
Chapter 13

Nanostructured Catalysts

Martin Schmal and Silvia Moya

Abstract Nanostructured systems are of great interest from points of view of basic

science and technological applications. Within the topic of catalysis, should be

highlighted the properties associated with different morphologies, activities and

selectivities, which are strongly affected by the shape and particle size; in the case

of crystalline metallic phases are oriented crystal faces. The reactions that are

influenced by these factors (morphological) are known as structure sensitive

reactions.
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13.1 Part I: Introduction

Nanostructured systems are of great interest from points of view of basic science and

technological applications. Currently, in general, any material that contains grain

clusters, plates, or filament size smaller than 10 nm can be regarded as nanostructure,

as long as their properties differ from those of the bulk solids. These materials have

been extensively studied in recent years, because the small size (particles, grains, or

phases) and high surface/volume ratio (S/V ) resulted in mechanical, optical, elec-

tronic, and natural magnetic properties in important applications.

In the transition metal nanoparticles, new behaviors arise deriving from effects

related to the size reduction. Changes in its electronic structure provide the devel-

opment of new reactivity characteristics, in addition to other previously cited

properties with respect to those presented by the bulk structure. These behaviors

are also related to surface effects as superplasticity, dynamic differential sintering,

and catalysis.

The size and surface characteristics are related through the S/V ratio. For

spherical particles, the S/V ratio is inversely proportional to its radius R,
S=V ¼ 3=Rð Þ. Clusters of type complete layer (full shell) are formed with atoms

packed in closed hexagonal structure (hcp) and cubic (ccp). This model assumes

that the particles are constructed by adding densely packed layers around a central

atom. The number of atoms per layer is represented by Ns ¼ 10n2 þ 2, where n is

the layer number in question. The total number of atoms (N ) in a structure

consisting of N layers is N ¼ 10n3 þ 15n2 þ 11nþ 3=3ð Þ. The S/V ratio can be
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obtained, so the ratio of surface atoms to the total atoms constituting the cluster,

Ns/N [1, 2].

Most of these clusters assume complete layer structures, as shown in Fig. 13.1,

since the optimal number of metal–metal atom bonds for each leads to higher

stabilization of the system.

This configuration allows higher stability of the clusters; it provides a structure

whose atoms have the largest possible number of neighbors. The cluster growth

decreases the amount of surface atoms [1, 2].

In a few hundred of nano atoms, the major fraction of them is located at the

surface. Because of the tendency that surface atoms are coordinately unsaturated,

high surface energy has great contribution to the total energy of the system. Also, a

high ratio S/V, that is, the particle size and its shape, influences the electronic

structure of cluster levels. These properties have been reported in the literature in

different aspects of nanoscience.

Within the topic of catalysis, the properties associated with different morphol-

ogies, activities, and selectivities should be highlighted, which are strongly affected

by the shape and particle size; in the case of crystalline, metallic phases are oriented

crystal faces. The reactions that are influenced by these factors (morphological) are

known as structure-sensitive reactions. The high performance of nanostructured

catalysts is explained by the high concentration of atoms at the surface, due to the

small particles. The variation of surface atoms relative to the solid volume, as a

function of particle size, is illustrated in Fig. 13.2.

Note that the percentage of surface atoms increases the smaller the particle size

and decreases with increasing particle size. But the opposite is true in the bulk,

indicating that the larger the size of particles, the greater the concentration of atoms

in the bulk phase. Catalytic reactions are surface phenomena, and the size reduction

of the active phase may favor them as follows:

• The reactions occur at lower temperatures due to the high ratio of surface atoms/

volume changes in the electronic levels.

• Increased yield and selectivity due to greater surface active area available and

morphology.

• Increased mechanical strength.
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Fig. 13.1 Scheme of cluster-type full-layer hexagonal packing (Adapted from Aiken, J. Mol.

Catal. A, vol. 145, pp. 1–44, 1999)
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There are excellent reactivity characteristics, as a result of the decreasing size

high surface/volume ratio, compared to bulk materials.

It is well known from studies of model catalysts (single crystal), under conditions

of ultrahigh vacuum (UHV), that the selectivity is significantly influenced by the

crystal face. The catalytic activity ofmetal nanoparticles of different shapeswas quite

reasonably correlated with the fraction of atoms located at vertices and edges of the

crystalline metal structures [3]. Its unique properties associated with the ability to

synthesize in different size ranges and shapes make these materials potentially useful

in catalysis, which are more active and selective than the conventional catalysts.

Nowadays, materials which are of great interest are the carbon nanotubes (CNT)

and graphene, which were invented the first time in (1962) and present new

properties which can be applied in catalysis [4]. They present high chemical

resistivity and are resistant to oxidation and to temperatures. CNT presents electric

transport like metals, semiconductors, or superconductors, besides mechanical

resistance and flexibility, which can be applied in sensors, polymers, ceramics,

and of course catalysis, in particular for hydrogen storage and fuel cells [5].

13.1.1 Synthesis of Nanostructured Catalysts

The syntheses of nanostructured materials are of different natures, such as:

• Metals

• Oxides
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• Sulfites or carbides

• Carbon nanotubes and oxide nanotubes

• Nanostructured oxides and mixed oxides

Nanostructured materials for metals or supported oxides, oxides and mixed

oxides, and in particular graphenes will be focused. The most important require-

ments that should guide the choice of a method of synthesis for these classes of

materials are:

• Control of particle size

• Control of the particle size distribution

• Control of morphology or particle shape

• Homogeneous distribution of particulate material supported thereby including

the largest number of surface active sites available for reaction, adsorption, etc.

There are several routes that can be chosen for the synthesis of nanostructured

systems. The method may involve the preparation of novel compounds from a

precursor that is called chemical synthesis or may involve only a vaporization

process and cooling the material under controlled condensation conditions; it is

classified as physical preparation.

The physical methods of preparation of nanostructured materials are basically of

gas phase synthesis, which allows getting a flexible composition and a high degree

of homogeneity in the generation of “nanoclusters,” ranging from refractory mate-

rials to multicomponent alloys. The following are among the physical methods that

are noteworthy:

• Chemical vapor deposition (CVD) or sputtering

• Lithography by electron beam

• Plasma

Chemical methods, on the other hand, exert the main role in the synthesis of

nanomaterials. The advantage of chemical synthesis methods is the variety of

methods and versatility in the design characteristics such as structures and

compositions, in addition to increased operational simplicity. The materials

obtained by chemical processes have greater homogeneity, because the chemical

synthesis allows interaction between the components of the reaction mixture at

the molecular scale. Consequently, understanding how matter interacts and orga-

nizes this dimension allows the understanding of its effect on the macroscopic

properties of the desired products. Figure 13.3 shows a general scheme of

nanomaterial synthesis.

Among the chemical methods, we have [1, 6]:

• In situ precipitation of metal precursors

• Synthesis in confined spaces—microemulsion

• Sonochemical synthesis

• Deposition–precipitation

• Sol–gel method

• Thermal decomposition
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• Photochemical synthesis

• Reduction or decomposition of binders of organometallic compounds

• Chemical vapor decomposition

13.1.2 In Situ Precipitation of Metal Precursors

The precipitation process is basically a nucleation followed by growth and agglom-

eration of poorly soluble products generated in supersaturation condition. To obtain

nanostructured materials, one must control the growth stage and prevent agglom-

eration in the reaction medium, which may be aqueous or organic. As in most

precipitation processes, the supersaturation condition must be reached; in this case,

the reduction of the metal precursor is obtained by adding a reducing agent which is

added to the reaction medium. Figure 13.4 shows a simplified scheme of synthesis

of precipitation conditions.

In the precipitation method, one should pay attention on the choice of the

parameters for controlling the precipitation reactions for the increased growth of

the particles of desired characteristics (size and morphology). The first step is the

nucleation, which must occur at a high degree of supersaturation of the solution, in

order to form a large number of nucleation centers (very small crystals), in a short

period of time. To ensure uniformity in size of the crystals, it is necessary that only

the nuclei are formed in the first stage and then should only grow via molecular

mechanisms until the precipitate of the equilibrium concentration is achieved.
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Fig. 13.3 Schematic representation of physical and chemical methods
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The reaction for extended periods of time can result in the total reagent shortage.

Thereafter, in the period called aging reaction, begins the digestion of solid formed.

The digestion of the precipitate occurs with the growth of larger particles due to the

consumption of the smaller particles which decrease in size until complete disso-

lution, in a process known as Ostwald digestion [2]. This process also leads to the

formation of larger particles and a solution with broad size distribution.

Deposition on Supports
The deposition of the active phase on a support depends on the surface charges of

the support and of precursor in suspension. The surfaces of the particles in a polar

medium develop loadings caused by ionization process in which functional groups

are present in the material or even ionized by the ion adsorption. This affects the

distribution of the charge near ions, increasing the concentration of counter ions

near the surface. Thus, an electrical potential is generated, which decreases expo-

nentially away from the surface, as expressed by Eq. (13.1). The adsorbed ions

cause decreasing electric potential, as illustrated in Fig. 13.5a:

ψ ¼ ψ0 � e�κ�x ð13:1Þ

where ψ is the electric potential at a distance x from the surface, ψ0 is the potential

on the particle surface, and κ is the Boltzmann constant κ ¼ 1:38 * 10�23J = K
� �

.

The adsorption of charged ions on the surface leads to the formation of the

so-called electrical double layer, which can be divided into two regions, the Stern

layer and the diffusion layer as shown in Fig. 13.5a. The Stern layer indicates ions

strongly adsorbed at the surface, while the diffusion layer is a region in which the

distribution of the ions is determined by the balance between the electrostatic forces

and thermal motion.

This phenomenon is known as electrophoresis. The particles and ions strongly

adsorbed (Stern layer) move as a unit, and the electric potential at the border of the

unit where the sliding takes place between the phases is known as the zeta potential

(Setz 2009). The zeta potential is influenced by the pH of the system since the Hþ

and OH� ions affect the surface charge of the particle and thus the zeta potential

nucleation

growth

agglomeration

super-
saturation

Reducing agent

M+

M−M−

Fig. 13.4 Scheme of the

precipitation method
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(Adamson 1997). The pH value of suspension at which the zeta potential is zero is

known as the isoelectric point (IEP). In this case, the electrostatic repulsion between

particles is negligible, and van der Waals forces act to promote the approach of the

ions and subsequently the coagulation. Where both the zeta potential of the particle

as the surface load is null, there is the so-called point of zero charge (PZC). This can

be performed using the zeta potential analyses (IEP) in order to promote greater

electrostatic interaction between the support and the precursor of the active phase,

allowing better adherence of the active phase.

Figure 13.6 illustrates the behavior of the alumina surface at different pH values.

Note that at pH values below 13 (PIE alumina), its surface becomes positively

charged due to exposureOH2
þ groups. At pH 13, the alumina is electrically neutral,

and at higher values, it is negatively charged.

13.1.3 Synthesis of Stabilized Nanoparticles: Colloidal
Nanoparticles

Virtually, all grades of colloidal inorganic nanocrystal well-defined structure may

be synthesized by a variety of methods, including [8]:

• Coprecipitation in aqueous phase

• Power coprecipitation

+

+

+

++

+

+
+
+
+
+
+
+
+
+
+

+ −

−

−
−

−

−

−

−

−

− −−

−
−

−

−

−

−

a b
Surface

Stern plane

Difusion layer

0
Distance (x)

P
ot

en
ti
al

 (
ψ

)

ψ0

1/κ

Stern layer

Shear surface

Fig. 13.5 (a) Representation of the electric double layer in a positively charged surface; (b) the
variation of the electric potential as a function of distance from the surface positively charged. The

variable 1/κ is called the “thickness of the electrical double layer” (Adapted from Roucoux A.,

Schulz J., Patin H., Chem. Rev., vol. 102, pp. 3757–3778, 2002) [7]
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• Microemulsion

• Hydrothermal and thermal–solvent synthesis

The usual route for the preparation of colloidal nanoparticles is the precipitation.

The production of stabilized metal nanoparticles requires the reduction in aqueous

or organic solution, in the presence of a stabilizing agent. The main components of

systems for the synthesis of colloidal nanoparticles are:

• Metallic precursor

• Reducing agent (alcohol, H2, hydrates, NaBH4)

• Stabilizing agent (organic/inorganic binders, polymers, and surfactants)

There are two ways for stabilization of nanoparticles:

• Electrostatic: as a result of adsorption of ions (most commonly chloride,

hydroxide and hydronium) on the surface of the nanoparticle forming a double

layer (EDL)

• Spatial repulsion: due to species with long organic chains that involve metallic

particle, which is the most common

Figure 13.7 shows schematically both ways of stabilizing colloidal nanoparticles.

The stabilization using inorganic colloid method is limited to aqueous solutions

and some polar protonic solvents. Due to the dynamic nature of the electrical

double layer (EDL), these systems are extremely susceptible to environmental

conditions (temperature, concentration, pH), reducing considerably its stability

compared to other forms of stabilization.

According to another way of stabilizing colloids, the presence of bulky organic

chains around the nanoparticles prevents agglomeration due to van der Waals force

interparticle. The organic interface (hydrophilic or hydrophobic character) colloid

stabilizes both in water and in nonpolar solvents. The steric stabilization is the most
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common due to the colloid stability characteristics in wide pH ranges and in

solvents of different polarities [9]. A variety of compounds are used as stabilizers.

The most effective agents in the stabilization of inorganic colloids are surfactants or

polymer-coordinating ligands or “capping ligands”. All these substances must have

polar groups (electron density donors), as phosphines [10], carboxylates [11] [190],

sulfates [12, 13] [48], neutral amines [14] [232], and nitrogen heterocycles [15]

[23]. These groups interact with the surface of nanoparticles in order to coordinate

to metal atoms surface electron deficient. The organic chain-extending molecule

provides physical isolation of the solvent and governs the nanocrystal solubility

properties of the material.

Characteristics such as particle diameter, morphology, and size distribution are

strongly influenced by the composition of the precursor solution during the

precipitation.

So important as the nature of the reducing agent and reaction conditions are the

type and amount of the stabilizer to obtain specific morphological properties.

Besides, the manipulation of the concentration of the metallic precursor relative

to the stabilizer is another way to control size of nanoparticles. The high-ratio

stabilizer/metal cations lead to the formation of smaller crystallites during nucle-

ation. During growth, the binder adsorbs reversibly at the particle surface and in the

case of stabilization, by space constraints, produces a dynamic organic coating

which stabilizes crystals in solution mediating growth. Larger molecules provide

greater shielding nanoparticle, resulting in a smaller average size of the system.

Impregnation on the Support

The nanoparticles can be used as catalysts in liquid phase or impregnated on

supports. In this case, it follows by drying, calcination, and activation steps.

In gas–solid catalytic systems, the precursor of the catalyst previously supported

passes through the calcination process, owing to the shielding around the metal

particles, so that the metal layer can be exposed to the reactants. The use of binders

with low decomposition temperatures permits the removal of stabilizers which can

be carried out under mild temperature conditions and does not cause damage to the

Fig. 13.7 Scheme of stabilizing nanoparticles: (a) DCE; (b) Spatial repulsion (Adapted from

Novoselov, Nature Materials 6 (2007) 183–191). (a) Ionic stabilizer. (b) Polymeric stabilizer
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particle structure. It is extremely important that the calcination procedure impedes

the formation of carbon deposits on the surface, blocking active sites.

Influence of Temperature on Supported Nanoparticles

Wang et al. [8] studied the thermal behavior Pt supported on SiO2 amorphous

nanocrystals in a transmission electron microscope in situ reaction chamber. The

authors followed the heating process performed in the microscope and observed

that increasing the temperature above 350 �C induces morphological deformation

of nanocrystals. The continuous heating promotes fusion of the surface of the

nanoparticles and their spreading on surface of the carrier rather than the sintering

material inducing the change in the morphology thereof. In Fig. 13.8 it is possible to

observe this process. When the particles are close enough, the coalescence becomes

unavoidable Fig. 13.8.

El-Sayed [16] observed through TEM in situ the images of Pt nanocrystals at

different temperatures, as shown in Fig. 13.9. The triangular shapes are preserved at

temperatures up to 350 �C, without truncation of vertices and edges.

The morphology changed from triangular shape to the spherical at 500 �C, due to
melting of surface atomic layers; however, the inner particle maintains the

Fig. 13.8 Micrographs from TEM of the Pt/SiO2 in situ treatment with increasing temperature,

cubic and tetrahedral particles (Wang X., Zhuang J., Peng Q., Li Y., Nature, vol. 437, pp. 121–124,

2005, reproduced with permission)
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crystalline structure. The fusion at 600 �C becomes clear, leading to coalescence of

the particles. Authors also observed differences in the stability of the different

morphologies and concluded that the tetrahedral particles were the most stable,

followed by the cubic and the triangular shapes [8, 16].

The regions marked with small circles represent changes of shape, and

nanocrystals marked by large circles represent the merger of the crystals of the

group. The blue color represents the background of the substrate, red the approx-

imate projection of higher atomic density region of Pt, and yellow the projection of

lower atomic density [8, 16].

13.1.4 Metal Nanostructures [8, 17–53]

Clusters, grains, lamellar structures, or filaments with dimensions smaller than

10 nm can be considered as nanostructured materials. These systems present a

high ratio of surface area and volume with singular properties. In catalysis, changes

in the surface and bulk electronic structure, caused by nanostructuring, may influ-

ence the reactivity, causing it to differ substantially from the conventional systems.

Therefore, structure-sensitive reactions are strongly influenced by particle sizes

Fig. 13.9 TEM in situ images of Pt nanocrystals at different temperatures (El-Sayed M. A., Acc.

Chem. Res., vol. 34, 257–264 (2001) reproduced with permission)
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and, thus, on the method of preparation of the supported metal catalyst [30, 54], for

example, in the FT synthesis, using Fe/SiO2.

Nanoparticles of Pd supported on Al2O3 were synthesized by Okitsu et al. [55]

using as precursor PdCl4ð Þ2�. The authors claim that the particles supported were

first nucleated as reduced Pd species, followed by growth in the solution, and finally

anchoring on the support. Compared to the conventional impregnation method of

preparation, the activity for hydrogenation was 20 times better.

Colloidal Method

Miyazaki et al. [56] prepared Pt nanoparticles using colloids with different morphol-

ogies, using K2PtCl4 in the presence of hydrogen and three different stabilizers, and

obtained nanocrystallites of average diameters of 6.13 nm, 13.6 nm, and 13.6 nm,

using also polyvinylpyrrolidone (PVP) polymer, poly(N-isopropylacrylamide poly-

mer) (PNIPA), and sodium polyacrylate (SPA), respectively. As observed, there are

great differences between particle sizes and morphologies. Duteil et al. [57] synthe-

sized nickel particles stabilized by colloidal phosphines from Ni (acac) 2 (nickel

acetylacetonate, C10H13NiO4) in diethyl ether solutions using diethyl aluminum

hydride as a reducing agent at �40 �C and obtained particles with an average

diameter of 4 nm order. Miyazaki et al. [56] obtained particles on the order of

7–15 nm, using polyvinylpyrrolidone (PVP), poly(N-isopropylacrylamide)

(PNIPA), and sodium polyacrylate (SPA), as stabilizers, respectively, as shown in

Fig. 13.10.

Besides the difference between the observed particle sizes, its shape was greatly

altered. Figure 13.10 gives the morphology of the synthesized materials [56].

Fig. 13.10 Pt nanoparticles using different stabilizers (Miyazaki A., Balint I., Nakano Y.,

J. Nanop. Res., vol. 5, pp. 69–80, 2003, reproduced with permission)
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The Pd catalysts supported on α ‐Al2O3 using the colloidal method was also

prepared by the colloidal method. The reduction of transition metals with ethanol is

a widely used method for producing colloidal nanoparticles. In this process, ethanol

acts both as a solvent and as a reducing agent. During the reduction, the alcohol is

oxidized to aldehyde, yielding acetaldehyde. The reduction of Pd to the formation

of the nanoparticles was monitored by spectroscopy in the UV–Vis region, which

showed a rapid decrease of the concentration of Pdþ2 ions from the solution as a

result of the reduction process for the formation of the metal colloid. The solution

prior to refluxing showed pale yellow color with a peak in the UV–Vis spectrum at

235 nm, a band that can be attributed to absorptions for the transfer of load from the

binder metal ions PdCl4½ �2�, as shown in Fig. 13.11. It was also observed by the

color change from pale yellow to brown solution [19, 29].

The solution was analyzed by transmission electron microscopy, and the results

are shown in Fig. 13.12. It was found in this case that the synthesis has led to obtain

a solution having a large size distribution with dimensions ranging between 2 nm

and 20 nm. The particles have not yet submitted various morphologies; particles

were found from so close to spherical and even cubic tetrahedral triangular with

maximum size limited to less than 20 nm, due to the action of the stabilizing

polymer.

This solution was impregnated on α ‐Al2O3 and submitted to the usual

pretreatment conditions. During the impregnation process and drying, the stabilizer

was not decomposed, being submitted to calcination to remove the PVP, such that

the metal is located at the external surface of the support. Figure 13.13 shows the

images of the sample after calcination and reduction. There is a tendency of

aggregating particles on the surface. This behavior is frequently seen on highly
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Fig. 13.11 UV–Vis spectra during reduction of Pd forming colloidal solution [17]
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Fig. 13.12 Micrograph

of a colloidal solution

of palladium [11]

Fig. 13.13 Micrograph

of TEM image of the

palladium catalyst after

calcination and reduction.

Scale bar, 2 nm [18]
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dispersed metal particles, because in nanometric scale the surface energy is high

and tends to aggregate, decreasing the total energy. It is possible to see a trend of

clustering of the particles on the surface of alumina. These clusters are made up of

several metallic particles down to 10 nm.

Sonochemical Method

The sonochemical term is used to describe the use of ultrasound as a preparation

tool. Ultrasound makes up a region of the electromagnetic spectrum between the

frequencies of 20 kHz to 1000 MHz.

The synthesis of nanostructured inorganic materials by sonochemical had

already been synthesized a large number of nanostructures of different composi-

tions with comparable or better than the properties of the same when summed with

other preparation methods. The versatility of this method also extends to the

relative flexibility of reaction conditions such as the nature of the precursors and

their solutions, the possibility of addition of auxiliaries, and the presence of “traps”

(species immobilized) to the nanoparticles. All types of metallic nanostructured

materials synthesized by sonochemical described (powders, colloids, or

nanoparticles supported) can also be obtained for other classes of compounds

such as oxides [58–60], sulfides [61], Suslick [20, 62], and more recently selenides

[63, 64] and tellurides [65].

The acoustic cavitation phenomenon is responsible for disturbances caused by

the components of a liquid medium during sonication. This phenomenon is the

formation, growth, and implosive collapse of microbubbles associated with the

propagation of sound waves in the liquid medium. The sound is transmitted via a

fluid like a wave alternated with periods of compression and rarefaction. Cavitation

is a result of the overlap of the sinusoidal sound pressure with the constant pressure

of the medium. During periods of negative pressure (rarefaction wave period), the

expanding gas is dissolved in solution (and volatile components) for the formation

of microbubbles. The growth of the bubble extends to a distance many times

greater than their nucleation radius. When its maximum distance is reached,

immediately before the collapsing, the internal pressure becomes lower than the

pressure of the liquid medium, resulting in an implosion. At this time, the acoustic

pressure amplitude is maximum, the period of bubble compression by the wave

sound [66].

The sonochemical method is similar to the precipitation process, using a metal

precursor solution (ionic), a reducing agent, and a compound that prevents agglom-

eration which is a molecular stabilizer and/or a support.

Okitsu et al. [55], carried out the sonochemical synthesis of crystalline

nanoparticles of Au, Ag, Pd, and Pt stabilized with polyethylene glycol

monostearate (MS-PEG), sodium dodecyl sulfate (SDS, NaC12H25SO4), and

polyvinylpyrrolidone (Okitsu 1996a, b) [233, 234]. The metal particles were pro-

duced from 5 nm order and are stable for months.
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The synthesis in the presence of inorganic supports (such as silica and alumina)

gives rise to highly active heterogeneous nanostructured catalysts [20, 55, 67, 68].

The precursors may be inorganic or organometallic.

TEM images were obtained for the supported Pd/α ‐Al2O3 catalyst (PdSON), as

displayed in Figs. 13.14 and 13.15, showing clusters at the surface with mean size

of 10 nm. Images with higher magnification, Fig. 13.15, show that these clusters are

palladium crystallites with diameters less than 5 nm [18, 29].

Precipitation–Coprecipitation

To further investigate the aforementioned particle size effect, the aim is to develop

a synthesis concept to obtain size-controlled Pd nanoparticles. In this approach,

hydrotalcite-like compounds (HTlcs) are used as well-defined precursor materials,

whose general formula is [M2þ1�x M3þx(OH)2] (An-)x/n.mH2O [2, 3]. In general,

the flexibility of the choice of metal ions is quite high, and all cations in the

range of 0.5–0.8 Å, such as M2þ ¼ Mg2þ, Mn2þ, Co2þ, Ni2þ, Cu2þ, Zn2þ and

M3þ ¼ Al3þ, Ga3þ, Fe3þ, Cr3þ, are capable of HTlc formation [69]. Divalent and

trivalent metal cations are incorporated in brucite-like layers, and between these

positively charged layers, charge-balancing anions, typically carbonate, maintain

the electroneutrality of the lattice. Furthermore, the M2þ=M3þ ratio can be varied

from approximately 0.2 to 0.4 to gain phase-pure materials.

Upon heating, HTlcs decompose into mixed oxides exhibiting high specific

surface area, homogeneous metal distribution, and strong interaction between the

individual elements. During reduction in H2, noble metals such as Pd segregate out

of the mixed-oxide matrix to form well-defined nanoparticles, whose size tends to

depend on metal loading. PdMgAl hydroxycarbonates have already been studied by

Fig. 13.14 TEM images of

Pd/α-Al2O3 prepared by

sonochemical method.

Scale bar, 20 nm [18]
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several groups and were found to be active in phenol hydrogenation, oxidation of

toluene, acetone condensation, hydrodechlorination of 1,2,4-trichlorobenzene, and

total oxidation or coupling of methane [19, 25, 27].

The PdMgAl HTlcs can be synthesized by controlled coprecipitation at pH ¼
8:5 and a temperature of 55 �C, by co-feeding appropriate amounts of mixed metal

nitrate and sodium carbonate solutions. A sodium carbonate solution was used as

precipitating agent. Both solutions were added simultaneously dropwise, as

described elsewhere [19]. Transmission electron microscopy (TEM) images of Pd

nanoparticles were acquired using a FEI TITAN microscope as displayed in

Fig. 13.16.

After reductive treatment, the material has preserved the platelet-like morphol-

ogy of the HTlc precursor, and small spherical particles were formed. HAADF-

STEM micrographs were used to determine the particle size distribution. The good

contrast between the metallic particles (white spots in Fig. 13.16b) and the

MgO/MgAl2O4 support allowed for measuring of individual particles. It can be

clearly seen that the particles are well dispersed and below 5 nm in size. Particles

even smaller than 1 nm are also present. HRTEM images (Fig. 13.16c) show the

presence of small Pd metal particles on the surface of the disordered oxide support.

The average particle sizes of �3.5 nm are quite small considering the thermal

treatment at 500 �C. Thus, some control over the particle size distribution of Pd is

possible using the HTlc precursor approach for the preparation of supported Pd

nanoparticles. The more the Pd2þ ions are diluted in the precursor lattice, the

smaller the resulting Pd metal particles are after thermal reduction. These particles

are thermally stable up to 500 �C and their size can be controlled to some extent

Fig. 13.15 TEM images of

higher magnification of the

Pd/α-Al2O3 prepared by

sonochemical method.

Scale bar, 5 nm [18]
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between < 1:13 and 3.5 nm by adjusting the Pd content during synthesis

(Fig. 13.17).

The sample with the lowest Pd loading of 0.33 wt% shows a much higher Pd

dispersion compared to those samples with Pd contents between 1.5 and 8 wt%.

Activity Tests
In catalysis, there are also some examples of the dependence of activity and

selectivity with the particle size and morphology of the active phase of the catalysts.

Iron catalysts supported on silica were synthesized by Suslick et al. [20]. The

Fe / SiO2 catalysts amorphous nature and particle size in the range 3–8 nm and were

submitted to catalytic tests Fischer–Tropsch reactions, and their activities were

compared with those of a catalyst Fe / SiO2 prepared by dry impregnation of the

Fig. 13.16 (a) HAADF-STEM, (b) overview micrograph, (c) HRTEM of metallic Pd supported

on MgO/MgAl2O4 (2.5 mol% ex-PdMgAl is shown) (Reproduced with permission from Moya

et al., Applied Catalysis A: General 411–412 (2012) 105–113, 15)
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same dispersion. The results of the activity as a function of temperature can be seen

in Fig. 13.18.

El-Sayed and Narayanan [70, 71] observed that colloidal Pt catalysts have

different rates for electron transfer reactions between ions and thiosulfate ferrocy-

anide. Kinetic studies were carried out, and the results were compared to the

number of surface atoms in the vertices and edges of the nanocrystal structures

for three different morphologies: cubic, tetrahedral, and spherical (the authors used

the approach of cube–octahedral geometry for the calculation of the number of

Fig. 13.17 Particle size distribution of Pd05 (a) and Pd25 (b) from TEM images [19]
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sites, since these are, in fact, nearly spherical). The number of sites they occupy

positions described interest can be obtained since characterized the exposed sur-

faces of the nanocrystals.

The plot of specific rate constant or activity versus percentage of surface

tetrahedral atoms suggests that catalytic particles are the most active, followed by

spherical and cubic, respectively (Fig. 13.19). This behavior shows a direct depen-

dency of the activity to the amount of highly reactive sites. These results were

corroborated with the determination of the reaction activation energy, which

followed the order Pt tetrahedral Ea<Ea spherical Pt<Ea Pt Cubic.

13.1.5 Oxide Nanocrystals [18, 19, 24, 44, 51, 53, 63, 72–152]

Practices lead to the formation of nanocrystals with a wide range of sizes and shapes

displaying a distribution of surface sites capable of promoting many different

reactions. No molecular control on the nature of the active sites is expected, and

only limited control on the selectivity of reactions can be achieved. Controlling the
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Fig. 13.19 Correlation of the catalytic activity with the fraction of surface atoms on surfaces and

vertices (Narayanan, R., El-Sayed, M. A., J. Phys. Chem. B, vol. 109, 2005, 12663–12676,

reproduced with permission)

304 13 Nanostructured Catalysts



size of the nanocrystals used for catalysis can lead to huge changes in catalytic

behavior. The importance of nanocrystallites and nanostructure to the performance

of catalysts has stimulated wide efforts to develop methods for their synthesis and

characterization, making this area of study an integral part of nanoscience [73].

Fortunately, metal nanoparticles can now be made with quite narrow size distribu-

tions by using, besides others, colloidal- [52] or dendrimer [53]-based chemistry.

The morphology of these materials depends on the synthesis conditions and has

been described by different authors as nanotowers, nanocone, nanobottle,

nanoflowers, nanoarrows, nanorod, nanowires, and so on. The challenge is to

disperse the colloidal nanoparticles on high surface area supports and to activate

them without losing the original size and shape distribution. As a matter of fact, the

control of the morphology of the nanoparticles, perhaps, seems to be more impor-

tant than monitoring the performance of catalysts by controlling the size of the

nanoparticles of the active phase. It has been known that some catalytic processes

are structure sensitive, meaning that their activity or selectivity changes signifi-

cantly with the method used for the catalyst preparation [73].

Cerium Oxide Nanocrystals

In the first example, we investigated the CeO2 and CeO2-based materials. The

higher performance of cerium oxide is assigned to the redox property

Ce4þ $ Ce3þð Þ promoting oxygen vacancies in the lattice, which are responsible

for the high oxygen atom mobility. This is one of the important characteristics of

ceria, allowing fluctuation between oxidant and reductant conditions due to the

oxygen storage capability in the lattice structure [122]. However, Zhu and He [124]

observed that pure CeO2 is poorly thermostable and loses easily oxygen at high

temperatures. Therefore, many authors added other metal ions or dopants to

increase the stability and oxygen capability storage. The substitution of Ce4þ by

dopants favored the reduction of the oxidation state of the Ce4þ to Ce3þ that

maintains neutrality in the lattice and reduces the link stress bonding, depending on

the dopant cation, which indeed favors the formation of new oxygen vacancies

[115, 116, 125].

Different methods were used for the preparation of nanosized materials. CeO2 is

prepared by the precipitation and hydrothermal methods [126, 127]. The crystallite

sizes are quite different depending of preparation methods [92]. These oxides

present different oxidation states and evidence the presence of oxygen vacancies.

The EPR spectra are shown in Fig. 13.20 displaying signals between 3500 and

3600 Gauss attributed to the paramagnetic centers with axial symmetry g⊥ and g k
associated to the Ce3þ cation (ion 4f1) with unpaired electrons [143, 144]. This

signal is related to the Ce3þ cation. The intensity band may be associated to

concentration of these species. Indeed, the oxygen vacancies are related to the

reduction ability of the cation Ce4þ to Ce3þ, according to Adamski et al. [145],

Wang et al. [146], and Appel et al. [147] as follows:

2 Ce4þ þ O2� $ 2 Ce3þ þ VO þ ½ O2 ð13:2Þ

13.1 Part I: Introduction 305



where the ion O2� is present in the lattice of ceria and VO is the oxygen vacancy

double charged with protons. This equation suggests that Ce3þ can be correlated to

the concentration of the oxygen vacancies. Therefore, it also reveals strong defects

in the crystalline lattice.

SEM observations displayed in Fig. 13.21 show that the CeO2 flowerlike sample

is nicely porous material with intercalated structured framework shapes.

Nickel Nanocrystals

In the second example, we prepared nickel nanocrystals with different morphol-

ogies which were synthesized by different methods:
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Fig. 13.20 EPR spectra of catalysts [115]

Fig. 13.21 SEM images

of the CeO2 (Flowerlike)

[115]
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• Precipitation of nickel hydroxide with sodium carbonate precursor salts

dissolved in ethylene glycol (NiEG), according to Li et al. [83]

• Precipitation of nickel dimethylglyoxime as precursor (NiDMG), according to

Ni et al. [84].

• NiO was obtained after hydrotreatment and calcination of β ‐Ni(OH)2 precursor
(NiHT), according to Zhu et al. [85].

Figure 13.22 shows a nanoflower-like-type morphology in tridimensional form

of NiO on the NiEG sample before the reaction. This morphology was originally

observed on the hydroxide before calcination and seems to be very stable after

thermal pretreatment; thus removing water did not damage the structure of the

precursor. The structure did not collapse or fracture, which can be attributed to the

excellent contact between nanoparticles with high orientation degree [83].

Figure 13.22b shows SEM images of NiO after calcination of the NiDMG

precursor, indicating the presence of bidimensional rods, which suggests made up

of small particles that gather forming rods. By removing the organic molecule

(DMG) during heating, the arrangement of the structure of the precursor NiDMG

was not affected, and according to [87], heating probably supplies energy to

maintain the NiO nanoparticles highly oriented in the structure.

The Combustion Method

The combustion method has been proposed to synthesize nanosized crystallites and

is particularly useful in the production of ultrafine ceramic powders with small

average sizes. This is an easy and fast method, with the advantage of using

inexpensive precursors, producing homogeneous nanosized crystallites, and highly

reactive materials [101]. The combustion synthesis technique consists of the con-

tact of a saturated aqueous solution of a desired metal salt and a suitable organic

Fig. 13.22 SEM images of the NiEG sample (a) in oxide form: 100,000�; SEM images of the

NiDMG sample (b) in oxide form, 20,000� [73]
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fuel boiling until the mixture ignites and a self-sustaining and fast combustion

reaction takes off, resulting in dry crystalline fine oxide powder (Patil)

[102, 103]. The large amount of gases released during the reaction produces a

flame that can reach temperatures above 1000 �C. Kingsley et al. [105] described

the preparation of aluminates with various metal nitrates (Mg, Ca, Sr, Ba, Mn, Co,

Ni, Cu, and Zn) using urea or carbohydrazide as fuel. The fuel/oxidizer ratio was

evaluated by Alinejad et al. [107] in the combustion synthesis of MgAl2O4 by using

sucrose and PVA solution as fuels.

Nickel aluminate (NiAl2O4) is a good example of a mixed cation oxide with

normal spinel structure, where Al occupies the octahedral sites and Ni occupies the

tetrahedral sites [98, 113]. It can be used as support for catalysts due to its resistance

to high temperatures and acidic or basic environments, providing chemical and

physical stability for the catalyst.

NiAl2O4 is prepared by the combustion method using urea as fuel. The stoichio-

metric ratio of urea to nitrate (U/N) needed to obtain NiAl2O4 powders is 2.2,

assuming complete combustion, according to reaction 1 [94]:

3Ni NO3ð Þ2 þ 6Al NO3ð Þ3 þ 20CO NH2ð Þ2
! 3NiAl2O4 þ 32N2 þ 20CO2 þ 40H2O ð13:3Þ

The use of a stoichiometric U/N ratio resulted in a material with high surface

area and homogeneous nanocrystallites, while the excess of fuel resulted in a

nonporous material with low surface area.

X-ray diffractograms of the samples (Fig. 13.23) presented only a NiAl2O4 cubic

spinel-type structure (JCPDS 10-0339). All samples showed mean crystallite

nanosizes. The crystallite size is strongly dependent on the fuel/oxidant ratio,

which increases with increasing urea loading. Nanosized crystallites of NiAl2O4
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Fig. 13.23 XRD patterns

of the samples NiAl
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were obtained by Han et al. [98, 113] applying the sonochemical method, but with

very poor crystallinity.

The NiAl: (1:1) catalyst showed a high surface area (186 m2/g), similar to that

reported in the literature, when using an expensive alkoxide precursor and a very

long preparation time by the sol–gel method [96, 100, 111, 114]. The NiAl: (1:1)

presented also unimodal pore size distribution in the range of 3–6 nm and pore

volume of 0.18 mL/g, indicating mesoporous materials. On the contrary, the

samples with excess of urea, NiAl: (2:1), presented lower surface area (10 m2/g)

and nonporous material crystallite sizes of 13.2 and 16.6 nm, respectively.

Nanosized crystallites of NiAl2O4 were obtained by Han et al. [98, 113] applying

the sonochemical method, but with very poor crystallinity.

These results can be explained mainly through the flame temperature that was

reached during the preparation. The combustion process with excess of urea caused

a slower ignition of the reactant mixture, and the maximum temperature was much

higher. The NiAl: (1:1) sample showed maximum peak at 1318 �C with an ignition

time of 86 s, while the NiAl: (2:1) samples shifted the peaks to 1237 �C and ignition

of 164 s. These results show that the excess of urea favors complete combustion

during the synthesis, accompanied by the evolution of a large amount of gases,

which contributes to the formation of materials with good crystallinity. However,

agglomeration occurred at higher temperature, lowering the surface area, increasing

average crystallite sizes and forming nonporous materials [94].

13.1.6 Mixed Oxides: Perovskite Structures Perovskites

The perovskite-type oxides have unique characteristics in response to a wide range

of properties that are assigned to the cation substitution capacity in its structure,

generating isostructural solid with formula A1�xAx0B1�yBy0O3� δ. These substitu-

tions can lead to the stabilization of the structure with an unusual oxidation state for

one of the cations and the creation of anionic and cationic vacancies. This has a

significant influence on the catalytic activity of these materials compared to the

typical supported materials. Another important feature is the thermal stability of

these materials and mechanical and chemically stable reaction conditions [41, 148].

The ternary oxide of perovskite type can be divided into A1þB5þO3, A
2þB4þO3,

and A3þB3þO3. The former is of particular interest because of their ferroelectric

properties, e.g., KNbO3 and NaNbO3 e KTaO3; A2þB4þO3 probably forms the

largest number of perovskite-type oxides, in which the cation may be an alkaline

earth, cadmium, and lead, and B4þ includes Ce, Fe, Ti, Zr, Mo, and others. Finally,

A3þB3þO3 includes several compounds such as LaCrO3, EuFeO3, LaCoO3,

etc. [153].

The ideal structure of a perovskite-type oxide is cubic, space group Pm3m-Oh,
and A, a cation of large size coordinated to 12 oxygen ions, while B is a smaller

cation coordinated to six oxygen ion. Schematically, Fig. 13.24 shows a unit cell
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ABO3, where the A cation occupies the center of the cube; cations are located at the

vertices B, and oxygen anions are centered on the edges of the cube. Alternatively,

the structure can be displayed with the B cation occupying the center of an

octahedron formed of oxygen vertices, which in turn would be inside a cube

whose vertices are the A cations.

For measuring the deviation from ideality of the cubic structure ABO3, Galasso

[153] defined the tolerance factor t, according to Eq. (1). While in the ideal structure

the atoms are in touch, this factor is calculated from the interatomic distances AO

and BO, respectively, defined as (rAþ rO)¼ a/
ffiffiffi
2

p
and (rBþ rO)¼ a/2, which

corresponds to cubic unit cell parameter.

t ¼ rA þ rOð Þ
ffiffiffi
2

p
rB þ rOð Þ ð13:4Þ

The ideal cubic perovskite has a tolerance factor t equal to 1 and, only in some

cases, approaches this factor at high temperatures. Most compounds present distor-

tions, and the factor varies: 0:75 < t < 1:0. However, when the tolerance

factor is extrapolated beyond this range, the structure is no longer a perovskite

and presents other structures, such as, limonite, calcite, and aragonite.

Besides the size of the ionic radii of A and B, there is another condition for the

formation of a perovskite structure, which is electroneutrality; the sum of charge of

cations must be equal to the sum of oxygen anion charge [41]. In heterogeneous

catalysis, the most studied systems are those with an alkali element or alkaline earth

lanthanide in position A, and a transition metal of the first set in position B (Ti, V,

Cr, Mn, Fe, Co, Ni, Cu).

The structure of ABO3 perovskite may also be modified by the partial

substitution of the atoms of sites A and/or B, forming a new structure of

A 1�xð ÞAxB 1�yð ÞByO3, in which x and y represent the degree of substitution. In

general, the cation confers thermal and structural resistance, while B is responsible

for the catalytic activity. However, the partial replacement of a cation can strongly

affect the catalytic activity of B, due to the unusual stabilization oxidation state of

this metal and due to the simultaneous formation of structural defects.

Fig. 13.24 Ideal structure

of perovskite ABO3: the

cation in the center of the

unit cell; cation B in the

center of an octahedron

whose vertices are oxygen

anions (Adapted from

Fierro JLG, Pe~na MA.

Chem Rev.

2001;101:1981–2018, [41])

310 13 Nanostructured Catalysts



In addition, the partial substitution of the cation B can modify the catalytic

activity that interferes directly the electronic state of d-orbital, the stabilization

energy of the crystal field and the B–O binding energy [154]. The partial substitu-

tion represents, therefore, a fundamental tool for obtaining active, selective, and

stable materials for various applications.

The nonstoichiometry, which indicates the cation deficiency in the sites A

and/or B, as well as of oxygen, is a very common feature of perovskites, different

from the ideal structure. In the case of oxygen site, nonstoichiometry obtained by

the presence of vacancy is more common than that generated by the cationic

vacancies. Therefore, the most common nonstoichiometric structures are those

with a relative excess of cations due to anionic vacancies. On the other hand, the

excess of oxygen is not common, probably because the extra oxygen introduced in

the network is thermodynamically unfavorable.

The presence of vacancies and defects in the structure of the catalyst is largely

responsible for the mobility of oxygen within the crystal lattice; the more vacancies,

the greater the mobility of oxygen. The ion vacancies affect the catalytic activity to

promote or not the adsorption of gas phase reactants [155].

Synthesis of Mixed Oxides Perovskite Type

The synthesis of oxide perovskite type requires a methodology that provides a

homogeneous solid, maximizing the specific area. The properties of these systems,

such as texture, oxidation state of the cation, stoichiometry, and structure, depend

on the synthesis method. For this reason, the literature has reported a series of

preparation methods, and in particular the methodologies known as sol–gel have

shown promising results allowing excellent control over the properties of the

synthesized perovskites.

The sol–gel technique is one of the most popular processes for powder synthesis,

films, fibers, monoliths, and other materials used in engineering. It basically

involves the formation of an inorganic and/or organic network via a chemical

reaction in solution, generally at low temperature, followed by the transition from

solution to a colloidal sol and a multigel. According to the different precursors

employed, the sol–gel techniques are classified as follows:

1. Sol–gel route based on the hydrolysis–condensation of metal alkoxides

2. Chelate gel route, which is the concentration of aqueous solutions and involving

chelated metals

3. Polymerizable compound route (PCR) based on the use of metal salts such as

precursors, citric acid, and ethylene glycol as a chelating agent such as

polyesterification

The latter route is also known as the Pechini method and has been used to

prepare multicomponent metal oxides with a high homogeneity [43]. In short, the

route of the polymerizable compound (PCR) process combines the formation of

metal complexes and organic in situ polymerization. The schematic representation

of this process is illustrated in Fig. 13.25.
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Usually an α ‐ hydroxy-carboxylic acid, e.g., citric acid, is used to form chelates

with the metal cations from the salt precursor. In the presence of a polyhydroxy

alcohol, e.g., ethylene glycol, these chelates react with the alcohol to form ester and

water as products. When the mixture is heated a polyesterification occurs in the

liquid solution creating a homogeneous colloidal solution (sol), in which ions are

uniformly distributed in the organic polymer matrix. Upon removal of the solvent,

an intermediate resin is formed. Finally, the oxide structure is obtained by removal

of organic substances by means of calcination [157].

The resin produced by PCR contains a large amount of organic material that

must be totally eliminated for obtaining the perovskite. In this sense, the

thermogravimetric analysis is performed in order to identify the sample decompo-

sition temperature and thus can be properly infer the calcination temperature of the

polymeric precursor.

Popa et al. [158] compared the synthesis of the perovskite LaCoO3 by PCR with

the non-polymerizable route, using citric acid as a complexing agent, without the

use of ethylene glycol (also known as the amorphous citrate method). According to

the X-ray diffraction results, the materials prepared by the amorphous citrate

method showed some minor unidentified diffraction peaks, in addition to LaCoO3

Fig. 13.25 Synthesis of LaCoO3 perovskite: Pechini (Adapted from [156])
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phase for samples calcined at T¼ 600, 650 and 700 �C. Moreover, catalyst synthe-

sized by PCR appeared pure perovskite phase after calcination even at T¼ 1300 �C.
The XRD pattern of the calcined perovskite mass at 700 �C is shown in

Fig. 13.26. The peaks relating to the main crystallographic planes are identified

with their Miller indices [44].

The crystallographic parameters were used in the calculation of the average

crystallite size resulting in 24.2 nm.

The active phase of the catalyst is obtained after the reduction of LaCoO3

precursor. The appropriate reduction allows obtaining metallic cobalt catalyst

(Co) dispersed in a matrix oxide La2O3, which confers structural stability to the

material [159].

The reducibility of the perovskite LaCoO3 is performed by temperature-

programmed reduction and allows investigating the reduction degree. The TPR

profile of this sample is shown in Fig. 13.27 and presents two reduction peaks at

around 270–490 �C and 500–700 �C, respectively.
According to Villoria et al. (2011), the peak at lower temperature, centered at

426 �C, is attributed to the reduction of Co3þ to Co2þ perovskite structure, forming

the structure brownmillerite LaCoO2.5:

2LaCoO3 þ H2 ! 2LaCoO2:5 þ H2O ð13:5Þ

The second peak, centered at higher temperatures, corresponds to the reduction

of Co2þ to Co0.

2LaCoO2:5 þ 2H2 ! La2O3 þ 2H2O þ 2Co0 ð13:6Þ
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13.2 Part II: Graphenes

Graphenes are two-dimensional one-atom-thick planar sheet of sp2-bonded carbon

atoms, having a thickness of 0.34 nm, and are well known for electronic, mechan-

ical, optical, thermal, and catalytic systems [5]. It has been used in the development

of novel nanomaterials in various applications, such as electronic devices [4, 5,

160–162], nanoelectronics [163], composites [164], electron microscopy substrate

materials [165], and catalysis [166]. While these applications have attracted atten-

tion of scientists in the nanomaterial area, the realization of potential applications is

limited by difficulties in mass production of graphene.

Graphene research has expanded quickly. Andre Geim and Konstantin

Novoselov at the University of Manchester won the Nobel Prize in Physics in

2010 “for groundbreaking experiments regarding the two-dimensional material

graphene” [4].

Definition: The recent definition of graphene can be given as a two-dimensional

monolayer of carbon atoms, which is the basic building block of graphitic materials

(i.e., fullerene, nanotube, graphite) [165].

13.2.1 Syntheses of Graphenes

1. Exfoliation and cleavage: The mechanical exfoliation is a peeling process

generating thin flakes, which are composed of monolayers or few layers of

graphene. Chemical oxidation and subsequent exfoliation generate oxide
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Fig. 13.27 Reducibility of the perovskite LaCoO3 [37]

314 13 Nanostructured Catalysts



monolayers and structural defects. However, reduction or thermal treatment is

impossible to regenerate graphene. Blake et al. and Hernandez et al. have

demonstrated that graphite could be exfoliated in N-methyl-pyrrolidone to

produce defect-free monolayer graphene [167, 168]. The disadvantage of this

process is the high cost of the solvent and the high boiling point of the solvent.

2. Chemical vapor deposition (CVD): In 2006, Novoselov and coworkers synthe-

sized few layers of graphene films by CVD, using camphor as the precursor on

Ni foils [169]. This study opened up a new graphene synthesis route. The growth

mechanism of graphene on substrates mediates high carbon solubility (>0.1

atomic %) such as Co and Ni [170, 171]. The thickness of the precipitated carbon

(graphene layers) is controlled by the cooling rate.

3. Chemical process route: This is the most important route to produce graphene

for several applications in catalysis and materials, in particular for hydrogen

storage in fuel cells and Fischer–Tropsch, recently. Three principal methods are

developed by Brodie [172], Staudenmaier [173], and Hummers and Offeman

[174], respectively.

Graphite oxide (GO) is usually synthesized through the oxidation of graphite

using oxidants including concentrated sulfuric acid, nitric acid, and potassium

permanganate based on Hummers method [175]. GO is highly hydrophilic and

readily exfoliated in water, yielding stable dispersion consisting mostly of single-

layered sheets (graphene oxide). Graphene oxide is a monolayer material produced

by the exfoliation of GO. When prepared by sonication, they form homogeneous

and stable sheets with uniform thickness. Exfoliation of GO was also attained for N,
N-dimethylformamide (DMF), tetrahydrofuran (THF), N-methyl-2-pyrrolidone

(NMP), and ethylene glycol [176]. Li et al. showed that the surface charges are

highly negative [177]. In fact, the formation of stable graphene oxide was attributed

to not only its hydrophilicity but also the electrostatic repulsion.

GO can be reduced to graphene sheets (GNS) byNaBH4 [174], hydroquinone [174]

and hydrogen sulfide [167]. Stankovich et al. [168] investigated the chemical reduction

of exfoliated graphene oxide sheets with several reducing agents and found hydrazine

hydrate (H2NNH2 • H2O) to be the best one in producing very thin graphene-like

sheets. Surface area measurement of the reduced GO sheets is in the order of

460 m2 g�1. However, it is still lower than the theoretical specific surface area for

completely exfoliated and isolated graphene sheets []. According to Saner et al. [178],

the best method for the production of mostly exfoliated (minimum number of layers)

graphene nanosheets is the oxidation of the sonicated graphite flake, ultrasonic treat-

ment of GO, and chemical reduction of sonicated GO samples (Antolini [5]).

The functionalization of graphene oxide is important for various applications.

There are two approaches: covalent functionalization and non-covalent

functionalization.

Functionalized GNS by surface epoxy, hydroxyl, and carboxyl groups are

synthesized through simple synthesis processes. These processes include the chem-

ical oxidation of common graphite to graphite oxide and the subsequent thermal

exfoliation of the GO to GNS [165, 179]. Figure 13.28 shows an illustration of the

synthetic route used to obtain the GNSs and their SEM images [180].
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McAllister et al. [181, 181a] presented a detailed analysis of the thermal expansion

mechanism of graphite oxide to produce functionalized graphene sheets.

The non-covalent functionalization of graphene oxide utilizes the weak interac-

tions between the graphene oxide and target molecules. The network on graphene

oxide provides interactions with conjugated polymers and aromatic compounds that

can stabilize reduced graphene oxide resulting from chemical reduction and pro-

duce functional composite materials.

Results showed that GO reduced to few-layer level has poor dispersion in water.

Zhang et al. (2004) showed an alternative method for removing epoxy and hydroxyl

groups from GO with a sodium acetate trihydrate [182]. This approach may open up

the new possibility for cost-effective, environment-friendly, and large-scale pro-

duction of graphene. They proposed a one-step reduction of GO and demonstrated

an easy efficient route to prepare graphene, employing sodium acetate trihydrate as

a reducing agent.

GO was prepared from graphite powder through the modified Hummers method

[183]. Graphene was synthesized via the chemical reduction of GO by sodium

acetate trihydrate. A typical procedure was 1.10 g CH3COONa•3H2O dispersed

into 55 mL of GO dispersion (1 mg/mL).

13.2.2 Syntheses of Metals on Graphene Nanosheets

There are two ways to prepare Me/GNS, that is, (1) simultaneous and (2) sequential

reduction of GO and metal precursors. Metal precursors are deposited on GO and

then are reduced simultaneously by different methods such as ethylene glycol,

[164, 169, 170, 177, 182, 184, 185], NaBH4 [186, 187], PVP/hydrazine [171],

Fig. 13.28 The SEM image of graphite shows a bulky and spherical shape. After the chemical

oxidation and thermal exfoliation (S.M. Choi, M.H. Seo, H.J. Kim, W.B. Kim, Carbon 49 (2011)

904–909, reproduced with permission from Elsevier) [167]
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sodium citrate [188, 189] microwave heating [190], microwave polyol [191–194],

and colloidal methods [195].

Pt/GNS was prepared by reduction of H2PtCl6 and GO suspension using NaBH4

[187], as discussed before. It is difficult to prepare directly. Thus, the sequential

method is overall used to prepare catalysts supported on functionalized graphene.

There are two possibilities: electrochemical reduction of GO, followed by

the electrochemical deposition and reduction of Pt precursor [196], and (2) in the

photocatalytic reduction of GO, followed by the injection of Ag, Au, and Pd

precursors on the graphene surface [197, 198].

13.2.3 Structure

The structural characteristics of GNS and Pt/GNS are shown in Figs. 13.29

and 13.30 [177, 199].

XRD analysis showed a diffraction peak of GO at 2θ¼ 11.2�(0 0 2) which is

consistent with interlayer space (d-spacing) of 0.7130 nm. This value is larger than

the d-spacing (0.335 nm) of pristine graphite (2θ¼ 26.7�), as a result of the

intercalation of water molecules and the formation of oxygen-containing functional

groups between the layers of graphite during oxidation [200]. For RGO, the 0 0 2

reflection peak at 2θ¼ 11.2� disappeared and a weak and broad diffraction peak at

2θ¼ 25.4� appeared, consistent with d-spacing of 0.350 nm, suggesting the

graphene network. This proves the formation of few layers of graphene.

Typical FETEM image of the as-synthesized RGO is shown in Fig. 13.30.
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Fig. 13.29 XRD patterns of pristine graphite, GO, and RGO (Reproduced with permission from

Zhang et al., Synthetic Metals 193 (2014) 132–138) [215a]
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Raman spectroscopy of GO is shown in Fig. 13.31 and indicates D, G, and 2D

peaks around 1350 cm�1, 1580 cm�1, and 2700 cm�1, which allows characteriza-

tion of graphene layers in terms of number of layers present. The D band appears

due to the presence of disorder in atomic arrangement or edge effect of graphene,

ripples, and charge puddles. Comparison of Raman spectra between graphite and

single- and few-layer graphene is shown in Fig. 13.30 [191]. There is a significant

change in shape and intensity for 2D band of , graphene and graphite.

Figure 13.32 shows the XRD pattern of Pt/GNS, evidencing the disappearance of

the graphite peak at 2θ about 26.4� and the appearance of a peak at 2θ at 10.4�,
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Fig. 13.30 Typical FETEM image of the as-synthesized RGO at different magnifications

(X. Zhang et al., Synthetic Metals 193 (2014) 132–138, reproduced with permission) [215a]
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revealing the successful oxidation of the starting graphite (). The diffraction peaks

at 2θ¼ 313.13� and 46.2� correspond to the (1 1 1), and (2 0 0) facets of platinum

crystals. As shown, GO was fully exfoliated into nanosheets with micrometer-long

wrinkles by ultrasonic treatment, illustrating clearly the flake-like shapes of graph-

ite oxide sheets.
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Fig. 13.31 Comparison of

Raman spectra at 513 nm

for the graphite and single-

layer graphene (Reproduced

with permission from Zhang

et al., Synthetic Metals

193 (2014) 132–138) [215a]
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Fig. 13.32 XRD patterns of graphite (red line, bottom), graphite oxide (blue line, middle) and
Pt/graphene (black line, top). Reproduced with permission from Y. Li, L. Tang, J. Li, Electro-

chemistry Communications 11 (2009) 846–849 [160]
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TEM images of the Pt/f-GNS catalysts revealed that for the Pt/f-GNS catalyst

the Pt nanoparticles were highly dispersed even up to 80 wt% Pt/f-GNS, as shown

in Fig. 13.33.

13.3 Conclusion

The literature [201–257] presents new catalysts of metallic or oxides supported on

NCT and in particular on graphenes for several applications, such as hydrogen

production for fuel cells and metals supported on graphenes for the Fisher–Tropsch

synthesis. However, compared to the number of paper on catalytic processes, few

works have been reported and tested with graphene-supported catalysts. In fact, the

combination of the high surface area, high conductivity, unique graphitized basal

plane structure, and potential low manufacturing cost makes graphene sheets

a promising candidate as catalyst. Additional references related to this subject

[201–257].

Fig. 13.33 TEM images of the (a) 40 wt% Pt/C, (b) 40 wt%, (c) 60 wt%, and (d) 80 wt% Pt/GNS

catalysts (S.M. Choi, M.H. Seo, H.J. Kim, W.B. Kim, Carbon 49 (2011) 904–909, reproduced with

permission) [167]
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150. Tascón JMD, González-Tejuca L. Z Phys Chem-Wiesbaden. 1980;121:63–78.
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