PdCl2(PhCN)2] and [PtCl2(PhCN)2], respectively) compared to precursors with phen as 

ligand. Potential impurity effects -mainly from Fe nanoparticles- are always an issue 

when characterizing magnetic properties. However, Fe was not detected in EDS 

measurements.  

García et al. claim that the singular ferromagnetism measured on their Pt/CF 

produced by laser ablation of [PtCl2(PhCN)2] can be addressed to the lack of cubic 

symmetry at the twin boundaries as twinning, a common feature in metal nanoparticles 

observed in the Pt nanoparticles reported by these authors [11]. This effect of twinning 

is likely also to occur here as it has already been observed in Au nanoparticles of our 

Au/CF [Fig. 3.5 (a)] [12], as well as other metal nanoparticles produced by similar laser 

techniques [37]. Detailed high resolution TEM characterization of these Pt nanoparticles 

and other studies are however currently being performed to detect twinning and other 

features of Pt nanoparticles, and to better understand the contribution of the PtP2 phase 

detected in foams produced from [PtCl2(PEt3)2] to the measured ferromagnetism.  

Although carbon-coated noble metal nanoparticles have been widely used in 

biology for many applications since they are biocompatible materials, the appearance of 

ferromagnetism in those nanoparticles could be of interest for biomedical- and other 

technological applications as it may enable, for example, controlling the movement of 

the nanoparticles inside biological tissues or perform very localized heating [10, 38].  
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3.5. Iron, Cobalt and Nickel/Carbon Nanohybrids

We have previously observed that graphitic nanostructures apparently do not grow 

by nucleation of metal nanoparticles in the previously studied M/CF. This time we have 

used coordination complexes comprising metals that are well-known for acting as seeds 

for the growth of a variety of ordered carbon structures, including carbon nanofibers 

[39], carbon nanotubes [40-47], carbon nanocoils [48,49] and graphitic nanostructures 

in metal-impregnated carbon aerogels [14,15]. Thus, Fe, Co and Ni coordination 

compounds were studied as precursors for the synthesis of M/CF by laser ablation (Fig. 

3.18). 

Fig. 3.18. Molecular structures of the coordination compounds utilized to synthesize 

Fe/CF, Co/CF and Ni/CF: (a) [FeCl2(dppe)], (b) [CoCl2(PPh3)2] and [NiCl2(PPh3)2]; 

M=Co, Ni and (c) [Ni(PPh3)4].  

Electron microscopy characterization revealed that the resulting soots have features 

observed in previously studied M/CF, namely their spongy texture [Fig. 3.19 (a) and 

(b)] and their 3-component nature (metal nanoparticles embedded within amorphous 

carbon matrices, amorphous carbon nanoparticles and graphitic nanostructures [Fig. 

3.19 (c)-(f)]). TEM characterization of Fe/CF revealed the presence of Fe nanoparticles 

with diameters ranging between 10 and 25 nm and carbon nanoparticles, 30-60 nm in 
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diameter. Similar microstructure has also been observed in TEM micrographs of foams 

produced from [CoCl2(PPh3)2] and [NiCl2(PPh3)2] targets. 
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Fig 3.19. SEM micrographs of Fe/CF and Ni/CF produced by laser ablation of (a) 

[FeCl2(dppe)] and (b) [NiCl2(PPh3)2]. TEM micrographs of M/CF produced from (c,d) 

[FeCl2(dppe)], (e) [CoCl2(PPh3)2] and (f) [NiCl2(PPh3)2].  

Remarkably, besides of the usual components of M/CF [Fig 3.20 (a)], TEM 

characterization of Ni/CF produced by laser ablation of [Ni(PPh3)4] also revealed the 

presence of SWCNT of at least several hundreds of nanometers in length and of 

diameters slightly larger than ~1 nm, both as isolated SWCNT and self-organized in 

small bundles [Fig. 3.20 (b)-(d)]. Isolated SWCNT are rarely observed in as-produced 

SWCNT materials. Very interestingly, the ends of isolated SWCNT are shown in the 

Fig. 3.20 (e) and (f), a feature that is also hardly ever observed in TEM characterization 

studies of SWCNT.  

Different processes to produce carbon nanotubes under an oxidant atmosphere were 

described [50-52]. Moreover, carbon nanotubes were grown by catalytic decomposition 

of n-heptane over [Ni(acac)2]/[Co(acac)2] catalysts [53] or laser ablation of ferrocene 

[54]. However, our result is truly remarkable as is, to the best of our knowledge, the 

first SWCNT production from molecular precursors (other than those utilized in CVD 

processes) by laser ablation under air atmosphere, where the ligands used act as the only 

carbon source and the metal of the irradiated target itself act as catalyst for the SWCNT 

growth. On the contrary, no SWCNT were produced when using the Co- and Fe-

containing coordination compounds.  

Because of the presence of SWCNT in this sample, two different Raman lines -

496.5 cm-1 (2.50 eV) and 632.8 cm-1 (1.96 eV)- have been used in order to better 

characterize the SWCNT diameter and electronic properties. Raman spectra show the 

heterogeneous nature of these Ni/C nanohybrids (Fig. 3.21).  
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Fig. 3.20. TEM micrographs of materials produced by laser ablation of [Ni(PPh3)4]: (a) 

Ni nanoparticles (2-20 nm in diameter) embedded in amorphous carbon aggregates , 

and (b-f) SWCNT, both as isolated SWCNT or self-organized in bundles.  



Chapter 3 

96

The micro-Raman technique allowed to clearly distinguish zones which basically 

consisted of disordered carbon presenting spectra similar to the previously described for 

Cu/CF (broad D- and G- bands of equivalent intensities [Fig. 3.21 (a)]), from others of 

different appearance in the optical microscope that provided typical SWCNT Raman 

features, such as the D-band and high frequency tangential modes (G bands; 1500–1650 

cm-1, [Fig. 3.21 (b)]) and the radial breathing modes (RBM) at low frequencies (~120-

210 cm-1, [Fig. 3.21 (c,d)]). 

Every RBM band corresponds to a characteristic SWCNT diameter, which can be 

calculated from equation proposed by Maultzsch et al. [55] (Eq. 3.2):  

18
215+=

t
RBM d

ω  Eq. 3.2 

where RBMω  and dt are the RBM Raman frequency and SWCNT diameter, respectively. 

According to this equation, Raman resonant SWCNT at 2.50 eV of diameters ranging 

from ~1.30 to 1.55 nm, and at 1.96 eV ranging from ~1.20 to 1.65 nm have been 

produced by this technique. The observed RBM indicate that the laser ablation process 

led to a narrow SWCNT diameter distribution. dt values of 1.46 nm and 1.44 nm have 

been calculated using Eq. 3.2 from RBMω  corresponding to the highest intensity RBM 

bands: RBMω  = 165.0 cm-1 resonant at 2.50 eV, and RBMω  = 167.7 cm-1 resonant at 1.96 

eV, respectively. Besides this high intensity RBM, contribution of other SWCNT with 

RBMω  located between ~155 and 170 cm-1; dt ranging from 1.42 to 1.57 nm) might also 

be considered. The measured dt values are relatively large for SWCNT, and larger that 

those obtained by CW CO2 laser ablation of Ni-containing graphite targets [56], which 

also showed a narrow SWCNT diameter distribution. Our results somehow resemble 

those of SWCNT with narrow diameter distribution produced by catalytic CVD using 
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fullerenes as carbon feedstock, where the fullerene molecular structure itself might act 

as template for the SWCNT growth [57]. In our case, highly reactive building blocks 

whose structure may be based on that of the phenyl moiety must play a similar role 

during SWCNT growth. Very interestingly, while a symmetric Lorentzian G-band 

centered at ~1610 cm-1 typical of semiconducting SWCNT is observed in the tangential 

mode region of the Raman spectra recorded at 2.50 eV [Fig. 3.21 (c)], asymmetric 

Breit-Wigner-Fano (BWF) bands typical of metallic SWCNT are found in the Raman 

spectra registered at 1.96 eV. [Fig. 3.21 (d)].  

Fig. 3.21. (a) Raman spectra of the Ni/C material synthesized by laser ablation of 

[Ni(PPh3)4], showing (a) the typical Raman features of disordered carbon previously 

observed in other M/CF, (b) SWCNT D band and tangential modes, and (c,d) RBM 

recorded at 2.50 eV and 1.96 eV, respectively  
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According to empirical data for the dependence of van Hove resonant transition 

energies on dt (“Kataura plot”, Fig. 3.22 [58]), for the measured dt values, 

semiconducting and metallic SWCNT are expected to be Raman resonant at 496.5 cm-1

(2.50 eV) and at 632.8 cm-1 (1.96 eV), respectively. This result is in good agreement 

with the observed tangential modes when using different Raman lines [Fig. 3.21 (b)]. 

By using Eq. 3.3: 

)(
246.0 22 mnmnd t ++=
π

 Eq. 3.3. 

that relates dt with the (n,m) indexes of SWCNT, these high intensity RBM have been 

tentatively assigned to semiconducting (17,3) and metallic (16,4) SWCNT.  

Fig. 3.22. Plot of the transition energies vs. SWCNT diameters for all (n, m) values 

occurring for 0:5<dt<2:0 nm (Kataura plot) where S and M denote semiconducting, 
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and metallic nanotubes, respectively [58]. In red and green are shown the Raman 

resonant SWCNT for the calculated dt using Eq. 3.2 and 3.4. 

It is however necessary to be cautious when doing this kind of assignments. Thus, if the 

equation proposed by Araujo et al. is used (Eq. 3.4) [59]: 

t
RBM d

227=ω  Eq. 3.4. 

the calculated dt values drop from 1.46 nm to 1.38 nm (for RBMω  = 165.0.cm-1 resonant 

at 2.50 eV), and from 1.44 nm to 1.35 nm (forRBMω  = 167.7 cm-1 resonant at 1.96 eV) 

that, according to the Kataura plot also correspond to the resonant modes of 

semiconducting- and metallic SWCNT (Fig. 3.22) [58]. Again, these calculations fit 

well with the registered tangential features at the resonant transition energy used. A 

more complete Raman study involving the use of other excitation energies is required to 

identify all the SWCNT diameters and chiralities of the produced sample. 

TGA of the produced M/CF led to residues between 17 and 32 wt. %, in good 

agreement with data obtained for other M/CF produced from aromatic coordination 

compounds. Interestingly, XRD revealed that the Fe nanoparticles observed by TEM in 

Fe/CF produced from [FeCl2(dppe)] correspond to iron carbide (Fe4C), a common 

feature of Fe nanoparticles produced at high temperature processes in presence of 

carbon that, contrary to other metal carbides, are thermodynamically stable at room 

temperatures [60-63]. Under plasma conditions like those of these experiments, or at 

high temperatures in conventional CVD processes [64] melted droplets of metal 

carbides are formed, that segregate all dissolved carbon upon cooling as solid carbon, 

eventually as carbon nanotubes or other ordered carbon structures, and leading to the 

formation of pure metal nanoparticles (the so-called vapor-liquid-solid -VLS- model 

[65-67]. Co/CF provided low intensity XRD signals that could be assigned to cobalt 

phosphide (Co2P) primitive orthorhombic (po). Hydrothermal synthesis of Co2P 
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nanoparticles has been previously reported [68], and Co2P-doped carbon xerogels have 

also been reported [69].  

On the contrary, no Ni crystalline phases were identified in XRD patters of Ni/C 

foams. Probably, the small nanoparticle size and/or their low abundance per unit 

volume would explain that the crystalline phase cannot be detected by this technique.  

Table 3. TGA residues (wt. %) and crystalline phases detected by XRD characterization 

corresponding to the prepared Fe/CF, Co/CF and Ni/CF. 

Precursor TGA Residue Crystalline phases 

[FeCl2(dppe)] 32.4 % Fe4C pc 

[CoCl2(PPh3)2] 29,6 % Co2P po 

[Ni(PPh3)4] 16.8 % -

[NiCl 2(PPh3)2] 20.6 % -
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3.6. M/CF obtained by laser ablation of tetraphenylporphyrin-based 
precursors

Finally, 5,10,15,20-tetraphenyl-21H,23H-porphine metal (II) precursors, also 

known as tetraphenylporphyrin (TPP) metal (II), were utilized for the synthesis of 

M/CF. Co, Cu and Zn act as central metal atom in these precursors as M2+, as well as Fe 

as [FeCl]2+ (Fig. 3.23).

Fig. 3.23. Chemical structure of TPP metal (II) utilized to synthesize the M/CF. 

These coordination complexes are interesting as precursors for the M/CF 

production as they consist of a central metallic atoms linked to a large, P-free, all-

conjugated, aromatic ligand that, based on our previous experience in the synthesis of 

M/CF, should act as good carbon source for the M/CF production by laser ablation. In 

all cases, P-free M/CF were produced in milligrams quantities as fibrillar soots using 

these precursors. SEM characterization showed the spongy texture of these materials 

(Fig. 3.24). 
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Fig. 3.24. SEM micrographs of M/CF produced from (a) [Co(TPP)], (b,c) [Zn(TPP)] 

and (d) [Fe(TPP)] precursors.  

Furthermore, TEM characterization of these materials showed amorphous carbon 

nanoparticles combined with graphitic domains in all cases. Remarkably, no Zn 

nanoparticles were observed in a detailed TEM characterization of Zn/CF produced 

from [Zn(TPP)] [Fig. 3.25 (a)], which is suggestive that neither metallic Zn nor another 

Zn crystalline phase were formed, unless extremely small Zn-containing nanoparticles 

were produced.  

Co nanoparticles of 5-40 nm in diameter were however observed in Co/CF that 

resulted from [Co(TPP)] [Fig. 3.25 (b)]. TEM studies did not have the required 

resolution to measure the interatomic distances in those crystals, neither XRD 
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characterization could be performed due to the small amount of sample produced, hence 

the Co crystalline phase of these Co nanoparticles could not be determined. 

On the other hand, the laser ablation of [Cu(TPP)] target resulted in the production 

of Cu nanoparticles embedded in carbon matrices, as well as in the growth of hollow 

graphitic spheres [Fig. 3.25 (c)-(f)]. Concentric graphitic structures have eventually 

been found in other M/CF surrounding the corresponding metal nanoparticles, but never 

in the form of the large assemblies shown in Fig. 3.25. Our results suggest that the Cu 

nanoparticles may have acted as catalysts for the growth of these ordered 

nanostructures, similarly to the Cu-assisted growth of other carbon nanostructures 

previously reported [70,71]. These structures were not observed in other M/CF 

produced from M/TPP having metals other than Cu neither in CF produced from pure 

TPP (Chapter 4). However, these graphitic spheres are hollow and no clear connection 

between these structures and Cu nanoparticles was found by TEM. At this point is it 

worth mentioning that the production of similar graphitic nanostructures (shell-shaped 

carbon nanoparticles) by laser ablation of acetylene in absence of catalysts has been 

reported elsewhere [72].  
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Fig. 3.25. TEM micrographs of the different components of M/CF produced by laser 
ablation of (a) [Zn(TPP)], (b) [Co(TPP)] and (c-f) [Cu(TPP)], including (a) amorphous 
carbon aggregates, (b) metal nanoparticles embedded in amorphous carbon 
nanoparticles, (d.e) and hollow graphitic spheres 

.



Laser Chemistry for the Tailred Production of M/CF 

105

To further compare the structure of foams from [Cu(TPP)] to those produced from 

other precursors, Raman spectroscopy was used to compare these foams with Zn/CF 

synthesized from [Zn(TPP)]. The Raman spectra of the corresponding M/CF (Fig. 3.26) 

showed the two broad bands, typical of short-range ordered sp2-bonded carbon [27] at 

~1355 cm-1 (D-band) and ~1588 cm-1 (G-band) of equivalent intensities. In this case, 

spectra collected in selected zones of Cu/CF produced from [Cu(TPP)] showed sharper 

D- and G- bands than those of spectrum of [Zn(TPP)]-synthesized foams, thus 

indicating the higher graphitic order in the former [28], which should be addressed to 

the presence of the concentric graphitic spheres. 

Fig 3.26. (a) Raman spectra of foams produced by laser ablation of [Cu(TPP)] and (b) 

[Zn(TPP)], respectively.  
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3.7. Conclusions

A plethora of metal/carbon nanohybrid materials can be conveniently produced 

in a single step by laser irradiation of a variety of selected coordination compounds, 

including M/CF, SWCNT and hollow graphitic spheres. 

M/CF present a spongy foam-like texture that results of the aggregation of 

nanobeads having neck-lace structure. These materials consist of three differentiated 

components: graphitic nanostructures, amorphous carbon nanoparticles and metal 

nanoparticles (or different crystalline metal-phases like oxides, phosphides or carbides) 

embedded within amorphous carbon matrices.  

Aromatic ligands act as more efficient carbon source for the production of 

carbon nanostructures by laser ablation than non-aromatic ones. 

The composition and structure of the produced M/CF can be tailored by suitably 

choosing the chemical composition of the ablated precursor. The chemical composition 

and the aromaticity of the ligand and the nature of the central metal atom determine 

both the size and composition of the produced metal-based nanoparticles (whose 

composition can vary from metal(0) to oxides, phosphides or carbides), as well as the 

structure and crystallinity of the produced nanocarbon components. 

This laser chemistry is a very attractive method for the synthesis of materials 

consisting of metal nanoparticles dissolved in (solid) carbon matrices, whose properties 

can be tuned by conveniently selecting the ablated targets. Thus, we have shown here 
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experimental observation of ferromagnetic behavior for Pt and Pd nanoparticle in Pt/CF 

and Pd/CF, with coercivity up to room temperature.  

The synthesis of SWCNT (both as isolated nanotubes or self-organized in small 

bundles, of a very narrow diameter distribution) by laser ablation of a molecular 

precursor under air atmosphere is here reported. This result opens new routes towards 

the synthesis of carbon nanotubes by chemical design. 
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Chapter 4  

Production of Metal-Free Nanostructured Carbon Foams  

4.1. Introduction

This chapter addresses the production of metal-free CF by laser ablation of different 

aromatic hydrocarbon precursors. Chapter 3 described the production of M/CF from 

different coordination compounds, demonstrating that different aromatic ligands, such 

as PPh3, PhCN, phen and TPP can act as an efficient carbon source to produce M/CF by 

our laser ablation technique.  

Based on these results, we then attempted the production of metal-free CF by laser 

irradiation of selected aromatic organic compounds, some of which are present as 

ligands of the tested coordination compounds in Chapter 3. Thus, different aromatic 

hydrocarbons, including naphthalene and phenanthrene, heterocyclic organic precursors 

-phen and tetraphenylporphyrin (H2TPP)- and P- and S-containing precursors such as 

PPh3 and triphenylphosphine sulfide (SPPh3) were here utilized as targets to produce 

metal-free CF (Fig. 4.1). The synthesis of these metal-free CF would allow assessing 

the role of metals in the formation of the graphitic structures observed in M/CF. 

Moreover, the ability of our laser ablation technique to incorporate heteroatoms (N, P, 

S, O) within the produced carbon matrices is here studied. The key role played by the 

photon-matter interaction in these laser ablation processes is also here discussed.  

Finally, physicochemical (textural-, thermal- and electrochemical) properties of the 

produced metal-free CF are studied. 
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Fig. 4.1. Molecular structures of the aromatic precursors utilized in the production of 

metal-free CF: (a) naphthalene, (b) phenanthrene, (c) H2TPP, (d) phen, (e) PPh3 and (f) 

SPPh3. 
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4.2. Properties of the irradiated precursors

Naphthalene (>99.7 %), phenanthrene (98 %), phen (>99 %), H2TPP (99 %), PPh3

(>98.5 %) and SPPh3 (98%) were purchased from Sigma-Aldrich and used as received. 

The composition and properties of these precursors are presented in Table 4.1. All 

compounds exhibit aromaticity, and some of them incorporate organic elements such as 

N, P and S in their composition.  

Table 4.1. Properties of the precursors utilized to synthesize metal-free CF. 

Precursor Empirical MW MP BP 

Naphtalene C10H8 128.17 81 ºC 218 ºC
Phenanthrene C14H10 178.23 99 ºC 340 ºC
phen C12H8N2 180.21 117 ºC 365 ºC
PPh3 C18H15P 262.29 80 ºC 377 ºC
SPPh3 C18H15PS 294.35 162 ºC 429 ºC
H2TPP C44H30N4 614.64  - - 
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4.3. Metal-free CF characterization

Laser irradiation of the different precursors under air atmosphere let to the 

production of fibrillar soots similar to those obtained in the production of M/CF [1,2]. 

SEM characterization (Fig. 4.2) actually showed the same spongy-like structure for the 

metal-free carbon soots obtained, which in turn consist of necklace-like aggregation of 

nanoparticles.  

The observed structure of metal-free CF is similar to other carbon materials based 

on nanoparticle assemblies produced by laser ablation of hydrocarbons [3,4] or 

aromatics compounds [5] by means of CW CO2 lasers. SEM characterization did not 

show significant differences among the studied samples. 

Fig. 4.2. SEM micrographs of metal-free CF synthesized by laser ablation of (a) 

naphthalene (b) phenanthrene, (c) phen, and (d) PPh3.  
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TEM studies reveals the presence of both amorphous carbon and multi-layered 

graphitic nano-ribbons (Fig. 4.3) previously described in Chapter 3 for M/CF, which 

can also be eventually observed as independent, separate components in the metal-free 

produced soots.  

Thus, the graphitic nanostructures are also produced during laser ablation of metal-

free precursors, which indicates that metals are not involved in the growth of the 

mentioned structures.  

Fig. 4.3. TEM micrographs of CF produced by laser ablation of (a) naphthalene, (b) 

H2TPP, (c) PPh3 and (d) SPPh3 as precursors. Graphitic nanostructures can be 

observed in detail in (b) and in the insets (c,d).  
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Very interestingly, EDS analysis of CF synthesized from PPh3 newly reveals 

absence of P on the graphitic nanostructures, whereas the element is detected in 

amorphous carbon aggregates (Fig. 4.4).  

Fig. 4.4. EDS of CF synthesized from PPh3 performed in (a) amorphous carbon zone 

and (b) graphitic zone, showing presence and lacking of P, respectively.  

Raman characterization of metal-free CF all show typical features of short-ordered 

sp2 carbon for metal-free CF obtained from naphthalene, phenanthrene, phen and PPh3 

(Fig. 4.5). Two main Raman features are observed in these spectra: the G band, at 1590 

cm−1, characteristic of ordered, crystalline carbon (related to the E2g vibration mode of 

sp2 carbon atoms in a two dimensional hexagonal lattice), and the D band, located at 

1350 cm−1, which is typically assigned to disordered carbon [6,7]. The similarities 

observed by both TEM and Raman spectroscopy characterization studies reveal the 

predominance of disordered carbon in these metal-free CF, as it was previously 

observed in the carbon matrices of our M/CF described in Chapter 3. These Raman 

spectra also show that the irradiation of the different targets does not lead to significant 

structural changes in the CF produced, which confirms TEM characterization results 

(Fig. 4.5). 
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Fig. 4.5. Raman spectra of metal-free CF obtained by laser ablation of (a) naphthalene 

(b) phenanthrene, (c) phen and (d) PPh3.  

Furthermore, Table 4.2 shows the comparison among elemental analyses of CF and 

the initial composition of the precursors calculated from their molecular formula. 

Table 4.2. Chemical composition of the irradiated aromatic targets (a) and of the 

produced metal-free CF (b). 

Precursor C  
(wt. %) 

H  
(wt. %) 

N 
(wt. %) 

P 
(wt. %)  

O 
(wt. %) 

S 
(wt. %)  

a b a b a b a b a b a b 

Naphtalene 93.8 96.3 6.3 0.7 - 0.1 - - - 2.1 - - 
Phenanthrene 94.4 94.5 5.6 0.9 - 0.1 - - - 4.6 - - 
phen 80.0 87.5 4.4 1.0 15.6 2.5 - - - 9.0 - - 
PPh3 82.2 82.1 5.7 1.0 - - 11.8 8.0 - 8.8 - - 
SPPh3 73.5 80.9 5.1 1.7 - 0.4 10.5 8.3 - 7.1 10.9 1.5 
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Interestingly, it was observed a decreasing of hydrogen content between the 

irradiated precursors and the produced metal-free CF, decreasing from values ranging 

6.3 to 4.4 in the former to values ranging 1.7 to 0.7 wt. % in the CF, thus indicating that 

dehydrogenation occurs during the laser irradiation processes. This hydrogen content 

could be even smaller because hydrogen from adsorbed humidity is also included in 

analysis results.  

Remarkably, the incorporation of O from the ambient atmosphere where the laser 

ablation takes place is also observed, ranging 2.1 to 9 wt. % in the produced CF. The 

other element broadly present in the ambient atmosphere (N) is not however 

incorporated to the metal-free CF but in small quantities, ranging from 0 to 0.4 wt. % in 

those materials without N in their precursors. Moreover, the 15.6 wt. % N content in the 

phen precursor decreases up to 2.5 wt. % in the resulting CF. Similarly, S content of 1.5 

wt. % was reached in CF of SPPh3, whose S content in the precursor used is 10.9 wt. %. 

Remarkably, P only shows a slight decrease in their content from 11 to 8 wt. % when 

comparing the chemical composition of both the precursors and the obtained CF.  

Additionally, density values of 1.66 g/cm3 have been measured by He pycnometry 

for metal-free CF produced from naphthalene. These values are similar to those of other 

carbon nanomaterials (Table 4.3) such as MWCNT, CX, CB and GC but significantly 

higher than those reported for carbon nanofoams produced by ultrafast lasers (0.02–

0.002 g/cm3) [8]. 
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Table 4.3. Measured densities of carbon materials 

Carbon material Density (g/cm3) 
Metal-free CF 1.66 
MWCNT 1.98 
ND 2.97 
GC 1.96 
Carbon aerogels 0.20 -1.00 [9,10] 
CX 1.73 
CB 1.91 
AC 2.05 
Graphite 2.27 
OMC 1.63 
Carbon Nanofoams 0.02-0.002 [8] 

a) High purity MWCNT produced by the CVD technique (10-15 nm in diameter, ≥ 10 

microns in length, Nanothinx S.A). 

b) ND, purified, grade G01, PlasmaChem. 

c) GC produced by hydrocarbon pyrolysis (n-TEC) [11]. 

d) CX prepared by polycondensation of resorcinol and formaldehyde in water by 

Pekala’s sol-gel method [12]. 

e) Vulcan XC-72R CB (Delta Tecnic S.A.). 

f) AC (Morgui Clima S.L.). 

g) Graphite, particle size <50 µm (Merck). 

h) OMC synthesized using a template-mediated process [13]. 

CF produced from both naphthalene and PPh3 precursors were characterized in 

more detail by surface area measurements and TGA. Metal-free CF provide BET 

surface areas of 63 m2/g and 33 m2/g, respectively, whereas TGA performed up to 850 

ºC under air atmosphere show a weight loss of 100 %, being remarkable de absence of 

residues for both materials, which indicated their combustion under these conditions 

(Fig. 4.6). The first derivative of the weight loss over temperature for both materials 

(not shown here) indicates that the maximum weight loss occurs at 608 ºC and 638 ºC 

for CF synthesized from naphthalene and PPh3, respectively.  
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Fig. 4.6. TGA of CF obtained by laser ablation of naphthalene (red line) and PPh3 (blue 

line).  

The difference in the temperature at which the maximum weight loss occurs is 

probably related to the presence of P in metal-free CF synthesized from PPh3, since P 

can act as an active radical scavenger retarding oxidation reactions [14-16] thus 

producing the higher decomposition temperature of CF synthesized from PPh3 in 

comparison with those from naphthalene.  

Furthermore, the thermal stability of metal-free CF obtained from naphthalene was 

also studied performing TGA under N2 at 1200 ºC (heating rate 10 ºC/min, residence 

time 14 hours).  

During the first 240 minutes (time required to reach 1200 ºC) a slight weight loss is 

observed (upon reaching 800 ºC). Then, a gradual mass decreasing with time, up to 70 

%, that probably would continue for longer thermal annealing processes, is observed 

(Fig. 4.7).  
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Fig. 4.7. TGA plot of metal-free CF (naphthalene) under N2 atmosphere at 1200 ºC. 

Purple line denotes time required to reach 1200 ºC, while red line shows data obtained 

after 1200 ºC were reached.  

This mass loss could be ascribed to rearrangement processes where the amorphous 

carbon regions are gradually detached, similarly as processes described for carbon 

spheres prepared by pyrolysis of hydrocarbons when underwent temperatures of 900 ºC 

under N2 [17,18]. This thermal treatments causes a higher degree of carbon order 

observed by TEM of these heat-treated CF (Fig. 4.8).  

Fig 4.8. TEM micrographs of as-produced metal-free CF from naphthalene precursor 

after thermal annealing at 1200 ºC under N2. 
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4.4. Laser chemistry: from aromatic precursors to metal-free CF

The laser-mater interaction is a key issue in all laser-assisted processes. The first 

step on laser synthesis of CF involves the interaction of photons with the organic target. 

In this work, the laser used works in CW mode leading to a photothermal type laser-

material interaction [19]. The Nd:YAG laser wavelength (1064 nm) is located in the 

near-infrared (NIR) spectrum region, leading to the excitation of vibrational modes of 

the precursor molecules (overtones and combination of vibrational modes [20]). As in 

the case of mid-infrared, the occurrence of absorption in NIR requires a change in 

dipolar moment µ during the vibration under consideration. However, a large 

mechanical and electronic anharmonicities of the vibrating atoms is also required on 

NIR for the absorption phenomena to occur. Thus, hydrogen-heteroatom bonds, whose 

anharmonic constants are the highest, dominate the NIR absorptions that arise from the 

overtones of the stretching bands or combinations involving the stretching and bending 

vibration modes of these groups [20]. Despite the lower transitions probability in NIR 

radiation, the high amount of carbon-hydrogen bonds of the precursors utilized together 

with the high irradiance levels here utilized and the sample thickness (several 

millimetres) ensure a high efficiency on radiation absorption.  

After photon absorption, relaxation by vibrational energy transfer to the rest of the 

molecule and/or molecule-to-molecule random collisions take place, thus transforming 

the absorbed energy into kinetic energy and, therefore, into heat. Thus, precursors are 

rapidly heated causing massive melting and further boiling within the laser spot. The 

high irradiance levels (1.8·107 W/cm2) utilized during laser ablation combined with the 

high volatility of the organic targets (Table 4.1) allow a high evaporation rate, which is 

followed by a significant increase in the vapour temperature, resulting on material at 

high-temperature ejected from the target [19]. The formation of an intense cone-shaped 
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plasma plume is therefore observed, possibly attained via combination of moderate 

irradiance levels with the energy released by the exothermic transformation of the 

precursors, triggered by the laser irradiation itself. After plasma plume formation, high-

intensity light emission occurs and ejection of the filamentous black soots 

characteristics of CF is produced.  

Carbon materials and carbon compounds usually undergo combustion if heated at 

high temperature in the presence of oxygen [21]. Moreover, TGA of metal-free CF 

under air atmosphere demonstrated that these materials completely burn at temperatures 

over 600 ºC (Fig. 4.6). However, laser irradiation of the precursors allows the chemical 

reactions to elapse through a different path, avoiding combustion even in air 

atmosphere. The extremely fast heating a cooling rates achieved in laser assisted 

processes (the plasma plume generation follows immediately the laser irradiation of the 

targets and then CF are ejected right away) enables the formation of nanostructured 

carbon largely avoiding combustion even in presence of oxygen. These processes are 

similar to those that result in M/CF synthesis from coordination compounds (Chapter 3).  

Thus, starting molecular precursors may thus undergo transformation not via 

conventional combustion, but rather through an alternative photo-induced mechanism 

[19], which, based on our group’s previous work on laser ablation production of carbon 

nanotubes [22,23] leads us to assume that these nanostructured materials were produced 

within the generated plasma plume and/or in the gas phase close to the plasma plume as 

a result of the assembly of high-temperature, ionized clusters [1] in out-of-equilibrium 

thermal processes.  

Very interestingly, the presence of P in precursors such as PPh3 or SPPh3 and even 

in some other precursors utilized in Chapter 3, besides chloride and bromine ligands 

also present in the coordination compounds previously utilized, lead to flame retardant 
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effects [14-16, 24-26], which would be also important to avoid combustion of organic 

moieties during laser ablation processes.  

Furthermore, the formation of resolidified target material after laser ablation is 

experimentally observed, indicating melting of the utilized targets on and around the 

laser spot during irradiation. Melting points of the precursors utilized in this Chapter 

range from 81 ºC to 162 ºC. Moreover, the amount of remaining molten material 

increases for PPh3, SPPh3, phen and phenanthrene, while the irradiation of naphthalene 

leave lower amounts of molten precursor. This seems to be related with the physical 

properties of the precursors (Table 4.1). On the one hand, the difference between 

melting and boiling point of naphthalene is around 140 ºC, while for the other 

precursors used the difference ranged between 240 ºC and 290 ºC. This greater 

temperature difference would allow to some side energy dissipation within the target 

prior to evaporation, while in the case of naphthalene, the smaller temperature 

difference leads to lower heat dissipation and a faster reaching of the boiling 

temperature. Moreover, the high vapour pressure of naphthalene also leads to increased 

evaporating rate [27]. The formation and ejection of small liquid drops that are collected 

around the ablation zone are also observed, especially when using the PPh3 precursor.  

Furthermore, the presence of graphitic nanostructures in metal-free CF indicated 

that their growth in M/CF described in Chapter 3 is not promoted by the metals of the 

chosen coordination compounds. These results therefore confirm that the growth of 

these graphitic nanodomains do not require the nucleation processes induced by certain 

metal nanoparticles. The presence of amorphous carbon and graphitic structures 

together but as separate components in the carbon matrices may suggest that the 

formation of the latter might be the result of high temperature carbon restructuring of 

the amorphous carbon aggregates [28], which would therefore also lead to P removal. 
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4.5. Electrochemical characterization

Carbon materials are broadly used as electrode materials for energy-related 

applications. We wanted to test if our CF were promising as electrode materials. 

Therefore, the electrochemical characterization of metal-free CF obtained by laser 

ablation of PPh3 was performed. CB Super P was also studied for comparison.  

Resistivity measurements were made by the van der Pauw technique [29]. Briefly, 

this method consists on the preparation of the sample as a uniform thin film connected 

to the measurement instrument by the four corners, which are utilized as connection 

points. A positive direct current of 10 mA is caused to flow between two connections 

whereas the voltage across the other two points is measured. The resistivity can be 

calculated by applying the Ohm´s law (Eq. 4.1).  

 R=V/I  Eq. 4.1. 

where R is the resistance of the sample in Ω, V the potential difference across the 

sample in V and I is the current intensity in A.  

CF synthesized from PPh3 show high resistivity values of 170-190 Ω/sq, which 

contrasts with that of CB Super P (2.8 Ω/sq), although is similar to the resistivity 

measured for porous carbon materials with a turbostratic structure (such as activated 

carbons) [30].  

Aiming at increasing the structural order of the CF, a thermal treatment at 1000 ºC 

(heating rate 2ºC/min, N2 flow of 50 ml/min and dwelling time of 2 hours in a furnace) 

was proposed. High temperature treatments of carbon materials may increase their 

electrical conductivity [18]. The corresponding weight loss accounts for 32 %, 

accompanied by a sharp resistivity drop up to 15-25 Ω/sq. This behavior confirms the 

soft graphitization of the CF upon heating. Considering the high resistivity values of the 

raw metal-free CF, the electrochemical measurements were only carried out on the 
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samples heated at 1000 ºC, following the procedure described in Chapter 2 (Section 

2.2.14), and a three-electrode cell was prepared by using one of the mentioned 

electrodes (thermally treated CF or CB Super P), a graphite rod as counter electrode, 

and a saturated mercury/mercurous sulfate as reference electrode.  

Firstly, the electrodes were placed within the aqueous 1 M H2SO4 solution utilized 

as electrolyte, and electrochemical equilibrium was allowed to be reached to check the 

rest potential of the prepared electrodes at open circuit conditions. The rest potential (or 

Open Circuit Potential, OCP) is the potential generated between the working and 

counter electrode when a zero current is applied. Fig. 4.9 shows the evolution of OCP 

vs SME with time, until reaching the equilibrium situation for both the pyrolyzed CF 

and CB electrodes. 

Fig. 4.9. Rest potential reached by pyrolyzed CF electrode (blue line) and CB Super P 

electrode (red line) expressed vs. the SME.  

The rest potential of the CB electrode is close to 0 mV vs SME, whereas the CF 

reach an OCP slightly higher of up to +100mV vs SME. Both are rather low OCP 

values, as correspond to electrochemical stable electrode materials; this is important 

since carbons with high OCP can experience undesired high voltages when charged, 

thereby leading to gas generation. The slight difference in the OCP might be related to 

the surface functionalization of CF [31]. 
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Once the electrodes were equilibrated, cyclic voltammograms were performed. 

Initially the electrode was polarized between -600 and +200 mV vs. SME, to avoid the 

electrolyte decomposition, and later expanded to cutoff potentials between -800 and 

+400 mV (Fig. 4.10).  

Fig. 4.10. (a) Voltammograms vs. SME for pyrolyzed CF and CB between -600 and 

+200 mV and between -800 and +400 mV; (b) same data normalized vs the NHE.  

The rectangular shape of the voltammograms down to a potential cutoff of -600 mV 

vs SME proves a pure capacitive and reversible behavior of both pyrolyzed CF and CB 
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electrodes. Interestingly, results show that pyrolyzed CF presents a higher current 

density than CB Super P. This effect suggests that the CF possesses larger textural 

features than CB, perhaps developed during thermal annealing at 1000 ºC. It could also 

be partially ascribed to the presence of functional groups in the surface of the pyrolyzed 

CF [32], likely based in O and P.  

When the potential cutoff is expanded, the cyclic voltammogram of the CB remains 

unchanged, indicating the pure capacitive behavior in this potential range. On the other 

hand, for pyrolyzed CF when the electrochemical window is expanded between -800 

and +400 mV, some different features appear on the voltammograms. A small cathodic 

current leap due to hydrogen insertion [33] is observed (see Eq. 4.2), together with a 

slight increase in anodic current density attributed to the reversible electrochemical 

oxidation of the adsorbed hydrogen. It is important to remark that the process of 

hydrogen insertion is fully reversible since the voltammogram between -600 and +200 

mV vs SME after expanding the potential windows superimposed with the initial one.  

 2H+ (aq) + 2e- � H2 (g) Eq. 4.2. 

On the anodic sweep, a slight increase in the current density is also observed at 

potentials above +300 mV vs SME, due to the electrolyte oxidation according to Eq. 4.3 

 2H2O � O2 (g) + 4H+ (aq) + 4e-  Eq. 4.3. 

The presence of a broad hump in the central zone of the voltammograms indicates 

the appearance of redox transfer reactions involving surface functionalities. This can be 

ascribed either to the oxidation of the CF electrode as a result of the electrolyte 

decomposition, or to the surface functionalities remaining on the carbon matrix after the 

thermal treatment. The position of the cathodic and anodic humps (reduction potential 

close to -150 mV vs SME) is most likely due to the presence of quinone/hydroquinone 

pair, typically generated by electrochemical oxidation [33-36].  
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4.6. Dispersion of metal-free carbon foams in water and organic 

solvents 

Finally, in order to evaluate the potential chemical processing capabilities of metal-

free CF, these materials were dispersed in water and in different organic solvents 

(acetone, ethanol, diethyl ether, toluene, dichlorometane and hexane). Mild bath 

sonication resulted in dispersions stable for over 48 h in all tested solvents but in hexane 

(Fig. 5.11). This metal-free CF remarkable dispersibility opens new opportunities 

toward the incorporation of these nanocarbons into functional materials and assemblies. 

Fig. 4.11. Metal-free CF dispersibility in various solvents. Top image shows metal-free 

CF in different solvents 60 seconds after being dispersed by mild sonication. Bottom 

image shows the same dispersions after 48 h. Solvents: 1-water, 2-acetone, 3-ethanol, 

4-diethyl ether, 5- toluene, 6-dichlorometane, 7-hexane. 
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4.6. Conclusions

Metal-free CF can be conveniently produced in a single step process by laser 

irradiation of different aromatic precursors, such as naphthalene, phenanthrene, phen, 

H2TPP, PPh3 and SPPh3. 

Characterization of metal-free CF revealed their spongy texture, which consist 

on necklace-like aggregates of amorphous carbon nanoparticles and graphitic structures. 

Composition of these materials is mainly based in carbon, whereas hydrogen content is 

around 1 wt. %. O from air can be incorporated during the synthesis of metal-free CF (2 

to 9 wt. %), while other elements such as P (up to 8.3 wt. %), N (up to 2.5 wt. %) or S 

(up to wt. 1.5 %) are incorporated if present in the utilized precursors. Metal-free CF 

have medium-low BET surface areas, are thermally stable below 600 ºC under air 

atmosphere, and undergo structural rearrangement when pyrolyzed.  

The presence of graphitic nanostructures as independent, separate components in 

metal-free CF reveals that metals are not required in the growth of these ordered 

features, which is suggestive that metal nanoparticles in M/CF (Chapter 3) do not 

nucleate these structures.  

In this work, carbon nanostructures are thought to be formed by reaction at high 

temperatures reached within plasma plume. Molecular transformations induced by 

photothermal decomposition caused by C-H bond activation by NIR radiation together 

with transformation of highly-reactive carbon clusters at high temperatures are proposed 

as reaction path for the formation of the observed nanostructures. Thus, the high heating 

and cooling rates reached within laser ablation processes allow the formation of CF, 
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which differs to that of conventional thermal treating that, under air atmosphere, leads 

to combustion of the utilized precursors.  

The fact that amorphous carbon and graphitic structures are found together but 

as separate components suggests that the formation of the graphitic structures might be 

the result of high temperature carbon restructuring of the amorphous carbon aggregates, 

which would therefore also lead to P removal. 

As-produced metal-free CF presents undesiderable high resistivity values (170-

190 Ω/sq), whereas if thermally annealed at 1000 ºC resistivity values are significantly 

decreased (15-25 Ω/sq).  

OCP measurements showed that the thermally treated CF produced from PPh3, 

materials are electrochemically stable, and cyclic voltammetry between -600 and +200 

mV showed higher density current values than CB Super P. These results are promising 

for potential CF-based electrochemical applications. 

Metal-free CF disperse well in a variety of solvents, that would facilitate 

chemical processing toward applications. 
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Chapter 5  

Laser Ablation of Chloro(Phosphine)Gold(I) Complexes: 

Further Exploring the Effect of Ligand Aromaticity and Gold 

Content on the Structure and Composition of Gold/Carbon 

Foams. 

5.1. Introduction

In recent years laser techniques have been successfully developed to produce 

metal/carbon composites with tailored average nanoparticle size and metal contents [1-

6]. Following the research described in Chapter 3 on the synthesis of metal/carbon 

nanohybrids, Chapter 5 now further shows that our laser chemistry can be efficiently 

utilized in tailoring the Au loading and GNP size of Au/CF. Two different routes have 

been explored to achieve this goal: by varying the ligand composition of the ablated 

chloro(phosphine)gold(I) complexes (from nonaromatic to aromatic, and changing the 

phenyl-group content), and by changing the dilution of [AuCl(PPh3)] in 

[AuCl(PPh3)]/PPh3 mixtures used here as precursors. Finally, we have investigated if 

the composition and GNP size of Au/CF change whether the laser ablation process is 

performed using the starting pristine powdered precursors or by successive laser 

scanning of the formed melt. All these results provide key information on the growth 

mechanisms of both GNP and carbon nanostructures synthesized by the present laser 

ablation technique. 
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5.2. The effect of ligand aromaticity on the gold nanoparticle size and 

carbon foam composition

5.2.1. Utilized precursors

The laser ablation of a variety of chloro(phosphine)gold(I) complexes comprising 

nonaromatic- and phenyl-based phosphine ligands (Table 5.1 and Fig. 5.1) has been 

performed in order to study the effect of their composition on the GNP size and Au 

loading as well as on the growth of ordered carbon nanostructures.  

Table 5.1. Composition of the irradiated chloro(phosphine)gold(I) complexes. 

Precursor Formula Molecular formula 
Chloro(triisopropylphosphine)gold(I) [AuCl(PiPr3)] C9H21AuClP 

Chloro(dimethylphenylphosphine)gold(I) [AuCl(PMe2Ph)] C8H11AuClP 

Chloro(methyldiphenylphosphine)gold(I) [AuCl(PMePh2)] C13H13AuClP 

Chloro(triphenylphosphine)gold(I) [AuCl(PPh3)] C18H15AuClP 

Chloro[tris(2,4,6-trimethylphenyl)phosphine]gold(I) [AuCl(PMes3)] C27H33AuClP 

Chloro(tricyclohexylphosphine)gold(I) [AuCl(PCy3)] C18H33AuClP 

Fig. 5.1. Molecular structure of the ablated chloro(phosphine)gold(I) targets. (a) 

[AuCl(PiPr3)], (b) [AuCl(PMe2Ph)], (c) [AuCl(PMePh2)], (d) [AuCl(PPh3)], (e) 

[AuCl(PMes3)] and (f) [AuCl(PCy3)]. 
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Laser irradiation of all the chloro(phosphine)gold(I) complexes produced milligrams 

of soots in all cases.  

5.2. Synthesis of chloro(phosphine)gold(I) complexes

All the irradiated gold coordination compounds were synthesized from 

chloro(tetrahydrothiophene)gold(I) ([AuCl(tht)]) and the corresponding high-purity 

phosphines (Sigma-Aldrich) by a method reported elsewhere [7]. Briefly, 5 mmol of 

[AuCl(tht)] were dissolved in 40 mL of dichloromethane and then an equimolar amount 

of the corresponding phosphine were added. The mixture was kept under vigorous 

stirring for 30 minutes at ambient temperature for the displacement reaction to occur 

(Eq. 1).  

          PR3 + [AuCl(tht)] � [AuCl(PR3)] + tht  Eq. 1.  

PR3 represents any phosphine utilized in the present work and tht the 

tetrahydrothiophene.  

Then, dichloromethane was partially vacuum-evaporated until ~ 5mL remained, 

following the addition of 10 mL of diethyl ether that caused the precipitation of the 

chloro(phosphine)gold(I) complex, which until then remained in solution. Further 

filtration and washing (diethyl ether, 3x10 mL) to remove tetrahydrothiophene resulted 

in the subsequent chloro(phosphine)gold(I) complex. Purity of synthesized compounds 

was confirmed by 31P, 1H and 13C NMR. 

5.3. Characterization of Au/CF

In Chapter 3 we have shown that aromatic precursors act as efficient carbon source 

for the synthesis of M/CF using our “laser chemistry” approach. Fig. 5.1 shows that the 

chosen aromatic precursors have different phenyl group content in order to study how 

the chemical composition of different phenyl-containing precursors affects the 

composition of the resulting Au/CF. On the other hand, Chapter 3 showed that the laser 
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ablation of [Cu(acac)2] led to the formation of Cu/C nanohybrids whose composition 

and structure were markedly different to those obtained from [CuCl(PPh3)] precursor. 

This time, the results of the laser irradiation of [AuCl(PCy3)] are compared to those 

obtained from [AuCl(PPh3)] precursor. This study of the effect of the ligand aromaticity 

on Au/CF formation and structure is very interesting as both precursors have the same 

Au:C atomic ratios and, on the other hand, it provides interesting hints on the nature of 

the building blocks involved in cluster assembly at the extreme high temperature 

conditions used here, and on the subsequent foam growth. 

TEM characterization of Au/CF obtained from all of the six 

chloro(phosphine)gold(I) complexes showed the same three components described in 

Chapter 3 for other M/CF: GNP embedded within amorphous carbon nanoparticles, 

amorphous carbon nanoparticles and graphitic domains (Fig. 5.2). However, changes in 

GNP size distributions, the thickness of their carbon coating and amorphous carbon 

nanoparticle content were however observed. Large (tens of nanometers in diameter) 

GNP coated by thin carbon layers were observed in Au/CF whose precursors were non-

aromatic or had low phenyl group contents [Fig. 5.2 (a-c) and (f)]. On the contrary, the 

use of precursors having aromatic ligands with increased phenyl group contents led to 

the production of smaller GNP embedded within thicker carbon layers as well as to an 

increased amorphous carbon content [Fig. 5.2 (d) and (e)]. When it comes to the 

graphitic nanostructure content, no significant changes have been observed in the 

studied samples according to TEM observations.  
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Fig. 5.2. TEM micrographs showing the effect of target composition on the GNP size 

and amorphous carbon content. Au/CF produced from (a) [AuCl(PiPr3)], (b) 

[AuCl(PMe2Ph)], (c) [AuCl(PMePh2)], (d) [AuCl(PPh3)], (e) [AuCl(PMes3)] and (f) 

[AuCl(PCy3)]. 
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Chapter 3 showed ribbon-like structures of the Cu/C nanohybrids produced from 

[Cu(acac)2] [8], which contrasts with the structure of foams produced from 

[AuCl(PiPr3)], which shows the typical neck-lace structure described for foams 

produced from the other chloro(phosphine)gold(I) complexes studied here. The lower 

carbon content and the presence of the oxygen-containing acetylacetonate ligand of 

[Cu(acac)2] may account for the observed differences when compared to other M/CF.  

Detailed TEM characterization revealed that none of the produced GNP were 

uncoated by carbon. Very interestingly, GNP are found homogeneously coated by 

amorphous carbon layers (Fig. 5.2). Eventually, a void space between the GNP and the 

carbon coating in observed (Fig. 5.3). This provides interesting information on the last 

stages of Au/C nanohybrid formation process, as it suggests that GNP shaped the 

carbon coating at high temperatures prior to undergoing diameter reduction during Au 

crystallization upon cooling. Probably these nanohybrids form at high temperatures 

within- or close to the plasma plume, and then melted Au droplets crystallize and 

undergo size reduction and the subsequent formation of the voids shown in Fig. 5.3.  

TEM micrographs may also suggest that carbon might have been segregated from 

GNP upon cooling of the melt, as it has been proposed by the VLS theory applied to 

other high temperature metal/carbon alloys [9]. The presence of homogeneous carbon 

coatings around GNP indicates no directionality in the carbon segregation process. GNP 

are not known for their ability to nucleate the growth of ordered carbon structures. 

However, some degree of carbon order in the form of concentric short-range graphitic 

stacking can be eventually observed in these carbon coatings. As mentioned in Chapter 

4, these ordered carbon structures may have formed from amorphous carbon 

restructuring processes at high temperature near the plasma plume [8]. TEM 

micrographs suggest here that some degree of carbon order might have been induced as 
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well during high temperature carbon segregation upon cooling of molten gold-carbon 

droplets.  

Fig. 5.3. Voids and concentric carbon coatings observed in TEM micrographs of 

Au/CF. 

Fig. 5.4 shows TGA results of the produced Au/CF. A clear dependence between the 

initial Au content of the precursors and the measured TGA residue wt. % can be 

observed, further confirming TEM observations: the higher the Au content of the 

utilized precursors, the larger TGA residue wt. % is obtained upon burning the samples 

at 850ºC in air (EDS analyses reveal that these TGA residues contain, mainly, Au and, 
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additionally, O and P, so these TGA residues provide an estimation of the Au loading of 

the produced Au/CF).  

Fig. 5.4. TGA residues wt. % of the produced Au/CF as a function of the Au wt. % in the 

ablated precursors.  

Moreover, these TGA results show the ability of the ligands to act as efficient 

carbon source for the Au/CF production. The TGA residue wt. % provides an estimation 

of both the Au loading and the burned carbon material. In Fig. 5.4, it was assumed that 

no Au loss occurs during the ablation process. TGA results indicate that precursors that 

provide the highest carbon- and phenyl group content are those that more efficiently act 

as carbon feedstock for the production of the nanostructured soot.  

The efficiency of phenyl-containing ligands as carbon feedstock for production of 

gold/metal nanohybrids was further confirmed by comparing TGA results of foams 

produced from [AuCl(PPh3)] and [AuCl(PCy3)] precursors: burning up to 850 ºC the 

Au/CF produced from [AuCl(PPh3)] and [AuCl(PCy3)] left 45 and 75 wt. % residues, 

which indicates a higher Au loading in the latter (Fig. 5.4). Similar results were 
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observed when using [AuCl(PMe2Ph)] and [AuCl(PiPr3)]: while the former has a higher 

Au:C atomic ratio, the laser ablation of [AuCl(PiPr3)] led to the highest Au loading of 

all produced Au/CF (Fig. 5.4.). These results indicate that, when comparing the laser 

ablation of chloro(phosphine)gold (I) complexes of the same Au:C atomic ratios, the 

ligand pyrolysis and resulting cluster formation and assembly processes are different 

when using non-aromatic or aromatic precursors, so non-aromatic moieties more easily 

decompose or are eventually burned in the operating air atmospheres during the laser 

production process, whereas phenyl-group-based cluster act as better building blocks for 

the formation of carbon nanostructures. 

XRD characterization also confirmed these TEM and TGA results. Fig. 5.5 shows 

the average Au fcc crystallite size obtained for the different precursors. Both 

aromaticity of the ligand and Au content of the precursors define the average Au fcc 

crystallite size: the higher the phenyl-group content and/or C:Au ratio in the precursors 

used, the smaller the average crystallite size (Fig 5.5). Apparently, the aromatic nature 

of the moieties has a larger affect on the GNP size than on the Au content, as can be 

confirmed when comparing both metal content and average crystallite size of foams 

produced from [AuCl(PCy3)] and [AuCl(PPh3)]. For these materials, TEM results 

indicate that bigger GNP size is obtained when using [AuCl(PCy3)]. Further XRD 

measurements confirmed a bigger average Au fcc crystallite size of 30 nm for 

[AuCl(PCy3)] foams, compared to the 20 nm obtained when irradiating [AuCl(PPh3)] 

(Fig. 5.5). This effect can be again observed when comparing the results obtained from 

[AuCl(PMe2Ph)]- and [AuCl(PiPr3)]-produced foams. 
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Fig. b5.5. Average Au fcc crystallite size of Au/CF obtained from different 

chloro(phosphine)gold(I) precursors. 

Raman spectra (Fig. 5.6) showed similar features for all Au/CF as previously 

described for other M/CF (Chapter 3): Two broad bands located at around 1358 cm-1

(D-band) and 1600 cm-1 (G-band) can be observed, ascribed to graphitic and disordered 

carbon, respectively [10,11].  

Measuring the Raman intensity ratios of the D- and G-bands (ID/IG) together with 

the relative D- and G-band widths is commonly used to compare the degree of carbon 

order in the produced materials. This time, in spite of the differences in chemical 

composition of the ablated targets, the resulting samples however provided Raman 

spectra of similar ID/IG values, all showing broad D- and G-bands of equivalent 

intensities, characteristic of disordered carbon materials (Fig. 5.6). Differences in D- 

and G- band widths can be found in spectra collected at different spots within the same 

sample (Fig. 5.6), which accounts for their heterogeneous nature. Contrary to what it 

was observed when comparing Raman spectra of foams produced by laser ablation of 

[CuCl(PPh3)] and [Cu(acac)2], this time no significant differences between the Raman 
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spectra of Au/CF produced from the studied chloro(phosphine)gold(I) complexes have 

however been observed. This result indicates that these materials mainly consist of 

disordered carbon, and that the use of aromatic precursors, besides of acting as good 

carbon feedstock for the production of these nanocarbon materials, does not additionally 

favour the formation of ordered graphitic nanostructures. 

Fig. 5.6. Raman spectra of Au/CF produced from (a) [AuCl(PiPr3)], (b) 

[AuCl(PMe2Ph)], (c) [AuCl(PPh3)], (d) [AuCl(PMes3)] and (e) [AuCl(PCy3)]. 
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5.3. Gold/carbon foams synthesis from [AuCl(PPh3)]/PPh3 mixtures

Alternatively, the effect of Au dilution on the Au loading and GNP size was studied 

by laser ablation of [AuCl(PPh3)]/PPh3 mixtures. Mixtures of [AuCl(PPh3)] to PPh3 on 

different molar ratios (Table 5.2) were prepared by grinding mixtures of both 

compounds in an agate mortar with dichloromethane. After grinding, the precursor 

mixtures were dried under vacuum and then laser irradiated.  

Table 5.2. Molar ratios utilized to prepare the [AuCl(PPh3)]/PPh3 mixtures. 

Sample [AuCl(PPh3)]/PPh3 

molar ratio 

M1 1:0.33 
M2 1:1 
M3 1:2 
M4 1:3 
M5 1:7 

TGA residue wt. % of materials that result of laser ablation of [AuCl(PPh3)]/PPh3

mixtures as a function of the Au loading of the ablated mixtures is shown in Fig. 5.7. It 

can be observed that there is a linear dependence of the Au content of the irradiated 

precursors and TGA residue wt. % and, therefore, of the Au loading of the produced 

foams. 

However, very interestingly, XRD results show that the average Au fcc crystallite 

size does not change proportionally with the Au content of the irradiated mixture (Fig. 

5.8), contrary to what we observed when increasing the phenyl-group content of the 

ablated chloro(phosphine)gold(I) precursors (Fig. 5.5). Instead, the average Au fcc 
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crystallite size does not change much in spite of the Au dilution. Thus, while changing 

Fig. 5.7. TGA residue wt. % of Au/CF synthesized from the different mixtures. 

the Au weight content from 40 % to 20% (from pure [AuCl(PPh3)] to M3), average Au 

fcc crystallite diameter changes from 20.4 to 18.0 nm. A significant decrease in average 

Au fcc crystallite size is only achieved when further increasing the Au dilution below 

15 wt. %. It is necessary to decrease the Au content even more to observe a more 

pronounced decrease in crystallite size. The reduced Au content of M5 shows low 

intensity signals of Au fcc by XRD, suggesting that Au forms a small number of GNP 

and, thus, avoiding the assignment of the average crystallite phase. 

Thus, TGA and XRD results suggest that, while the PPh3 to [AuCl(PPh3)] ratio is 

increased, the amount of Au decreases while the average Au fcc crystallite size remains 

practically unchanged until reaching the 1:3 dilution threshold (corresponding to the M4 

mixture). This result contrasts to the GNP size tuning obtained when using changing the 

phenyl-group content of the studied chloro(phosphine)gold(I) complexes mentioned 

above. This time, however, these results suggest that plasma plume characteristics and 
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dynamics and laser parameters that settle the Au- and carbon cluster recombination 

conditions have a more pronounced effect in defining the GNP size than the PPh3

dilution performed here. 

Fig. 5.8 Average crystallite size for the different [AuCl(PPh3)]:PPh3 mixtures and pure 

[AuCl(PPh3)]. 
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5.4. The effect of successive laser scanning on gold nanoparticle 

loading and size

The laser irradiation of the studied precursors normally leads to the formation of a 

melt, which then resolidifies upon cooling. The possibility of reusing this resolidified 

melt in laser ablation production processes was here studied, paying special attention to 

the effect of recycling it on Au/CF structural properties. The potential metal-enrichment 

of the melt with time after successive laser scanning of the sample was also studied.  

Nine irradiation experiments were carried out to produce three different samples 

(F1, F2 and F3). Sample F1 mixes Au/CF obtained during 1st, 2nd and 3rd irradiations, 

while sample F2 mixes Au/CF produced from 4th to 6th and, finally, sample F3 uses 

Au/CF synthesized from 7th to 9th irradiations (Table 5.3 and Fig. 5.9). After the first 

and the second laser irradiations, the resolidified melt deposited on the ceramic 

substrate was completely removed. Thus, pristine [AuCl(PPh3)] was solely irradiated on 

the first three experiments (sample F1). Moreover, after third irradiation, the resolidified 

melt was no retired any more, and a thin layer of precursor was placed over it any time 

prior to laser irradiation. Thus, not only the fresh precursor but also the solidified melt 

were ablated. Sample F2 (irradiations 4th to 6th), and finally, sample F3 (irradiations 7th

to 9th) were collected. 

Fig 5.9. Processes during laser ablation. Sample F1 (a�b�c), samples F2 and F3 

(d�e�c).  
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XRD and TGA characterization results of these three fractions are showed in Table 

5.3.

Table 5.3. Characterization results of the different fractions. 

Fraction Precursor Average 
Au Crystallite 
Diameter (nm) 

TGA residue 
(wt. %) 

F1 Pristine [AuCl(PPh3)] 20.3 47 
F2 [AuCl(PPh3)] over 

resolidified melt 
20.9 44 

F3 [AuCl(PPh3)] over 
resolidified melt 

20.7 44 

As can be observed, no changing in Au content and average nanoparticle size was 

observed while increasing the number of laser scans over the solidified melt, which 

indicates that no Au enrichment of the resolidified melt takes place, allowing the 

resolidified melt be recycled in Au/CF synthesis, thus decreasing the amount of 

contaminant solid residues generated after laser irradiation and also increasing the 

efficiency of the transformation of precursors to Au/CF.  



Laser Ablation of Chloro(Phosphine)Gold(I) Complexes 

159 

5.5. Conclusions

The use of a variety of chloro(phosphine)gold(I) complexes as precursors 

showed that the average crystallite size of GNP and the Au loading of Au/CF can be 

defined by controlling the chemical composition of the phosphine-based ligand (i.e. the 

number of phenyl-based or nonaromatic-based groups) and the initial metal wt. % 

content of the precursor. Thus, precursors whose phosphine ligand presents high 

phenyl- group contents produce Au/CF with lower Au loading and smaller average 

crystallite size of GNP than those precursors having nonaromatic-based phosphine 

ligands.  

These results newly confirm that aromatic ligands act as a better carbon-

feedstock when compared to aliphatic ligands, and produce smaller GNP.  

TEM characterization studies of the homogeneous carbon coatings that surround 

the produced GNP suggest that carbon segregation and, eventually, amorphous carbon 

high temperature restructuring into concentric graphitic nanostructures might have 

occurred as a result of a VLS mechanism.  

On the other hand, solid dilution of [AuCl(PPh3)] in PPh3 was proposed as an 

alternative route to tailor the properties of Au/CF. Using this approach it is possible to 

decrease the Au loading proportionally to the Au wt. % of the irradiated mixture 

keeping practically constant GNP average crystallite size at initial dilution stages.  

Besides, the composition and GNP size of Au/CF are not affected by reusing the 

resolidified melt formed after laser ablation, which can be recycled to produce Au/CF.  
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Chapter 6  

Effect of Experimental Conditions and Laser 

Parameters on Carbon- and Gold/Carbon Foam Structure  

6.1. Introduction

Our “laser chemistry” approach is not only based on the use of different 

coordination complexes whose composition determine the composition and structure of 

the produced foams. Moreover, our “laser chemistry” is also based on the use of 

photons as reactants during laser ablation processes, so the laser parameters and other 

experimental conditions (such as the buffer gas and pressure) affect differently the laser-

matter interaction and, also, the composition and structure of the materials produced.  

The effect of the experimental conditions over the structure and properties of laser-

produced foams is here studied. First, the gas and pressure effects on the foam 

production are studied. As mentioned above, laser ablation processes were generally 

performed in air and at atmospheric pressure. We now study the effect of using both N2

and Ar atmospheres on the CF production. Also, the effect of pressure when using air 

atmospheres was also investigated, by varying pressure from atmospheric pressure to 

0.05 atm. Finally, the effect of laser parameters such as the intensity, the irradiance, the 

laser operating mode (CW and pulsed mode), and laser scan direction were also 

assessed. 
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6.2. Production of foams in different atmospheres. 

Three different atmospheres were utilized to produce metal-free CF by laser 

ablation of naphthalene. Besides air atmosphere, the effect of using Ar or N2 as buffer 

gas on CF production is here studied. The evaporation chamber was filled with the 

corresponding gas and evacuated three times before each laser irradiation experiment.  

Laser irradiation of naphthalene under Ar and N2 atmospheres at atmospheric 

pressure also led to the production of CF soots similar to those produced in air. The 

formation of grey vapors was observed during laser ablation of different precursors 

under air atmosphere, however, under these oxygen-free atmospheres, the production of 

white vapors (especially under Ar) takes place, probably due to the evaporation of the 

precursor and/or to the formation of both aliphatic hydrocarbons and PAH [1], in 

absence of combustion side products.  

TEM characterization of CF produced by laser ablation of naphthalene in Ar and N2

(Fig. 6.1) showed the same components described when operating in air atmosphere: 

amorphous carbon nanoparticles and graphitic nanostructures. Fig. 6.1 (c) and (d) show 

that regions of the produced CF synthesized under Ar exhibit high graphitic order and, 

eventually, thin graphitic platelets of few graphene layers that eventually lay 

perpendicularly to the TEM electron beam [Fig. 6.1 (d)].  
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Fig. 6.1. TEM micrographs of metal-free CF produced by laser ablation of naphthalene 

under (a) air, (b-d) Ar and (e,f) N2. Inset in (d) shows the graphitic stacking at the cross 

section of the produced graphene-like nanostructures. 
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Thus, TEM micrographs may suggest a higher degree of carbon order in metal-free 

CF synthesized in Ar atmosphere. However, since TEM provides only very local 

information of the sample, Raman spectra of different zones of the studied samples were 

collected to have a representative overview of the samples (Fig. 6.2).  

Fig. 6.2. Raman spectra of metal-free CF synthesized by laser ablation of naphthalene 

under (a) air, (b) Ar and (c) N2. 
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Fig. 6.2 (a) shows Raman spectra of metal-free CF synthesized from naphthalene 

under air atmosphere, previously described in Chapter 4. As mentioned above, Raman 

spectra place these materials in the zone between nanocrystalline graphite and 

amorphous carbon region following Ferrari amorphization series (stage 2 [2,3]). By 

comparing the three spectra, D band seems more intense and narrower if compared to G 

band in metal-free CF synthesized under Ar and N2 atmospheres [Fig 6.2 (b) and (c), 

respectively]. Moreover, Cuesta et al related the shape of D band with the degree of 

disorder of the C-sp2 material. Thus, the narrower is the D band, the more ordered is the 

material [4]. Raman spectra of CF synthesized in Ar atmosphere show narrower D-

bands shape, which, in turn, could be partially due to the observed higher crystallinity of 

these materials. On the contrary, the downshift of the G band (around 1593 cm-1 in CF 

synthesized under Ar and N2 atmospheres versus ~1600 cm-1 when air is used as buffer 

gas) would indicate the contrary, i.e. a higher carbon disorder [3]. However, as indicated 

by Cuesta et al., the G band position is a good indicator of amorphization degree in 

materials that still keep high degree order (which would fit well with the transition from 

graphite to nanocrystalline graphite -stage 1- in Ferrari graph), but for C-sp2 materials 

poorly ordered it exists a dispersion of G band position that could explain the results 

obtained in our experiments [4]. These differences in the Raman features are, however, 

too subtle so the Raman spectra collected for these materials are anyway typical of 

disordered carbons, and no characteristic graphene Raman feature has however been 

detected. The apparent higher degree of order in materials synthesized in Ar atmosphere 

could be explained in terms of the different cooling rate of the reactive species in the 

plasma plume when using different buffer gases. Thus, since the efficiency of plasma 

plume cooling depends inversely on the molar mass of the buffer gas, heavier gases 

allow slower cooling rates than lighter ones. Thus, since molecular weight of N2, O2 and 
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Ar are, respectively, 28, 32 and 40 g/mol (the average molar mass of dry air is then 29 

g/mol), plasma cooling under air or N2 is expected to occur faster than in Ar. An 

increased cooling rate leads to faster termination of high-temperature-induced cluster 

recombination or assembly of reactive species within the plasma plume, which would 

somehow explain the apparent higher degree of order achieved when using Ar as buffer 

gas [5-7]. The measured differences are so small that these results may suggest that the 

CF materials growth occur mainly in or very close to the plasma plume prior to 

interacting with the surrounding gas.  
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6.3. Production of foams at different pressures (0.05-1 atm) under air 

atmosphere

The effect of the pressure of the air atmosphere on the production of metal-free CF 

and Au/CF from naphthalene and [AuCl(PPh3)], respectively, is here studied. CF and 

Au/CF were synthesized in air at pressures ranging from 0.05 to 1 atm (Table 6.1).  

Table 6.1. Pressure ranges utilized to synthesize metal-free CF and Au/CF by laser 

ablation of naphthalene and [AuCl(PPh3)], respectively. 

Naphthalene [AuCl(PPh3)] 

Pressure (atm) Pressure (atm) 

1.00 1.00 

0.65 0.50 

0.35 0.30 

0.15 

0.05 

When using naphthalene as precursor, no plasma plume was observed below 0.35 

atm. Instead, production of white vapors was produced below this pressure. The 

appearance of a plasma plume and the consequent production of black soot was 

observed for operation pressures above 0.35 atm. Very interestingly, when a microscope 

slide was placed 1 cm over the naphthalene precursor prior to irradiation at 0.15 atm, a 

white deposit was observed, due to the condensation of the generated white vapors. The 

configuration of this experiment is described in Fig. 6.3. This white deposit further 

evaporates even if the sample was kept at atmospheric pressure. Probably, a thin 
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naphthalene film is condensed on the cold microscope slide surface and then sublimates. 

At 0.05 atm not even this naphthalene condensation was observed.  

Fig. 6.3. Experiment configuration. The precursor (a) is located over a ceramic 

substrate (b) and irradiated with the laser beam (c). Metal-free CF, Au/CF or vapors 

(d) are collected (or eventually condense) on a microscope slide (e) placed above the 

precursor in a holder (f). 

Several other effects should be taken into account in order to explain the observed 

results, including the change of boiling point of naphthalene when varying the pressure 

and the expansion of the evaporated products inside a buffer gas at different pressures.  

At atmospheric pressure, naphthalene melts at 80 ºC and boils at 218 ºC [8]. 

Decreasing pressure affects the boiling point of the target. The dependence of boiling 

point temperature with pressure can be evaluated by using the Antoine equation (Eq. 

6.1), which relates vapor pressure and temperature for pure components:  

 =  − 
  Eq. 6.1 

where p represents the vapor pressure in bars, A, B and C are constant values, and T is 

temperature in K [8].  
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The utilized constant values are in Table 6.2.  

Table 6.2. Constant values utilized for Antoine equation calculations. 

Temperature Validity Range (K) A B C Ref. 

353-452 4.27117 1831.571 -61.329 [9] 

399-492 3.97067 1606.529 -85.923 [10] 

The data calculated by applying the Antoine equation are shown in Fig. 6.4. Boiling 

point of a liquid is reached when the vapor pressure equals the ambient pressure. Thus, 

when the ambient pressure is decreased, the boiling temperature of naphthalene also 

decreases, following the trend presented in Fig. 6.4. As an example, by decreasing the 

ambient pressure from 1 to 0.65 atm, the boiling point of naphthalene decreases from 

218 to ~200 ºC.  

Fig. 6.4. Boiling point of naphthalene at different ambient pressures (red line). Black 

dots represent pressures utilized to irradiate naphthalene.  
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Thus, decreasing the operation pressure leads to a faster evaporation of larger 

amounts of naphthalene precursor when compared to what occurs in laser ablation 

experiments performed at atmospheric pressure.  

Therefore, the evaporated species in the ablation plume expand against the buffer 

gas, leading to heat transfer by collisions between plasma species and the surrounding 

gas molecules. This confinement effect of buffer gases on ablation plume expansion has 

been already reported [5,11]. Based on this, the operation pressure determines the 

carbon nanotubes to amorphous carbon ratios [5], and the carbon nanohorns to platelet 

graphite or polyhedral graphite [12] ratios in reported laser ablation experiments.  

In this work, during irradiation of naphthalene at low pressures, evaporated species 

expands very fast in all directions out of the laser beam, and conditions for the 

formation of plasma plume are not reached. Thus, no plasma plume formation neither 

combustion flames were observed below 0.35 atm, and thus only products derived of 

evaporation of naphthalene were produced. Higher pressures (above 0.35 atm) enable 

confinement for plasma plume formation, and the formation of metal-free CF is 

observed. 

Thus, a threshold pressure should be considered below which no plasma plume is 

observed. Above this pressure, confinement of reactive species within the plasma plume 

together with some precursor evaporation and potential partial combustion of the grown 

CF with oxygen surrounding the plasma plume occurs. [11]. The fact that CF are not 

completely burned in air suggests that combustion may only affect the reactive species 

and produced materials located close to the plasma plume-buffer gas interface, where 

most cluster recombination processes that lead to the CF growth have already ceased. 
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Characterization of soots produced at 0.35 and 0.65 atm by TEM (Fig. 6.5) showed 

the same carbon components described for CF produced at atmospheric pressure, so 

pressure changes between 0.35 and 1 atm seem to have little effect on the structure of 

the produced materials. 
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Fig. 6.5. CF synthesized by laser ablation of naphthalene at (a,b) 1 atm, (c,d) 0.65 and 

(e,f) 0.35 atm.  
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To further confirm this, Raman spectra were recorded for CF produced at 0.35 and 1 

atm (Fig. 6.6). As can be observed, the obtained spectra were almost identical, 

confirming the structural similarity of CF obtained at this pressure range.  

Fig. 6.6. Raman spectra of metal-free CF synthesized from naphthalene (a) at 1 atm and 

(b) at 0.35 atm. 

On the other hand, Au/CF were produced at different pressure conditions by laser 

irradiation of [AuCl(PPh3)] (Table 6.1). Thus, since laser ablation of this precursor at 

atmospheric pressure readily resulted in milligram amounts of Au/CF, a significant 

decrease in the collected soot quantity was observed at lower pressures. Also, TEM 

characterization revealed substantial differences between Au/CF synthesized at different 

pressures (Fig. 6.7). Thus, below atmospheric pressure, GNP embedded within 

amorphous carbon matrices, amorphous carbon nanoparticles and graphitic zones were 

also observed. However, this time, a detailed study of the TEM micrographs shows 

GNP whose size is significantly smaller (~6 nm) than that of GNP produced at 

atmospheric pressure, together with other larger GNP. The small GNP eventually form 

agglomerates within big particles comprising amorphous- and partially graphitized 

carbon [Fig. 6.7 (b) and (c)], especially in Au/CF produced at 0.3 atm [Fig. 6.7 (d)-(f)].  
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Fig. 6.7. TEM micrographs of Au/CF synthesized at (a-c) 0.5 atm and (d-f) 0.3 atm.  
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From XRD studies of Au/CF synthesized at 0.5 atm, average Au crystallite size of 

11.6 nm was calculated, contrasting to the 20.4 nm measured for Au/CF produced from 

[AuCl(PPh3)] target at atmospheric pressure (Chapter 3), and consequently confirming 

the smaller average crystallite size observed by TEM. Laser ablation at 0.3 atm did not 

however result in enough soot material production for XRD characterization. Probably, 

GNP are in the form of Au droplets in the laser plume that due to the faster plasma 

expansion do not have enough time to coalesce into bigger nanoparticles.  

Moreover, TGA of Au/CF produced at 0.5 atm left residues of 59 wt. % residues 

after combustion at 850ºC, which indicates that these materials have a larger Au loading 

that those produced at atmospheric pressure (45 %, Chapter 3). It was expected, though, 

that combustion led to a larger decrease in carbon content when foams are produced 

under ambient conditions. Since the pressure and, therefore, the amount of oxygen, are 

lower, we would expect slower burning rate of the organic moieties during foam 

formation at lower pressures, thus producing Au/CF with higher carbon content than 

usual, contrary to what is actually happening. This result indicates that, comparably, 

Au/CF are metal-enriched when synthesized at lower pressure, contrary as expected. 

The expansion of the plasma plume within a lower pressure environment could explain 

again this feature. Since the plasma plume is less confined at low pressures than at 

atmospheric pressure, newly relative higher volatility of organic ligand combined with 

the higher volume reached during plasma expansion probably causes a higher loss of the 

organic moiety compared to that of the process at atmospheric pressure. Moreover, 

differences in plasma plume formation and evolution would also explain the smaller 

average Au crystallite size at low pressure synthesis. Additionally, some of the molten 

organic moieties are expected to evaporate during the laser irradiation experiments 

performed at low pressures, which would also account for the increased Au loading. 
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6.4. Threshold irradiance in the production of foams in continuous 

wave mode

Laser energy can be released on two different regimes: CW mode and pulsed mode. 

The output power is constant over time in the former, while it is delivered in pulses of a 

given duration and with certain repetition rate in the latter. The effect of the variation of 

laser power in CW on the metal-free CF production is discussed here, whereas several 

studies of laser operating in pulsed mode will be addressed later in this Chapter. 

The laser parameters that will be here taken into account are the following:  

Irradiance (or power density) is the power of laser radiation incident per unit area, 

usually measured in W/cm2.  

Fluence (or energy density) is the energy delivered by a laser system per unit time 

and unit area, usually measured in J/cm2.  

Scanning speed is the velocity of laser beam along the irradiated target or 

substrate.  

Laser spot is the circular area on the substrate surface where laser beam is incident. 

Since laser spot of the utilized Nd:YAG laser is 20 µm in diameter, the surface spot area 

is therefore 3.14·10-6 cm2.  

Equation 6.2 relates irradiance in CW with laser power:  

 =   
       

  Eq. 6.2 

Moreover, since the area of laser spot is fixed to a known value, irradiance can be 

directly related to the current laser intensity, a laser parameter that can be defined by the 
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laser user. Thus, Fig. 6.8 shows the empirical correlation between laser intensity and 

laser power for the used laser system. 

Fig. 6.8. Empirical relation between laser intensity and the delivered laser power.  

As described in Chapter 2, CF were usually produced operating in CW mode, at a 

scanning speed of 100 mm/s and at an irradiance of 1.8·107 W/cm2. Thus, different 

irradiance values were utilized here to study the effect of this parameter on the structure 

and properties of metal-free CF. Fig. 6.8 was utilized to calculate the laser intensity 

required to reach values of 20 %, 40%, 60 %, 80 % and 120 % of the irradiance usually 

utilized (Table 6.3).  

Table 6.3. Calculated values of laser intensity for the defined irradiance levels. 

Irradiance (%) Laser power (W) Laser Intensity (A) 

120 69.0 22.0 

100 57.5 20.0 

80 46.0 18.0 

60 34.5 15.6 

40 23.0 13.7 

20 11.5 11.0 
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It was no possible to produce CF by laser irradiation of naphthalene below 20 A, 

and only melting of the precursor was observed. This indicates that this is the laser 

intensity threshold to produce naphthalene CF. The laser intensity threshold to produce 

soot materials from PPh3 and [AuCl(PPh3)] was however 15 A. 

As mentioned in Chapter 4, laser irradiation leads to a temperature increase on the 

target. Firstly, the solid is heated until it reaches the melting temperature. If the laser 

intensity is high enough, heating of the melted material takes place, so the boiling point 

of the material is reached. For even higher laser intensities, substantial material 

evaporation takes place to form a vapor plume. Thus, if the vapor plume has a 

concentration of species high enough, it starts interacting with the incident laser beam, 

creating ionized species and free electrons, which strongly absorbs laser light and create 

a fast transition to the plasma plume. Thus, in these nonlinear processes, small changes 

in laser intensity can lead to significant differences in the produced materials [11]. The 

irradiance that implies the transition from vapor plume to plasma plume is known as the 

irradiance threshold, and is related to the different behavior of the precursors when 

exposed to laser irradiation. Differences in precursor properties such as absorption 

coefficient, thermal conductivity, latent heat of fusion and evaporation, specific heat or 

reflectance may affect the laser-target interaction, leading to the observed more 

effective plasma plume formation at 15 A for foams production from PPh3 and 

[AuCl(PPh3)] targets, than when using naphthalene precursor.  
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6.5. The effect of irradiation direction on foam production

The irradiation direction may also have a deep effect on the structure and 

composition of the ablated products. The experimental set-up shown in Fig. 6.3 was this 

time designed to collect the samples. The usual rectangular shape of the thick precursor 

films was longitudinally irradiated [Fig. 6.9 (a)], leading to the production of Au/CF by 

laser ablation of [AuCl(PPh3)] [Fig. 6.9 (b)]. However, if transversal irradiation was 

utilized [Fig. 6.9 (c)], negligible amounts of soot were collected this time together with 

a white/red deposit [Fig. 6.9 (d)-(f)].  

As mentioned above, laser irradiation produces heating and further melting and 

evaporation of the precursor. Thus, time elapsed since laser beam ablates, and thus, 

creates a melt in the precursor film until next laser beam passes close to this region 

should be different in both regimes: while in longitudinal irradiation [Fig. 6.8 (a)] the 

laser beam must go through the end of the long side of the rectangle, in the transversal 

irradiation it has to go along a shorter way to return to the starting point. As an example, 

for the usual 100 mm/s scanning speed, and a scanned rectangular area size of 100 x 4 

mm in irradiation, the laser beam requires 1 s to move along the whole rectangle in the 

longitudinal direction, whereas the time is only 40 ms during transversal irradiation. 

This probably causes these markedly differences in the resulting materials, which again 

highlights the importance of laser-target interaction in CF production.  
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Fig. 6.9. Optical microscopy images. (a) Schematic of the longitudinal irradiation and 

(b) corresponding Au/CF obtained. (c) Schematic of the transversal irradiation and (e-

f) optical microscopy of the corresponding deposits collected on a microscope slide. 
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6.6. Laser irradiation of PPh3 at different pulse frequencies

The effect of using pulsed laser radiation instead of CW in the production of CF from 

PPh3 was also studied. Working with pulsed laser enables higher energetic conditions 

when operating in CW, which allows technological applications such as in micro- and 

nanomachining, marking and drilling of materials such as metals, ceramics or polymers 

[13]. When operating in pulsed mode, new laser parameters must be defined (Fig. 6.10):  

Pulse frequency is the number of pulses delivered per unit time. It can be expressed 

as the time elapsed between two consecutive pulses (τ), or as from here on, as laser 

pulses per second (1/τ) in Hertz (Hz). 

Pulse width is the time elapsed since the laser pulse starts until power drops to zero.  

Fig 6.10. Comparison between (a) CW and (b) pulsed laser modes.  

Energy density, or fluence, is a constant parameter in CW mode, and can be 

calculated by Eq. 6.3, whereas in pulsed mode, fluence depends also on pulse 

frequency, and is calculated by Eq. 6.4:  

 =  
    ⁄   Eq. 6.3. 

 =   
  ∙   ⁄  Eq. 6.4. 
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Laser Power is usually expressed in watts, and pulse frequency in Herts, whereas 

the laser spot area has a value of 3.14·10-6 cm2.  

Thus, irradiance in pulsed laser mode is defined by Eq. 6.5.  

 = 
   Eq. 6.5. 

Pulse width has a value of 0.4 µs in the utilized Nd:YAG laser. Despite that pulse 

width could slightly vary when the pulse frequency is modified, it is considered 

constant under the experimental conditions used here.  

Laser irradiation was here performed working at a fixed laser intensity (20 A) which, 

according to Eqs. 6.2 and 6.5, implies much higher irradiance values than in CW 

operation mode. Thus, for example, at pulse frequency of 30 KHz, the time frequency is 

1/30000 s (33 µs) and the laser energy must be delivered in 0.4 µs (the duration of the 

pulse width). The same amount of energy that would be delivered in CW during 33 µs 

at a continuous irradiance values of 1.8x107 W/cm2 is now delivered in pulsed mode 

during 0.4 µs that starts every 33 µs at irradiance values of 1.5x109 W/cm2. Since the 

irradiance value is inversely proportional to the pulse frequency, the smaller the value of 

the pulse frequency, the higher the value of the laser irradiance. Table 6.4 shows the 

calculated irradiances for the frequencies utilized to synthesize CF by laser ablation of 

PPh3.  

Table 6.4 and Fig. 6.11. Irradiance vs. pulse frequency values.  

Pulse Frequency  
(KHz)

Irradiance  
(W/cm2)

30 1.53·109

20 2.29·109

10 4.58·109

5 9.15·109

1 4.58·1010
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Fig. 6.12 shows the optical microscope images of products obtained by laser 

irradiation of PPh3 at different pulse frequencies. The experimental set-up for sample 

collection is shown in Fig 6.12 (f). Materials obtained at 1 KHz were not characterized 

because the microscope slide used to collect the sample broke due to the high irradiance 

of the incident laser radiation(Table 6.4). 

Fig. 6.12. Optical microscopy images of products obtained after laser irradiation of 

PPh3 in (a) CW- and pulsed mode at (b) 30 KHz, (c) 20 KHz, (d) 10 KHz, (e) 5 KHz and 

(f) experimental set-up.  
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While laser ablation in CW mode resulted in the typical fibrous soots obtained in CF 

synthesis [Fig. 6.12 (a)], optical microscope images of the collected materials obtained 

at 30 KHz showed similar but less aggregated, thinner fibrillar soots [Fig. 6.12 (b)]. 

Additionally, a lower amount of this soot is produced when further decreasing the pulse 

frequency, finally leading to the collection of resolidified PPh3 droplets ejected from the 

melt [Fig. 6.12 (c)-(e)], eventually as macroscopic crystals [Fig. 6.12 (e)].  

As mentioned in Chapter 4, a melt resolidified on the ceramic substrate after laser 

ablation of PPh3 is generally observed, which indicates the generation of a melt phase 

during laser irradiation. In any case, during laser evaporation or ablation of the target, 

the species ejected from surface generate a recoil pressure onto the substrate [11]. 

Working in pulsed regime, a shock wave is generated after ablation due to each pulse. 

In the presence of the PPh3 molten surface, the recoil pressure expels, in part, the liquid. 

The higher the irradiance, the higher is the recoil pressure generated, leading to an 

increase in the amount of ejected material with decreasing the pulse frequency. When 

the incoming laser radiation has high irradiance levels, liquid PPh3 is ejected from the 

substrate and then resolidifies on the cold microscope slide, leading to the formation of 

the observed macroscopic crystalline structures shown in Fig. 6.12 (e) upon cooling.  

Raman analysis of these samples (Fig. 6.13) shows, again, features of highly 

disordered carbon materials [2]. Spectra of materials obtained at high pulse frequency 

(30 and 20 KHz) [Fig. 6.13 (b) and (c)] are similar to the CW mode spectrum. Further 

decreasing the pulse frequency to 10 and 5 KHz lead to virtual gradual broadening and 

disappearance of both D and G bands [Fig. 6.13 (c) to (e)] as a result of the observed 

gradual change from CF obtained in CW mode to resolidified material obtained at 5 

KHz [Fig. 6.12 (e) and 6.13 (f)].  
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Fig. 6.13. Raman spectra of products obtained by laser ablation of PPh3 irradiated at 

(a) CW, (b) 30 KHz, (c) 20 KHz, (d) 10 KHz and (e) 5 KHz; (f) optical microscopy 

images of the collected materials when using CW and pulsed laser operating at different 

frequencies.  

Very interestingly, working at different pulse frequencies not only dramatically 

affected the irradiance levels, but also the laser-substrate common surface between two 

consecutive pulses. Laser beam moves at 100 mm/s in these experiments, which 
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involves a laser beam displacement between two consecutive pulses. Distance covered 

by laser beam at different pulse frequencies is shown in Table 6.5 (a).  

Table 6.5. (a) Distance traveled by the laser beam and (b) common length between 

two consecutive pulses for the reported pulse frequencies, at a laser scanning speed of 

100 mm/s.  

Pulse Frequency (KHz) aDistance (µm) bCommon length (%) 

30 3 83 
20 5 75 
10 10 50 
5 20 0 
1 100 0 

Since laser pulse width is much smaller than the time elapsed between two 

consecutive pulses, the distance scanned by the laser beam during laser pulse width is 

considered negligible (0.04 µm). Thus, to get an estimate of the superposition between 

two consecutive pulses, the common length of two consecutive laser beam impacts can 

be considered (Fig. 6.14), and easily calculated by subtracting the distance elapsed 

between two pulses to the pulse diameter of laser spot (Eqs. 6.6 and 6.7) [Table 6.5 (b)]. 

In this approximation, despite laser beam intensity has a Gaussian profile with a 

maximum intensity in the center of the laser spot, the laser beam intensity is considered 

constant in the entire circular surface. As can be observed, the common length between 

consecutive laser pulses changes with pulse frequency. 
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Fig. 6.14. Calculation of the common length between two consecutive pulses.  

Thus, working on different pulse frequencies greatly affects the final product 

obtained by laser ablation of PPh3 due to the difference in the irradiance levels and the 

time elapsed and the common length between two consecutive pulses. CF whose carbon 

crystallinity and nature are closer to those of CF produced at CW are produced working 

in the range 20-30 KHz. By decreasing pulse frequency, and thus, increasing the 

irradiance, resolidified drops from PPh3 are collected. The structure of carbon materials 

evolves from long fibrillar soots at CW to powdered soots between 30-10 KHz and 

finally, to small amounts of soot mixed with the major component consisting of 

resolidified PPh3 as macroscopic crystals.  
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6.7. Pulsed laser irradiation: laser ablation of naphthalene at constant 

irradiance 

As mentioned above, changing the pulse frequency also affects other laser 

parameters, such as the irradiance and the overlapped surface between consecutive 

pulses. In this Chapter, both effects were corrected, resulting that solely pulse frequency 

was varied between different samples.  

Firstly, the common irradiated surface between two consecutive pulses as a function 

of the scanning speed of laser beam was considered. Fig. 6.15 shows the calculated 

percent of overlapping length (Eq. 6.7) as a function of the frequency of the laser pulses 

at different laser scanning speeds: 

Fig. 6.15. Overlapping length between two consecutive pulses with pulse frequency for 

different laser beam speeds. The vertical dotted line delimits the range of pulse 

frequencies utilized in the ablation experiments.  

The higher the laser beam speed, the higher the difference between common length 

at high and low pulse frequencies. Thus, since the range of the frequencies used was 

defined between 5 and 30 KHz, respectively, the difference in overlapped length ranges 
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from 17 % at 20 mm/s to 83 % at 100 mm/s (Fig. 6.15). The selected speed to carry out 

these experiments was then 20 mm/s in order to keep a high overlapping length between 

two consecutive pulses for the different pulse frequencies and for the laser beam to have 

certain mobility.  

On the other hand, laser power was adjusted in order to produce laser pulses with the 

same irradiance independently on the pulse frequency. As deduced from Eq. 6.5, 

irradiance in pulsed mode is inversely dependent to the number of pulses. The pulse 

frequency of 30 KHz was chosen as upper power limit (20 A, 57.5 W), arising an 

irradiance value of 1.53x109 W/cm2. The power necessary for the other pulse 

frequencies (5 to 20 KHz) was calculated according to this irradiance value using Eq. 

6.5. For these calculations, the size of laser spot and pulse width were considered as 

constant values (314 µm2 and 0.4 ns, respectively). The required laser intensities were 

obtained by means of Fig. 6.8 and are shown in Table 6.6. 

Table 6.6. Calculated laser power and laser intensity values (from Eq. 6.5 and Fig. 
6.8) utilized to perform the experiments. 

Laser Frequency (KHz) Laser Power (W) Laser Intensity (A) 
30 57.5 20.0 
20 38.3 16.5 
10 19.2 12.7 
7.5 14.4 11.8 
6 11.5 11.0 
5 9.6 10.7 

TEM characterization of CF produced by laser irradiation of naphthalene produced at 

30, 10 and 5 KHz showed different features depending on the observed sample (Fig. 

6.16). Thus, while amorphous carbon nanoparticles resembling the ones described for 

laser ablation at CW were observed, highly graphitized areas were also observed in all 

cases. Remarkably, thin graphite platelets, consisting of the assembly of few graphene 
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layers, that again eventually lay perpendicular to the TEM electron beam as highly 

transparent sheets, were observed in foams produced at 30 KHz [Fig. 6.16 (b)]. 

Fig 6.16. TEM micrographs of metal-free CF produced at (a,b) 30 KHz, (c,d) 10 KHz 

and (e,f) 5 KHz, showing the produced samples comprising both (a,c,e) amorphous 

carbon aggregates and (b,d,f) graphitic nanostructures. 
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Raman spectra of these materials (Fig 6.17) showed a slightly narrower D-band 

compared to D-band in naphthalene synthesized at CW [Fig. 6.2 (a)], newly suggesting 

that the higher irradiance levels of the pulsed laser radiation led to the production of 

more ordered structures [4].  

Fig. 6.17. Raman spectra of CF obtained at (a) 30 KHz, (b) 10 KHz and (c) 6 KHz. 
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Moreover, the shape of G-band suggested that this band could be composed of two 

different smaller bands, forming a bimodal distribution that could be due to the 

apparition of D´band around 1620 cm-1 [14] or due to the different contribution of more 

amorphous regions and more ordered ones, observed by TEM. However, at this point, 

again, the differences in Raman spectra are very subtle and the obtained Raman features 

are still typical of disordered carbons. 
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6.8. Conclusions

Laser ablation of naphthalene under Ar and N2 atmospheres produces metal-free 

CF with similar structures as those described in air atmosphere.  

CF synthesized at different pressures under air atmosphere show that pressure 

exerts a double confinement effect and cooling effect for plasma plume. No plasma 

plume neither soot formation is observed below a threshold pressure (0.35 atm for 

naphthalene and 0.30 atm for [AuCl(PPh3)]). The obtained metal-free CF show similar 

structure as produced at atmospheric pressure. However, higher Au loadings and 

smaller GNP size are obtained when Au/CF synthesized at low pressures are compared 

with those produced at atmospheric pressure. 

The threshold irradiance for CF production from naphthalene is 1.8·107 W/cm2

and 107 W/cm2 when using PPh3 and [AuCl(PPh3)] precursors.  

Moreover, the irradiation direction shows to have a deep effect on the nature of 

the produced materials: while longitudinal irradiation produces Au/CF, transversal 

irradiation leads to small Au/CF production together with the precursor evaporation. 

Laser ablation of PPh3 at different pulse frequencies (which also changes 

irradiance levels and overlapping of pulse surface) produces more granular soot and 

precursor drops ejection when the pulse frequency is decreased, so basically only 

recrystallized precursor drops are collected at low pulse frequencies (and, therefore, at 

high irradiance levels).  

On the other hand, if irradiance is fixed and overlapping length between pulses 

is mainly kept constant, amorphous carbon and graphitic nanostructures are produced 
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from naphthalene. Very interestingly, at higher energy levels (30 KHz) thin graphite 

platelets consisting of few graphene layers are also produced.  

These results highlights the versatility of the laser ablation technique used, 

demonstrating the validity of our “laser chemistry” approach, where photons act as 

reactants for the synthesis of carbon nanomaterials and nanohybrids, whose structures 

and compositions strongly depend on the laser-matter interaction and how the photon 

energy is delivered.  
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Chapter 7  

Application of Carbon Foams as Gold Catalyst support for 

the Hydroamination of Alkynes  

7.1. Introduction

Metal nanoparticle decoration is able to provide fascinating catalysis application 

opportunities to carbon materials. Thus, applications for these metal/carbon hybrids 

have been successfully demonstrated in fuel cell technologies [1-4] and heterogeneous 

catalysis [5-9]. On the other hand, the use of GNP-based catalysts has been widely 

explored in recent years [10]. Hence, while the bulk Au is largely non-active in catalysis 

[11], GNP exhibit a surprisingly high catalytic activity, which mainly depends on the 

nanoparticle size and the support used [12-15]. Additionally, GNP-based catalysts 

enable operating at low reaction temperatures and, in most cases, provide high reaction 

selectivity [15,16]. GNP-decorated carbon supports are able to provide outstanding 

catalytic performance [17-21]. Eventually, the catalytic performance of the deposited 

GNP may be synergistically favored by the carbon supports utilized [17,19,22,23]. 

Hydroamination reactions enable the synthesis of nitrogen-containing organic 

compounds which are widely present in nature and provide biological- and 

pharmaceutical activity [24], and can be used in cosmetics as well as intermediates in 

many industrial processes and in the synthesis of agrochemical products [25]. The 

conventional synthesis routes to obtain C-N bond-containing molecules are however 

limited, hence it is of great importance the development of methods to catalytically add 

a nitrogen-based compound to a C-C multiple bond [26,27]. Au-containing complexes 

and GNP are able to efficiently catalyze these reactions [28,29]. Moreover, the use of 
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GNP in the catalysis of hydroamination reactions avoids the use of acidic media and the 

formation of by-products in very regioselective hydroamination reactions [11,30]. 

The aim of the work developed in this Chapter is to evaluate the efficiency of 

metal-free CF as support for GNP-based catalysts for the hydroamination of 

phenylacetylene with aniline.  

Scheme 7.1 shows the reaction pathway proposed by Corma et al. by which the 

hydroamination of phenylacetylene with aniline occurs through the regioselective 

Markovnikov rule to yield an enamine that, subsequently, tautomerizes to the more 

stable imine (phenyl-(1-phenylethylidene)amine) [30]. 

Scheme 7.1. Au-assisted catalysis of the hydroamination of phenylacetylene with aniline 

[30].  

The performance of our metal-free CF as carbon support for this heterogeneous 

catalysis application is here compared to that of other carbon materials exhibiting a 

range of structural and textural properties, including single-walled carbon nanotubes 

(SWCNT), multi-walled carbon nanotubes (MWCNT), graphene oxide (GO), graphite 

(G), graphitic cones (GC), nanodiamond (ND), ordered mesoporous carbon (OMC), 

carbon xerogel (CX), carbon black (CB), and activated carbon (AC), whose production

and structures have been described in Chapter 1. Acronyms are newly defined here for 
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higher clarity of the present Chapter. A wet chemical process has been developed for 

homogeneously decorating these carbon supports with GNP. 

This work has been entirely performed in Prof. Mariano Laguna’s Laboratories in 

the frame of our collaborative work as team members of the Group of Applied 

Organometallic Chemistry (Grupo de Química Organometálica Aplicada, QOA). 
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7.2. Carbon supports’ composition and textural properties

Metal-free nanostructured CF produced by laser ablation of naphthalene as 

described in Chapter 2 and commercial carbon materials, including SWCNT produced 

by the high-pressure CO disproportionation technique (as-produced HiPco SWCNT 

[31], Carbon Nanotechnologies Inc., batch# RO501), high purity MWCNT produced by 

the CVD technique (10-15 nm in diameter, ≥ 10 microns in length, Nanothinx S.A.), 

single layer GO (CheapTubes Inc., purity 99 wt. %, synthesized by a modified 

Hummers’ method [32]), GC produced by hydrocarbon pyrolysis (n-TEC) [33], G 

(Merck, particle size <50 µm), Vulcan XC-72R CB (Delta Tecnic S.A.), ND (purified, 

grade G01, PlasmaChem), and AC (Morgui Clima S.L.) are here tested as carbon 

supports. Our study also includes CX prepared by polycondensation of resorcinol and 

formaldehyde in water by Pekala’s sol-gel method [34] and OMC synthesized using a 

template-mediated process described elsewhere [1]. All materials have been then

chemically decorated with GNP. Additionally, we here compare the catalytic 

performance of our chemically GNP decorated CF with that of Au/CF synthesized by 

laser ablation of [AuCl(PPh3)] (see production details in Chapter 2 and properties in 

Chapter 3), that comprise 20 nm average diameter GNP.

Elemental analysis data of the carbon supports utilized are shown in Table 7.1. All 

tested carbon materials have carbon contents over 80 wt. %, except GO and SWCNT; 

while GO show a high oxygen content (44.9 wt. %), TGA of as-produced HiPco 

SWCNT left Fe catalyst residues of ~20 wt. %.  
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Table 7.1. Elemental composition of the tested carbon supports 

Material O 
(wt. %) 

C 
(wt. %) 

H 
(wt. %) 

N 
(wt. %) 

S 
(wt. %) 

SWCNT 1.4 76.4 0.4 0.2 - 
MWCNT 0.2 99.2 - 0.1 - 
GO 44.9 44.6 2.5 0.2 0.6 
CF 2.1 96.3 0.7 0.1 - 
GC 0.1 99.3 0.4 0.7 - 
CB 0.2 98.6 - 0.2 - 
G 0.6 96.9 - 0.1 - 
CX 2.5 92.6 1.3 0.2 - 
ND 9.6 83.7 0.7 2.6 - 
AC 5.9 87.9 0.8 0.2 - 
OMC 7.7 82.6 2.1 0.2 - 

Moreover, textural properties of the selected carbon supports are presented in 

Table 7.2. Significant differences in surface areas and porosity are observed between the 

different materials.  

Table 7.2 Textural properties of the tested carbon supports. 

Carbon 
support 

BET 
surface 

areaa (m2/g) 

Mesopore 
areab

(m2/g) 

Mesopore 
volumec

(cm3/g) 

Micropore 
aread

(m2/g) 

Micropore 
volumee

(cm3/g) 
SWCNT 298 284 0.975 - - 
MWCNT 171 220 0.897 - - 
GO 169 11 0.008 161 0.094 
CF 63 64 0.168 - - 
GC 26 26 0.069 - - 
CB 204 125 0.329 38 0.015 
G 8 11 0.039 - - 
CX 515 261 1.461 260 0.140 
ND 341 437 1.031 - - 
AC 754 94 0.082 703 0.412 
OMC 912 602 0.472 863 0.525 

a Surface area of the carbon supports measured by the BET method, between 0.05 
and 0.3 P/P0. 

b BJH desorption cumulative area of pores between 1.7 and 300 nm. 
c BJH desorption cumulative volume of pores between 1.7 and 300 nm. 
d Micropore area measured by t-Plot method. 
e Micropore volume measured by t-Plot method. 
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7.3. GNP decoration of the carbon supports

GNP decoration of carbon materials was performed by in situ reduction of 

chloroauric acid (H[AuCl4], Sigma-Aldrich, 99.999 %) with sodium citrate (Sigma-

Aldrich, 99.0 %) [35-38] and sodium borohydride (NaBH4, Sigma-Aldrich, 98 %) in 

water [39-42] as follows: the carbon supports were dispersed in 25 mL of a 5.4 mM 

sodium citrate aqueous solution, and then bath-sonicated for 2 hours. The resulting 

carbon dispersions were subsequently transferred to a boiling flask, followed by the 

addition of 23 mL of distilled water. The dispersion was refluxed and 2 mL of a 12.5 

mM H[AuCl4] aqueous solution were poured to the boiling dispersion. Then, 100 µL of 

a freshly prepared 112 mM NaBH4 solution were added. NaBH4 is a strong reducing 

agent broadly used to produce small GNP, and it is here utilized to boost the full 

reduction of H[AuCl4] [39-41]. It is then assumed that under these experimental 

conditions the reduction from Au(III) to Au(0) is complete. The mixture was kept at 100 

ºC until the GNP decoration process ended. The duration of this process depends of the 

decorated carbon support: 30 minutes for SWCNT, MWCNT and CB, 4 hours for CF 

and GC, and 12 hours for the rest of carbon supports tested. This suggests that certain 

characteristics and compositions of the carbon supports used may ease the GNP 

decoration process. Upon NaBH4 addition, these dispersions immediately turned into a 

red-wine colour, therefore revealing the fast formation of GNP [43]. Contrary to the 

formation of GNP directly on MWCNT sidewalls described by Zhang et al. [44], this 

in-situ decoration process leads to the formation of GNP in solution, that then adhere to 

the carbon supports. In absence of carbon supports, UV-vis characterization of the 

resulting red wine colored GNP solutions shows the characteristic GNP surface plasmon 

resonance band at 525 nm [43]. The time required for GNP incorporation onto the 

carbon supports used and, therefore, the efficiency of this chemical GNP decoration 
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method can be monitored by measuring the evolution of UV-vis spectra of solutions that 

result of filtering the synthesized Au/C hybrids, so the 525 nm band is no longer 

observed when complete GNP decoration is finally reached (Fig. 7.1).  

Fig. 7.1. (a) Evolution of the UV-vis spectrum of the solution resulting after the 

filtration of the reaction media for different times (0, 15 and 30 minutes), showing the 

disappearance of the GNP plasmon band at 525 nm [43] according to the incorporation 

of GNP to the CB support and (b) GNP dispersions of decreasing Au concentration, 

showing the colour change from red-wine to transparent (b). GNP solutions in (b) were 

prepared by dilution of an initial GNP dispersion stabilized with sodium citrate.  

The Au/C support dispersions were then cooled down to room temperature, filtered 

through a 0.22 µm polycarbonate membrane filter (Millipore, GTTP02500), and washed 
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(3x10 mL water, and 3x10 mL acetone) to remove solvent- and reactant traces and, 

eventually, non-attached GNP. Finally the resulting Au/C hybrids were dried in an oven 

at 110 ºC for 1 hour.  

GO required a modified GNP decoration process to prevent that the material 

becomes largely agglomerated during filtration, which would hinder its subsequent use 

in catalysis. Thus, after 12 h of decoration, Au/GO suspensions were filtered until 1 mL 

of the initial dispersion was left. The material was then redispersed by sonication and 

finally washed (3x10 mL water, and 3x10 mL acetone) and partially filtered, so the 

Au/GO material was kept in ~1 mL acetone prior to proceeding with the catalysis 

experiments.  

The GNP decoration method here described comprises the experimental conditions 

utilized to produce the Au/C catalysts utilized on the hydroamination reaction. Thus, 

fixed H[AuCl4], sodium citrate, and NaBH4 amounts were used in all catalysts 

preparation. However, several experiments were required previously to the 

establishment of the conditions described above. Those experiments, performed to 

optimize the decoration conditions, are described in section 7.5, and comprise the effect 

of varying the concentration of sodium citrate, and NaBH4 over the catalyst efficiency.  

The effect of adjusting the Au to carbon support w/w ratios used (i.e. the Au 

loading of the resulting Au/C hybrids) for this GNP decoration procedure was studied 

for each carbon support for the catalysis application mentioned above and is addressed 

in Sections 7.6 and 7.7 of the present Chapter.  

Next section (7.4) addresses the experimental conditions utilized on the catalytic 

tests.  
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7.4. Catalysis: experimental conditions

The hydroamination reaction was carried out in air atmosphere and using 

anhydrous solvents to avoid the formation of acetophenone, which can be easily 

obtained as by-product in presence of water under these conditions [30]. The 

hydroamination reaction was performed in a 15 mL Schlenk tube equipped with a 

magnetic stirrer. In a typical experiment, the Au/C hybrids were redispersed in 

deuterated toluene (1 mL; 99.8 at. % D, anhydrous, Sigma-Aldrich) inside the Schlenk 

tube by mild (bath) sonication. Subsequently, aniline (93 mg, 1 mmol; purity >99.5 %, 

Fluka), phenylacetylene (102 mg, 1 mmol; purity >98 %, Panreac) were added to the 

suspension. The reaction mixture was then placed in an oil bath at 100 ºC for 24 h.  

After reaction, the resulting dispersion was filtered through a celite filter, and the 

filtrate was analyzed by quantitative 1H NMR using dodecane as internal standard (47 

mg, 0.25 mmol; purity >99.8 %, Sigma-Aldrich). Calibration was used to follow the 

course of the reaction. The conversion was calculated referred to the dodecane signal at 

1.31 ppm. The reactants reference signals were those of the aniline appearing between 

6.17 and 6.44 ppm, and those assigned to phenylacetylene at a chemical shift between 

7.28 and 7.45 ppm. For the reaction product, the signal used to calculate the conversion 

was the one at 1.88 ppm (Fig. 7.2). Again, the use of GO supports required a modified 

procedure: the Au-GO hybrid acetone dispersion samples (1 mL) were carefully 

transferred to a Schlenk tube and mixed with 4 mL of deuterated toluene. The mixture 

was stirred and then heated to 80 ºC while bubbling with dry air to remove acetone. The 

complete acetone removal was confirmed by 1H NMR. 
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Fig. 7.2. Example of 1H-NMR spectra obtained after catalysis. Peaks utilized for 

calculation are those of dodecane (singlet, 1.309 ppm), (phenyl-(1-

phenylethylidene)amine) (singlet, 1.889 ppm), aniline (multiplet, centred at 6.342 ppm) 

and phenylacetylene (multiplet, centred at 7.363 ppm). Toluene (quintuplet, centred at 

2.123 ppm) was utilized for referencing the chemical shift.  
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7.5. Optimization of the GNP decoration process

The design of a chemical route to synthesize Au/C hybrids required numerous

experiments to establish the stoichiometry of the reactants and carbon supports used. A 

commercially available carbon support (as produced HiPco SWCNT) was utilized this 

time instead of our metal-free CF, since our laser ablation production method leads to 

very small amounts of CF per run in very time consuming experiments.  

Total water volume (50 mL), temperature (100 ºC), SWCNT and H[AuCl4] 

amounts (9.8 mg and 2.5x10-3 mmol respectively) and sonication time (2 h) were fixed 

when setting up this GNP decoration process. Thus, the parameters that have been 

investigated here in order to achieve homogenous GNP coatings of the carbon supports 

and suitable GNP size (and, therefore, optimal catalyst performance) were the sodium 

citrate and NaBH4 concentrations. Besides of being a mild reducing agent and surfactant 

that would assist the carbon support dispersion, sodium citrate also acts as pH buffer 

[45], therefore its concentration is a key parameter in the GNP decoration reaction and, 

subsequently, greatly defines the final GNP nanoparticle size.  

Thus, the first studied parameter was the effect of the sodium citrate concentration. 

Figure 7.3 shows the effect of varying the sodium citrate to Au molar ratio on the 

achieved catalytic conversion. In catalysis, the conversion measures the mol % of 

reactants that turns into the reaction product and, therefore, the efficiency of the 

synthesized Au/C hybrids as catalysts. In these experiments, the NaBH4/Au molar ratio 

was firstly fixed to 0.2. The best Au/SWCNT catalyst performance was achieved for a 

citrate to Au molar ratio of 5.44. This molar ratio was utilized from here on for all 

synthesized Au/C hybrids.  
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Fig. 7.3. Effect of sodium citrate concentration on the catalyst efficiency for Au/SWCNT 

hybrids.  

Following experiments were focused on the study of the effect of the NaBH4 to Au 

molar ratio on the catalyst performance. Figure 7.4 shows a maximum conversion peak 

for NaBH4/Au molar ratio around 0.45. This ratio will be then be utilized in the 

synthesis of the Au/C hybrid catalysts.  

Fig. 7.4. Effect of the NaBH4 to Au molar ratio over the efficiency of the Au/SWCNT 

catalysts.  
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7.6. Synthesis of the catalysts

Once the relative amounts of sodium citrate and NaBH4 to H[AuCl4] were defined, 

we proceeded with the GNP decoration of the tested carbon supports following 

procedure described in section 7.3 of the present Chapter. Due to the difference on 

textural properties of the utilized carbon materials (Table 7.2) different Au to carbon 

mass ratios were studied for every material, which allowed us to coarsely optimize the 

Au/C ratios for each carbon support for this catalysis application (Table 7.3). 

Table 7.3. Au/C ratios utilized to synthesize the catalysts. 

Au/C ratio Mass ratio 
(Au mg/ C mg) 

2:1 4.9 2.5 
1:1 4.9 4.9 
1:2 4.9 9.8 
1:4 4.9 19.7 
1:8 4.9 39.4 
1:16 4.9 78.8 
1:32 4.9 157.8 
1:64 4.9 315.2 

 Since the efficiency of GNP deposition depends critically on the available surface 

area of the carbon supports, and this parameter differs on several orders of magnitude 

among the tested carbon supports, a logarithmic scale of Au to carbon ratios was here 

utilized. This way, low Au/C ratios (2:1, 1:1, 1:2 and 1:4) allow studying those 

materials with high surface areas, whereas high Au/C ratios (1:8 to 1:64) let also study 

low surface area materials by minimizing the number of samples (Table 7.3, Fig. 7.5).  
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Fig. 7.5. Graphical representation of the carbon to Au mass ratios for different starting 

carbon masses.  

SEM (Fig. 7.6) and TEM (Fig. 7.7 and Fig. 7.8) characterization reveals that 

efficient GNP decoration of all tested carbon supports has been achieved with the 

chemical method used. 

Fig. 7.6. SEM micrographs of GNP-coated SWCNT. (a-c) Secondary electrons and (d) 

backscattered electrons. Note that images (c) and (d) correspond to the same sample 

area.  
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Fig. 7.7. TEM micrographs of (a) SWCNT, (b) MWCNT, (c) GO, (d) GC, (e) G and (f) 

OMC decorated with GNP. 
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Fig. 7.8. TEM micrographs of (a) AC, (b) CB, (c) CX, (d) ND and (e,f) metal-free CF 

supports decorated with GNP. 
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7.7. Au/C hybrids as catalysts of the hydroamination of 

phenylacetylene with aniline

7.7.1. Catalytic tests

The application of the synthesized Au/C hybrids as catalysts of the hydroamination 

of phenylacetylene with aniline was then evaluated. We firstly confirmed that the 

pristine carbon supports did not provide any catalytic activity. This is an important issue 

as some of them contain significant amounts of metal nanoparticles or metal traces 

(most notably, the as-produced HiPco SWCNT used) while others (such as ND) are 

reported to eventually provide catalytic activity by themselves [46]. All carbon 

materials showed lacking of catalytic activity in the studied hydroamination reaction by 

themselves. On the contrary, the synthesized Au/C hybrids act as good catalysts of the 

investigated organic reaction: Fig. 7.9 shows the conversion values achieved for each 

Au/C hybrid at different Au/C support w/w ratios.  

1H NMR results discarded the formation of by-products, therefore indicating the 

high selectivity of the targeted hydroamination reaction. When suitably adjusting the 

Au/C support ratios, conversion values higher than 60% have been achieved for almost 

all the tested carbon supports after 24 h reaction, reaching maximum conversion values 

for CB (79 %), GO (76 %) and MWCNT and SWCNT (74 %). It is also interesting to 

point out that GO provided this high conversion values at the lowest carbon support 

content (Au/GO 1:1) of all decorated carbon materials.  

Turnover number (TON) values of up to 40 would be ideally expected for Au 

catalyst concentration of 2.5 mol %. TON values of around 25-30 were measured for all 

tested Au/C hybrids (Table 7.3). 
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Fig. 7.9. Conversion values achieved using Au/C hybrids at different Au/C support w/w 

ratios. For higher clarity, data are included below. *SW represents SWCNT and MW 

MWCNT in the graph.  

The following catalyst behaviour depending on the Au/C ratios was experimentally 

observed (Fig. 7.9):  

1. Initially, for low Au/C values, the conversion values increase with the amount of 

carbon support utilized to prepare the catalyst.  

2. A maximum conversion value is reached in all cases when adding the minimum 

amount of carbon support able to allocate all the synthesized GNP. 

3. A further increase of the carbon support amount leads to decreased conversion 

values.  
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7.7.2. GNP decoration efficiency: the effect of the amount of carbon support

The starting Au content was 2.5 mol % with respect to the reactants of the 

hydroamination reaction in all experiments, however a complete GNP coating of the 

carbon supports was eventually not achieved when the amount of the carbon support 

used did not provide the required surface area. UV-vis spectra of the solutions that 

resulted of filtering the Au/C dispersions after GNP decoration and TGA of the 

synthesized Au/C hybrids were used to determine the Au/C support compositions that 

lead to the complete Au loading onto the carbon supports. Thus, as an example, UV-vis 

studies revealed that all produced GNP are allocated on CB for Au/C w/w ratios ≥ 1:2. 

Therefore, 2:1 Au/CB hybrids were produced in defect of carbon support, as indicated 

by the deep red wine colored solutions obtained after filtration of the corresponding 

Au/CB hybrids. This was further confirmed by TGA, which revealed that only 63% of 

the starting Au was incorporated as GNP onto CB for this hybrid composition. 

Increasing the CB content to 1:2 Au/CB however led to the complete GNP decoration 

of CB. Similar experiments performed with Au/CF hybrids revealed that CF were fully 

coated with GNP when increasing the Au/CF ratios above 1:4. Therefore, 2:1, 1:1, and 

1:2 Au/CF hybrids were produced in defect of carbon support, as indicated by the deep 

red wine colored solutions obtained after filtration of the produced Au-CF dispersions. 

This was further confirmed by TGA, which revealed that only 26, 39 and 62 % of the 

starting Au was incorporated as GNP onto CF when using Au/CF 2:1, 1:1, and 1:2 w/w 

compositions respectively. Increasing the Au/CF ratio to 1:4 however led to the 

complete GNP decoration of CF (Au content, as determined by TGA: ̴ 21 wt. %, 

meaning that  ̴100% of the starting Au became incorporated to the CF).  

Obviously, the best catalyst performance is obtained when all GNP are incorporated 

to the carbon support. This is the reason of the upward trend observed for all materials 
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when the amount of carbon support to synthesize the catalyst is increased. Depending 

on their surface area and textural properties, every material requires different Au/C 

ratios to reach this situation (Fig. 7.9).  

Thus, Au/C hybrid catalysts involving carbon supports that exhibit poor 

dispersibility in water and low BET surface areas such as G and GC required the largest 

carbon support contents (1:32 and 1:16, respectively) to provide their highest 

conversion values (Fig. 7.9). 

7.7.3. The effect of the carbon support in the GNP feature

The measured average Au fcc crystallite size that provides the maximum 

conversion values strongly depends on the carbon support used (Table 7.3). The 

smallest average Au fcc crystallite size values (5.4 to 6.7 nm) were measured for ND 

and nanostructured mesoporous carbon supports whose structure consists of aggregates 

of amorphous carbon nanoparticles (CB and CF). The use of graphene-based supports 

(GC, SWCNT, MWCNT, G, and GO) led to the formation of GNP of larger average Au 

fcc crystallite size (7.9 to 14.8 nm). Moreover, Table 7.3 reveals that there is not a 

straightforward correlation between the Au content and the GNP size, therefore 

suggesting that both the structural and textural features of each carbon support used, 

together with, eventually, the presence of functional groups on their surface determine 

the obtained GNP size. 

The smaller GNP size values measured when using CB, ND and CF can be 

explained in terms of the large number of defects in their structure that would act as 

anchor points [47], therefore limiting the increase in nanoparticle size that occurs during 

further agglomeration of GNP before they stick onto the support [44]. Thus, the 

defective structure of CX is expected to provide small GNP sizes in the synthesized 
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Au/CX hybrids. Instead, values of 14.7 nm were measured in the Au/CX hybrid that 

provided the best catalytic performance. 

Table 7.3. Composition, average Au fcc crystallite size and conversion of the Au/C 

hybrids that provided the best catalytic performance for each carbon support used. 

Carbon 
support 

Au/C hybrid 
composition 

Au loading
(wt. %) 

Average 
crystallite size 

(nm) 

Conversion 
(%) 

TON 

SWCNT 1:2 28 9.2 74 35 
MWCNT 1:2 34 11.7 74 29 
GO 1:1 49 12.4 76 31 
CF 1:4 21 6.7 68 26 
GC 1:16 6 14.8 69 29 
CB 1:2 33 5.4 79 32 
G 1:32 3 14.1 69 27 
CX 1:2 34 14.7 61 24 
ND 1:2 33 5.7 69 28 
AC 1:4 19 27.8 55 23 
OMC 1:4 19 16.9 56 24 

Additionally, the total amount of CX that must be added to efficiently allocate 

all synthesized GNP is larger than it would be expected for a material whose BET 

surface area is larger than those of CB, ND, and CF (Table 7.2). A careful study of our 

results indicate that there is a correlation between the dispersibility of the carbon 

supports, their microporous and mesoporous nature and the obtained GNP size and, 

therefore, the catalytic performance of the resulting Au/C hybrids. Thus, while CF, CB, 

and ND are mainly mesoporous materials (Table 7.2), CX exhibits both high micro- and 

mesoporosity. As mentioned above, sodium citrate acts as a reducing agent, pH buffer 

and as a surfactant agent not only for GNP but also for the carbon supports in water, 

enabling their efficient dispersion. Therefore, carbon supports and GNP actually 

compete for the free citrate available in solution. Both micropores and mesopores are 

accessible for small molecules like citrate, so the use of carbon supports of large 

micropore and mesopore surface areas such as CX should lead to a decreased free 
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citrate concentration when compared with Au-decoration processes that involve the use 

of CF, CB, or ND, which are mainly mesoporous materials. As this free-citrate 

concentration enables both the GNP growth and dispersion, the effect of this CX-citrate 

interaction might lead to the measured larger GNP diameters. 

AC and OMC dramatically showed this effect. Their huge micropore area 

combined with mesopore areas of 602 and 94 m2/g (Table 7.2) respectively, together 

with their poorer dispersibility in water resulted in even larger Au fcc average crystallite 

sizes (16.9 and 27.0 nm for OMC and AC respectively) and the need of larger carbon 

support contents: both materials required up to 1:4 Au/C w/w ratio to be able to allocate 

all GNP, which contrasts with the 1:1 and 1:2 Au/C w/w ratios achieved for GO, and for 

carbon nanotubes, CB and ND, respectively (Table 7.3), highly mesoporous carbon 

supports whose BET surface areas are around 200-300 m2/g (Table 7.2).  

In order to confirm the effect of the presence of carbon supports in solution over the 

GNP size, the following experiments were performed: GNP were synthesized in 

absence of carbon supports (CB, CX, OMC), which were then subsequently 

incorporated to the solution, and GNP size results were compared with those measured 

when the synthesis take place in presence of carbon supports (the GNP decoration 

procedure described above). Obviously, sodium citrate was incorporated to the solution 

where GNP synthesis takes place; therefore it cannot assist the carbon support 

dispersion (carbon supports were this time separately dispersed in pure distilled water 

by sonication). Despite this experimental limitation, interesting results were obtained 

(Table 7.4): while the GNP size for CB keeps constant, significant changes were 

observed for the other tested carbon supports (note that the Au/CX ratio utilized here 

(1:4) differs from the one (1:2) described in Table 7.3).  
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Table 7.4. Characterization of Au/C hybrids. Difference in average crystallite size and 

Au loading depending on the GNP decoration route utilized. 

Carbon 
support 

Synthesis with C support 
during GNP synthesis 

Synthesis without C support 
during GNP synthesis 

Average Crystallite 
size (nm) 

Au loading 
(w/w %) 

Average Crystallite 
size (nm) 

Au loading 
(w/w %) 

CB 5.4 33 5.3 33 
CX 20.2 20 6.2 19 
OMC 16.6 19 7.1 13 

Table 7.4 shows that the presence of CX and OMC in the reaction media has a 

deep effect on the average Au fcc crystallite size, so the addition of both carbon 

supports prior to proceeding with the GNP decoration process leads to significantly 

larger GNP. Very interestingly, the smaller GNP size when OMC support is added after 

the H[AuCl4] reduction causes that a higher number of GNP are synthesized for the 

same starting amount of H[AuCl4], and probably the used amount of OMC in not able 

to accommodate all these nanoparticles in this new situation. This explains why a red-

wine color filtrate was obtained when collecting the synthesized Au/OMC 1:4 hybrid, as 

well as the lower Au loading measured by TGA (Table 7.4). This effect was, however, 

not observed for CX, because the CX content of the 1:4 hybrid was large enough to 

allocate all the synthesized GNP. 

GO, a material that, similarly as AC and OMC, shows high microporosity (Table 

7.2), behaves differently of them, probably due to that the microporosity present in the 

dry solid drastically decreases when the material is highly exfoliated in water, leading to 

a huge surface area available for the GNP deposition. Moreover, the large number of 

oxygen functional groups (hydroxyl, carbonyl, phenol, and epoxide groups [48], 44.9 

wt. % O content, Table 7.1) of GO allowed a good dispersibility in water, so less citrate 

was required to interact with the GO surface, remaining free in solution to stabilize the 

GNP. The presence of these oxygen-containing functional groups in GO and also in ND 



Chapter 7 

224

(mainly as alcohol groups [49], 9.6 wt. % O, Table 7.1) may also assist the GNP 

deposition and, eventually, may favor the Au/C hybrid-reactants interaction, so they 

may also further account for the enhanced catalytic performance of their hybrids.  

7.7.4. Effect of the carbon support in the catalyzed reaction results

Although it was previously mentioned that the carbon supports lack intrinsic 

catalytic activity in the hydroamination reaction, the fact is that if the amount of support 

is increased beyond the necessary amount to accommodate all the GNP, a decreasing in 

the efficiency of the catalysts is observed (Fig. 7.9). This could be due to the worsening 

of the mass balance when the amount of carbon support utilized to synthesize the 

catalyst is increased.  

The mass balance is the relationship between the amount of the initial reactants 

and the sum of reactants and products after reaction (Eq. 7.1). The stoichiometry of the 

reaction must be taken into account for this calculation:  

 A+B�C 

ii

fff

nBnA

nCnBnA
x

molesinitial

molesfinal
xBalanceMass

+
++

==
∑
∑ 2

100100   Eq. 7.1. 

Generally, acceptable mass balances range between 100 ± 10%. Mass balance 

values higher than 90% were achieved for low carbon support contents (Fig. 7.10). As 

mentioned above, the addition of large support amounts ultimately leads to hindered 

reactants diffusion (the reaction volume was kept at 1 mL for all catalysis experiments). 

However, significant product and even reactants adsorption on the carbon supports used 

might be expected, and this would more markedly occur when using carbon supports 

exhibiting high BET surface areas and well-developed microporosity (such as AC, 

OMC, and CX) and probably also in carbon supports with oxygen-containing functional 
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groups (GO, ND). This might account for the mass balance values around 70% 

calculated for the corresponding Au/C hybrids (Fig. 7.10). This decrease in the mass 

balance for high Au/C ratios probably causes a decrease on the real conversion values 

achieved. At this point, it is important to insist again that no by-products of the 

hydroamination reaction have been detected by 1H NMR.  

Fig. 7.10. Mass balance of the different Au/C ratio for all carbon supports. Data are 

included at the bottom of the Figure for higher clarity. *SW represents SWCNT and 

MW MWCNT in the graph.  

Thus, adsorption of reaction product probably plays an important role in the 

observed decreasing conversion in catalysis when the amount of carbon support utilized 

is increased over the minimum quantity required to accommodate all the produced 

GNP.  

Moreover, increasing the amount of carbon support probably hinders diffusion of 

reactants within the reaction media, also contributing to decrease the catalyst efficiency.  
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It is also worth mentioning that, in spite of the significant differences among the 

tested carbon supports in terms of structural and textural features, composition, 

dispersibility, and GNP size of the resulting hybrids, not quite large differences in the 

highest TON values have been measured (Table 7.3). These differences might be even 

smaller if TON values are calculated considering the calculated mass balances for each 

Au/C hybrid composition.  

7.7.5. Effect of the GNP size in the catalyzed reaction results

Finally, there is no clear relationship between the average crystallite size measured 

for the different materials and the obtained conversion on the catalytic reaction. For 

example, GO-, SWCNT- or CB-based materials showed similar conversion values, 

whereas the crystallites range values of 12.4, 9.2 and 5.4 nm respectively. It is generally 

accepted that the smaller is the size of a nanoparticle, the higher is its catalytic activity 

[50], since for the same metal loading smaller nanoparticles have a larger number of 

atoms located on the nanoparticle surface, which are those that are in fact catalytically 

active. Thus, the similarity in the conversion values obtained when using gold/carbon 

hybrids of such different GNP average size indicates that in these reaction conditions 

we are probably reaching the thermodynamic equilibrium of the studied hydroamination 

reaction. Similar conversion results were reported for this reaction by using Cu(II)-

based catalysts at higher reaction temperatures [51].  
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7.8. Studies of the reaction kinetics

The kinetics of the reaction for the Au/C hybrids that provided the highest TON 

values were studied. Thus, Fig. 7.11 compares the conversion of phenylacetylene into 

phenyl-(1-phenylethilidene)amine in presence of Au/CB and Au/SWCNT 1:2 catalysts 

as a function of time. While both Au/C hybrids provided similar conversions (79 and 74 

%, respectively, Table 7.3), the maximum conversion is reached faster when using CB 

as support, probably due to the presence of more active smaller nanoparticles in CB. 

Fig. 7.11. Kinetics of the studied catalytic reaction when using Au/CB and Au/SWCNT 

1:2 hybrids. 

TEM characterization of the Au/C hybrids after reaction (Fig. 7.12) might indicate 

that deactivation with time of the catalyst occurs via GNP agglomeration, accounting 

for the lack of cyclability of the synthesized Au/C hybrids for this catalytic application 

and, therefore, impeding catalyst reusability. 
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Fig. 7.12. TEM micrographs of Au/SWCNT hybrid after reaction showing large GNP 

agglomeration. 
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7.9. Catalytic performance of Au/C foams of [AuCl(PPh3)]

Finally, the catalytic performance of Au/C foams produced by laser ablation of 

[AuCl(PPh3)] was evaluated [52]. This material was described in Chapters 3 and 5. Au 

loading of 33 wt. % and average Au fcc crystallite size of 23.0 nm were measured by 

TGA and XRD respectively in these Au/C foams. Contrary to the Au/CF hybrids 

produced by the GNP chemical decoration route described in this work, no catalytic 

activity has been however achieved with these Au/C foams. TEM characterization 

reveals that all observed GNP are coated with carbon layers that can eventually be 

extremely thin (Fig. 7.13, see insets). This would prevent the required interaction 

between the catalyst and the reactants, therefore accounting for the lack of catalytic 

activity of this Au/C hybrid. This result highlights the convenience of the GNP 

decoration chemical route described here for the efficient application of CF in catalysis. 

Fig. 7.13. TEM micrograph of Au/C foams produced by laser ablation of [AuCl(PPh3)]. 
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7.10. Conclusions

Au/C hybrids can efficiently be used for the catalysis of the hydroamination 

reaction of phenylacetylene with aniline [53]. 

Our results clearly indicate that the carbon support structure, composition, 

dispersibility, and porosity greatly affect the GNP decoration process and the resulting 

GNP size and, therefore, the catalytic performance of the Au/C hybrids. 

The best Au/C hybrid catalyst performance in terms of conversion values and 

low carbon support content has been achieved when using GO as well as supports that 

combine high BET surface areas, well-developed mesoporosity, and good dispersibility 

in water during the GNP decoration process (CB, SWCNT, MWCNT and ND). 

However, the results described here suggest that remarkable catalyst performance can 

be eventually achieved for all tested carbon supports when suitably adjusting the 

gold:carbon support w/w ratios. I believe that improved catalyst performance may be 

achieved by further optimizing the GNP deposition process as well as the Au loading 

for the reaction volume used, which in turn are key issues toward commercial 

applications for these gold-carbon catalysts. 

Despite the low BET area of our metal-free CF, both their mesoporous nature 

and good dispersive properties allow achieving good conversion values for their Au/CF 

hybrids. However, the small yields of the CF laser ablation production process indicate 

that other carbon supports tested here provide more competitive catalytic performances 

in terms of availability and price. 
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Au/CF synthesized by laser ablation of [AuCl(PPh3)] do not catalyze the 

hydroamination reaction due to the presence of a carbon layer surrounding all GNP, 

thus avoiding interaction between the reactants and GNP surface. 

Future work on the way to the practical use of these hybrids will be focused in 

exploring the catalysis of other organic reactions and the effect of the reaction 

temperature in the conversion values obtained [FF], as well as in enhancing the catalysis 

performance in terms of conversion and catalyst cyclability and lifetime through further 

tailoring the GNP size and the carbon support (for example, by means of support- 

[19,22,54-57] and GNP- [16] functionalization) to prevent GNP leaching and the 

observed GNP agglomeration. 
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Chapter 8  

Gold Nanoparticle Decoration of Inorganic Two-

Dimensional Materials  

8.1. Introduction

Fascinating properties of two-dimensional (2D) materials (layered materials having 

one of their dimensions in the nanometer scale) were described during last decade. The 

development of different techniques for isolating graphene layers has attracted 

unprecedented attention due to the outstanding physical and structural properties of this 

2D nanomaterial [1-3]. During last years, the preparation of stable dispersions of 

individual graphene and graphene oxide layers in different solvents were reported [4], 

which enables processing of these materials and their incorporation into devices and 

matrices [5]. Recently, these processing techniques were extended to 2D inorganic 

materials such as transition metal oxides [6] and chalcogenides [7]. Thus, layered 

chalcogenides having MX2 as general formula (M is a transition metal and X represents 

S, Se or Te) such as NbSe2, WTe2 or MoS2 were exfoliated and characterized (Fig. 8.1).  

More than 40 different types of compounds having MX2 stoichiometry have been 

described [8]. These compounds behave like metals, semiconductors or isolators 

depending on their oxidation state and composition. Thus, WS2 is a semiconductor, 

whereas NbSe2 behaves like a metal [9]. 
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Fig. 8.1. TEM of (a) MoS2 and (b) WS2 layers. HRTEM of (c) MoS2 and (d) WS2 and 
FFT (insets) [7].  

In the present Chapter the development of chemical methods for GNP decoration of 

two 2D inorganic materials is described. Thus, this kind of chemical processing has 

been applied to WS2 within the framework of a collaboration with Prof. Valeria 

Nicolosi´s group at Trinity College in Dublin. Finally, the GNP decoration of a 

functionalized clay also having 2D structure (MMT) has been investigated and the 

application of the resulting MMT/Au nanohybrids obtained as catalyst for 

hydroamination reactions has been tested.  
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8.2. GNP decoration of WS2 by chemical methods

8.2.1. Structure of WS.

The crystalline structure of WS2 consists of hexagonal layers of metal atoms 

located between two layers of S atoms, giving the stoichiometry WS2 (Fig. 8.2). Thus, 

W atoms are located in a trigonal prismatic coordination sphere. Interactions between W 

and S have covalent nature, while Van der Waals interactions dominate between sulfur 

layers [7,10].  

Fig. 8.2. Structure of WS2. Yellow atoms correspond to S, and blue ones to W [11].  

WS2 can be easily exfoliated by sonication if a solvent presenting favorable 

interaction with the sulfur surfaces is utilized [7]. Alternatively, surfactants can be 

utilized to stabilize the WS2 layers in solvents where exfoliation does not occur easily, 

like in water [12]. WS2 was proposed as a promising support material for GNP 

decoration since favorable interaction between Au and S have been extensively 

described [13-15] and utilized for GNP decoration of WS2 nanotubes [16], thus no 

additional functionalization is expected to be required for GNP anchoring on the layered 

structure. 
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8.2.2. GNP-decoration of WS2 in water medium

Based on our previous work on GNP decoration of carbon materials (Chapter 7), 

we initially attempted the GNP decoration of WS2 in water. Since WS2 cannot be 

dispersed directly in water, a surfactant is required for this purpose. WS2 dispersions 

were produced from 1 g of WS2 powders (Sigma Aldrich, 2 µm diameter, 99 % purity) 

in 100 mL of distilled water by using sodium cholate (Sigma Aldrich, 99% purity) as 

surfactant [12] at concentration of 1 mg/mL. WS2 dispersions were prepared by probe 

sonication (flat sonic tip, 6 hours, 65 % amplitude) in a water/ice bath. Dispersions were 

let to decant overnight, and further centrifuged (1500 rpm, 90 minutes). The upper 

supernatant was then collected and utilized for GNP decoration.  

GNP were produced by a method reported elsewhere [17]. Briefly, 100 µL of an 

equimolecular solution of 50 mM H[AuCl4] (Sigma-Aldrich, 99.999 %) and HCl 

(Sigma Aldrich, 37%) were added over 10 mL of distilled water at boiling temperature 

under vigorous stirring. Following, 300 µL of an also equimolecular solution of 50 mM 

NaBH4 (Sigma-Aldrich, 98 %) and NaOH (Sigma Aldrich >98%) freshly prepared were 

added, producing a fast colour change from pale yellow to red-wine, which indicated 

the production of GNP [18]. These conditions were reported to produce the smallest 

average GNP size of this method: 3.2 nm [17].  

Subsequently, 3.5 mL of the just prepared water dispersion of GNP were mixed 

with 6.5 mL of the WS2/sodium cholate water dispersion under vigorous stirring to test 

the behavior of the system. TEM characterization revealed some WS2 regions coated by 

GNP, but also a high amount of GNP deposited over the carbon grid (Fig. 8.3).  
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Fig. 8.3. (a) GNP located on a WS2 sheet (yellow circle) and on the TEM carbon grid 

(blue circle). (b) GNP decoration of a WS2 sheet detail.  

These results suggested that surfactants played a double stabilizing effect during 

decoration process, stabilizing WS2 sheets in water as expected, but also stabilizing the 

GNP [19]. Probably, some remaining free surfactant present in the WS2 dispersion 

interacted with GNP, blocking their interaction with the WS2 surface, so a significant 

amount of the produced GNP stayed free in solution, which then deposited onto the 

TEM carbon grid upon water evaporation during TEM sample preparation.  

8.2.3. GNP-decoration of WS2 in organic medium

A different surfactant-free approach was then proposed: GNP were synthesized 

following the same method mentioned above, but WS2 was dispersed in 1-methyl-2-

pyrrolidinone (NMP, Sigma Aldrich, 99.5 %, anhydrous) without surfactants [7]. 1 g of 

WS2 powders was sonicated in an 80 Hz sonic bath (80 % power, 40 hours). After 

overnight mixture resting, it was centrifuged (1500 rpm, 90 minutes) and the 

supernatant was collected and utilized for GNP decoration. The approximate WS2
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concentration of the dispersion was 1.25·10-2 mg/mL, according to UV-vis 

measurements [7].  

The volume ratio between the solvents (water/NMP) to decorate WS2 sheets with 

GNP was fixed to 10:1, while the GNP to WS2 ratio was varied by diluting GNP in 

water before the mixture. Miscibility between water and NMP was complete for this 

volume ratio. Two different experiments were performed:  

#1) 10 mL of a dispersion of GNP were diluted to 50 mL, and then 5 mL of WS2

dispersion in NMP were added [Fig. 8.4 (e)].  

#2) 10 mL of a dispersion of GNP were mixed with 1 mL of WS2 dispersion in 

NMP [Fig. 8.4 (f)]. 

In both cases, the NMP dispersion was slowly added over the water dispersion 

containing the GNP in the form of small drops under highly vigorous stirring, in order 

to mix both dispersions as fast as possible to minimize spontaneous self-stacking of 

WS2 sheets previously to interaction between GNP and WS2.  

Fig. 8.4 shows the resulting solutions, whereas UV-vis characterization of the 

samples is shown in Fig. 8.5.  
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Fig. 8.4. (a) Water/NMP mixture, (b) GNP diluted in water, (c) GNP diluted in 

water/NMP, (d) WS2 in water/NMP dispersion, (e,f) GNP + WS2 dispersion in 

water/NMP.  

A mixture of water/NMP of 10:1 volume ratio was prepared, showing perfect 

miscibility [Fig. 8.4 (a)] and absence of signal in UV-vis [Fig. 8.5 (a)]. Thus, a sample 

of GNP diluted 5 times in distilled water [Fig. 8.4 (b)] was characterized, showing the 

typical absorption band centered at 525 nm for GNP [18] [Fig. 8.5 (b)]. On the contrary, 

when NMP is added to the GNP dispersion [Fig. 8.4 (c)], a change in the absorption 

band was observed [Fig. 8.5 (c)], indicating a possible destabilization of the 

nanoparticles. Fig. 8.5 (d) shows the spectrum of WS2 dispersed in a water/NMP 10:1 

volume ratio solution (relative maxima appear at 415, 515 and 625 nm [7]) [Fig 8.4 (d)]. 

Finally, Figs. 8.4 (e) and (f) and the corresponding spectra in Figs. 8.5 (e) and (f) belong 

to the GNP-decoration reactions #1 and #2, respectively. In Fig. 8.5 (e) the 

superposition of bands due to GNP and WS2 can be observed, whereas band due to 

GNP dominates in Fig. 8.5 (f) due to the higher GNP concentration.  
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Fig. 8.5. UV-vis characterization of samples a-f, respectively.  

Further TEM characterization of samples corresponding to reaction #1 and #2 

showed homogeneous GNP decoration. Moreover, the amount of deposited GNP is 

clearly higher in reaction #2, probably due to the lower WS2 concentration when 

compared to that of reaction #1. During TEM characterization of reaction 2, eventually 

some non-attached GNP were observed on the TEM carbon grid, thus indicating that 

probably the reaction was performed in defect of WS2 support conditions (Fig. 8.6) 

either that the process of GNP decoration is not totally optimized.  
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Fig. 8.6. (a,b) TEM micrographs of reaction #1 and (c,d) reaction #2, showing 

homogeneous GNP decoration over WS2 sheets.  

Finally, EDS analysis of the Au/WS2 nanohybrid that resulted of reaction #1 (Fig. 

8.7), detected the expected Au, W, and S, together with C, Cu, and O of the TEM grid 

utilized.  
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Fig. 8.7. EDS of GNP-coated WS2. C, Cu and O correspond to the TEM grid.  

Despite not being completely optimized, this promising process allows envisaging 

new synthesis routes for the preparation of other GNP-coated layered materials. Further 

research will be required, however, to optimize the reaction conditions and characterize 

the Au/WS2 nanohybrid properties and evaluate their potential applications.  
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8.3. GNP decoration of functionalized montmorillonite

8.3.1. Structure of MMT

MMT is a kind of clay mineral usually described as a hydrated sodium calcium 

aluminum magnesium silicate hydroxide. The chemical composition is 

(Na,Ca)0.33(Al,Mg)2Si4O10(OH)2·nH2O, although other cations such as potassium or iron 

instead of Na and Ca are common ion substituents depending on the material source 

[20].  

MMT structure is composed by two tetrahedral layers sandwiching an octahedral 

central layer (Fig. 8.8).  

Fig. 8.8. MMT structure model [21], showing the tetrahedral surrounding of Si atoms 

(pale brown), and the octahedral surrounding of aluminum atoms (grey). Red atoms 

represent oxygen, purple are the hydroxyl groups and violet spheres correspond to Na+

ions.  
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There are different approaches for metal nanoparticle decoration of MMT: the most 

common utilizes the cation exchange ability of this clay to intercalate ions of metals 

(such as copper, silver, palladium or others) that are further reduced to form the 

nanoparticles [22-24], whereas other methods consist on the synthesis of the metallic 

nanoparticles followed by their incorporation to the MMT support [25].  

Reported process for GNP decoration of MMT usually utilizes the cation exchange 

strategy [26-28]. In this work, the MMT decoration by using in situ synthesized GNP, 

similarly to that used for GNP decoration of carbon materials and WS2 sheets was 

explored as alternative route.  

MMT (Sigma-Aldrich, >99 %, surface area 250 m2/g) composed by plate-shaped 

particles with an average diameter of ~ 1 µm was utilized. MMT presents weak 

interactions between layers and can be easily exfoliated in water medium. Mild 

sonication in distilled water produced the exfoliation of MMT layers [Fig. 8.9 (a) and 

(b)] thus increasing the available surface for GNP decoration.  
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Fig. 8.9. (a) TEM micrographs showing exfoliated MMT in the form of layers and (b,c) 

platelets, and (d) the MMT crystalline structure.  

The hydroamination of phenylacetylene with aniline was utilized to study the 

catalytic performance of the synthesized Au/MMT nanohybrids, using the same reaction 

conditions and the analysis method described in Chapter 7.  

8.3.2. GNP-coated MMT as catalyst for the hydroamination reaction

Firstly, the performance of MMT as catalyst in the studied reaction was analyzed, 

since this clay was reported to participate actively in different catalyzed reactions [29]. 

Moreover, ion-exchanged modified MMT was reported to act as active catalyst for a 
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variety of organic reactions, depending on the exchanged metal ions [30,31]. For the 

reaction here studied, no conversion was obtained for pure MMT.  

Subsequently, 20 mg of MMT dispersed in 50 mL of distilled water by mild 

sonication were added onto 50 mL of a GNP solution freshly prepared. GNP were 

synthesized by adding 1 mL of a 10 mM HAuCl4 water solution to 19 mL of a refluxing 

solution of sodium citrate 2.9 mM, followed by addition of 45 µL of a 112 mM NaBH4

solution. Mixture containing MMT and GNP was stirred for 24 hours and further 

filtered and dried. The absence of a red-wine color in the filtrate indicated that all GNP 

were incorporated to the MMT support. The conversion achieved was 49 %. While this 

conversion value is comparable to those obtained using carbon supports (Chapter 7), 

TEM characterization of the resulting composite material before using as catalyst 

showed that GNP were highly agglomerated, therefore hindering a better catalytic 

performance of the synthesized catalysts due to the decreased active catalyst surface 

(Fig. 8.10).  

Fig. 8.10. TEM micrographs of Au/MMT composite.  
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8.3.3. GNP-decoration of functionalized MMT

Functionalization of MMT was then proposed to fix GNP onto the MMT surface 

and avoid GNP agglomeration during the decoration process. Bis[3-

(triethoxysilyl)propyl]tetrasulfide (TPTS, Sigma Aldrich, >90 %) was utilized as 

crosslinking agent and anchor points for GNP attachment to MMT due to the presence 

of sulfur groups in the molecule structure (Fig. 8.11).  

Fig 8.11. Molecular structure of TPTS.  

Similarly to the production of silicone polymers by reaction of tetraethyl 

orthosilicate (TEOS) in ethanol/water acidic medium [32], the TPTS is expected to 

create chains and link to defects on MMT surface following Eqs. 1 and 2.  

 R-OEt +H2O � ROH  Eq. 1. 

 ROH + R´OH � ROR´+ H2O Eq. 2. 

The experimental conditions for crosslinking processes were similar to those used 

for the synthesis of gels with TEOS reported elsewhere [33]. In this work, a fixed 

amount of MMT was added over a mixture of 3 mL of ethanol (Sigma, >99.8 %) and 1 

mL of deionized water and sonicated for 1 hour. Then, the pH was adjusted with a HCl 

solution (Sigma Aldrich, 36%), following the addition of a fixed amount of TPTS and 

stirring for several hours at 60 ºC.  
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GNP were freshly prepared as described in section 8.2.2 and then, the mixture 

containing the functionalized MMT was added under vigorous stirring. Unlike working 

in absence of TPTS, in this case 1 hour is time enough for GNP incorporation to the 

support. Then, the produced Au/MMT catalyst was cooled to room temperature and 

filtered though a 0.22 polycarbonate membrane filter, washed (3x10 mL of water and 

3x10 mL of ethanol) to remove solvent and reactant traces and finally dried in an oven 

at 100 ºC for 2 hours (Fig. 8.12).  

Fig. 8.12. Synthesis of Au/MMT-based catalysts.  

Different parameters were varied in order to optimize the catalyst performance. 

Firstly, the effect of the MMT:Au ratio was studied. For these experiments, the TPTS 

amount, the pH and the time elapsed for MMT functionalization were fixed to 0.1 
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mmol, 4.5 and 48 h, respectively. The Au/MMT nanohybrids were synthesized 

following the procedure described above using the reactants amounts of Table 8.1.  

Table 8.1. Experimental conditions for catalysts synthesis varying the MMT amount.  

Experiment MMT 
amount (mg) 

MMT:Au 
ratio (mass) 

Au 
amount (mmol) 

TMPS 
amount (mmol) 

1 40 20 0.01 0.1 
2 20 10 0.01 0.1 
3 10 5 0.01 0.1 
4 5 2.5 0.01 0.1 
5 2.5 1.3 0.01 0.1 
6 1 0.5 0.01 0.1 

In all cases, the absence of red-wine color on the filtered solution after catalyst 

synthesis indicated that all the GNP were incorporated to the catalytic support. 

Moreover, XRD analyses of the samples gave average crystallite values below 5 nm, 

significantly smaller to those of Au/C nanohybrids (Chapter 7). Despite the MMT 

amount chosen should be as small as possible in order to get the higher Au loading on 

the catalyst, due to inherent catalyst losses during synthesis and filtration process for 

very low amounts of MMT (1 and 2.5 mg at the beginning) the starting amount of MMT 

was fixed to 5 mg.  

TEM characterization (Fig. 8.13) shows MMT coated by GNP for MMT:Au w/w 

ratios of 20 and 0.5. The first case shows large uncoated MMT layers [Fig. 8.13 (a) and 

(b)], whereas the second one shows massive GNP coating. Remarkably, no GNP 

agglomeration was observed this time.  
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Fig. 8.13. TEM micrographs of MMT coated with GNP using (a,b) 20 and (c,d) 0.5 

MMT:Au w/w ratios. 

Catalytic tests of the prepared Au/MMT nanohybrids showed that no 

hydroamination occurred. In spite of the small GNP size, which should provide good 

catalytic performance, an excess of TPTS probably would cause a complete coating of 

GNP, avoiding their interaction with phenylacetylene and aniline and thus, hindering 

the catalyst activity. 

Thereby, the effect of the amount of TPTS was studied. During MMT amount 

adjustment, a fixed TPTS amount was utilized (1:10 Au/TPTS molar ratio). Different 
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TPTS amounts (shown in Table 8.2) were now utilized in order to optimize the 

MMT:Au ratios of the catalysts. A first approach to the optimization of the TPTS 

amount was performed, by using next conditions  

 Table 8.2. Coarse optimization of the TPTS amount to synthesize the catalysts.  

TPTS amount (mmol) 10-1 4.5x10-2 1.8x10-2 10-2 0 

TPTS:Au mol ratio 10 4.5 1.8 1 0 

Conversion (%) - 1 % - 54 49 

These results showed that the amount TPTS utilized to prepare the catalyst is a key 

parameter when it comes to the catalytic performance of the produced nanohybrids. 

Therefore, the starting conditions utilized an excessive amount of this reactant. Further 

experiments to optimize the amount of TPTS around 1:1 molar ratio of TPTS:Au were 

performed (Table 8.3).  

Table 8.3. Fine optimization of TPTS amount to prepare the catalysts.  

TPTS amount (mmol) 1.2x10-2 10-2 8x10-3 6x10-3 4x10-3 2x10-3 0 

TPTS:Au molar ratio 1.2 1 0.8 0.6 0.4 0.2 0 

Conversion (%) 52 54 62 69 64 64 49 

TEM characterization of the Au/MMT nanohybrid providing the best catalytic 

results (TPTS:Au molar ratio = 0.6) showed homogeneous coating and significantly low 

GNP aggregation [Fig. 8.14]. XRD analyses provided an average fcc Au crystallite size 

of 3.4 nm.  
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Fig. 8.14. TEM micrographs of the Au/MMT nanohybrid that provided the best catalytic 

performance.  

The pH value during TEOS crosslinking reactions is also an important parameter 

[34]. Thus, the effect of varying the initial pH for MMT functionalization with TPTS on 

the catalytic performance of the catalysts was also studied. In this work, only acid media 

were considered. Table 8.4 shows the pH utilized and the conversion obtained for the 

synthesized catalysts. Initially, pH values ranging between 1.5 and 6.0 were 

investigated. Thus, from these results, the optimum pH (4.0-4.5) was obtained. 
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Tables 8.4 and 8.5. pH optimization for MMT functionalization.  

pH 1.5 3.0 4.5 6.0 

Conversion (%) 6 15 69 14 

pH 3.5 4.0 4.5 5.0 5.5 

Conversion (%) 9 68 69 63 49 

MMT is an acidic clay that usually produces acid pH when is dispersed in water. 

Depending of their nature, MMT produce pH between 2.5 and 5. pH around 4.5 was 

measured for the utilized MMT, similar to the ones showing the best catalyst 

performance. XRD analyses showed no variation of average crystallite size with pH, 

which indicates that the variation of conversion values observed when changing the pH 

during the synthesis of the catalyst is probably related to the effect of this parameter on 

the crosslinking process effectiveness.  

Finally, the time required for MMT functionalization was studied. The crosslinking 

process was carried out during 2, 4, 6, 10, 14, 24, 36, 48 and 72 hours, respectively. 

Results showed that the minimum time required to obtain the maximum conversion was 

24 hours. 

In summary, the optimum conditions for the synthesis of Au/MMT catalysts are 5 

mg of MMT, 10-2 mmol of Au, 6x10-3 mmol of TPTS, pH between 4.0 and 4.5 for the 

crosslinking process and 24 h of time synthesis.  

Further studies focused on catalyst recyclability and kinetics of the hydroamination 

reaction are required to fully evaluate the catalyst performance of the synthesized 

nanohybrids.  
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8.4. Conclusions

Several methods to homogeneously decorate inorganic layered materials with 

GNP have been developed. Interactions between S and Au were utilized to achieve 

fixing of GNP on the materials.  

On the one hand, WS2 sheets were decorated with GNP by mixing a water 

solution of GNP with small volumes of a WS2 dispersion in NMP. In contrast, if 

surfactant-assisted WS2 layer dispersions are utilized, the process does not work 

properly because the excess of surfactant stabilizes the GNP and an important fraction 

of them remain in solution.  

On the other hand, MMT (a pillared clay) can be utilized as GNP support to 

synthesize catalysts for the hydroamination of phenylacetylene with aniline, although 

functionalization of the clay is required to avoid GNP agglomeration prior to the 

catalysis. MMT was functionalized with TPTS to create anchor points on the MMT 

surface.  

This hybrid nanomaterial was successfully utilized to catalyze the 

hydroamination of phenylacetylene with aniline, providing conversion values as high as 

69 % for gold/reactants ratios of 1 mol %. Parameters such as pH and time of the 

functionalization reaction, as well as TPTS to Au and MMT to Au ratios were studied 

and optimized.  

Future work will be focused on deeper studying WS2 decoration process and 

catalyst properties of GNP-decorated MMT.  
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Conclusions and Future Outlook 

Our “Laser Chemistry” approach is a very versatile method for the “à la carte” 

synthesis of metal/carbon nanohybrid materials. The results shown here highlight the 

key role played by the chemical composition of the utilized precursors and the laser-

matter interaction on the composition and structure (and, therefore, on the properties) of 

the produced materials. Most of the work here described has been focused on the 

tailored production of M/CF.  

This technique allows the production of a plethora of M/CF nanohybrids by varying 

the composition of the irradiated precursors. Controlling the metal nanoparticle size, 

composition (from pure metal-based phases up to carbides, oxides or phosphides) and 

loading besides carbon content and structure was demonstrated by suitably choosing the 

chemical composition of the precursors, experimental conditions such as buffer gas and 

pressure, and adjusting the laser parameters: they all define the laser-matter interaction 

and, therefore, the building block formation and assembly in the generated plasma. 

When it comes to the growth mechanisms of the synthesized carbon materials, the 

fact that the production by this laser technique was done in air atmosphere and that no 

significant differences have been observed when performing the experiments using Ar 

or N2 as buffer gases, are suggestive that the assembly of reactive high-temperature 

building blocks occurs mainly within the plasma plume. Experimental evidence of the 

existence of threshold values for pressure, irradiance and pulse frequency that define the 
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optimum plasma confinement conditions that enable the growth of metal/carbon 

nanohybrids and CF is reported here.  

Physicochemical characterization of the produced materials reveal that CF are 

thermally stable up to ~600ºC, and that thermally annealed CF provide attractive 

properties for their use as electrode materials, in spite of the relatively low surface are of 

these materials. Moreover, remarkable ferromagnetic behavior for Pt/CF and Pd/CF, 

with coercivity up to room temperature is reported here, which is also a very interesting 

feature toward technological applications for these metal/carbon nanohybrids. 

Clearly, any successful application of these materials would require scaling-up their 

production, since attempting the production of tens of milligrams of M/CF and CF by 

the present technique is a tedious and time consuming task. The development of a laser 

technique that would allow operating in a continuous process would be a major upgrade 

to the existing CF production method. This challenging goal would require designing a 

precursor feeding system, as well as a method to evacuate the produced vapors and 

collect the produced soots in real time. Moreover, since vapors produced together with 

nanohybrid materials probably consist of mixtures of partially-oxidized aromatic, PAH 

and aliphatic hydrocarbons, this improved laser production technique would also require 

the development of a method for handing these pollutants.   

Besides the mentioned ability of our “Laser Chemistry” method to produce tailored 

materials, it should be considered here that, due to the extreme temperature conditions 

and pressure gradients that affect the confinement conditions within the generated 

plasma plume, this anisotropy inherent to laser ablation processes may result in the 

synthesis of heterogeneous materials. Thus, the crystallinity of the produced carbon 

materials varies at different spots of the same sample. Moreover, some samples 
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comprise metal-based nanoparticles of different crystalline phases, compositions, and 

size. Thus, the heterogeneity of the materials produced by this laser technique must be 

also considered.  

Paradoxically, probably this variability itself allows the existence of certain 

conditions for ordered structures to growth catalytically from certain metals during laser 

ablation, allowing the production of SWCNT and hollow graphitic spheres. In our 

actual laser system configuration, however, only a small proportion of the mentioned 

structures is found in the produced samples. I believe that there is still room to improve 

the production of these materials by the “Laser Chemistry” approach reported here by 

conveniently tuning the laser parameters and improving the target composition and 

system configuration, so the temperature gradients and plasma plume confinement are 

optimized for suitable cluster assembly and carbon nanostructure growth.  

The yield of precursors transformed into nanohybrid materials is also a very 

important issue, as most of the utilized precursors are very expensive (as an example, 

the precursor used in the SWCNT production, [Ni(PPh3)4], costs 118 € per gram) and 

only a small quantity of the ablated precursor results in soot production. Generally, it is 

observed the presence of a resolidified melt after laser ablation. Reusing this melt for 

M/CF synthesis does not significantly alter the properties of the produced materials, 

which is an interesting issue for the development of a continuous production process. 

Alternatively to our “laser chemistry” approach, a wet-chemical method based on 

the in situ reduction of H[AuCl4] in water was developed for GNP decoration of CF, 

that was then applied to a variety of other carbon materials. The resulting gold/carbon 

nanohybrids were then efficiently used as catalysts for the hydroamination of 

phenylacetylene with aniline. Conversion values of up to 68 % have been measured for 
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Au-CF nanohybrids, similar to the highest conversion values (70-79 %) achieved when 

using higher BET surface area carbon supports, such as CB, GO, SWCNT, MWCNT, 

and ND. The good dispersive properties and mesoporous nature of CF accounts for its 

good performance as carbon support for this catalysis application. Future work on the 

way to enhance the catalysis performance of these nanohybrids in terms of conversion 

and catalyst cyclability and lifetime would be focused on designing new routes for 

further tailoring the GNP size and the carbon support, maybe involving 

functionalization strategies. On the contrary, Au/CF synthesized by laser ablation of 

[AuCl(PPh3)] did not provide any catalytic activity, probably because of the carbon 

coating of GNP that would preclude the required interaction between the catalyst and 

the reactants. This result highlights the convenience of the GNP decoration chemical 

route described here for the efficient application of CF in catalysis. 

Very interestingly, the developed wet chemical method was successfully adapted to 

the homogeneous GNP decoration of bidimensional nanostructured materials such as 

WS2 and MMT. Au-MMT nanohybrids provided a good performance as catalysts in 

hydroamination reactions. The lower conversion values obtained respect to Au/C 

nanohybrid-based catalysts might be partially due to the lower Au loadings of the tested 

Au-MMT nanohybrids. Finally, the results on Au/WS2 nanohybrid preparation reported 

here may enable exploring new avenues toward metal nanoparticle decoration and 

processing of layered inorganic materials and envisioning new application opportunities 

for these fascinating materials. 
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To finish the present PhD Thesis, several publications related to the work presented 

here are listed below: 

Title: Tailored production of nanostructured metal/carbon foam by laser ablation 

of selected organometallic precursors.  

Authors: Muñoz E, Ruiz-González ML, Seral-Ascaso A, Sanjuán ML, González-

Calbet JM, Laguna M and de la Fuente GF.  

Journal, volume, pages: Carbon, 48, 1807-14. 

Year: 2010 

Abstract 

Aromatic, PPh3-containing organometallic compounds, as well as non-aromatic 

organometallic targets, were irradiated with a Nd:YAG laser to study the role of the 

metals and ligands used on the structure of the resulting materials. Characterization 

shows that the composition, metal nanoparticle dilution and crystallite size, and 

structure of the M/CF produced can be tailored by choosing the metals and ligands of 

the irradiated targets. The results indicate that precursors containing PPh3 ligands tend 

to yield larger amounts of ablation products in which graphitic structures are observed 

in appreciably larger quantities. Electron microscopy reveals that these M/CF are multi-

component materials that consist of metal nanoparticles embedded in amorphous carbon 

aggregates, amorphous carbon nanoparticles, and graphitic nanostructures, which can be 

eventually observed as independent, separate components in the produced soots. The 

graphitic structures observed can also be produced by laser ablation of PPh3, indicating 

that their growth is not promoted by the metals of the chosen aromatic organometallic 

compounds. 
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Title: Synthesis and application of gold-carbon hybrids as catalysts for the 

hydroamination of alkynes. 

Authors: Seral-Ascaso A, Luquin A, Lázaro MJ, de la Fuente GF, Laguna M and 

Muñoz E.  

Journal, volume, pages: Applied Catalysis A, 456, 88-95. 

Year: 2013. 

Abstract 

Gold-carbon hybrids have been efficiently used as catalysts for the hydroamination 

of phenylacetylene with aniline. Carbon supports (SWCNT,MWCNT, GO,G, GC, ND, 

OMC, CX, CB, AC and laser-ablation produced CF) were homogenously decorated 

with GNP synthesized by in situ reduction of H[AuCl4] in water. The performance of 

carbon materials used as catalytic supports has been here evaluated. The synthesized 

gold-carbon hybrids worked remarkably well as catalysts for the targeted reaction. 

Conversion values as high as 79% were achieved by suitably adjusting the gold:carbon 

support w/w ratios. Our results indicate that the catalytic activity strongly depends on 

gold:carbon support w/w ratios and on the structure and textural properties and 

dispersibility of the carbon supports used. Thus, the best gold-carbon catalyst 

performance in terms of conversion values and low carbon support content has been 

achieved when using graphene oxide as well as supports (CB, SWCNT, MWCNT, and 

ND) that combine high BET surface areas, well-developed mesoporosity, and good 

dispersibility in water during the GNP decoration process. 
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Title: “Laser chemistry” synthesis, physicochemical properties, and chemical 

processing of nanostructured carbon foams.  

Authors: Andrés Seral-Ascaso, Rosa Garriga, María Luisa Sanjuán, Joselito M. 

Razal, Ruth Lahoz, Mariano Laguna, Germán F. de la Fuente and Edgar Muñoz. 

Journal: Nanoscale Research Letters, in press, accepted.  

Abstract 

Laser ablation of selected coordination complexes can lead to the production of 

metal-carbon hybrid materials, whose composition and structure can be tailored by 

suitably choosing the chemical composition of the irradiated targets. This “laser 

chemistry” approach, initially applied by our group to the synthesis of P-containing 

nanostructured carbon foams (NCFs) from triphenylphosphine-based Au- and Cu 

compounds, is here broadened to the production of other metal-NCFs and P-free NCFs. 

Thus, our results show that P-free coordination compounds and commercial organic 

precursors can act as efficient carbon source for the growth of NCFs. Physicochemical 

characterization reveals that NCFs are low density mesoporous materials with relatively 

low specific surface areas and thermally stable in air up to around 600ºC. Moreover, 

NCFs disperse well in a variety of solvents and can be successfully chemically 

processed to enable their handling and provide NCF-containing biocomposite fibers by 

a wet-chemical spinning process. These promising results may open new and interesting 

avenues toward the use of NCFs for technological applications. 




