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ABSTRACT 

 

The research activity of the present thesis has focused on the development of 

carbon/inorganic hierarchical nanostructured hybrids to be employed as catalysts for two 

important energy processes: the water-gas shift reaction (WGSR) and the photocatalytic 

hydrogen production from renewable sources, such as biomass-derived oxygenated 

compounds (i.e. ethanol and glycerol). The design of the nanohybrids follows a specific 

hierarchy where a carbon component, consisting of properly functionalized multiwalled 

carbon nanotubes (MWCNTs) or carbon nanocones (CNCs), is used as scaffold for an 

inorganic phase that acts as the catalyst/cocatalyst. The inorganic phase in turns consist 

of noble metal nanoparticles (i.e. palladium) enclosed into a mesoporous metal oxide. 

The functionalization of the carbon components serves to equip the nanocarbon with 

anchor points for the metal phase and to enhance dispersion in liquid media. The as-

prepared ternary hybrid is then subjected to specific thermal treatments, with the 

temperature chosen on the basis of thermogravimetric analysis, in order to crystallize the 

metal oxide phase and remove the organic ligands. The final catalyst package has shown 

remarkable catalytic features in both the investigated processes, confirming that the 

presence of the nanocarbon scaffold and the specific hierarchy result in a large 

improvement of the performance as compared to state-of-the art catalysts. Such 

improvement is related to the excellent electronic properties of the carbon nanostructures 

as well as to their ability to enhance robustness and stability of the inorganic phase. More 

specifically, CeO2-based catalysts display an increased activity and stability in the 

WGSR, while the TiO2-based photocatalysts were successfully used in the photocatalytic 

production of H2 with very high productivity. Characterization of the materials has been 

carried out through several techniques including HR-TEM, EDX mapping, XRD, 

microRaman, physi- and chemi-sorption analysis and TGA, which confirmed the 

obtainment of the desired assembly. 
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Chapter 1 

 

INTRODUCTION 

 

Energy is a central theme for the 21st century world population, affecting 

everyday’s life in many different circumstances. We use energy virtually for every action, 

from lighting our houses to operating computer or functioning industries. Our bodies 

themselves use energy to carry out the biological processes necessary to life. 

The common description of energy is “the ability of a system to perform a work” 

and much of the energy we use comes, directly or indirectly, from the nuclear processes 

occurring in the Sun.  

Energy cannot be created, but it can only be transferred from one body to another 

and transformed from one form to another. This happens continuously: the natural 

photosynthesis transforms solar energy into chemical energy stored in glucose molecules, 

which is just the first of many energy carriers that drive the living beings. The common 

perception of energy in everyday’s talk is associated with the electricity reaching our 

houses or the fuel moving our cars, rather than related to the food we eat. However, they 

are profoundly linked since the actual standards of life have been achieved through the 

use of Sun energy stored by photosynthetic processes in wood at first and fossil fuels 

(coal, natural gas and oil) later.  

Nowadays the main primary energy sources are still fossil fuels, exploited 

worldwide to supply the 81% of the world energy demand (oil 31%, coal 29% e natural 

gas 21%, see Figure 1.1 A).1 Their intensive use in the last hundred years brought up 

many issues, from geopolitical conflicts (due to their non-uniform distribution on Earth) 

to environmental consequences.2 The exploitation of the energy contained in fossil fuels 

is not exactly a reverse photosynthesis process, because many additional polluting by-

products are produced concomitantly to the fossil fuel combustion, such as SOx, NOx, 

volatile organic compounds (VOCs), CO, CH4, heavy metals and atmospheric 

particulates. Furthermore, the enormous amount (gigatonnes per year) of CO2 deriving 

from the use of fossil fuels that has been released in the last century (Figure 1.1 B) cannot 
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be reabsorbed through photosynthetic processes in a comparable timescale, thus breaking 

the bio-geological equilibrium that took millions of years to be established. Therefore, 

CO2 has become one of the most adverse pollutants due to the concentration it reaches in 

the atmosphere, causing climatic changes and increasing acidity of seas and oceans. In 

2015, for the first time since a time series exists, the level of CO2 in atmosphere overcame 

400 ppm,3 exacerbating concerns. 

 

Figure 1.1: A) World’s total energy supply by fuel;1 B) Global fossil carbon emission 

by type of fuel and other sources; C) Annual oil production and consumption 

by region.4 

Beside the major environmental issues, there is another aspect that deserves 

attention: fossil fuels are a non-renewable source since their formation takes millions of 

years while their consumption is much faster. Furthermore the increasing energy demand 
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by the growing population has outpaced fossil fuel extraction rates, causing major 

inconvenience in many countries4 (Figure 1.1 C). 

It is clear that, to overcome actual fossil fuels dependence, new energy schemes 

must be implemented. In this context, renewable sources, like photovoltaic, hydroelectric, 

wind, geothermal and biomasses, with no environmental impact, are emerging as a 

possible realistic alternative. Every day, new scientific discoveries are making the horizon 

brighter for a definite breakthrough of such renewable energy schemes. One of the main 

problems associated with these new technologies lies in the intermittence of most of these 

environmentally friendly energy sources. For this reason, a possible solution is that the 

excess energy available during the production peaks is stored in the form of chemical 

energy taking advantage of an appropriate energy carrier.5 Among the options to achieve 

this purpose, electric batteries and the hydrogen molecule are most investigated and 

promising. Both options present advantages and disadvantages. At present, electric 

batteries cannot fulfill the accumulation of large amounts of electrical energy, as 

demanded by most of the devices. On the other hand, hydrogen Fuel Cells, whose energy 

efficiency are steadily growing,6,7,8,9 are receiving more and more interest. Batteries can 

be used in small devices (e.g mobile applications) while the higher energy density per 

unit of volume and mass of pressurized hydrogen makes it more suitable for applications 

requiring higher amounts of energy (e.g. automotive industry).  

 

1.1 HYDROGEN 

Hydrogen is a key molecule for many industrial processes,10 such as ammonia-

fertilizer production (50% of the world production of hydrogen), oil refining (40%, 

hydrodesulphurization, hydrodenitrification and hydrocraking), methanol production 

(8%), hydrogenation reactions, etc.   

Apart from these current extensive uses, hydrogen is today perceived as the energy 

carrier of the future, able to power our entire planet. The weight being equal, hydrogen 

contains a potential energy output almost three times higher than natural gas, and the only 

product of its combustion is water. It is therefore hard to imagine a cleaner energy source. 

However, projections underline that hydrogen-based energy economy able to replace 

fossil fuels will be feasible only in a medium to long term. This is due to several 

challenges that still need to be solved. One of the main difficulties regards the storage of 
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hydrogen in a safely way and the building of a production and distribution network.11 

Hydrogen is known to be flammable and explosive in a very wide range of concentrations 

in air (between 4% and 75% by volume)12; a notorious example is the destruction of 

Hindenburg airship, probably taking fire through spark ignition of hydrogen. A possible 

environmental concern regards the effect of H2 leakages released in the atmosphere, 

because of its interaction with ozone.13  

In order to be sustainable, the use of hydrogen as energy carrier needs to be 

associated to a clean production and a clean utilization. As regards the second aspect, 

besides industrial application as chemical reagent, there are two feasible ways to 

transform hydrogen into mechanical or electric energy (and then each one in the other 

one): burning it in internal combustion engines and producing electricity in Fuel Cells. 

Hydrogen is free of carbon, sulfur and metals (this means no smog, particulate, CO, SOx, 

etc.) and gives H2O as only product when burned, thus implying a zero toxic emission 

after direct combustion. However, it is noteworthy that nitrogen oxides (NOx) can also 

form during high-temperature combustion in air. On the other hand, Fuel Cells have no 

contrasting effects with the environment, producing H2O and electric energy from H2 and 

air. 

As far as hydrogen production is concerned, it must be first noted that hydrogen 

is the most abundant gas in the universe. However, its molecular form is very rare (0.5 

ppm by volume)14 in the Earth atmosphere. Some bacteria and algae naturally produce it 

but, because of its light weight, it easily escapes from Earth. Hence, there is a huge 

industrial business dedicated to the artificial production of H2, estimated in 5·1010 kg per 

year worldwide.11 Its actual industrial production is based on conversion of fossil fuels (~ 

95%) to syngas, a mixture of CO and H2, mainly through methane steam reforming15,16 

that yields the higher H/C ratio (Eq. 1.1). 

               CH4 + H2O → CO + 3 H2                 Eq. 1.1 

Among the employments of such produced H2, most of the catalyzed reactions require 

the purification from CO since this can strongly adsorb on the metal catalyst causing its 

poisoning. The decrease of the CO percent can be obtained mainly by oxidation to CO2, 

commonly through a reaction called Water Gas Shift Reaction (WGSR).17 This process 

reduces the CO content (to 1-2 %) and at the same time increases the H2 production. 

However, some applications require a very low percent of CO (e.g. CO content below 10 
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ppm for proton exchange membrane Fuel Cells),18 therefore a second stage to further 

decrease the CO content is necessary. Such additional stage (Figure 1.2) may include: i) 

methanation,19 the process which produces methane from CO and H2, thus resulting in a 

loss of fuel efficiency; ii) selective H2-diffusion through membranes,20 which requires 

high-temperature and pressure gradients; iii) PReferential CO OXidation (PROX),21 

which consists in a selective oxidation of CO with oxygen.  

 

Figure 1.2: Schematic representation of the different methods for fine CO removal from 

H2 streams after WGSR. 

If production of hydrogen must depend on fossil fuels, the sustainability of a 

hydrogen economy would be severely compromised. Furthermore, these processes 

consume enormous amount of energy since require high temperatures, especially in the 

first stage of fuel reforming (700 – 1100 °C). Certainly, the transition from a fossil fuel-

based economy to a renewable energy system, hopefully based on hydrogen acting as 

energy carrier, will be a progressive process that will require decades. A fundamental 

target to move the first step in this direction is to obtain the H2 required by industries from 

renewable sources. 

 Many processes are nowadays available to produce H2 in alternative to methane 

reforming, such as water splitting and reforming and partial oxidation of oxygenated 

compounds coming from biomasses. Among them, electrochemical water splitting, 

yielding H2 and O2 by applying electricity, is a particularly convenient avenue, and there 

is much focus on the development of cathodic materials for the hydrogen evolving 

reaction (HER).22 It is nowadays employed to get the 5 % of H2 not produced by 
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reforming of fossil fuels. The process has been improved working at high temperatures 

(High Temperature Electrolysis, HTE)23 exploiting the IR component of the Sun light by 

solar concentrators.24  

On the other hand, the processes involving reforming of oxygenates compounds 

(Eq. 1.2) should divert the employment of fossil fuel and require lower temperatures, 

which however causes formation of coke over the catalysts.  

                    CxHyOz + (2x - z) H2O → x CO2 + (2x + y/2 - z) H2          Eq. 1.2 

Oxygenates compounds were also employed in electrochemical cells by replacing 

oxygen evolution with the oxidation of biomass-derived alcohols, leading to a more 

efficient process.25 

An important aspect that needs to be considered is the origin of the biomasses. 

Many processes, such as sugar fermentation and transesterification of animal fats or 

vegetable oils, are used to obtain the so-called first generation biofuels. However, the 

massive exploitation of these sources can seriously compromise both food supplies and 

biodiversity. A key point is the employing of raw materials coming from residual non 

edible parts of the current human food chain or from industries wastes, such as glycerol 

coming from biodiesel production and sugars (then converted to ethanol by fermentation) 

obtained from complex molecules (e.g. steam explosion of lignin, hemicellulose or 

cellulose) coming from woods or fibrous non edible biomasses.26,27,28 In a short to 

medium term, these products mainly deriving from agricultural residues could replace 

part of the fossil fuel in the thermal reforming processes to obtain H2 or directly furnish 

a fuel such as bioethanol. 

The artificial energy input required to produce H2 from these feedstocks can be 

virtually cancelled out by employing photo-assisted processes: a suitable photocatalyst 

can channel the solar energy into the evolution of H2 molecules. Again, the use of H2O 

as hydrogen containing substrate is the ideal pathway due to sustainability issues, and it 

was demonstrated to be viable by Fujishima and Honda in the 1972,29 by irradiating a 

TiO2 electrode in a so-called photoelectrochemical cell (PEC). Even though this system 

was still ineffective from a solar-to-fuel efficiency point of view, great improvements 

have been done in this field.30 A milestone  example was given by Nocera,31 which 
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developed an efficient PEC in both wired and wireless (the so-called artificial leaf) 

configurations (Figure 1.3). 

 

Figure 1.3: Schematic representation of the PEC developed by Nocera31 in both wire 

(on the left) and wireless (on the right) configurations. 

Concomitantly, the very relevant H2 production from sunlight has sparked the 

interest of many research groups, who investigated the possibility of using new 

heterogeneous materials to drive the direct water photosplitting with no use of applied 

electric potential.32  

The low efficiency of the pure water splitting mainly arises from the 

recombination of the products (i.e. H2 and O2), from the difficult to oxidize H2O to O2 

(i.e. more energetically demanding 4 electrons process), and from other factors 

intrinsically related to photocatalysts themselves (see next paragraph). Great efforts have 

been done to overcome these issues.32 

Among the various strategies, great attention has been paid to H2 production via 

the photoreforming of raw materials (i.e. ethanol and glycerol) coming from second 

generation biomasses. Such process shall furnish H2 from residual/waste biomasses 

employing as energy source the abundant and free Sun light. 
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1.2 PHOTOREFORMING 

In the photoreforming of oxygenated compounds (such as alcohols), the efficiency 

of the process is strongly enhanced respect to the pure water splitting since the oxygenated 

compound acts as a sacrificial agent undergoing a faster oxidation as compared to H2O 

(being the oxidation of water extremely challenging from a thermodynamic perspective), 

leading to slower recombination phenomena between the photogenerated holes and 

electrons (see next paragraph for an exhaustive explanation). 

From the literature, it becomes clear the intensive employment of methanol, since 

it was first reported,33 as sacrificial agent despite its environmentally unfriendliness. The 

reason for its use is related to the simple structure of this alcohol because of the absence 

of C-C bounds, generally resulting in high activities. Nevertheless, in view of a 

sustainable production of H2, great attention has been paid to photoreforming processes 

involving alcohols produced from biomasses, considering that methanol production is 

mainly based on fossil fuels. Kondarides et al. performed various studies, mainly using 

Pt-TiO2 materials, on hydrogen production via photoreforming of different biomass-

derived sacrificial agents (e.g. carboxylic acids, aldehydes, and alcohols). Among the 

various alcohols (obtainable from fermentation of  various biomass-derived feedstocks), 

ethanol was one of the easiest to be fully converted into CO2 because of its simpler 

structure, leading to the limited formation of intermediate C-containing products.34 

Another interesting option relies on the  use of  glycerol whose overproduction, mainly 

from biodiesel production,35 has a negative environmental fallout since the processes 

consuming glycerol36,37 are largely outpaced by the enormous amount produced (around 

100 kg per ton of biodiesel). Several studies38,39,40 well describe the H2 production from 

photoreforming of aqueous solution containing glycerol (and other biomass-derived 

compounds) using Pt-TiO2 as catalyst.  

An additional advantage of the H2 production through photoreforming relates to 

the fact that these processes normally occur at room temperature and atmospheric 

pressure. Therefore, the sintering phenomena, which can lead to deactivation of 

heterogeneous catalysts, are negligible. When higher alcohols are considered as sacrificial 

donors, the H2 production can be also associated to  the production of high value products 

(e.g. acetaldehyde or 1,3-diidrossiacetone) coming from selective alcohol oxidation 

reactions.41 
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1.2.1 Photocatalyst 

Generally, the photoassisted reaction is driven by a semiconducting material 

(photocatalyst) with a suitable band gap Eg which, upon irradiation with a wavelength 

having energy equal or higher than Eg, promotes an electron (e-) from the valence band 

(VB) to the conduction band (CB), leaving a hole (h+) in the VB. Photogenerated 

electrons and holes are respectively responsible for reduction and oxidation 

semireactions. In the specific case of alcohol photoreforming, the formation of hydrogen 

occurs via reduction of protons by the photogenerated electrons. A deactivation 

mechanism of the photocatalyst involves the recombination of the e- and h+ (both in the 

bulk of the material or at its surface), thus making ineffective the desired overall redox 

process (Figure 1.4). 

 

Figure 1.4: Photogenerated electrons and hole possible pathways: A) 

reduction; B) oxidation; C) bulk recombination; D) surface 

recombination.  

The energy of the charge carriers is related to the electronic structure of the 

semiconducting material that determines the position of the conduction and valence 

bands. It turns out that not all the photocatalysts are suitable for a desirable reaction (i.e. 

proton reduction to hydrogen).  Figure 1.5 shows the redox semireactions that take place 

over the photocatalyst surface. Higher (i.e. less negative) standard reduction potentials 

(E° in V) correspond to lower energies (E in eV) following Eq. 1.3: 

                                        ΔE =  ̵  nFE°                                    Eq. 1.3 
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Figure 1.5: Redox reactions over photocatalyst surface.  

The ability of the photogenerated electrons to carry out a reduction process 

depends on the lower limit of the CB; they are able to reduce redox pairs having a higher 

(more positive) standard reduction potentials, which for the H+/H2 couple is arbitrarily set 

at 0 V vs VRHE . Analogously, the holes are able to oxidize  redox pairs having a standard 

reduction potentials correlated to a lower energy (for example for the couple O2/H2O the 

associated potential is 1.23 V while for the couple H2O2/H2O is 1.78 V, making the latter 

more difficult). Indeed, a photocatalytic process can be described in terms of a redox 

catalytic process that take place at the interface between a solid and a liquid and differ 

from classical heterogeneous catalysis by the activation mechanism of the catalyst, which 

is driven by photons rather than temperature, and for the extended processes of 

deactivation, which comprise also the annihilation of the photogenerated species. 

Other important aspects that influence the performance of a photocatalyst are the 

crystallinity of the material and its surface area, respectively related to the structural 

defects, that can act as recombination centers for photogenerated electrons and holes 

decreasing the activity, and to the surface catalytic centers, where the redox reaction takes 

place.  Thermal treatments affect both properties causing an enhancement of the 

crystallinity, which reduces the number of defects, and at the same time the sintering of 

the crystallites.32 The latter is responsible for the reduction of the surface area of the 

material by either increasing the dimension of the crystallites (lower surface/volume 

ratio) than  collapsing of the pores. 
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1.2.2 Titanium dioxide 

The typical benchmark semiconducting material employed as photocatalyst for H2 

production is titanium dioxide (TiO2), which is normally combined with other 

components to yield nanocomposite catalysts. In comparison with other semiconducting 

materials, TiO2 presents a suitable bands position for the photoreforming of alcohols 

(Figure 1.6). Moreover, TiO2 is widely available, cheap and chemically and physically 

stable. 

 

Figure 1.6: Band gap and bands energies of common semiconducting 

materials. 

The main issue that this photocatalyst present is its wide band gap (~ 3.2 eV). To 

promote photogenerated charge carriers TiO2 need to absorb UV wavelength. Since the 

UV component in Sun light result about 4 %, the bare TiO2 present a weak activity if not 

opportunely modified.  

The principal method to enhance the activity of photocatalysts is to couple it with 

metallic nanoparticles. In this way, a Schottky barrier is created at the interphase between 

the metal and the semiconductor allowing to the photogenerated electrons to be physically 

transferred and trapped in the metal nanoparticles because of the lower energy of their 

Fermi level (Figure 1.7). 
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Figure 1.7: Schematic representation of the Schottky barrier at the 

meta/semiconductor interphase (on the left) and electrons and 

holes pathway in a metal/semiconductor system under irradiati on 

(on the right).  

Other different ways to improve the  photocatalytic performance of TiO2 can be 

found in the literature including doping with non-metal atoms such as nitrogen,42 which 

is able to induce localized N 2p states within the band gap just above the valence band 

(VB) thus promoting absorbance in the visible light.43 However, it has been demonstrated 

that the defects in the lattice structure created by N atoms can be detrimental as they act 

as charge recombination centers. Other non-metallic doping atoms, used to a less extent 

than N, include C, S, F, and B, which are also able to introduce intra band levels.44 For 

example, Lambert et al.45 studied the effect of B-doping and B,N-co-doping of TiO2, 

finding a considerable red-shifting of the optical absorption associated to a significant 

photocatalytic activity in the visible light regime. A careful analysis of the nature of the 

doping must be done, such as whether the doping atom is a substitutional atom or an 

interstitial atom. This is important as the resulting band gaps can vary, with VB maximum 

lying above or below the original TiO2 (VB), thus affecting the oxidation potential of the 

holes. Similarly, the doping can lead to formation of partially filled Ti3+ 3d states lying 

just below the conduction band (CB). The result is a variation of the reduction or 

oxidation potentials of the photogenerated charge carriers, which can have consequences 

on the effectiveness for the specific photocatalytic application (oxidative degradation 

reactions or H+ reduction).46 

The other most popular method relies on the deposition onto the TiO2 surface of 

noble metal (Au, Pt, Pd, Ag) and base metal (Ni, Cu) nanoparticles, that are able to capture 

photoexcited electrons and retard the electron/holes recombination.47,48,49 There have 
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been numerous reports on successful photoreforming of oxygenated compounds by TiO2 

loaded with metal nanoparticles.50,51 Combination of non-metal doping and metal loading 

on TiO2 has also been successfully achieved for catalyzing the photoreforming of 

alcohols. For example, several binary nitrogen/transition metal photocatalysts (M/N-

TiO2, M = Cr, Co, Ni, Cu) were successfully employed in the photoreforming of 

glycerol,52 while gold-embedded boron-doped TiO2 (Au/B-TiO2) was investigated as 

hydrogen evolution photocatalyst from water/methanol mixtures.53 However, the metal 

loading also requires adequate balance, as metal nanoparticles can also serve as 

recombination centers.  

Finally, a reported strategy is to self-dope the TiO2 with Ti3+ atoms after an 

appropriate reduction treatment. In particular, reduction with NaBH4 and ensuing 

incorporation of Ti3+ atoms caused an enhancement of photocatalytic activity under 

visible light, while UV-light photoactivity remained substantially unaltered.54 Similarly, 

hydrogenation of TiO2 has led to the discovery of what was named “black titania”, 55 

whose enhanced solar absorption and photocatalytic activity could naturally be put in 

relation to formation of Ti3+ states.56 However, some of the characteristic aspects of this 

material still remain obscure, and a recent report has shown that Ti3+ may actually be not 

responsible for the long wavelength absorption.57 

Recently, many advances in the photocatalysis by TiO2-based catalysts were 

reported by combination of TiO2 with carbon nanotubes (CNTs) to form nanocarbon-

inorganic hybrids with improved performances.58 

 

1.3 WATER GAS SHIFT REACTION 

Since H2 is mainly produced as a mixture with CO (syngas), the equilibrium-

controlled Water Gas Shift Reaction (WGSR) is a key step to produce extra H2 (Eq. 1.4) 

and at the same time reduce the content of CO, thus fulfilling requirements of specific 

applications involving use of H2. 

                  CO + H2O ⇌ CO2 + H2              Eq. 1.4 

Considering that WGSR is moderately exothermic (ΔH°298 K = - 41.4 kJ mol-1), 

the proper conditions to shift the equilibrium to increase concentration of H2 are at low 

working temperatures (Figure 1.8). Nevertheless, the reaction is kinetically favored at 

https://en.wikipedia.org/wiki/Thermodynamic_versus_kinetic_reaction_control
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high temperatures. Therefore, the reaction is usually carried out in two steps, to take 

advantage of both thermodynamic and kinetic aspects.59  

 

Figure 1.8: A plot of the temperature dependence of Keq  in the WGSR. 

The first step at high temperature in the range 320 – 450 °C, named High 

Temperature Shift (HTS), takes advantage of the high kinetic rate but results in a CO final 

concentration of about 2 – 4 %, since it is limited by thermodynamic.  Subsequently, a 

second step at low temperature in the range 200 – 250 °C, named Low Temperature Shift 

(LTS), removes CO under more thermodynamically favourable conditions, leading to a 

final CO content lower than 1 %. Different catalysts are employed at each step in order 

to maximize the activities. In the HTS stage, the commercial catalyst is composed by α-

Fe2O3 (hematite) and Cr2O3 acting as stabiliser, retarding the sintering process of the iron 

oxide. Under reaction conditions the hematite is reduced at magnetite (Fe3O4), which is 

believed to be the active phase.60 However, the loss in surface area of the active phase 

and environmental and safety problems regarding chromium emissions have sparked the 

development of new catalytic materials, that can be easily handled and discarded. On the 

other hand, in the LTS stage the commercial catalyst is a mixture of CuO and ZnO 

supported over Al2O3,  where CuO is the active phase while ZnO provides structural 
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support and prevents the poisoning of copper by sulfur residues coming from the syngas 

production (i.e. reforming processes).61  

When designing a catalytic system, particular attention must be also given to 

the support employed. Transition metals supported over CeO2 are extensively studied 

for the WGSR due to their improved catalytic activities as compared to catalytic 

systems with other supports.62,63 There is a distinct promotional effect caused by the 

ceria,64,65,66 which is mainly related to its exceptional redox properties and the ability 

to act as oxygen buffer.67 As far as the catalytically active metals are concerned, the 

most investigated metals are Pt, Cu and, in the last years, Au. Pd is less studied 

because of its low thermal stability.66 The fast deactivation that all these catalysts 

show under working conditions is one of their main drawbacks.68 Efforts are therefore 

being made to improve both activity and stability, both at low and high temperature 

operating conditions. 

 

1.4 NANOSTRUCTURED HIERARCHICAL CATALYSTS 

Nanotechnology can be defined as the ability to work at the atomic, molecular and 

supramolecular levels (on a scale of ~1-100 nm) in order to understand, create and use 

material structures, devices and systems with fundamentally new properties and functions 

resulting from their small structure. When materials are at the nanoscale (~1-100 nm) 

acquire peculiar physical and chemical properties, different from the related bulk 

materials. A decrease in the dimension implies a higher percent of superficial atoms with 

unsaturated valences,69  which have different properties with respect to the bulk atoms. 

The interest in nanoparticles (NPs) arises from the fact that when a metal particle 

with bulk properties is reduced to a size of a few dozens or few hundred atoms, the density 

of states in both the VB and in the CB decreases, changing the electronic properties of 

the material (e.g. band gap). The quasi-continuous density of states is replaced by discrete 

energy levels with a size-dependent spacing (quantum-size effect). The possibility of 

tuning particle sizes and their relative properties becomes of primary importance in the 

field of heterogeneous catalysis. On the other hand, the reduction of dimensions of the 

particles itself gives a beneficial effect to the catalyst by enhancing the active surface area 

exposed. The surface atoms of a metal nanoparticle are not fully coordinated and they 

possess free sites in which molecules can adsorb and react. 
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The properties of different materials can be combined in hybrids or composites. 

One of the simplest cases is the deposition of metal nanoparticles over an inert material 

presenting a high surface area (e.g. amorphous carbon or a metal oxide such as Al2O3 or 

SiO2), an expedient well-known in the heterogeneous catalysis, with the purpose of 

maximize the surface of contact between the metal and the substrate and stabilize the 

active phase. The naturally second step is to interface materials interacting electronically, 

where the support also has an active role in the catalytic process. This is the case of metal 

nanoparticles deposited over semiconductor metal oxides which act as the true 

photocatalyst (whereas the metal nanoparticles are considered as co-catalysts). In this 

case, the properties of the two components are synergistically combined with the purpose 

of enhancing the catalytic properties of the hybrid. The catalytic properties of the hybrid 

material are not merely associated with the sum of the individual components’ properties, 

but there may be additional catalytic features, as long as the interfacing has been correctly 

performed. Carbon/inorganic hybrids are deeply studied in the field of heterogeneous 

catalysis and many recent studies58,70,71 corroborate the idea that carbon 

nanostructures, in particular due to their electronic properties, act as active support in 

several catalytic processes. In the case of photoreforming processes, several 

hypotheses have been advanced to explain the promoting role of the carbon nanotubes 

(CNTs), of which the most accredited involve: 1) an electron sink effect of the carbon 

scaffold (which retard recombination of the photogenerated charge carriers;72,73 2) a 

photosensitizing effect, with the CNTs undergoing the light-induced charge separation 

and then inject the photoexcited electrons into the TiO2 CB;74,75 3) formation of 

intermediate states following Ti-O-C bonds resembling carbon-doping of TiO2.
76,77 

Moreover, many other nanocarbon scaffold, such as graphene, carbon nanohorns 

and carbon quantum dots,  presented intriguing interactions with inorganic components 

in the field of heterogeneous catalysis.70 Among them, carbon nanocones have not been 

explored as catalyst supports in heterogeneous catalysis, despite their intriguing structural 

properties. Nevertheless few theoretical studies78,79 modelled their physical properties, 

predicting their great potential for exploitation in several applicative fields. 
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1.4.1 Carbon nanotubes 

CNTs have emerged as intriguing active supports in a range of catalytic 

applications due to their fascinating mechanical, electronic, optical and thermal 

properties. In 1976 for the first time Oberlin et al.80 reported the existence of CNTs. Then 

in 1991 with Iijima’s report81 we assisted to a great deal of interest in the use of CNTs for 

nanotechnological applications. Basically, this material is a form (allotrope) of carbon 

like graphite, diamond and fullerenes, but with unique physicochemical properties due to 

their electronic structure. We can image CNTs like a single layer of graphene rolled on 

itself. In particular it is usual to divide carbon nanotubes into two categories, single walled 

nanotubes (SWNTs) that are composed by a single rolled layer of graphene and multi 

walled nanotubes (MWCNTs) formed by several coaxial single walled nanotubes (Figure 

1.9).  

 

Figure 1.9: SWCNT and MWCNT schematic representation.  

MWCNTs structure can be defined by its circumferential periodicity (𝐶), as 

described using the chiral vector �⃗� (Figure 1.10), which connects two 

crystallographically equivalent sites on a graphene sheet. In this way, the CNTs geometry 

is specified by the pair of integers (n, m), denoting the relative position of the pair of 

atoms on a graphene strip, which, when rolled onto each other, form a tube.  
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Figure 1.10: Schematic diagram showing the possible wrapping of the two ‐
dimensional graphene sheet into tubular form.  

Theoretical calculations demonstrated that the geometry of carbon nanotubes 

could influence and change the electronic properties of the nanomaterial.82,83 

Although graphene is a zero-gap semiconductor, theoretical calculations predicted 

that carbon nanotubes can be metals or semiconductors, with different sizes energy gaps, 

depending very sensitively on the diameter and helicity of the tubes.84 

Three types of structures are found: armchair, chiral, and zig-zag (Figure 1.10), 

which exhibit different electronic properties as a consequence of the different band gaps 

given by different wrapping of the graphene sheet. Hence, armchair tubes are always 

metallic, whereas zig-zag and chiral tubes can be either metallic or semiconductors. 

In the case of MWCNTs, they always turn out to be metallic.  

 

1.4.2 Carbon nanocones 

Carbon nanocones (CNCs) represent a very peculiar class of carbon 

nanostructures; they have been known since almost two decades.85 Most of the studies 

involving CNCs regards their structural86 and electronic properties.79 In particular, it was 

highlighted that their cone-like morphology results in very interesting features, such as 

an uncommon graphene sheet stacking depending on the apex (cone) angle.87 An 
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interesting example of their employment in an applicative field regards the hydrogen 

storage properties of Ti-CNCs hybrids.88CNCs are a mixture of structures with different 

apex angle which cause variation of morphology ranging from disks to cones. Electron 

diffraction measurements reveal that the structures consist of a graphitic core surrounded 

by amorphous carbon (approximately 10 – 30 %) which is supposed to crystallize when 

the material is heat-treated (2700 ◦C).86 

Up to the present investigation, no studies have been reported on the utilization of 

CNCs as support for metal catalysts, making this field worth exploring. 

 

1.5 AIM OF THE THESIS 

The main aim of this research project is the development of hybrid materials to 

improve the performance of two important environmental and energy-related processes: 

the WGSR and the photocatalytic production of solar fuels such as hydrogen via 

photoreforming of renewable oxygenate compounds obtained from biomasses (i.e. 

alcohols). In particular, ternary hybrid materials comprising nanocarbon scaffolds, metal 

oxide and metal nanoparticles was carefully designed to achieve these purposes. A 

hierarchical synthetic approach was chosen to better integrate the properties of each 

component in the hybrid material. A carbon/inorganic hybrid with new properties as 

compared to single components is pursued. The nanohybrids are further structurally 

modified in such a way as to preserve or improve the catalytic properties of the specific 

phases. 

Multi-walled carbon nanotubes are the first scaffolds tested in this study. A new 

synthetic protocol is developed with optimized post-synthetic treatments. Regarding the 

WGSR experiments, CeO2 is chosen as the main component of the inorganic matrix. Its 

role is to act as co-catalyst of the active phase which consists of Pd nanoparticles. On the 

other hand, the production of hydrogen is carried out employing TiO2 as photocatalyst 

deposited over the carbonaceous scaffold while Pd nanoparticles act as co-catalyst. Once 

optimized both the synthetic and the post-synthesis treatment protocols, interest is shifted 

toward the use of a less investigated carbon nanostructures which present additional 

benefits, such as carbon nanocones.  Catalytic activities of all synthesized nanohybrids is 

carefully evaluated for WGSR or photocatalytic H2 production. 
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Chapter 2 

 

EXPERIMENTAL TECHNIQUES 

 

In this chapter, the main experimental techniques employed in this work of thesis 

are summarized. The catalytic activity of the synthesized (photo)catalysts have been 

evaluated with respect to reactions relevant for H2 production and the results have been 

correlated with the information from structural, textural and morphological 

characterizations. 

 

2.1 CATALYTIC ACTIVITY MEASUREMENT 

 

2.1.1 WGSR catalytic activity measurement 

The tests to assess the catalytic activity of the prepared materials (CeO2-based 

materials) with respect to the Water Gas Shift Reaction (WGSR) have been performed in 

a homemade apparatus, built and optimized in our research laboratory. The experimental 

apparatus is basically composed by a reagent mixing system, a furnace-controlled reactor 

and an analyzing system, as schematized in Figure 2.1.  
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Figure 2.1: Experimental apparatus used for testing the activity of the 

catalysts in the WGSR. 

The reagents mixing system is composed by a series of mass-flow controllers 

connected to a central control unit (Brooks Instruments). A valve system before the 

flowmeters allows the selection of the gas to be controlled on each: Ar (as inert gas) 

or other calibrated gas mixtures used as reagents (CO/Ar or CH4/Ar) or for the pre-

treatments of the materials (O2/Ar and H2/Ar). Two septa are located on the reaction 

line for the introduction of liquid reagents using a GASTIGHT syringe moved by an 

infusion pump (KD Scientific model KDS-101-CE). All the pipelines are heated in 

order to vaporise the liquid reagents before being introduced into the reactor. After 

the flowmeters, a 6-way valve allows to select which line passes through the reactor. 

In any case, the reaction line goes to the detector. In this configuration, it is possible 

to pre-treat the catalyst while it is possible to acquire the information on the 

composition of the reaction mixture bypassing the reactor. 

The reactor is a U-shaped quartz microreactor with internal diameter of 4.0 

mm. The catalyst is located between two layers of granular quartz, the typical inert 

material used for sustaining the catalyst powder. The reactor is heated by an electric 
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oven (Micromeritics) controlled by a digital regulator (Eurotherm 847). The actual 

temperature of the catalyst is measured with a K-type thermocouple inserted within 

the catalytic bed. 

The reaction line is connected to a gaschromatograph (Agilent 7890) as online 

analyser. The GC is equipped with two columns and two detectors (Thermal 

Conductivity Detector, TCD and Flame Ionization Detector, FID). A Molsieve 5 Å 

column (50 m x ID 0.53 mm) followed by a TCD detector was used for the 

quantification of H2, O2, N2, and CO. Ar was used as carrier in order to obtain high 

sensibility toward H2. A Select Permanent Gases/CO2 Plot Column (parallel 

PoraPLOT 50 m x 0.55 mm ID and Molsieve 5 Å 10 m x 0.32 mm ID columns) is 

instead used with a methanator and a FID detector for precisely quantifying CO, CO2 

(both transformed into CH4 into the methanator) and CH4. He was used as carrier in 

this case. 

All catalytic tests were conducted at atmospheric pressure. The catalysts were 

pre-treated under Ar at 450 °C (40 mL min-1, 10 °C min-1) for 30 minutes. The aim of 

this cleaning under inert atmosphere procedure is the removal of possible residues of 

the synthesis that have stood the calcination treatment or adsorbed species (carbonates 

and moisture from air exposure) onto the catalyst surface. No other activation 

procedures (e.g. reduction) were applied. 

Typically, ~ 40 mg of sample were used and a total gas flow rate were 48.5 mL 

min-1 to ensure a Gas Hourly Space Velocity (GHSV) value of 75000 mL g -1 h-1. The 

WGSR reaction mixture was composed of 3.0 vol. % CO and 3.0 vol. % H2O diluted 

in Ar. The gaseous mixture was introduced in the reactor at 200°C and the catalytic 

activity was measured for 4 hours. Then, the reactor temperature was increased 

stepwise up to 350°C (step each 25°C, heating rate of 2 °C min-1), maintaining each 

temperature for 6 hours.  

CO conversions (XCO), CO2 yield (YCO2) and H2 selectivity (YH2) were 

calculated as follows: 

 

XCO =  
nCO,i − nCO,f

nCO,i
    Eq. 2.1 

YCO 2 =  
 nCO2,f

nCO,i
    Eq. 2.2 
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YH 2 =  
 nH2,f

nCO,i
                       Eq. 2.3 

 

where nA,B is the number of moles of gas A in the position B (i = before the reactor; f 

= after the reactor). 

 

2.1.2 Photocatalytic activity measurement 

The photocatalytic properties of the prepared photocatalysts (TiO2-based 

materials) presented in this work were evaluated in terms of hydrogen production by 

photoreforming of ethanol and glycerol aqueous solution, respectively 50% v/v and 1 M. 

These are solutions representative of the purified aqueous solution produced from 

biomass processing, such as sugar fermentation (leading to ethanol/water solutions) or as 

bio-diesel production (leading to glycerol/water solutions). Experiments using aqueous 

methanol solution (50% v/v) or pure water were used in selected tests, mainly as 

benchmark sacrificial agent and to further investigate the reaction mechanism. 

In a photoreforming experiment, 10 mg of photocatalyst were dispersed into 60 

mL of aqueous solution containing the sacrificial agent by sonication in an ultrasonic bath 

for 30 minutes. Subsequently, the reactor was closed and an Ar flow (15 mL min−1) was 

used to purge the system from the air. After purging for 40 minutes, the lamp was 

switched on and the gaseous products were transported to the analyzing system by the 

same Ar flow. During purging and catalytic runs, the photocatalyst was suspended by 

magnetic stirring and the reactor was thermostated at 20 °C. The online detection of 

gaseous and volatile products was carried out using a gaschromatograph equipped with 

two analytical lines. A 10 way-two loops injection valve was employed to inject the a 

portion of the gas effluent from the reactor into both the analytical lines. After the 

photocatalytic tests, the photocatalyst were recovered by filtration on a Millipore PVDF 

membrane (0.45 µm) and the collected solutions were subsequently analyzed by GC/MS 

to detect the non-volatile by-products accumulated in the liquid phase. 

A typical experimental apparatus is composed by a light source, a reactor (in 

which the photocatalyst is suspended into the aqueous solution containing the sacrificial 

agent) and an analyzing system. In this work, two experimental setups with different 

geometry were employed, depending on the light source.  
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Immersion lamp photoreactor 

This photoreactor setup was used essentially for two purposes: the evaluation of 

the activity of the materials under intensive UV-vis irradiation (mainly for comparison 

with literature data) and the determination of the quantum efficiency, under low power, 

monochromatic irradiation.  

In the first case, the light source employed is a 125 W medium pressure Hg lamp 

(Helios Italquartz model UV13F) with a cylindrical irradiation geometry surrounded by 

a Pyrex reactor (Figure 2.2). The power density reaching the photocatalyst, measured on 

the external surface of the cooling jacket with a DeltaOHM radiometer HD2302.0, was 

33 mW cm-2 in the UV range (300 – 400 nm) and 135 mW cm-2 in the vis-NIR range (400 

– 1050 nm). In this case, 10 mg of the photocatalyst and 80 mL of aqueous solution of 

the sacrificial agent were used.  

          

Figure 2.2: UV-vis light source and its Pyrex reactor (on the left) and medium pressure 

Hg lamp spectral emission (on the right). 

A smaller version of this photoreactor was used for quantum efficiency 

determination. In this case, a PenRay 8 W Hg medium pressure lamp was used as 

monochromatic light source, emitting at 365 nm and reaching a power density of 1.10 

mW cm-2. The corresponding emitted photons (5.62·1016
 photons/s) where calculated 

following Equation 2.4: 

            Number of emitted photons =  
P·S·λ 

h/C
                 Eq. 2.4 
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where P is the power density, S the irradiated surface, λ is the emission wavelength, h is 

the Plank constant (6.626·10-34 J·s ) and C is the speed of light (approximately 

3.00×108 m s-1). 

In both the cases, the analyzing system was a gaschromatograph Agilent 6890N. 

It is equipped with two columns and two detectors (Thermal Conductivity Detector, 

TCD and Flame Ionization Detector, FID). A Molsieve 5Å column (Restek, 30 m x 

0.53 mm ID) coupled with the TCD detector was used for the quantification of H2, 

O2, N2, and CO. Ar was used as carrier in order to increase the sensibility toward H 2. 

A PoraPLOT Q column (Agilent, 30 m x 0.53 mm ID, 40 µm film) is instead used 

with a methanator and a FID detector for detection of volatile organic compounds 

(transformed into CH4 into the methanator). He was used as carrier in this case. 

 

Solar Simulator photoreactor 

This setup was used to evaluate the activity of the materials under realistic solar 

irradiation condition, as expected in Sunlight-driven devices. The light source employed 

was a 150 W Xenon lamp (Lot-Oriel Solar Simulator) using an Atmospheric Edge Filter 

with a cut-off at 300 nm. This results in a surface power density of ~25 mW cm-2 in the 

UV range (300-400 nm) and ~180 mW cm-2 in the vis-NIR range (400-1050 nm) , 

approaching the conditions used in a solar concentrator. A Teflon-lined stainless steel 

photoreactor was irradiated from the top by the Solar Simulator (Figure 2.3).  
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Figure 2.3: Solar Simulator and its Teflon-lined reactor (on the top) and Solar 

Simulator emission (black line on the bottom) compared to Sun 

emission (grey line on the bottom).  

The analyzing system of this experimental apparatus was a gaschromatograph 

Agilent 7890A. It is equipped with two columns and two detectors (Thermal 

Conductivity Detector, TCD and mass spectrometer, MS). A Carboxen 1010 Plot 

column (Supelco, 30 m x 0.53 mm ID, 30 µm film) coupled with the TCD detector 

was used for the quantification of gaseous products. Ar was used as carrier in order to 

increase the sensibility toward H2. A DB-225ms column (J&W, 60 m x 0.32 mm ID, 

20 µm film) followed by MS (Agilent 5975C) is instead used for detection of volatile 

organic compounds. This column uses He as carrier. 
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Liquid phase analysis 

The liquid phases were collected by filtration on 0.45 µm PVDF Millipore 

membrane after the catalytic runs and analyzed GC/MS (directly injecting the liquid in 

the DB-225ms column of the Solar Simulator apparatus) to detect the by-products 

accumulated. Internal standards, 1-butanol and 1-hexanol respectively for liquids from 

photoreforming of ethanol and glycerol, were used for a semi-quantitative analysis. 

 

Quantum Efficiency measurements: 

Quantum Efficiency (QE) was calculated as follows: 

           QE = 
2 x molH2

number of absorbed photons
      Eq. 2.5 

the number of absorbed photons was calculate as the difference between the transmitted 

photons in the blank (aqueous solution of the sacrificial agent) and the transmitted 

photons in dispersed catalyst.  

 

2.2 POWDER X-RAY DIFFRACTION (XRD) 

X-ray crystallography is a well-established technique to explore the structure of a 

material. The method is based on the diffraction phenomena occurring when X-ray 

photons are scattered by the crystallographic planes of a lattice, and revolves in particular 

on the interference patterns given by the diffracted photons.  

 

Figure 2.4: Schematic representation of X-ray diffraction principle.  

The intensity of the diffracted beam is maximal when all the diffracted rays give 

constructive interference. This condition takes place when the Bragg's law is satisfied: 
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                                   nλ = 2dsenθ                            Eq. 2.6 

where n is the order of diffraction, λ is the wavelength of the incident X-ray, d is the 

interplanar spacing and θ is the angle of incidence of the beam.  

 X-ray diffractograms reveal several important properties of a material, namely 

the crystallinity of the sample or of a particular component of it, an estimate of the size 

of the microcrystallites that may be present, the atomic constituents of the unit cell and 

so on.89 Powder XRD was used in the current study to identify the composition of the 

phases and to estimate the average dimension of the crystallites. The powder XRD 

patterns were recorded with a computer-controlled Philips X'Pert diffractometer using Cu 

Kα radiation. The data were collected at 0.02 ° in the 2θ range from 10 ° to 100 °. 

The experimental broadening of the XRD reflections is composed of many 

contributions, but it can be related to the size of the crystallites of the studied material, 

according to the Scherrer's equation: 

                                          𝜏 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                         𝐄𝐪. 𝟐. 𝟕 

 where  is the crystallites mean size, K is a constant which to some degree 

depends on the shape of the peak (in this work, K = 0.9), λ is the X-ray wavelength (in 

this work, λ = 0.154 nm correspondent to the Cu Kα1), β is the corrected Full Width at 

Half Maximum (FWHM) of the reflections and θ is the Bragg angle. The value of β is 

determined from the experimental broadening of the reflections βobs, after subtraction of 

the instrumental broadening (βinst, determined acquiring the XRD pattern of a sample with 

crystallites larger than 300 – 400 nm): 

                         β2 = Bobs
2 − Binst

2                          𝐄𝐪. 𝟐. 𝟖 

According to the Scherrer's equation, reflections having larger FWHM coincide 

with lower dimension of the crystallites. For the same principle, non-crystalline materials 

show no sharp diffraction reflections, but only broad features, because of the absence of 

a long-range order.89 However, it should be noticed that the Scherrer’s equation only 

provides a lower bound on the particle size, because the reflections may be broadened by 

a variety of factors besides crystallite size. Some examples of reflection broadening 

sources may be dislocations, stacking faults, residual stresses, grain boundaries, 

impurities, etc. If all of these contributions were zero, then the peak width would be 
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determined solely by the crystallite size and the Scherrer formula would apply. However, 

if the other contributions to the peak width are non-zero, then the actual crystallite size is 

larger than that predicted by the Scherrer formula. 

X-ray Diffraction (XRD) patterns were collected on a Philips X’Pert 

diffractometer using a monochromatized Cu Kα (λ = 0.154 nm) X-ray source in the range 

20° < 2θ < 100°. The mean crystallite sizes of the TiO2 and CeO2 were calculated by 

applying the Scherrer equation to the anatase (101) reflection and to the CeO2 (111) 

reflection. The phase composition of the samples has been determined by Rietveld 

analysis, using the PowderCell 2.3 program. The experimental XRD patterns were 

compared with the theoretical XRD profiles built on the basis of the known cell 

parameters of the crystallographic phases required (mainly CeO2 and anatase TiO2). 

 

2.3 RAMAN SPECTROSCOPY 

Raman scattering, based on the inelastic scattering of monochromatic light, is a 

valuable technique to study vibrational and rotational excitations of molecular systems or 

crystalline materials. This technique is based on the scattering by a monochromatic beam 

by the atoms of the sample. Usually, a laser beam in the visible or NIR range is used, 

although instruments working with UV lasers could be used for specific applications. 

Raman spectroscopy is a technique complementary to IR spectroscopy, since 

Raman and IR bands could lie at different wavenumbers because of the different selection 

rules between the two techniques. In fact, only transitions that induce a change in 

polarizability of the molecules are active in Raman spectroscopy.  

When a photon beam passes through a material, a fraction of the incident beam is 

diffused. This fraction can be divided into two parts. The first derives from the elastic 

interaction with the material (without energy variation), giving the so-called Rayleigh 

radiation. 

On the other hand, the phenomenon that allows to investigate the structural feature 

of a material is the inelastic scattering that the beam suffers by interaction with the 

material, the so-called Raman scattering. Raman signals are very weak with respect to the 

Rayleigh scattering considering that only a very small fraction of the photons (about 1 

over 107) is subjected to inelastic scattering. Raman signal can have a higher or lower 
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energy with respect to the incident beam (Figure 2.5), arising to anti-Stokes and Stokes 

signals, respectively. The energy difference between Rayleigh and Raman signals 

corresponds to the energy difference between the vibrational levels of the normal mode 

involved in the transition.90  

 

Figure 2.5: Schematic representation of Rayleigh and Raman signals (anti-Stokes on the 

left and Stokes on the right).90 

Stokes signals are originated by an energy transfer from the photon to the material, 

resulting in diffusion of photons with lower energy. On the other hand, the energy transfer 

involved in emission of anti-Stokes signals takes place from the material to the photons, 

that are diffused at higher energies. 

The intensities of Raman signals depend on the populations of the respective 

initial energy levels, that are given by the Boltzmann equation: 

                                        𝐄𝐪. 𝟐. 𝟗 

where I are the signals intensities, N the populations of the levels, ν the frequency related 

to the transition energy, h Planck constant, c the light speed in the vacuum, k Boltzmann 

constant and T the absolute temperature. From this equation, it is possible to deduce that 

the intensity of anti-Stokes signals is lower than that of Stokes ones, because of the scarce 

population of the 1 level at room temperature. As a consequence, a high number of 

spectra must be accumulated to evidence anti-Stokes signals from the noise background. 

For this reason, the Stokes part of the vibrational spectrum is usually acquired by Raman 

spectrometers. 
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The Raman spectra of the samples presented in this work of thesis was recorded 

using a inVia Raman Microscope by Renishaw equipped with a Nd:YAG laser using an 

excitation wavelength of 532 nm. This is a microRaman instrument that, coupling the 

Raman spectrometer to an optical microscope, allows the acquisition of Raman spectra 

of different zones of the samples. The Raman spectra have been collected at a 

magnification of 50x in the range 100 < cm-1 < 3200, with a laser power of 1 mW. 

 

2.4 TRANSMISSION ELECTRON MICROSCOPY TECHNIQUES 

In the field of heterogeneous catalysis and photocatalysis, the design of more 

active and selective catalysts often relies on the precise identification of active sites. 

Sophisticated imaging methods that enable detailed characterization of a sample at the 

nanometer and atomic level are of pivotal importance.91 Among many characterization 

techniques, advanced electron microscopy techniques are the most powerful to get 

information on the individual components of a heterogeneous material. These techniques 

are essential to understand the properties of heterogeneous catalysts and to provide useful 

information for the development of nanostructured materials. Using modern electron 

microscopes it is possible to directly observe small particles, clusters or even single atoms 

of a sample, while all other techniques (e.g. X-ray techniques, IR spectroscopy, NMR 

spectroscopy) provide information averaged over millions to trillions of components, or 

they require stringent conditions on the samples to be examined (e.g. Scanning Probe 

Microscopy techniques).91  

Transmission Electron Microscopy (TEM) techniques overcome the limitation of 

light microscopes for imaging very small objects, thanks to their higher resolution. The 

resolution of a microscope is the minimum distance between distinguishable objects in 

an image and two different and unrelated aspects limit it: aberration and diffraction. 

Aberration can be explained by geometrical optics and can (in principle) be solved by 

increasing the optical quality of the system. Diffraction is instead strictly related to the 

nature of the wave used for the observation.  

The maximum theoretical resolution of a microscope, limited by diffraction alone, 

is related to the wavelength of the radiation used according to the Rayleigh criterion, that 

leads to the simplified statement that the limit of resolution of any imaging process is on 

the order of the wavelength of the wave used to image it. It follows that the maximum 
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theoretical resolution of a good light microscope (hundreds of nm) is not useful to 

characterize the typical nanocomponents of a heterogeneous catalyst. On the other hand, 

the maximum resolution for an electron microscope is adequate to get nanoscopic 

resolution, and can be calculated referring to de Broglie's wavelength of the particle: 

 λ =  
h

p
 Eq. 2.10 

where p is the particle momentum, λ is the particle wavelength and h is the Planck's 

constant.  

In the TEM apparatus the electrons are accelerated by a potential drop, V, 

acquiring a potential energy eV that is converted to kinetic energy of the electrons at the 

end of the accelerating section of the instrument. Equaling the two energies, an expression 

of momentum as a function of the potential is derived: 

 eV =
1

2
m0v2 Eq. 2.11  

 p = √2m0eV Eq. 2.12  

The value of λ can be obtained substituting Equation 2.12 in Equation 2.10. For 

example, an electron accelerated to 100 keV has a wavelength (which more or less 

corresponds to the maximum theoretical resolution of a microscope) of about 0.004 nm, 

which is 100 times smaller than the diameter of an atom. Moreover, by increasing the 

accelerating voltage the wavelength of the electrons would decrease. However, it must be 

pointed out that Equations 2.10 - 2.12 do not take into account relativistic effects, that 

cannot be ignored for energies above 100 keV. In addition to this intrinsic limitation, 

considerable practical limitations involved in the microscope construction must be taken 

into account, such as aberration limits and non-homogeneity of the magnetic fields used 

as lenses. Nonetheless, atomic scale resolution is attainable using modern instruments. 

Using aberration correctors (usually referred to as Cs-TEM), it is possible to dramatically 

improve the spatial and spectral resolution of the electron microscope even when using 

lower accelerating voltages (Figure 2.6).91 This is particularly advantageous since a 

lower accelerating voltage generally leads to less sample damage from the electron beam. 
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Figure 2.6: Spatial resolution versus year for optical microscopes and electron 

microscopes. Currently, best point-to-point spatial resolution is 0.5 Å.91 

A typical Transmission Electron Microscope (TEM) consists of a vertical column 

in which the electron beam passes from an electron source at the top, through the 

specimen and down to the bottom of the column where the image is formed and revealed 

(Figure 2.7). The column is held under ultra-high vacuum (UHV) conditions by a system 

of high performance pumps in order to reduce the scattering of the electron beam by gas 

atoms. Electromagnetic coils that function as lenses are positioned around the column 

along its length and work in an analogous way the optical lenses do in a light microscope. 

Apertures of different diameters can be inserted into the electron beam at several positions 

along the column. This is done to select part of the beam and exclude the contribution of 

the rest. There are two common types of electron sources, which are characterized by the 

way in which the electron beam is generated (thermionic emission source or field 

emission gun). 

After electrons are produced, they are focused and accelerated by an electrostatic 

field and they enter into the TEM column. The strength of this field determines the kinetic 

energy of the electron beam (Eq. 2.11 and 2.12). In practice, an applied potential of at 

least 100 kV is advisable for HRTEM. 
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Figure 2.7: Schematic representation of the TEM column. Blue lines represent 

the electron beams. 

The condenser apertures and lens system select the electrons and focus them in a 

parallel beam, setting the beam diameter to a desired value. Then, the electron beam 

passes through the specimen, which is mounted on the specimen holder. The incident 

beam interact with the internal crystal structure of the sample and emerges as a set of 

diffracted and non-diffracted (transmitted) beams. These beams are again focused by the 

objective lens on the Back Focal Plane (BFP). In this plane, the diffraction pattern is 

formed.  

Considering the rules for diffraction (similarly to single crystal X-ray diffraction) 

each spot is related to one family of crystal planes at one particular orientation. The 

objective lens performs a Fourier Transform on the exit wave to form the diffraction 

pattern, that is processed via inverse Fourier Transform to construct an image closely 

related to the internal structure of the sample. Images and diffraction patterns are 

visualized on a fluorescent screen and may be digitally recorded using a camera 

positioned below the fluorescent screen.92 
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The diffraction pattern contains electrons from the whole area of the specimen 

illuminated by the beam and is not very useful because the specimen will often be buckled 

and because the direct beam is often so intense that it will damage the camera. Therefore, 

there are basic TEM operations that allow both to select a specific area of the specimen 

to contribute to the diffraction pattern and to reduce the intensity of the diffraction pattern 

reaching the screen. There are two ways to perform this operation: either the beam is 

made smaller, or an aperture is inserted above the specimen so that only electrons passing 

through it may hit the specimen. Usually the second way is applied: this operation is 

called Selected-Area Diffraction (SAD).  

After the diffraction pattern area is selected, it is possible to perform the two most 

basic imaging operations in the TEM. It is possible to form the image in the TEM by 

using the central spot or some of the scattered electrons. If the direct beam is selected, the 

resultant image is called bright field (BF) image, while if scattered electrons of any form 

are selected, the resultant image is called dark-field (DF) image. The BF detector is 

aligned to the transmitted beam in the TEM column while the DF detector is usually 

annular and surrounds the BF detector. An image obtained with the annular detector is 

called Annular Dark-Field (ADF) image. The DF detector will collect not just scattered 

electrons but also some Bragg electrons. To get an image formed only by scattered 

electrons another detector can be used, placed at very high angles, called High-Angle 

ADF (HAADF) detector. The images collected with this detector are sometimes called Z-

contrast images because the signal strength of the high-angle scattered electrons is 

proportional to approximately Z2 (in the limit of electron single scattering). This 

technique is particularly advantageous for detecting supported heavy-metal particles. The 

complete HAADF detector set-up for Z-contrast imaging in a scanning TEM (STEM) is 

depicted in Figure 2.8. 
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Figure 2.8: Schematic representation of the HAADF detector set-up for Z-contrast 

imaging in a STEM. The conventional range of electron scattering angles 

gathered by each detector is also reported. 

HRTEM is a very powerful technique for the characterization of crystallinity, 

defect structure, symmetry, morphology and facets of individual nanoparticles. However, 

it presents some limitations which must be remembered. Since it is a transmission 

technique, the samples must be electron transparent and, in addition, must be thin enough 

to minimize multiple diffraction of the electrons. Generally, the specimens must have a 

thickness below 100 nm, or in some cases below 50 nm. Moreover, the high energy 

electron beam may alter and damage the specimen by heating it or by reducing susceptible 

materials such as some oxides. Nonetheless, it must be taken into account that HRTEM 

images are 2-D representation of a 3-D set of objects viewed by transmission rather than 

reflection, and sometimes the third dimension cannot be neglected. Recent developments 

in electron tomography (ET) and quantitative STEM have further expanded the abilities 

of TEM by allowing 3-dimensional (3D) reconstructions of nanomaterials instead of only 

2-dimensional (2D) projections.93 

STEM operation mode is another way to perform the analysis of the specimen, 

consisting in scanning a focused convergent beam over the sample using a system of 
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additional lenses, usually incorporated in the instrument. This operation mode has the 

advantage that the sample does not have to be moved to get more than one image. 

Moreover, less noisy images than TEM DF can be obtained via the combination of the 

STEM mode with the ADF detector. The ability to quantify the size of individual 

nanostructures in the STEM is primarily determined by the size of the electron beam and 

the stability of the nanoclusters under the intense electron irradiation of the beam. The 

recent development of aberration correctors for STEM has largely improved the spatial 

resolution allowed by these instruments, taking the resolution to less than 0.1 nm. 

However, this advance does not automatically improve sensitivity/accuracy when the size 

measurement is limited by electron irradiation effects such as chemical changes and the 

movement of the nanoclusters on the support surface. 

Inelastic interactions of the beam electrons with the specimen, in which energy is 

transferred, also provide useful complimentary information and several analytical 

techniques have grown up around the TEM to exploit this. Energy transfer from an 

incoming high energy electron to one of the core electrons of an atom may result in 

ionization of the atom, forming a hole in the core. An electron in a higher energy level of 

the atom may then recombine with this hole, releasing its excess energy as an X-ray 

photon. The frequency of these photons is determined by the difference between the two 

electron energy levels and will therefore be characteristic of the nature of the atom from 

which it was emitted. In X-ray Energy Dispersive Spectroscopy (XEDS or EDX), these 

X-ray photons are collected and number of counts plotted against their energy to give a 

spectrum. This technique allows quantitative measurement of the elemental composition 

of the area of the sample illuminated by the beam and provides information which is not 

available from High resolution TEM (HRTEM) itself. For this reason, XEDS 

spectrometer is commonly fitted to the modern TEM.  

TEM measurements were performed on a TEM Philips EM208, using an 

acceleration voltage of 100 kV. Samples were prepared by drop casting the dispersed 

particles onto a TEM grid (200 mesh, copper, carbon only). HRTEM were acquired on a 

JEOL 2200FS microscope operating at 200 kV, equipped with an Energy Dispersive 

Spectrometer (EDS), in-column energy (Omega) filter, and High-Angle Annular Dark-

Field (HAADF) detector. 
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2.5 N2 PHYSISORPTION  

The activity of heterogeneous catalysts is strictly related to the morphology and 

the extension of their surface area. Indeed, gas reactions catalyzed by solid materials take 

place on those active sites of the catalyst that are in contact with the reactants phase, i.e. 

that are located on the catalyst interior or exterior surfaces accessible to the reactants. If 

the pores are wide enough to permit the diffusion of reactants and products to and from 

the active sites, the activity is directly proportional to the number of active sites. This 

principle is valid for all heterogeneous catalytic reactions, allowing to study the reactions 

under kinetic control.89 Otherwise, if pores are too narrow, the reaction is limited by the 

mass transport of reactants from the gas phase to the active site, and it is said to be under 

diffusional control. In this case the activity could be independent of the surface area or 

proportional to its square root, depending on the mode of diffusion. It is deduced that the 

catalytic activity of a solid material is not only influenced by its surface area, but also by 

its pore structure (texture and dimensions of the pores). For example, a particular pore 

structure may induce a shape selectivity to a reaction, limiting the diffusion of one 

particular reactant or product.89 

Even in the same material, pores can vary in shape and dimension in a wide range. 

Pores can be divided into three groups on the basis of their dimensions: 

 micropores are pores having diameters smaller than 2 nm; 

 mesopores have diameters in the range 2 – 50 nm and are typical of non-

crystalline materials; 

 macropores have diameters larger than 50 nm. 

The ability to measure the surface area of a catalyst and the dimension and 

distribution of its pores is therefore essential to any catalytic study. 

In the present work, N2 physisorption experiments were carried out on a 

Micromeritics ASAP 2020C. The samples were first degassed in vacuum at 120 °C for 

12 hours prior to N2 adsorption at liquid nitrogen temperature. 
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2.5.1 Estimating Surface Area 

Among the well-established methods that are used to determine the surface area 

of a porous solid, the most commonly employed is the volumetric method. This method 

is widely used for determining the surface area and pore size distribution of a variety of 

different solid materials, such as ceramic, industrial adsorbents and catalysts.94,95 The 

volumetric method consists in measuring the adsorption of an inert gas on the solid at a 

given constant temperature as a function of the partial pressure of the adsorbent. Notably, 

a fundamental requisite to apply this technique is that the interaction between the 

adsorbent molecules and the material surface has to be weak. Therefore, only a physical 

interaction must take place. This process allows to obtain a physisorption isotherm. On 

the basis of the isotherm shape, it is possible to determine the surface area and pore 

distribution of the sample, according to empirical equations and adsorption models.89 

Since physisorbed molecules are not restricted to specific sites but are free to 

completely cover the surface of the solid, the method allows to estimate the total surface 

area of the sample. Furthermore, since the interactions that lead to the adsorption are 

reversible and weak, the process does not modify the surface of the sample, so is not 

invasive. The process is also reversible, so both adsorption and desorption processes can 

be studied. Moreover, because many molecular layers of adsorbate can be formed, the 

pore volume may be measured if the amount of adsorbate needed to completely fill the 

pores can be extrapolated. According to the International Union of Pure and Applied 

Chemistry (IUPAC) recommendations,94 the majority of physisorption isotherms can be 

classified into six types, that are displayed in  summarized in Figure 2.9. 



41 

 

 

Figure 2.9: Physisorption isotherm types and hysteresis classification according to the 

IUPAC recommendations (Adapted from Sing et al.).94 

The standard physisorption isotherms can be described as follow: 

 Type I isotherms are given by microporous solids having relatively small external 

surfaces, such as activated carbons and zeolitic molecular sieves. 

 Type II isotherms are typical of non-porous or macroporous solids, on the surface of 

which unrestricted monolayer-multilayer adsorption takes place. 

 Type III isotherms are not common. They are convex to the relative pressure axis 

over their entire range and, as we shall discuss later, are not useful to extrapolate the 

surface area of the solid. The adsorbate species may be replaced by another one in 

order to get another type of isotherm. 

 Type IV isotherms are given by many industrial adsorbents. They present a hysteresis 

loop, which is associated with capillary condensation taking place in mesopores and 

can vary to a great extent depending on pores geometry. The hysteresis loop is also 

very important for determining the pore distribution of the material. According to the 

IUPAC recommendations, these are grouped in four types (H1-H4 in Figure 2.1), 

basing on their shape. H1 type is observed for compact agglomerates of spherical 

particles with rather uniform dimensions and disposition, while H4 type is observed 

for adsorbents made of agglomerates of bi-dimensional particles. H2 and H3 

hysteresis types are observed for intermediate situations. Hysteresis are often not 
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easily classified, as most of the materials show heterogeneous distributions in shapes 

and dimensions of pores. 

 Type V isotherms are uncommon and related to type III isotherms: the adsorbent-

adsorbate interaction is weak. 

 Type VI isotherms represent stepwise multilayer adsorption on a uniform non-porous 

surface. 

 

In order to estimate the total surface area of a material using the volumetric 

method, the completion of an adsorbed monolayer has to be detected from the isotherm 

shape by some means. This is possible only for isotherm types I, II and IV. For isotherm 

type I, the adsorption is usually described adequately by the Langmuir equation. 

 
𝑉

 𝑉𝑚
=

bp

1 + bp
 Eq. 2.13 

where p is the pressure of gas, b is a constant derived from kinetic principles that depends 

on temperature and adsorption heat, V is the volume of adsorbed gas and Vm is the volume 

of adsorbed gas forming a theoretical monolayer on the surface of the material. In order 

to determine the monolayer volume from empirical data, the Langmuir equation can be 

rearranged into: 

 
p

V
=

p

Vm
+

1

bVm
 Eq. 2.14  

Therefore, a plot of p/V vs p will give a straight line, the slope of which is 1/Vm, 

the inverse of the monolayer volume. 

For isotherm types II and IV instead, the Langmuir equation does not hold through 

because multilayer coverage takes place. The monolayer coverage may be extrapolated 

roughly by referring to the ordinate value of the inflection of the isotherms, known as the 

point B (Figure 2.9). The point B method may be used only if the beginning of the almost 

linear section of the isotherm is well defined, that is, if a sharp change of curvature is 

noted. Otherwise, a more sophisticated analysis of the isotherm is required and the surface 

area can be calculated by extrapolation of the monolayer volume applying the Brunauer-

Emmett-Teller (BET) theory. The BET model starts from the assumption that adsorption 

is a reversible process consisting in the formation of a series of layers, where the most 
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external one is formed by adsorbate molecule directly in equilibrium with the vapor 

phase. Based on these principles, the BET equation is derived: 

 
p

V(p0 − p)
=

1

VmC
+

C − 1

VmC
∙

p

p0
 Eq. 2.15 

where p is the gas pressure, p0 the saturated vapor pressure of the liquid at the operating 

temperature, V is the volume of adsorbed gas, Vm is the volume of monolayer coverage 

and C is the BET constant (that depends on temperature and interactions between 

adsorbent and adsorbed species). Plotting p/V(p0-p) vs p/ p0 usually gives a straight line 

in the range of 0.05 < p/p0 < 0.35, and from the slope and intercept the monolayer 

coverage volume is determined. 

Once the monolayer coverage volume Vm is known, the available surface area is 

calculated from the equation: 

 𝑆 =
Vm

Vmol
 NAam Eq. 2.16 

where Vmol is the molar volume of the adsorbate (at the same temperature and pressure of 

Vm), NA is the Avogadro's number and am is the cross-sectional area of an adsorbed 

molecule (am = 0.162 nm2 for N2 at the liquid nitrogen temperature). 

 

2.5.2 Estimating Pore Volume and Diameter 

Many methods have been developed to estimate pores distribution of solid 

materials. In this study, the gas adsorption method will be employed. This method is based 

on the physisorption process, just like the volumetric method used to assess the surface 

area of solid materials.89 In this case, however, one wants to observe just one particular 

phenomenon of the physisorption process, that is the capillary condensation of the gas 

used as adsorbate. The capillary condensation takes place in narrow pores at pressure less 

than the saturation pressure of the adsorbate. The capillary condensation in cylindrical 

pores is described by the Kelvin equation: 

 ln
p0

p
=

2Vγ cos α

rRT
 Eq. 2.17 
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which is obtained by equating the work spent in enlarging a spherical drop of liquid to 

that done in adding molecules to the interior of the drop. In this case, p0 is the vapor 

pressure at the operation temperature, p is the pressure of the gas, V is the molar volume 

of the gas, α is the contact angle of the liquid on the pore surface, γ is the surface tension 

of the liquid, r is the radius of the pore, R is the gas constant and T is the absolute 

temperature of operation.  Basing on this equation, a pore size distribution curve can be 

constructed, plotting the volume of adsorbed gas vs the diameter of the pores calculated 

for each p/p0. 

From this simple equation, it is also possible to understand that the formation of 

the hysteresis loop in the physisorption isotherm is related to particular shapes of the 

pores. In fact, in the case of cylindrical pores, the capillary condensation takes place at 

the same partial pressure during both the adsorption and desorption processes. The 

hysteresis loop is originated by the fact that, during desorption, evaporation of the gas 

takes place at a lower p/p0 with respect to the condensation during adsorption. Therefore, 

evaporation takes place on pores with a diameter smaller than that of pores where 

capillary condensation occurs. This situation can be rationalized only assuming the 

formation of neck-bottle pores, in which the apertures have diameters smaller than the 

cavities.89 

 The Kelvin equation is a powerful method for investigating the pore distribution 

of a sample, but is insufficient in order to interpret correctly the experimental results 

obtained via the gas adsorption method. A model of the porous structure of the material 

is needed. Many different pore models have been developed, some qualitative and some 

much more complicated based on mathematical simulations. One of the differences 

among them arises from the pores dimension range in which they can be applied. In the 

present work, particular attention is given to mesopores. The method commonly used to 

describe mesopores (and small macropores) distribution is that developed by Barret, 

Joyner and Halenda (BJH method).96 Analyzing the physisorption isotherm in the 0.40 < 

p/p0 < 0.98 range (region comprised between the formation of the monolayer and the 

saturation of the system, equivalent to a complete filling of pores), it is possible to obtain 

the mesopore volume and pore distribution. 
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2.5.3 Assessment of microporosity 

It is generally accepted that the mechanism of physisorption is modified in very 

fine pores (i.e. micropores) since the close proximity of the pore walls gives rise to an 

increase in the strength of the adsorbent-adsorbate interaction. As a result of the enhanced 

adsorption energy, the pores are filled with physisorbed molecules al low p/p0.  

The most common method employed to assess the contribution of micropores in 

the physisorption isotherm of a sample is t-plot analysis proposed by Lippens and De 

Boer.97 It is based on the plotting of the standard isotherm with t, the statistical thickness 

of the film of the physisorbed molecules calculated as: 

 t =  
n

nm
 σ Eq. 2.18 

where n are the mol of physisorbed molecules at a certain p/p0, nm are the mol of 

physisorbed molecules corresponding the formation of the statistical monolayer and σ is 

the thickness of a single molecular layer (0.354 nm for N2 at the liquid nitrogen 

temperature). From a practical point-of-view, the statistical thickness t (in nm) is 

calculated from p/p0 by the formula:  

 𝑡 =  0.1 ∗ (
13.99

0.034 − log(p p0⁄ )
)

1/2

 Eq. 2.19 

Following this approach, the physisorption isotherm is converted into the t-plot, 

as represented in Figure 2.10. 

 

Figure 2.10: Example of a N2 physisorption isotherm and its correspondent t-plot.  
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The t-plot is characterized by essentially two linear sections, with a stepwise 

increment between them due to capillary condensation within mesopores. The linear part 

at lower t values (usually between 0.5 and 1 nm) can be fitted as: 

                                   Vads = Vmicro + k ∗ Smeso ∗ 𝑡                           Eq. 2.20 

where Vads is the adsorbed volume, Vmicro is the volume adsorbed within the micropores, 

Smeso is the surface related to mesopores and k is a constant (=  1 4.3532 ⁄ nm where 

4.3532 is a coefficient for calculation of occupied area  in m2 g-1 from adsorbed amount 

cm3 g-1 STP for N2 adsorption at the liquid nitrogen temperature). 

The second linear section of the t-plot can be fitted in a similar way: 

                                  Vads = (Vmicro + Vmeso) + k ∗ Sexternal ∗ 𝑡                Eq. 2.21 

where Vmeso is the volume adsorbed within the mesopores and Sexternal is the surface 

outside the pores of the material. Obviously, the volume of mesopores (Vmeso) ic 

calculated as difference between the two intercepts. 

Finally, the real volume of micro- and mesopores are calculated converting the 

volume adsorbed at STP conditions into the correspondent liquid volume by the formula: 

                                                     Vreal = Vads · C                               Eq. 2.22 

where C (= 0.0015468) is the conversion factor between the volume adsorbed at STP 

conditions into the correspondent liquid volume. 

 

2.6 CHEMISORPTION  

Chemisorption is based on a specific interaction between a probe molecule and 

the metal surface that constitute the active phase of a catalyst.89 The probe molecule is 

able to chemically react with the metal, producing a single layer of chemisorbed 

molecules. The measure of the volume of gas consumed for the formation of the 

monolayer allows the calculation of the area of the active phase and consequently its 

dispersion. A typical chemisorption isotherm is shown in Figure 2.11. 
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Figure 2.11: Typical chemisorption isotherm. 

The number of surface metal atoms N(s)M and the active metal surface SM can be 

obtained from the following equations: 

 N(S)M = n
V

Vm
NA  Eq. 2.23 

 SM = N(S)MaM Eq. 2.24 

where V is the volume of adsorbed gas, Vm is the gas molar volume, NA is the Avogadro's 

number and n is the chemisorption reaction stoichiometry (the number of metallic atoms 

that are needed to bind a single molecule of adsorbate) and aM is the cross-sectional area 

of the metal atoms. 

The most common gases used for chemisorption studies are hydrogen and carbon 

monoxide. Notably, many other gases can be used as probe for chemisorption. The best 

choice of the gas depends on the nature of the metal and of the support included in the 

formulation of the catalyst under analysis. 

Generally, the chemisorption stoichiometry with hydrogen is assumed to be 2, 

because H2 can be activated by the metal surface and subsequently dissociated, each 

hydrogen atom forming a bond with one metal atom. On the other hand, the stoichiometry 

of adsorption CO on metals (such as Pd and Pt) is assumed to be 1. These assumptions 

are not always true: actually, for very small nanoparticles the stoichiometric coefficient 
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of CO may vary, because of the formation of geminal di-carbonylic species on edge and 

vertex atoms.98 Similarly, in the case of H2 the stoichiometric coefficient may vary for 

extremely dispersed particles (lower than 1nm), but also the formation of metals hydrides 

and spillover effects (especially in reducible oxides) can alter the measurement.99 These 

phenomena must be taken into account during planning of the measurements and 

evaluating the experimental results. 

In the case of non-dissociative adsorption (as is the case of CO) the Langmuir 

isotherm equation can be applied, assuming a constant chemisorption energy: 

 nads =
nads

m bp

1 + bp
 Eq. 2.25 

where nads is the quantity of gas adsorbed at pressure p, nm
ads is the quantity of gas 

needed for the formation of the monolayer and b is a constant. The saturation limit should 

correspond to a horizontal section of the isotherm in the high pressure region. However, 

as shown in Figure 2.11 this is not usual because, in most of the experiments, this region 

shows a straight positive trend due to the formation of subsequent layers due to the 

physical adsorption of the probe gas. The monolayer volume may be calculated by 

extrapolating the linear part of the isotherm to zero pressure, but a more elegant method 

exists. This is based on the subtraction of the physisorption contribute from the 

chemisorption isotherm: the total isotherm is measured, then the system is evacuated at 

the temperature of analysis for a short time, leading to desorption of the physisorbed gas, 

and finally another isotherm is measured. The difference between the two gives the 

irreversible adsorption, which is due solely to the contribution of chemisorbed species. 

The monolayer adsorption is then calculated extrapolating to zero the linear section of the 

subtracted isotherm.  

From the chemisorbed volume, it is possible to obtain the metal dispersion DM 

and the average metal particle diameter dM. To obtain these values, the geometry of the 

metal particles has to be assumed. Assuming a geometrical shape of the particles: 

 DM =
N(S)M

N(tot)M
 Eq. 2.26 
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 d̅M = 6
VM

aM

N(tot)M

N(S)M
= 6

VM

aM

1

DM
 Eq. 2.27 

where N(s)M is the number of surface metal atoms, N(tot)M is the total number of metal 

atoms, 6 is the geometrical factor for spherical particles and aM is the area of a metal atom. 

VM is the volume of a bulk metal atom. It can be calculated from the Equation 2.28: 

 VM =  
MW

ρNA
 Eq. 2.28 

where MW is the atomic weight of the metal and ρ is the density of the metal. 

In the present thesis, chemisorption experiments were performed on a 

Micromeritics ASAP 2020C. The samples (~ 150 mg), placed in a U-shaped quartz 

reactor, were subjected to preliminary thermo-chemical treatments in order to clean and 

reduce the sample and finally to fully eliminate the adsorbed hydrogen from the surface 

of the catalysts. Depending on the sample composition, different chemisorption 

conditions have been adopted. 

The Pd@CeO2-based materials employed as catalysts for Water Gas Shift 

Reaction (Chapter 3) have been prepared by cleaning in a flow of O2(5%)/Ar (40 mL/min) 

at 250°C for 30 minutes, followed by reduction under H2(5%)/Ar (40 mL/min) at 100°C 

for 1 hour and finally evacuated at 250 °C for 8 hours. CO chemisorption experiments 

were conducted at 35 °C. Whereas on some metal, such as nickel, the adsorbed CO 

molecule may thermally dissociate on the surface, only molecular adsorption is observed 

on Pd surface, being completely reversible.100 Moreover, CO chemisorption has been 

performed in the low pressure range (1 – 40 torr), to avoid the formation of carbonate 

species on CeO2 surface, that would alter the measurement results.101 The contribution 

from CO physisorption has been subtracted adopting the double isotherm method: after 

completing the first chemisorption isotherm, the sample has been rapidly degassed at the 

analysis temperature and a second isotherm has been recorded. The difference between 

the two isotherms is extrapolated to zero to obtain the amount of CO chemisorbed on Pd 

surface.  

The Pd@TiO2-based used as photocatalysts (Chapter 4) have been pre-reduced in 

a flow of H2(5%)/Ar (40 mL/min) at 100°C for 30 minutes and subsequently evacuated 

at 250 °C for 5 hours. H2 chemisorption experiments have been performed at low 
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temperature (solid/liquid acetone cooling bath, ~ 180 K) in the pressure range 1 – 400 

torr. To obtain the chemisorption contribution of the metal phase alone, it is necessary to 

halt the spill-over phenomenon, that results in the transfer of activated H atoms to a 

reducible support (such as CeO2 or TiO2). Lowering the temperature, the kinetic of 

hydrogen diffusion on the oxide surface is very slow, while the adsorption kinetic is 

almost the same (since the activation energy is almost zero).99 However, chemisorption 

at low temperature results in a much greater physisorption contribution. In this case, the 

chemisorbed hydrogen can be obtained via extrapolation at p = 0 of the linear part of the 

isotherm measured at 180 K, since the double isotherm method is difficult to be applied 

because of the difficulty in maintaining constant such low temperature for a long period. 

Another aspect to be considered is that the palladium is known for its ability in absorb 

hydrogen, leading to the formation of hydrides. The formation of PdHX species results in 

a second stepwise increase in H2 adsorption, as presented in Figure 2.12. 

 

Figure 2.12: Typical chemisorption isotherm. 

PdHX formation depends mainly from temperature and H2 pressure.102 As 

indicated in Figure 2.12, the contribution of H chemisorption on the surface of Pd 

nanoparticles can be determined by extrapolation at p = 0 of the linear part observed in 

the low pressure range, before the second step due to PdHX. The extrapolation at p = 0 of 
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the linear part of the isotherm at high pressure allows to determine the overall H2 

adsorption. Therefore, the amount of H2 stored in the material as hydrides, as well as the 

stoichiometry of the PdHX species, can be obtained from the difference between the two 

values. 

 

2.7 THERMOGRAVIMETRIC ANALYSIS (TGA) 

TGA is one of the most important analytical techniques used to determine 

important parameters in the samples investigated in this work, such as the amount of 

functional groups attached on functionalized CNTs surface and the effective content of 

CNTs within the hybrid nanocomposite materials employed as heterogeneous catalysts. 

The TGA analysis was particularly important in the determination of the maximum 

temperature at which the synthesized hybrid materials could be subjected during 

calcination in order to preserve the CNTs scaffold.  

TGA is based on the thermal stability of materials: the change of weight of the 

substance is monitored as a function of the increasing temperature, with sensitivity in the 

nanogram range. It can be performed in different environments, optimized according to 

the experiment needs: an inert atmosphere (nitrogen or argon) is chosen for measuring 

the content of organic moieties bound to CNTs, which start decomposing at about 350°C; 

an oxygen atmosphere is instead chosen to evaluate the temperature at which CNTs are 

removed from the composite and the actual CNTs content. The system sensitivity is given 

by the precision of the weight balance and of the power supply which provides the 

temperature ramp of the furnace.  

TGA experiments were performed using a TGA Q500 (TA Instruments), with the 

following procedure: isotherm at 100 °C for 20 minutes (to remove residual solvent), 

ramp from 100 to 830 °C at 10 °C min-1, under air with a flow rate on the sample of 90 

mL min-1.  
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Chapter 3 

 

CeO2-BASED CATALYSTS FOR WATER-GAS 

SHIFT REACTION 

 

The water-gas shift reaction (CO + H2O ⇌ CO2 + H2)17 is an industrially crucial 

reaction, used to reduce the levels of CO in the syngas obtained through steam 

reforming processes.103 The reaction is particularly appealing as it removes CO while 

concomitantly producing additional H2. The reaction is equilibrium-controlled and 

moderately exothermic, requiring a catalyst to achieve sufficient rates at low working 

temperatures, where the equilibrium concentration of CO is lower. While high-

temperature WGSR (HTS) are favoured by the hot gases generated by the reformer 

which are exploited by the catalysts, a low-temperature process (LTS) is preferable 

from a thermodynamic point of view.60  

 

3.1 WGSR MECHANISM AND DEACTIVATION 

 

3.1.1 Reaction mechanism for CeO2-based catalysts: 

Since neither the metal nor the support alone can achieve the activities of the 

supported catalyst, a synergistic effect should exist between them. There are two main 

hypothesis regarding the mechanism of the WGSR over CeO2-based catalyst: a 

mechanism based on the formate intermediate and a redox process.  

The former (Figure 3.1) was proposed by Shido and Iwasawa104 that examined 

CeO2-supported Rh catalysts by temperature-programmed desorption. They 

concluded that the intermediate for the reaction is a bidentate formate, produced by 

the reaction of CO with terminal hydroxyl groups on the CeO2 surface. The rate 

determining step is the decomposition of the bidentate formate to H2 and monodentate 

carbonate. On the other hand, a similar mechanism, based on formate intermediate, 

was proposed by Jacobs et al.105 that studied Pt/CeO2 catalysts. They concluded that 
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the rate determining step is the reduction of the CeO2 surface for producing the active 

geminal OH groups. 

 

Figure 3.1: Mechanism for the WGSR on metal Rh/CeO2 catalyst based on the formate 

intermediate (proposed by Shido et al.).104 

A different mechanism involving a redox process has been proposed by several 

groups (Figure 3.2).66,106 This mechanism consists on the adsorption of CO on metal 

sites and its subsequent oxidation by oxygen deriving from CeO2, which in turn is re-

oxidized by H2O. 
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Figure 3.2: Proposed redox mechanism for the WGSR on metal NPs/CeO 2 

catalyst. 

The redox mechanism has been corroborated by TPR studies107 demonstrating 

that CO adsorbed on metals can react with oxygen deriving from CeO2 and by pulse-

reactor studies108 demonstrating that reduced CeO2 can be reoxidized by CO2 and 

H2O. Moreover, formates are thermally unstable and therefore WGSR rates should 

present a maximum at low temperatures. On the contrary, a steady increase in the 

WGSR rates can be obtained by increasing the temperature. Finally, recent diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) studies109 jointly with 

isotopic analysis studies110 showed the minor importance of the surface formates in 

the reaction mechanism as their decomposition rates accounts for at most only 10% 

of the CO2 formed.  

 

3.1.2 Deactivation mechanism: 

Significant research efforts have been dedicated to understand the deactivation 

processes affecting Cu-based industrial catalysts. On the contrary, less information is 

available for the more innovative CeO2-supported noble metals.  
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Gorte and co-workers62,68 associated the deactivation of Pd/CeO2 catalyst to the 

decrease of metal dispersion since the they found that the conversion rate increases 

linearly with increasing the metal surface area. After accelerated aging conditions to 

investigate which component of the WGS mixture (CO, CO2, H2 or H2O) affected the 

activity, they found the absence of modifications in the CeO2, while a dramatic decrease 

in Pd surface area (measured by CO chemisorption) was observed. 

Zalc at al.64 proposed that the deactivation of Pt supported catalysts was due to an  

irreversible over-reduction of ceria under WGSR conditions interrupting role that it has 

as co-catalyst of the noble metal. 

Many studies111,99,112,113 associate the deactivation of metal/ceria catalyst to the 

adsorption suppression induced by electron-transfer effects, such as were originally used 

to explain strong metal support interaction (SMSI) effects with titania-supported 

catalysts.114 SMSI associated with titania is now generally acknowledged to be due to 

migration of reduced titania over the metal particles.115 HR-TEM experiments performed 

on  metal/ceria materials111,99,112,113 were unable to detect decoration or migration effects 

on ceria that was reduced at moderate temperatures even if this treatment was able to 

suppress CO or H2 chemisorption, suggesting that adsorption suppression was associated 

with an electron-transfer effect. However, the presence of a very thin reduced layer of 

reduced ceria decorating metal nanoparticles cannot be fully excluded by HRTEM. 

Indeed, Pan and co-workers recently described HRTEM evidence for partial 

encapsulation of Pd particles by reduced ceria-zirconia.116 

A particularly efficient catalyst was reported by Fornasiero et al,117 featuring the 

Pd and the CeO2 in a core-shell configuration, where the agglomeration of Pd 

nanoparticles is prevented by blocking them within the metal oxide shell. For this type of 

catalytic system, they  proposed a mechanism of deactivation involving the reduction of 

CeO2 that cause the occlusion of its mesoporous network making the Pd active phase 

inaccessible (Figure 3.3).  
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Figure 3.3: Schematic representation of changes in shell morphology for 

oxidized and reduced Pd@CeO2 catalyst. 

 

3.2 CATALYST DESIGN 

Recently, our research group has designed a successful strategy to prepare 

hybrid nano-catalysts by covering MWCNTs with an inorganic matrix consisting of 

metal oxides embedding noble metal nanoparticles.118 This expedient avoid the 

sinterization of the metal NPs at high temperatures. In particular, a ternary hybrid 

comprising MWCNTs, CeO2 and Pd NPs has proved to be a promising catalyst for the 

WGSR. In the current thesis, the catalytic system has been revisited, in order to further 

enhance the activity of the carbon/metal oxide hierarchical nanohybrid catalysts 

(CNTs/Pd@CeO2). This objective was pursued by means of a three-way strategy:  i) 

preserving the electronic properties of the MWCNTs; ii) obtaining high homogeneous 

nanohybrids by optimizing the coverage of the MWCNTs; iii) increasing the inherent 

activity of the metal oxide/noble metal by performing an opportune crystallization of 

the inorganic matrix. 

In the envisioned synthetic strategy, the nanocarbon building block must act as a 

scaffold for the layering of the inorganic matrix. Hence, in order to drive covering and 

secure a firm attachment of Pd@CeO2 units, the MWCNTs must be adequately equipped 

with anchoring groups that can bind to the metal centers. We selected benzoic acid as the 

functional group to be covalently bound to the MWCNTs sidewalls in order to have a 

functional derivatization. The carboxylic groups on the benzoic acid could then link the 

metal centers through ligand displacement of the alkoxide ligands.  The functionalized 
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MWCNTs (f-MWCNTs) and was obtained via radical addition of the in situ formed 

diazonium salt of the benzoic acid, adapting a procedure developed by Tour and co-

workers.119,120,121,122 In comparison, the oxidation treatments usually applied on carbon 

nanomaterials insert additional oxygenated groups, such as epoxides and ketones, that are 

unusable to anchor metal centers and only cause extra damage to the polyaromatic 

framework. Hence, the so-called Tour functionalization better preserves the electronic 

properties of the carbon scaffold and provides at the same time a more homogeneous 

coverage due to the lack of redundant functional groups. This is expected to drive a more 

homogeneous coverage with the metal component and result in enhancement of the 

catalytic performance of the final nanohybrid. 

The third point of the improved synthetic protocol concerns crystallization of 

the metal oxide phase, which is achieved by means of an appropriate thermal 

treatment. A common step in metal oxide-based heterogeneous catalysts is a  high 

temperature annealing to induce crystallization or to burn the organic ligands used 

during the preparative procedure. For carbon-based nanostructured catalysts, there is 

an intrinsic limitation regarding the calcination temperature, as the combustion of the 

carbon component must be avoided. In the realization of the present catalysts, the 

careful examination of the thermogravimetric analysis of the as-prepared materials 

was crucial to establish the maximum temperature tolerated by the MWCNTs. On the 

other hand the organic ligands, protecting the precursors of the inorganic matrix, are 

removed at significant lower temperatures. Hence, it is possible to thermally treat 

fresh CNTs/Pd@CeO2 achieving the crystallization of the ligands-free inorganic matrix 

and at the same time preserving the nanotubes’ structure. 

 

3.3 CATALYST PREPARATION 

The CeO2-based materials employed as catalysts for the WGSR were assembled 

starting from three building blocks: i) benzoic acid-functionalized MWCNTs (f-

MWCNTs); ii) palladium nanoparticles protected by mercapto-undecanoic acid (Pd-

MUA); iii) cerium (IV) decyloxide (Ce(ODe)4). The building blocks of the 

organic/inorganic nanohybrid catalysts were prepared separately and then assembled to 

obtain the final material. The overall process can be summarized in three steps. The first 

step consists in the covalent functionalization of MWCNTs (Figure 3.4 A). Subsequently 
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a monolayer of Ce(ODe)4 is self-assembled around preformed Pd-MUA in a core-shell 

configuration (Figure 3.4 B).123 The assembly of the organic/inorganic nanohybrid is 

obtained (Figure 3.4 C) by mixing f-MWCNTs and Pd-MUA@Ce(ODe)4 under 

sonication regime: a ligand exchange occurs between the alkoxide and the benzoic acid 

groups providing initial layering of the inorganic matrix to the f-MWCNTs sidewalls. A 

slow hydrolysis is a crucial step to obtain the growth of the oxide layers around the 

nanocarbon scaffold, that acts as monodimensional templating agent. This results in the 

coating of the f-MWCNTs by a gel precursor of the inorganic matrix. The as-prepared 

fresh materials are finally calcined under air.  

 

Figure 3.4: General synthetic scheme of hierarchical CNTs/Pd@CeO 2. A) 

Covalent functionalization of the MWCNTs with benzoic acid; B) 

Self-assembly of the Pd@CeO2 precursor; C) hydrolysis to obtain 

the final hybrid, fresh and calcined.  

The composition of the hybrid materials was varied by changing the relatives 

amounts of f-MWCNT and Ce(ODe)4, while the nominal amount of Pd remains fixed at 

1.5% wt. Materials with three different nominal compositions have been prepared and 

labelled as follows: 10-CNTs/Pd@CeO2, 20-CNTs/Pd@CeO2 and 30-
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CNTs/Pd@CeO2, respectively with 10, 20 and 30 nominal % wt of MWCNTs. An 

appropriate suffix indicates the thermal treatment (at 250 °C) undergone by the material 

(e.g. 20-CNTs/Pd@CeO2-250). 

 

3.3.1 Covalent functionalization of MWCNTs with p-benzoic acid (f-MWCNTs) 

Pristine multi-walled carbon nanotubes with 20-30 nm diameter and 0.5-2 µm 

length were supplied by Nanoamor. In a typical synthesis, 150 mg of Pristine MWCNTs 

were dispersed in 150 mL of H2O by sonication in an ultrasonic bath for 20 minutes. Then 

514 mg of p-amino-benzoic acid (0.3 equivalents relative to the carbon moles of the 

nanotube) were added and the mixture further sonicated for 10 minutes. The system was 

then transfer in an oil bath and kept under magnetic stirring while 2.25 mL of isopentyl 

nitrite were added. The reaction mixture was heated at 80 °C for 6 hours under stirring. 

After this time, the mixture was cooled to room temperature, filtered through 0.1 µm 

PTFE Millipore membrane and washed successively with DMF, MeOH, H2O, EtOH and 

Et2O (each washing was carried out with 5 min of sonication of the solid in the specific 

solvent). Finally, the solid was dried overnight at 80 °C. 

 

3.3.2 Synthesis and functionalization of palladium nanoparticles with mecapto-

undecanoic acid (Pd-MUA) 

Pd-MUA were prepared adapting a procedure previously reported.124 The Pd 

precursor is reduced in the presence of 11-mercaptoundecanoic acid (MUA), which binds 

to the growing metal nanoparticle (nominally 2 nm) forming a three dimensional SAM. 

In a typical synthesis, 23.40 mg of K2PdCl4 were dissolved in 2.4 mL of Milli-Q water 

and kept under magnetically stirring. Then, 12 mL of acetone, 0.248 mL of H3PO4 and 

7.70 mg of mercapto-undecanoic acid (MUA) were added sequentially and the mixture 

stirred for 5 minutes. Afterward, a freshly prepared aqueous solution (1 mL) of NaBH4 

(30 mg/mL,) is rapidly added in one portion, causing the solution to turn immediately 

black, and the mixture stirred for 20 minutes. After that, the acetone was evaporated at 

20 °C and 110 mbar and the remaining mother liquor eliminated by centrifugation. The 

particles were washed three times with H2O by sonication and centrifugation after each 

washing cycle. Finally the Pd-MUA were recovered by dissolution in THF, obtaining a 

final concentration of 0.3 mg Pd/mL. 
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3.3.3 Synthesis of cerium (IV) tetrakis(decyloxide) (Ce(ODe)4) 

Ce(ODe)4 were prepared adapting a procedure previous reported.123 In a typical 

synthesis cerium ammonium nitrate (CAN) (5.00 g, 9.12 mmol) was dissolved in 50 mL 

of MeOH, after which 1-decanol (6.97 mL, 4 eq vs Ce) was added. Next, a 25 wt % 

solution of NaMeO in MeOH (12.51 mL, 6 eq vs Ce) was introduced dropwise, causing 

formation of gaseous NH3 and precipitation of a bright yellow solid (cerium(IV) 

methoxide) and a white solid (NaNO3). The mixture was stirred for 1 h, before removing 

the solvent by evaporation to yield an orange-colored oil with NaNO3 powder mixed in. 

The oil was dissolved into 25 mL aliquots of dichloromethane, and the solvent was 

evaporated again. This procedure was repeated twice. Finally, the compound was 

dissolved in DCM, the NaNO3 was filtered out, and the solvent was removed by 

evaporation. The orange-oil product (7.00 g, 99%) was dissolved in THF, resulting in a 

final concentration of 43.6 mg CeO2/mL. 

 

3.3.4 Hybrid assembly (CNTs/Pd@CeO2) 

100 mg of 10-CNTs/Pd@CeO2-250, 20-CNTs/Pd@CeO2-250 or 30-

CNTs/Pd@CeO2-250 were prepared employing respectively 10, 20 and 30 mg of f-

MWCNTs dispersed in absolute ethanol (EtOH mL/ f-MWCNTs mg ratio equal to 2) by 

sonication in an ultrasonic bath for 30 minutes. Meanwhile, a fresh Pd-MUA solution in 

THF (0.3 mg Pd/mL) containing 1.5 mg of Pd was slowly added under magnetically 

stirring respectively to 2.03, 1.80 and 1.57 mL of THF solution of Ce(ODe)4 (43.6 mg 

CeO2/mL). Then, the fresh Pd-MUA@Ce(ODe)4 solution was slowly added under 

sonication to the f-MWCNTs dispersion and the mixture further sonicated for 30 minutes. 

Finally a 10% solution H2O in EtOH (Ce(ODe)4/H2O molar ratio equal to 1/120) was 

slowly dropped under sonication into the mixture that was then further sonicated for 30 

minutes. The obtained materials were collected by filtration through a 0.45 µm PTFE 

Millipore membrane, washed with ethanol twice (5 min of sonication of the solid in the 

solvent) and subsequently dried overnight at 80 °C. The fresh materials were finally 

subjected to calcination at 250 °C for 5 hours (+3 °C/min; -4.5 °C/min). 

A portion of the 30-CNTs/Pd@CeO2 material was subjected to calcination at 350 

°C for 5 h (+3 °C/min; -4.5 °C/min) with the purpose of fully remove the carbonaceous 

scaffold (see paragraph 3.4.1) and labelled 30-CNTs/Pd@CeO2-350.  
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3.4 RESULTS AND DISCUSSION 

The materials presented in this chapter were characterized through a combination 

of several techniques to corroborate the correct assembly of the organic/inorganic 

nanohybrid. Composition, morphology, structure and textural properties were analyzed 

before catalytic tests 

 

3.4.1 Thermogravimetric analysis 

The prepared materials was firstly analyzed by thermogravimetric analysis (TGA) 

under air flow (Figure 3.5) to determine the more adequate calcination temperature. 

Hence, a weight loss of about 4.5% in the range 350-450 °C is observed for the 

functionalized CNTs, attributed to the combustion of benzoic acid groups introduced on 

the sidewall of the nanotubes, and that is not present in the pristine CNTs. On the other 

hand, TGA of the fresh carbon/inorganic hybrids present two weight losses, the first at 

150 - 200 °C and the second at 300 - 400 °C. The former can be related to the 

combustion/removal of organic ligands residues of the sol-gel synthesis (i.e. MUA and 

decanol) and H2O trapped in CeO2. The weight loss at higher temperature is related to the 

full removal of the carbonaceous scaffold. It is noteworthy that the presence of a strong 

oxidizing agent (CeO2) significantly decreases the combustion temperature of the 

MWCNTs at 300 - 450 °C, indicating an intimate contact between the nanocarbon 

structures and the inorganic matrix. Indeed the Pristine-MWCNTs starts to burn at 500 

°C, according to the litterature.125 
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Figure 3.5: Thermogravimetric analysis of the samples after drying (a) and of 

the samples after calcination at 250 °C in air (b). The red vertical 

line indicates the calcination temperature (250 °C) of the fresh 

materials. 

On the basis of these evidences, the calcination temperature of the fresh 

nanohybrids was set at 250 °C to preserve the carbon skeleton and removing, at the same 

time, the residual ligands. The composition of the final calcined hybrids can therefore be 

determined by the loss in weight at 300 - 400 °C, that matches with the complete removal 

of the MWCNTs. The actual MWCNTs % wt for 10-CNTs/Pd@CeO2-250, 20-

CNTs/Pd@CeO2-250 or 30-CNTs/Pd@CeO2-250 are 6.0%, 11.7% and 21.0% 

respectively.  

In contrast, by increasing the calcination temperature to 350 °C, no significant 

weight loss is observed at the TGA profiles, indicating that at this temperature the 

MWCNTs have been completely burned off. Such material, 30-CNTs/Pd@CeO2-350, 

was used as a term of comparison to evaluate the electronic role of the  MWCNTs in the 

WGSR (see paragraph 3.4.6). 
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3.4.2 Structural analysis 

Raman spectra were collected at each stage of the synthesis to analyze the 

structure of the prepared nanohybrids and to investigate the properties of the different 

phases. Figure 3.6 displays the spectra at each step of the synthesis of 20-

CNTs/Pd@CeO2-250 as representative example. All the samples analyzed show the 

characteristic bands of the CNTs: the disorder-induced D band (~ 1300 cm-1) with its first 

(~ 1600 cm-1, D′ band) and second-order related harmonics (~ 2300 cm-1, 2D band) and 

the graphitic G band (~ 1590 cm-1), due to the in-plane vibrational mode of the sp2 

framework.126,127  

 

Figure 3.6: Raman spectra of Pristine-MWCNTs, f-MWCNTs, 20-

CNTs/Pd@CeO2 and 20-CNTs/Pd@CeO2-250. In the inset, the 

expansion of the Raman bands showing three characteristic peaks 

of the CeO2. 

To corroborate the TGA data, an evidence of the functionalization can be found 

in the fine comparison of the Pristine-MWCNTs and the f-MWCNTs: the ratio between 

the D band and the G band (ID/IG) slightly increases, from 1.25 to 1.27. As the intensity 

ratio of these two bands has been used as a semi-quantitative parameter to assess the 

degree of introduced defects, in the present case it indirectly indicates that a higher 
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disruption of the π-extended frameworks caused by the covalent functionalization has 

occurred.128,129 Furthermore, the ID/IG ratio in the hybrids appear diminished at 1.12 in the 

fresh material and dramatically increased at 1.34 after the thermal treatment. The 

apparently heal of the π framework of the MWCNTs can be explained as a perturbation 

of the signal of the G band given by metal oxide layers, resulting in a decrease of the ID/IG 

ratio.130 On the other hand the calcination introduce extra damage into the carbonaceous 

skeleton, resulting  in an increase of the ratio. 

After the coverage with the inorganic matrix, both the fresh and the calcined 

samples present a band at 455 cm-1 related to CeO2. In the case of the calcined sample the 

breadth and the asymmetry of the band result more pronounced, indicating a higher 

degree of crystallization and suggesting a small size of the nanostructure CeO2 particles. 

In agreement with the literature,131 the nanoscale nature of the particles is corroborated 

by the band shift at lower energy than that found in a typical CeO2 crystallite (464 cm-1). 

A magnification in the 200-800 cm-1 range evidences other two broad and barely visible 

characteristic bands of the CeO2 structure: the non-degenerative LO mode (595 cm-1) and 

the doubly degenerate TO mode (272 cm-1),132 which results shifted to lower energy (265 

cm-1).  

Powder XRD patterns of the calcined samples presented in Figure 3.7 show the 

reflections related to the cubic structure of CeO2 that clearly appear nanostructured 

because of the broadening of the reflections. The nanoscale behavior of the structure is 

confirmed by the mean crystallite size of CeO2, calculated by applying the Scherrer’s 

equation (Eq. 2.7) to the main reflection (111). The calculation results in an average 

crystallite size of 4.1, 4.0 and 3.8 nm for the 10-CNTs/Pd@CeO2-250, 20-

CNTs/Pd@CeO2-250 and 30-CNTs/Pd@CeO2-250 samples respectively. Notably, no 

reflection can be related to Pd nanoparticles, reasonably because of the low loading and 

the small average size of the nanoparticles, as observed  by HR-TEM (see paragraph 

3.4.3). Moreover a shoulder, with maximum at 26 °, can be related to the graphitic main 

reflection (26.6 °)133 of the MWCNTs; the shoulder is more evident in the sample 

containing the higher amount of MWCNTs. 
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Figure 3.7: Powder XRD patterns of the samples calcined in air at 250 °C.  

 

3.4.3 Morphological analysis 

Transmission electron micrographs (TEM analysis) confirm the successful 

hierarchical assembly of the hybrid and the intimate contact between the components. A 

CeO2 layer  homogeneously wraps the MWCNTs in samples 10-CNTs/Pd@CeO2-250 

and 20-CNTs/Pd@CeO2-250 while only partial coverage was observed in sample 30-

CNTs/Pd@CeO2-250. A statistical investigation (50 structure per sample) reveals that 

there is no significantly difference among the three samples in terms of CeO2 layer 

average thickness, which results equal to 6 nm (Figure 3.8). Therefore it is reasonable to 

hypothesize that the MWCNTs functionalized surface is saturated by a certain amount of 

Pd@CeO2 and a further grow is hindered. The extra inorganic matrix can be observed in 

the TEM images as free standing material, particularly for 10-CNTs/Pd@CeO2-250, 

which has the lower carbon/inorganic ratio. It is important to note that in the case of the 

30-CNTs/Pd@CeO2-250 material, no free standing inorganic matrix was observed 

because the large excess of carbonaceous component, which is not saturated by the 

amount of used inorganic matrix. It is clear that an optimum carbon/inorganic ratio exists, 

given no free-standing elements.  
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Figure 3.8: Representative HAADF-STEM of the 20-CNTs/Pd@CeO2-250 

sample showing the MWCNT and the CeO 2 layer thickness.  

HR-TEM micrographs and Fast Fourier Transform (FFT) of a selected area 

(SAED) analysis reveal an amorphous CeO2 layer covering the MWCNTs in the fresh 

materials while the calcined materials are visibly nanocrystalline (Figure 3.9). A careful 

analysis of the images indicate a mean crystallite size of 4 nm, in agreement with the 

XRD results.     

 

Figure 3.9: Representative HR-TEM (left) and FFT  pattern (right) of  the 10-

CNTs/Pd@CeO2-250 sample showing the crystalline CeO2 shell 

around the MWCNT. 

Elemental mapping by energy filtered transmission electron microscopy 

(EFTEM) further confirms that most of the inorganic matrix is located around the 

carbonaceous scaffold (Figure 3.10). Moreover, it can be appreciated how the MWCNTs 
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poor sample (10-CNTs/Pd@CeO2-250) bears a significant amount of free-standing 

CeO2, which becomes less present as the MWCNTs content increases (20-

CNTs/Pd@CeO2-250) and totally disappears in the  30-CNTs/Pd@CeO2-250 material. 

Evidently the optimum carbon/inorganic ratio to guarantee homogeneous coating and 

avoid formation of stand-standing Pd@CeO2 is close to 20 % wt of MWCNTs. Notably, 

the Pd nanoparticles incorporated inside the CeO2 layer have been not detected in any 

TEM micrograph. The causes of this absence can be ascribed to three factors: i) the small 

size of the NPs (averagely 2 nm);124 ii) the low loading (nominally 1.5 % wt); iii) the 

efficient shielding by the high electron density of the CeO2 layer, as a consequence of the 

core-shell configuration. 

 

Figure 3.10: Representative HR-TEM, HAADF-STEM and EFTEM maps of 

the catalysts (from top to bottom 10-CNTs/Pd@CeO2-250, 20-

CNTs/Pd@CeO2-250 and 30-CNTs/Pd@CeO2-250). Note that 

in the EFTEM images, also the carbon grid is visible and should 

not be confused with the MWCNTs.  
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3.4.4 Textural analysis 

N2 physisorption at liquid nitrogen temperature has been used to explore the 

textural properties (Figure 3.11 and Table 3.1) of the hybrids at each step of the 

synthesis. According to the IUPAC recommendations,94 all the samples exhibit Type IV 

isotherm typical of mesoporous materials.  

 

Figure 3.11: N2 physisorption isotherms (top) and BJH pore size distribution 

(bottom) of the materials.  
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The Pristine MWCNTs have a high surface and cumulative pore volume while 

the pore size distribution shows a bimodal distribution. The two relative maxima at 22 

and 3 nm are due respectively by interstitial spaces in bundles of MWCNTs (observed by 

TEM) and surface cavities caused by defective sites.134 The covalent functionalization of 

the sidewalls of the MWCNTs slightly decreases the surface area and increases the pore 

volume and the maximum of the pore size distribution, as a consequence of the 

unbundling process caused by covalent functionalization.135 The resulting material is less 

aggregated and presents larger interstitial spaces. On the other hand the contribution of 

mesopores smaller than 5 nm is strongly reduced, possibly by the occlusion of surface 

cavities due to reaction and oligomerization of Ph-COOH groups on the defects of the 

Pristine MWCNTs.122  

Table 3.1: Summary of the textural properties and the result of the 

chemisorption measurements of the investigated materials.  
 

Sample Pristine-MWCNTs f -MWCNTs 
10%-

CNTs 

20%-

CNTs 

30%-

CNTs 

SSA1 (m2/g) 142 117 64 118 186 

CPV2 

(mL/g) 
0.634 0.741 0.306 0.382 0.305 

MV3 (mL/g) 0 0.002 0.014 0.032 0.043 

ESA4 (m2/g) 143 115 41 65 117 

Dmax
5 (nm) 3.4 / 22 37 3.9 / 59 3.8 / 87 3.9 / 24 

MSA6 (m2/g) - - 0.527 0.616 0.794 

1Specific Surface Area calculated from the BET analysis of the isotherms;  

2Cumulative Pore Volume calculated from the BJH analysis of the desorption 

branch of the isotherms; 

3Micropore volume calculated from the t -plot analysis of the isotherms;  

4External Surface Area calculated from the t -plot analysis of the isotherms;  

5Relative maxima of the pore size distributions obtained by the BJH analysis 

of the desorption branch of the isotherms;  

6Metal Surface Area determined by CO chemisorption.  
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The textural properties of the materials significantly change after the hybridization 

of the carbonaceous skeleton with the inorganic matrix and the subsequent calcination at 

250 °C. The hybridized materials present an appreciable contribution of micropores that 

is clearly related with the inorganic Pd@CeO2 matrix calcined at low temperature. By 

increasing the carbon/inorganic ratio, the surface area and the micropore volume increase. 

This trend could be due to the sintering ability of the free-standing Pd@CeO2 fraction, 

that is higher in the carbon poorest sample. Regarding the cumulative pore volume trend, 

it well fits with the pore size distribution of the samples and is maximum for 20-

CNTs/Pd@CeO2-250. The three calcined materials present a bimodal pore size 

distribution, with the first relative maximum around 4 nm and the second in the range 25 

– 90 nm. The first contribution and the rest of the micropores should be related with the 

Pd@CeO2, that is better organized as the MWCNTs content increases while the larger 

mesopores are due to the bundling of the hybridized MWCNTs. The 20-

CNTs/Pd@CeO2-250 material, presenting the optimal coverage, has the higher 

cumulative pore volume as result of larger interstitial spaces between the covered tubes. 

On the other hand, the uncovered portion of MWCNTs in the 30-CNTs/Pd@CeO2-250 

increases the bundling and results in smaller interstitial spaces and a lower cumulative 

pore volume. 

 

3.4.5 Chemisorption measurements 

The accessibility of the Pd nanoparticles surface in the calcined hybrids has been 

evaluated by CO chemisorption measurements and the result are summarized in Table 

3.1. The exposed surface areas obtained are rather low and significantly lower than those 

reported in previous works for Pd@CeO2 supported in silanized Al2O3.
136,137 This 

behavior is reasonably related with the higher CeO2/Pd ratio employed in the present 

work, necessary to completely cover the MWCNTs. For the presented materials the metal 

surface area increase as the carbon/inorganic ratio increases, as result of a lower 

contribution of mesopores in the CeO2 layer. 
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3.4.6 Catalytic results 

The activity of the calcined hybrids for the WGSR has been evaluated in terms of 

rates of CO conversion normalized by Pd moles (considering the nominal amount of Pd, 

i.e. 1.5% wt) at different temperatures, increased step-wise from 200 to 350 °C (Figure 

3.12). In order to assess the stability of the materials, each temperature was maintained 

for 6 h (for more details, see the paragraph 2.1.1). In all cases, the CO conversion agrees 

with the H2 and CO2 yields.  

 

Figure 3.12: Rate of CO conversion at different temperatures for the catalyst 

calcined at 250 °C (total gas flow rate = 48.5 mL min -1; GHSV = 

75000 mL g -1 h -1; WGSR reaction mixture: 3.0 vol. % CO and 

3.0 vol. % H2O diluted in Ar).  

Notably, the activities of the presented materials are considerably higher than 

those previously reported for hybrid materials not subjected to thermal treatments.118 

Reasonably, this must be related to the crystallization of the metal oxide shell and the 

removal of organic ligands employed during the sol-gel synthesis, resulting in the 

formation of micro/mesopores and an increased accessibility of the metallic active phase 

(i.e. Pd NPs). The best catalytic performance, evaluated as a combination of CO 

conversion rates and stability of the catalyst under catalytic conditions, was found with 
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sample 20-CNTs/Pd@CeO2-250. The CO conversion for this sample is around 70% at 

300°C. In comparison, both 10-CNTs/Pd@CeO2-250 and 30-CNTs/Pd@CeO2-250 

samples present a lower but still decent activity. The turn-over frequency (TOF) values 

were calculated at 300 °C considering the exposed Pd surface area (calculated from CO 

chemisorption) and correspond to 1519, 2896 and 1300 min-1 for 10-CNTs/Pd@CeO2-

250, 20-CNTs/Pd@CeO2-250 and 30-CNTs/Pd@CeO2-250 samples, respectively. 

These results are in agreement with the textural data and with the hypothesis that the 

optimum carbon/inorganic ratio corresponds to 20% wt of carbon component. Indeed, 

smaller amounts (10% wt) are not enough to support all the Pd@CeO2, which in part 

forms free-standing aggregates. In such free-standing inorganic matrix,  the accessibility 

of the Pd is limited because of an increased sintering of the microspores, as reflected by 

the chemisorption measurements of the Pd surface area and by N2 physisorption pore 

distribution analysis. On the other hand, higher amounts of carbon component (30% wt) 

produce structures with MWCNTs not completely covered, resulting in a lower CO 

conversion.  

Regarding the stability of the materials, all the catalysts exhibit in general good 

stability for at least 6 hours (the set time of each temperature for the experiments) up to 

300°C. At higher temperatures, deactivation processes started to be observed and follow 

different trends for the different carbon/inorganic ratios. The most pronounced 

deactivation is observed in the poorest carbon sample 10-CNTs/Pd@CeO2-250 while the 

30-CNTs/Pd@CeO2-250 exhibits the best performance in terms of stability. These 

results corroborate the fact that the MWCNTs play a key role in the catalytic stability of 

the hybrid material and strongly suggest that the deactivation pathway mainly occurs at 

free standing Pd@CeO2, that are not in contact with the carbonaceous scaffold. Indeed, 

free standing Pd@CeO2 is more abundant in sample 10-CNTs/Pd@CeO2-250 and is not 

present at all in catalyst 30-CNTs/Pd@CeO2-250. 

The morphological characterization reveals that MWCNTs can act as scaffold 

driving an optimal tri-dimensional arrangement of the Pd@CO2 around the carbonaceous 

scaffold: this behavior is related to the activity of the materials because the stabilization 

of the Pd@CO2 avoids their aggregation and keeps accessible the active phase. Beyond 

this, it can be hypothesized that there is an additional positive effect due to the metallic 

behavior in terms of conductivity of the MWCNTs, which disfavors possible electronic 

deactivation pathways caused by formation of over-reduced CeO2 
64 (see paragraph 3.1). 
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The cause of the different stability behavior by changing the carbon/inorganic 

ratio was investigated by characterization of the materials recovered after the catalytic 

test presented in Figure 3.12. The textural and the structural properties, analyzed by N2 

physisorption and powder XRD, reveal only marginal modifications of the materials after 

the aging under WGSR conditions, with the CeO2 crystallite mean size only slightly 

increasing from 3.8-4.1 to 4.2-4.6 nm. On the other hand, CO chemisorption 

measurements of the samples subjected to WGSR showed a decrease of the Pd metal 

surface area, resulting in a decrease of 70%, 53% and 5% for 10-CNTs/Pd@CeO2-250, 

20-CNTs/Pd@CeO2-250 and 30-CNTs/Pd@CeO2-250 samples respectively. 

Considering that the core-shell arrangement of the inorganic matrix has been designed to 

avoid sintering of the metal phase at high temperatures,136 the most reasonable hypothesis 

to explain the minor accessibility of the active phase is the reduction of CeO2 which 

suppress the chemisorption of CO by electron-transfer effects. This effect is described in 

the literature as strong metal support interaction (SMSI) effect111,99,112,113 (see paragraph 

3.1.2). Furthermore the reduction of CeO2 is reported to cause the occlusion of its 

mesoporous network making the Pd active phase inaccessible.117 

As the diminution of the Pd metal accessibility decreases for major 

carbon/inorganic ratios, it is reasonable to attribute to the MWCNTs component a role of 

stabilizing agent (besides its established role as templating agent) of the inorganic matrix, 

by disfavoring the deactivation mechanism of the Pd@CeO2, due to its electronic 

interaction with the inorganic components.  

To further corroborate the role of the MWCNTs component in the stability of the 

hybrid catalyst, the 30-CNTs/Pd@CeO2-350 material, namely the material subjected to 

higher calcination temperature that mostly remove the carbon scaffold, was tested in the 

WGSR at 250 °C (Figure 3.13).  
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Figure 3.13: Rate of CO conversion at 250 °C for  temperatures for 30-

CNTs/Pd@CeO2-250 (blue spots) and 30-CNTs/Pd@CeO2-350 

(red spots).  

Its CO conversion results, at the beginning, higher than its analogous material 30-

CNTs/Pd@CeO2-250. This behavior can be related to its higher nominal Pd loading (2.2 

%), due to the completely removal of the carbon component (confirmed by TGA analysis 

Figure 3.5), and its higher degree of crystallization, due to calcination at 350 °C. 

However, the absence of the MWCNTs component cause a rapid deactivation despite the 

relatively low temperature, confirming the role of the MWCNTs as stabilizing support. 

The HR-TEM micrographs (Figure 3.14) show that the structure of this material 

is recalling the form of the templating MWCNTs. 
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Figure 3.14: Representative HR-TEM of the 30-CNTs/Pd@CeO2-350 sample 

showing the tubular form of the Pd@CeO2 remained after 

completed removal of the MWCNTs 

 

3.5 CONCLUSSIONS 

In conclusion, the materials presented in this chapter have shown the designed 

hierarchical assembly: an intimate contact between the nanocarbon structure and the 

inorganic matrix evince from most of the analysis. The morphological characterization 

evinces that the MWCNTs are saturated by a certain amount of Pd@CeO2 and the extra 

inorganic material stays as free-standing.  

WGSR tests have shown that integration of MWCNTs into core-shell Pd@CeO2 

catalysts have a positive impact in terms of activity and stability. The MWCNTs 

component has an important role as stabilizing agent by disfavoring the electronic 

deactivation mechanism of the inorganic matrix.  Indeed the hybrid catalyst with the 

optimum carbon/inorganic ratio, which present a homogeneous coverage and the absence 

of free-standing inorganic material, shows best performances in terms of activity and 

stability.   

Post-synthetic removal of the MWCNTs results in a tubular arrangement of the 

Pd@CeO2 systems, that to some extent retain the benefits introduced by the MWCNTs. 

However the catalytic stability of this material result dramatically decreased compared to 

its MWCNTs-containing analogue. This finding confirms the stabilizing role of the 

MWCNTs. 
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Chapter 4 

 

TiO2-BASED CATALYSTS FOR 

PHOTOCATALYTIC HYDROGEN EVOLUTION 

 

4.1 MECHANISM AND DEACTIVATION OF THE HYDROGEN 

PRODUCTION VIA PHOTOREFORMING OF ALCOHOLS 

The reaction producing H2 through the process of alcohol photoreforming implies 

the reduction of H+ by the photogenerated electrons on the surface of the photocatalyst 

following irradiation with light of an appropriate wavelength (Eq. 4.1), leaving a charged 

hole in the valence band (VB). The photoexcited electrons that have moved into the 

conduction band (CB) of the semiconducting photocatalysts (TiO2 in this work) migrate 

to the surface of the semiconductor and have the required energy to perform reduction of 

protons to hydrogen.  

2H(ads)
+ + 2e- → H2             Eq. 4.1 

Several strategies are adopted to extend the lifetime of the photogenerated charge 

carriers, which is otherwise limited by the generally fast electron/hole recombination. 

Among several strategies, combination of the semiconductors with (noble) metal 

nanoparticles has been particularly exploited, due to the ability of such nanoparticles to 

act as trapping sites for the photoexcited electrons.138,47,48 Thus, the electrons are injected 

from the conduction band (CB) of the photocatalyst into the metal nanoparticles (Pd in 

this work), where they are accumulated and/or consumed for reactions:139 

On the other hand, charge recombination can be avoided by consuming holes by 

an appropriate sacrificial agent. In titania-based catalysts, such quenching can occur 

directly over the TiO2 surface, or indirectly in the solution mediated by highly oxidizing 

species,140 such as ·OH radicals, O2
- and H2O2. Among them, ·OH  formed from the 

reaction H2Oads + h+ → ∙OHads + H+
ads., are generally considered responsible for initiating 

oxidation processes. 
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Among the sacrificial electron donors, alcohols have drawn great attention since 

the hydroxyl group favor the photoreforming process occurring over the surface of the 

TiO2, due to an effective binding of the organic molecule on the catalytic sites. Bowker 

et al.141 concluded that alcohols undergo readily oxidation allowing the photoreforming 

process while corresponding alkanes and alkenes result inactive under the same 

conditions. The dehydrogenation mechanism of such alcohols was elucidated by Bahruji 

et al.142 who found that, in general, H2 production is improved by a high number of 

hydrogen atoms in the α-position with respect to the OH group. In the same work they 

proposed different mechanisms for H2 production: α-hydrogen dissociation with 

formation of an aldehyde and β-hydride elimination to a ketone from primary and 

secondary alcohols respectively. In the case of tertiary alcohols, where no α-hydrogen are 

available, no activity in H2 production was detected. 

Photoreforming processes involving noble metal/TiO2-based catalysts undergo 

deactivation phenomena mainly because of the accumulation of by-products in the 

reaction medium (the liquid phase). Such by-products, in the case of primary alcohols, 

have lower adsorption capabilities compared to ethanol due to the absence of OH groups. 

This implies a lower effectiveness of the oxidation processes occurring at the surface. On 

the other hand, the oxidized carbonyl and carboxyl  groups are able to poison the metal 

nanoparticles reducing the surface area for H2 evolution. 

 

4.1.1 H2 production through ethanol photoreforming 

Based on mechanistic studies, the photodehydrogenation to acetaldehyde is the 

major process involved in H2 evolution from ethanol photoreforming.48,142 The stepwise 

oxidation of ethanol can proceed either through direct interaction with the photogenerated 

h+ (over the TiO2 surface) or indirectly by interaction with ∙OH (in the liquid phase).143 

Most likely, the two oxidation pathways are simultaneously proceeding. A schematic 

representation of a theoretical complete oxidative process occurring over the TiO2 surface 

is shown in Figure 4.1.  
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Figure 4.1: Schematic representation of the oxidative processes occurring over the TiO2 

surface during ethanol photoreforming. 

The first step is the acetaldehyde production by oxidation of adsorbed ethoxide 

species resulting from dissociative adsorption of ethanol on TiO2 surface.144 Oxidation of 

acetaldehyde to acetic acid is considered to be the rate determining step with TiO2 

catalysts in ethanol photoreforming because of the low adsorption capability of the 

acetaldehyde onto the TiO2. However, the formation of traces of acetic acid is expected 

to occur through oxidation in solution (Figure 4.2) by some radical species formed in situ 

(mainly ∙OH). For this reason the acetaldehyde uses to accumulated in the liquid phase 

and it can easily reacts with ethanol in the presence of acidic sites in the TiO2 forming the 

acetal 1,1-diethoxyethane. The same acidic sites expectedly  promote the formation of 

both ethylene by dehydration of ethanol and ethane by hydrogenation of ethylene. The 

latter can be obtained also through radical coupling of ·CH3. Moreover, the detection of 

CH4 and CO2 in equimolar amounts can be ascribed to either direct decomposition of 

acetic acid145 or by decomposition of acetaldehyde to CH4 and CO, followed by oxidation 

of CO to CO2 through a “photocatalytic Water Gas Shift Reaction”.146  
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Figure 4.2: Schematic photoreforming pathway of ethanol. 

 

4.1.2 H2 production through glycerol photoreforming 

Differently from the case of ethanol, the glycerol can be dehydrogenated through 

two different pathways (Figure 4.3), forming 2,3-dihydroxy-propanal and 1,3-

dihydroxy-2-propanone respectively according to whether an external OH group or an 

internal one are involved. These carbonylic compounds formed by the first 

dehydrogenation  still contain OH groups, that allow their adsorption on the TiO2 surface 

and the competition with glycerol to be oxidized by the holes. CO and CO2 formation are 

usually related to the photocatalytic degradation of carbonylic and carboxylic 

intermediate compounds, formed by progressive dehydrogenation of the glycerol 

molecule, mainly through 2,3-dihydroxy-propanal and leading to intermediate smaller 

compounds (hydroxyl acetaldehyde, formic acid and acetic acid).48 On the other hand, 1-

hydroxy-2-propanone is presumably formed on the surface of the TiO2 via 

dehydration/hydrogenation from 1,3-dihydroxy-2-propanone, hardly 

oxidized/decomposed on TiO2 surface by holes, or directly by dehydration of glycerol. 
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Figure 4.3: Schematic photoreforming pathway of glycerol. 
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PART 1: CNTs-based materials 

 

4.2 CATALYST DESIGN 

A ternary hierarchical hybrid comprising MWCNTs, TiO2 and Pd NPs was 

prepared to be employed as catalyst for the photoreforming of alcohols. An exhaustive 

description of the catalyst design is presented in paragraph 3.2. The same features of the 

final hybrid as those described for MWCNTs/Pd@CeO2 were pursued in order to 

enhance the activity of the carbon/inorganic nanohybrid: i) improving the preservation 

of the electronic properties of the MWCNTs; ii) obtaining highly homogeneous 

structures by optimizing the coating of the MWCNTs; iii) increasing the inherent 

activity of the metal oxide/noble metal by performing an opportune crystallization of 

the inorganic matrix. As explained above, an important factor to enhance the activity of 

a photocatalyst is to reduce the recombination rate of the photogenerated electrons and 

holes. In the present scenario, a rationale for the employment of  MWCNTs in the design 

of the catalyst is based on the ability of MWCNTs to  act as electron scavengers, thus 

retarding the charge recombination rates.72 Moreover, the thermal treatments enhance the 

crystallinity of the inorganic matrix reducing the number of structural defects, that act as 

recombination centers. 

Other possible roles for the MWCNTs are however plausible, as explained in 

paragraph 1.4.  

 

4.3 CATALYST PREPARATION 

The MWCNTs-based materials employed as catalysts for the photoreforming of 

alcohols were assembled starting from three building blocks: i) benzoic acid-

functionalized MWCNTs (f-MWCNTs); ii) palladium nanoparticles protected by 

mercapto-undecanoic acid (Pd-MUA); iii) titanium (IV) n-butyl alkoxide (Ti(O-n-Bu)4). 

The building blocks of the carbon/inorganic nanohybrid catalysts were prepared 

separately and then assembled to obtain the final material. The overall process is 

exhaustively described in the paragraph 3.3. 

For the synthesis of the f-MWCNTs and the Pd-MUA see respectively paragraphs 

3.3.1 and 3.3.2. The Ti(O-n-Bu)4 was purchased from Sigma-Aldrich. 
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Materials with three different nominal compositions have been prepared and 

labelled as follows: 10-CNTs/Pd@TiO2, 20-CNTs/Pd@TiO2 and Pd@TiO2, 

respectively with 10, 20 and 0 nominal % wt of MWCNTs. The nominal amount of Pd 

was set at 1.5 % wt for all the samples. The materials were subjected to a thermal 

treatment (at 350 °C), indicated by an appropriate suffix (e.g. 20-CNTs/Pd@TiO2-350). 

 

Hybrid assembly (CNTs/Pd@TiO2) 

100 mg of 10-CNTs/Pd@TiO2-350 or 20-CNTs/Pd@TieO2-350 were prepared 

employing respectively 10 and 20 mg of f-MWCNTs dispersed in absolute ethanol (EtOH 

mL/ f-MWCNTs mg ratio equal to 2.5) by sonication in an ultrasonic bath for 30 minutes. 

Meanwhile a fresh Pd-MUA THF solution (0.3 mg Pd/mL)  containing 1.5 mg of Pd was 

slowly added under magnetical stirring respectively to 1.48 and 1.31 mL of THF solution 

of Ti(O-n-Bu)4 (60 mg TiO2/mL). The fresh Pd-MUA@Ti(O-n-Bu)4 solution was then 

slowly added under sonication to the f-MWCNTs dispersion and the mixture further 

sonicated for 30 minutes. Finally a 10% solution H2O in EtOH (Ti(O-n-Bu)4/H2O molar 

ratio equal to 1/120) was slowly added dropwise under sonication into the mixture, that 

was then further sonicated for 30 minutes. The obtained materials were collected by 

filtration through a 0.45 µm PTFE Millipore membrane, washed with ethanol twice (5 

min of sonication of the solid in the solvent) and subsequently dried overnight at 80 °C. 

The fresh materials were finally subjected to calcination at 350 °C for 5 hours (heating at 

3 °C/min; cooling at 4.5 °C/min). 

Pd@TiO2-350 (containing 1.5 % wt of Pd) was prepared following the same 

procedure but in absence of MWCNTs. 

 

4.4 CHARACTERIZATION AND RESULTS  

The composition, the morphology, the structure and the textural properties of the 

materials presented in this chapter were characterized through a combination of several 

techniques in order to confirm the correct assembly of the carbon/inorganic nanohybrid.  
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4.4.1 Thermogravimetric analysis 

The composition of the prepared hybrid materials was evaluated through 

thermogravimetric analysis (TGA) under air (Figure 4.4). In the first instance, the 

successful functionalization of the sidewalls of the Pristine MWCNTs was evidenced by 

a weight loss (about 4.5 %) at 350-450 °C. This weight loss corresponds to the 

decomposition of the benzoic acid groups, since this range of temperatures is tolerated by 

the MWCNTs. TGA analysis were then run for the hybrid materials. It qualitatively 

confirmed the presence of functional groups in the f-MWCNTs and gave information 

about the thermal tolerance of the fresh carbon/inorganic hybrid materials. The fresh 

hybrid materials present two different weight losses. The first one at 150-350 °C 

corresponds to the removal of the organic ligands of the metal precursors (i.e. MUA and 

butanol) and of residual H2O into the inorganic matrix. The second weight loss is due to 

the complete combustion of the nanostructured carbon skeleton, which occurs at 450-650 

°C. Notably, in contrast to what observed for materials based on CeO2 (see paragraph 

3.4.1), the TiO2 shell does not dramatically promote the oxidation of the MWCNTs. This 

allows to select 350 °C as the temperature for the thermal treatments of the fresh hybrid 

materials. After calcination, TGA under air flow shows that the carbon content in the final 

composite materials is around 9 and 14 wt% for 10-CNTs/Pd@TiO2-350 and 20-

CNTs/Pd@TiO2-350, respectively.  
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Figure 4.4: Thermogravimetric analysis of the samples after drying (a) and of the 

samples after calcination at 350 °C in air (b). The red vertical line indicates 

the calcination temperature (350 °C) of the fresh materials. 

As expected, the carbon-free calcined material Pd@TiO2-350 presents no 

significant weight loss (Figure 4.4) because of the absence of the carbonaceous scaffold 

and the complete removal of the organic residual ligands during the thermal treatment. 

 

4.4.2 Structural analysis 

Raman spectra were collected at each stage of the synthesis to verify the effective 

assembly of the various components of the hybrid materials. The functionalization of the 

Pristine MWCNTs was exhaustively explained in paragraph 3.4.2 by comparison with 

the f-MWCNTs: the ratio between the D band and the G band (ID/IG) is a semi-

quantitative parameter to assess the degree of introduced defects, caused by the covalent 

functionalization.128,129  
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As a representative example, Figure 4.5 compares, the Raman spectra of the 

various materials at different stages of the synthesis of 20-CNTs/Pd@TiO2-350. After 

the hybridization with Pd@TiO2, the Raman spectra of the fresh sample suggests that 

TiO2 is predominantly present as an amorphous phase, as no peaks associated to any 

crystal phase of TiO2 are found. The thermal treatment induces the crystallization of the 

TiO2 shell, with appearance of an intense band at 146 cm-1 and minor bands at 198 cm-1, 

395 cm-1, 513 cm-1 and 639 cm-1 is observed the typical Raman fingerprint of TiO2 

anatase.147,148 In agreement with the synthetic protocol and with TGA, the sample 

Pd@TiO2-350 prepared without MWCNTs showed only the bands related to the anatase 

phase. 

 

Figure 4.5: Raman spectra of f-MWCNTs, 20-CNTs/Pd@TiO2, 20-CNTs/Pd@TiO2-

350 and Pd@TiO2-350. 

XRD patterns of the samples calcined at 350 °C confirm the crystallinity of the 

materials and the presence of only anatase phase (Figure 4.6). The mean crystallite size 

of TiO2 was calculated by applying the Scherrer’s equation (Eq. 2.7) to the main 
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reflection (101) and results equal to 11, 13 and 12 nm for the Pd@TiO2-350, 10-

CNTs/Pd@TiO2-350 and 20-CNTs/Pd@TiO2-350 samples respectively. It is 

reasonable to conclude that the formation of the carbon/inorganic hybrid is not 

significantly affecting the nanocrystalline behavior of the materials because the growth 

of anatase crystallites appears to be mainly directed by the self-assembling around Pd 

nanoparticle. Notably, no reflections can clearly be related with Pd nanoparticles, 

reasonably because of the low metal loading and the small average size of Pd 

nanoparticles, as also observed by HR-TEM (see paragraph 4.4.3).  

 

Figure 4.6: Powder XRD patterns of the samples calcined in air at 350 °C. 

 

4.4.3 Morphological analysis 

Transmission electron micrographs (TEM analysis) confirm the correct assembly 

of the hybrids, displaying an intimate contact between the carbon and the inorganic 

matrix. The morphologies of 10-CNTs/Pd@TiO2 and 20-CNTs/Pd@TiO2, both fresh 

and calcined, appear similar. The MWCNTs are homogeneously covered with an 

amorphous TiO2 shell (Figure 4.7 A and C) in the fresh materials. It is worth noting that 

a few bare CNTs regions are also present. The thermal treatment clearly modifies the 

texture of the inorganic matrix, that becomes rougher as a consequence of the 

crystallization of the oxide shell (Figure 4.7 B and D). This was better shown by a high 
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resolution magnification of the TiO2 layer and by Fast Fourier Transform (FFT) of a 

selected area, which confirm that the calcined samples present a polycrystalline anatase 

phase for the TiO2 shell, whose particle size averages 10 nm (Figure 4.8), in good 

agreement with XRD analysis. A statistical investigation (50 structures per sample) 

reveals a significant difference in terms of TiO2 layer average thickness between samples 

10-CNTs/Pd@TiO2-350 and the 20-CNTs/Pd@TiO2-350, with values of 40 and 35 nm 

respectively. This difference must be obviously related to the different C/TiO2 relative 

ratios. It must be noted that in 10-CNTs/Pd@TiO2 and 20-CNTs/Pd@TiO2 samples the 

amounts of the inorganic matrix are comparable while the while the carbon component 

differ by a 100 wt %, corroborating the important role of the carbon component. 

    

Figure 4.7: Representative HAADF-STEM of 20-CNTs/Pd@TiO2 (A) and 

20-CNTs/Pd@TiO2-350 (B). Representative HR-TEM of 20-

CNTs/Pd@TiO2 (C) and 20-CNTs/Pd@TiO2-350 (D). The 

morphology of catalysts 10-CNTs/Pd@TiO2- and 10-

CNTs/Pd@TiO2-350 are similar.  
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Figure 4.8: HR-TEM of the titania shell in 20-CNTs/Pd@TiO2 (on the left); FFT of 

a selected area showing the reflections of TiO2 anatase phase (on the right). 

The incorporation of the three components (MWCNTs, TiO2 and Pd NPs) within 

the hybrid materials and their co-location are corroborated by a combined HAADF-

STEM and EDX mapping analysis (Figure 4.9). The MWCNTs appear homogeneously 

covered by an inorganic shell. The presence and the optimum distribution of the Pd 

nanoparticle inside the TiO2 shell confirm the hierarchical assembly of the materials.  

 

Figure 4.9: A) Representative HAADF-STEM of a CNTs/Pd@TiO2-350; B-E) 

EDX mapping showing the intimate contact between the three 

components: in respectively palladium, oxygen, titanium and 

carbon; F) superimposition of the EDX signal of carbon and 

titanium. Note that also the carbon grid is visible and should not 

be confused with the MWCNTs.  
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4.4.4 Textural analysis 

The textural properties of the hybrid materials at each step of the synthesis have 

been investigated by N2 physisorption at the liquid nitrogen temperature (Figure 4.10 and 

Table 4.1). According to the IUPAC classification,94 all the samples present type IV 

physisorption isotherms, typical of mesoporous materials.  

 

Figure 4.10: N2 physisorption isotherms (on the top) and BJH pore size 

distribution (on the bottom) of the materials.  
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As exhaustively explained in paragraph 3.4.4, the covalent functionalization of 

the Pristine MWCNTs causes a slight decrease of the surface area (from 142 to 117 

m2/g) and an increase of the cumulative pore volume and the maximum of the pore size 

distribution (from 22 to 37 nm), as a consequence of the unbundling process. 

Furthermore, the contribution of mesopores smaller than 5 nm appears largely reduced.  

On the other hand, the textural properties of the materials dramatically change 

after the hybridization with the TiO2 shell and the subsequent calcination at 350 °C. The 

pore size distribution completely shifts to the range 2 – 4  nm and, as a consequence, the 

cumulative pore volumes are reduced while specific surface areas significantly increased 

(Table 4.1).  

Pd@TiO2-350 presents textural properties comparable with the hybrid materials, 

confirming that the changes in the textural properties are mainly related to the inorganic 

matrix. 

The contribution of micropores is negligible in all the investigated samples. 

Table 4.1: Summary of the textural properties of the investigated materials 

from N2 physisorption measurements.  
 

Sample 
Specific Surface Area1 

(m2/g) 
CPV2 (mL/g) Dmax

3 (nm) 

Pristine MWCNT 142 0.634 3.4/22 

f - MWCNT 117 0.741 37 

Pd@TiO2-350 323 0.290 3.6 

10-CNTs/Pd@TiO2-350 222 0.236 3.6 

20-CNTs/Pd@TiO2-350 228 0.274 3.6 

1 Specific Surface Area calculated from the BET analysis of the isotherms;  

2 Cumulative Pore Volume calculated from the BJH analysis of the desorption 

branch of the isotherms; 

3 Relative maxima of the pore size distributions obtained by the BJH analysis 

of the desorption branch of the isotherms.  
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4.4.5 Chemisorption measurements 

The accessibility of the Pd nanoparticles in the calcined carbon/inorganic hybrids 

has been evaluated by H2 chemisorption measurements and the result are summarized in 

Table 4.2. Samples were reduced at moderate temperature ( H2 5%/Ar 40 mL/min at 

100°C for 30 minutes) to avoid a significant deactivation of the H2 adsorption on the Pd 

surface by strong metal-support interaction (SMSI) induced by the reduced TiO2.
149,150 

The analyses were carried out at low temperature (around -90°C using a solid/liquid 

acetone bath) to minimize H spillover to the reducible support.151 At low H2 pressure 

(below 20 nm), H2 interaction with Pd nanoparticles results only in the adsorption of H 

atoms on the metal surface. Above this pressure, the migration of H into the bulk of Pd is 

favored, forming Pd hydride (PdHX) 99 and resulting in a further contribute to H2 

consumption. 

The contribution of H adsorbed on the surface has been calculated by 

extrapolation of the linear part in the 10-20 mmHg range while the overall hydrogen 

consumption has been calculated after subtraction of the physisorbed H2 by linear 

extrapolation of the isotherms in the range 200–400 mmHg (Figure 4.11). The amount 

of hydrogen involved in PdHX formation and the stoichiometry of the formed PdHX have 

been calculated by difference of the two quantities (Table 4.2).  
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Figure 4.11: H2 chemisorption isotherms measurements for Pd@TiO2-350 

(A), 10-CNTs/Pd@TiO2-350 (B), 20-CNTs/Pd@TiO2-350 (C). 

Insets:  extrapolation of the linear part in the 10-20 mmHg range 

to evaluate contribution of H adsorbed on the surface.  

The accessibility of the Pd phase is significantly higher in the carbon/inorganic 

hybrid materials with respect to the Pd@TiO2-350 carbon-free material. It is reasonable 

to hypothesize that the formation of the hybrid structure allows a more efficient 

encapsulation and stabilization of Pd nanoparticles, and that the monodimensional 

morphology improves accessibility. Notably, the amount of H absorbed in the formation 

of PdHX species is higher for the fully inorganic material. This result is in agreement with 

the dependence of solubility hydrogen in small Pd nanoparticles reported by Boudart and 

Hwang:152 the larger the Pd nanoparticles, the higher the solubility of H forming PdHX 

species. 
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Table 4.2: Summary of the metal textural properties of the investigated 

materials from H2 chemisorption measurements.  
 

Sample Hsurf/Pd 

Metallic 

surface area 

(m2 g-1) 

Apparent 

Particle Size 

(nm) 

X in PdHX 

Pd@TiO2 0.20 1.4 5.5 0.77 

10-CNT/Pd@TiO2 0.50 3.4 2.2 0.45 

20-CNT/Pd@TiO2 0.52 3.5 2.1 0.33 

 

4.4.6 Catalytic results 

 

UV-vis irradiation: 

The activity of the prepared materials was evaluated in terms of hydrogen 

production rates and overall H2 amounts per time.  

Preliminary tests were performed in aqueous solutions containing methanol 50% 

v/v (Figure  4.12). Together with H2, the production of CO and CO2 has been observed 

(data not shown). Despite not being the most sustainable choice in terms of sacrificial 

agent, the use of methanol allows the direct comparison of the activity of the present 

materials with literature data (Table 4.3) since most of the catalysts were tested this 

sacrificial agent. It must be underlined that all the other experimental conditions adopted 

in a photocatalytic experiment (reactor design, power of the light source, geometrical area 

of the irradiated surface, concentration of photocatalyst and sacrificial agent, temperature, 

etc.) strongly affect the H2 productivity, getting more difficult any direct quantitative 

comparison. Nevertheless, the results obtained with the best performing photocatalysts 

reported in the literature are summarized for comparison. In our case, the fresh catalysts 

show a modest activity, due to the amorphous state of the TiO2 shell. On the other hand, 

the thermal treatment strongly increases the H2 production. This behavior can be 

reasonably related to the nanocrystallization of the TiO2 shell to form a porous network 

that enhance the Pd nanoparticles accessibility. The thermal treatment can also be 
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associated to a tighter contact between the nanocarbon structures and the inorganic matrix 

causing an increased number of heterojunctions, which has been shown to be an important 

parameter to improve performance.153 

 

Figure 4.12: Results from photocatalytic hydrogen production from 

methanol/water solutions under UV irradiation for the fresh and 

calcined catalysts. Activities are normalized by the grams of 

catalyst. 

Undoubtedly, the thermal treatment has a positive effect on the performance of 

the present hybrid materials. For this reason, only the calcined samples have been 

employed in the following photocatalytic studies for H2 production using more 

sustainable biomass-derived sacrificial agents, i.e. ethanol and glycerol. 

Under UV-vis irradiation, the amount of produced H2 increases over time with all 

the investigated catalysts using both ethanol and glycerol aqueous solutions (Figure 

4.13), as already observed for catalytic systems based on metal modified TiO2.
154,48,155 

When ethanol is used as sacrificial agent, the H2 production reaches an 

outstanding value of 2.4 mmol mcat
-2 (corresponding at 0.55 moles of H2 gcat

-1 in 24 h) for 

20-CNTs/Pd@TiO2-350 catalyst after 24 hours under UV-vis illumination, while the 

photocatalyst with a lower CNTs  content exhibit lower activity (2.0 mmol mcat
-2). 
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By comparison, the activity of the reference catalyst Pd@TiO2-350 was only 0.5 

mmol mcat
-2. This is a clear  indication of the beneficial effect that the MWCNTs scaffold 

has in the photocatalytic hydrogen evolution, attributed to its electronical properties 

which provide an extremely proficient electron scavenging that retard charge carrier 

recombination.  

 

 

Figure 4.13: H2 production over time under UV-vis illumination using 

aqueous solution of ethanol (top) and glycerol (bottom) as 

sacrificial donor. Activities are normalized by the catalyst 

surface areas reported in Table 4.3. 
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Table 4.3: Comparison with the performance of some recent catalytic systems 

containing carbon supports and integrated metal phases . 
 

Carbon Support Metal phase 

Maximum 

rate of H2 

evolution 

(mmol∙g-1∙h-1) 

Hole 

scavenger 

Power of 

irradiating lamp 

and λ range (nm) 

Ref. 

GO Pt/CdS 55 Lactic Acid 350W (λ>420) 156 

Ox-MWCNT Pt/TiO2 40 Methanol 200W (240<λ<500) 157 

ox-CNCs (20%) Pd/TiO2 37 Ethanol 125W (λ>365) *158 

MWCNTs Pt/Ta2O5 32 Methanol 450W (λ>365) 159 

f-MWCNTs (20%) Pd/TiO2 26 Ethanol 125W (λ>365) *160 

f-MWCNTs (20%) Pd/TiO2 21 Methanol 125W (λ>365) *160 

GO Cu/TiO2 19 Methanol 300W (λ>365) 161 

RGO Pt/TiO2 14 Methanol 300W 162 

Ox-MWCNTs Pt/TiO2 10 Methanol 125W (λ>365) 118 

Ox-MWCNTs Pt/TiO2 8 TEA 250W (λ>320) 163 

f-MWCNTs (20%) Pd/TiO2 6 Glycerol 125W (λ>365) *160 

C60-SWCNTs TiO2 3.2 TEA 300W (λ>320) 164 

GO Pt/Sr2Ta2O7-xNx 3 Methanol 300W (λ>420) 165 

Ox-CNTs TiO2 2 Glycerol Not specified 166 

* = this work  

TEA = Triethanolamine 

Reporting the H2 production rates by gram of catalyst (Figure 4.14), the activities 

are among the highest ever reported for catalysts based on titania (Table 4.3) and 

carbonaceous supports with values  above 25 mmol g-1 h-1 for 20-CNTs/Pd@TiO2-350 

sample and 20 mmol gcat
-1 h-1 for  the 10-CNTs/Pd@TiO2-350  sample.160 Indeed the 

quantum efficiency (QE) at 365 nm of the materials, respectively 21% and 17%, confirm 

the promising performance of these hybrid materials.  
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Figure 4.14: H2 production over time under UV-vis illumination using 

aqueous solution of ethanol (top) and glycerol (bottom) as 

sacrificial donor. Activities are normalized by grams of catalyst.  

In the case of glycerol as sacrificial agent, a lower H2 production is reached 

because of the more challenging dehydrogenation process. Samples 10- and 20-

CNT/Pd@TiO2-350 displayed a very similar  activity normalized by the surface area     

(~ 0.6 mmol mcat
-2), while the activity of Pd@TiO2-350 was significantly lower (0.3 

mmol mcat
-2).By comparison with literature,  the activity results for the present catalysts 

are among the highest ever reported under these conditions (Table 4.3). 



99 

 

Slight deactivation processes in both ethanol and glycerol photoreforming tests 

are presumably due to partial aggregation or deposition of the solid catalyst on the walls 

of the reactor and out of the irradiated area. 

The investigation of the by-products that evolves together with H2 reveals the 

complexity of the mechanism. No O2 evolution was observed, implying that the water 

splitting contribution to the photocatalytic H2 evolution is negligible. Indeed, when pure 

water was used as photogenerated holes and electrons acceptor, a very small evolution of 

H2 (~ 210 µmol g-1 h-1) was detected, while the addition of methanol results in a 

considerable enhancement of the H2 evolution rates (Figure 4.15). 

 

Figure 4.15: Photocatalytic water splitting under UV irradiation. Methanol 

(10% v/v) was added after 19 h. Activities (H 2 on the left and 

CO2 on the right) are normalized by the grams of catalyst (20-

CNTs/Pd@TiO2-350). 

When ethanol is used as sacrificial agent the analysis of the gas phase evidences 

the presence of acetaldehyde and 1,1-diethoxyethane (its acetal with ethanol), CH4 and 

CO2 in equimolar amounts, together with ethane and traces of ethylene (Figure 4.16 and 

Figure 4.19). Noteworthy,  CO was observed only in negligible traces. 
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Figure 4.16: Gaseous by-products formation during photocatalytic H 2  

production from ethanol/water solutions under UV irradiation 

with 10-CNT/Pd@TiO2-350 (left) and 20-CNT/Pd@TiO2-350 

(right). 

Moreover, the analysis of liquid phases recovered after the photocatalytic tests 

showed that the major part of acetaldehyde and 1,1-diethoxyethane were accumulated in 

solution, together with other  by-products present in minor amount such as acetic acid,  

2,4,5-trimethyl-1,3-dioxolane, 3-hydroxy-2-butanone and 2,3-butandiol (Table 4.4).  

Table 4.4: Results from semi-quantitative analysis (1-butanol was used as 

internal standard) of liquid solutions collected after photocatalytic 

H2 production from ethanol/water solutions under UV irradiation.  
 

The detection of those large amounts of by-products suggest that the reforming 

process of ethanol is not complete. The photodehydrogenation of ethanol to acetaldehyde 

 
10-CNTs/Pd@TiO2-

350 

20-CNTs/Pd@TiO2-

350 

Pd@TiO2-

350 

Acetaldehyde 2.235 2.895 1.102 

1,1-diethoxyethane 5.424 6.812 2.533 

2,4,5-trimethyl-1,3-

dioxolane 
0.012 0.092 0 

Acetic acid 0.026 0.145 0.003 

3-hydroxy-2-

butanone 
0.026 0.045 0.006 

2,3-butandiol 1.613 4.297 1.326 
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is the major process involved in H2 evolution and, according to Figure 4.2, it is possible 

to justify the presence of the majors by-products. Regarding the presence of ethane, it 

could arise through a radical mechanism, namely from the radical coupling of ∙CH3, or 

by hydrogenation of ethylene formed from ethanol on the acid sites of the TiO2. 

Furthermore, the contribution of acetaldehyde photodecomposition was 

confirmed by performing a photocatalytic experiment using acetaldehyde as sacrificial 

agent, added after 3 h of irradiation of the photocatalysts in pure water (Figure 4.17). 

After acetaldehyde addition, H2 is produced in major amount, together with CH4, CO2 

and traces of ethane. 

 

Figure 4.17: Photocatalytic water splitting under UV irradiation. 

Acetaldehyde (4% v/v) was added after 3 h. Activities (H 2 on the 

left and byproducts on the right) are normalized by the grams of 

catalyst (20-CNTs/Pd@TiO2-350). 

Among the other by-products accumulated in solution during ethanol 

photoreforming, 2,3-butandiol is probably formed through radical C-C coupling of two 

ethanol molecules. From this compound, 3-hydroxy-2-butanone is formed by 

dehydrogenation from one OH group while 2,4,5-trimethyl-1,3-dioxolane is formed by 

reaction of 2,3-butandiol with acetaldehyde. 

In the case of glycerol, the analysis of the by-products in the gas phase evidences 

the presence of both CO2 and CO together with trace amounts of ethane, with their 

formation rate increasing over time (Figure 4.18 and Figure 4.19). 
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Figure 4.18: Gaseous by-products formation during photocatalytic H 2  

production from glycerol/water solutions under UV irradiation 

with 10-CNT/Pd@TiO2-350 (left) and 20-CNT/Pd@TiO2-350 

(right). 

Finally, the analysis of liquid phases recovered after the photocatalytic tests 

showed an accumulation of non-volatile by-products (Table 4.5). Hydroxyl acetaldehyde, 

1-hydroxy-2-propanone and 1,3-dihydroxy-2-propanone were the most abundant, 

followed by formic acid and 2,3-dihydroxy-propanal and trace amounts of acetic acid.  

Table 4.5: Results from semi-quantitative analysis (1-hexanol was used as 

internal standard) of liquid solutions collected after photocatalytic 

H2 production from glycerol/water solutions under UV irradiation.  
 

 
10-CNTs/Pd@TiO2 

- 350 

20-CNTs/Pd@TiO2 

- 350 

Pd@TiO2-

350 

Hydroxy-acetaldehyde 2.34 3.03 1.65 

Formic acid 0.37 0.26 0.22 

Acetic acid 0.08 0.07 0.04 

1-hydroxy-2-

propanone 
1.60 1.12 0.75 

2,3-dihydroxypropanal 0.22 0.20 0.26 

1,3-dihydroxy-2-

propanone 
1.62 2.05 1.13 
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The photodehydrogenation of glycerol to 2,3-dihydroxy-propanal and 1,3-

dihydroxy-2-propanone and hydroxyl-acetaldehyde are the major processes involved in 

H2 evolution and, according to Figure 4.3, it is possible to justify the presence of the 

other by-products. Moreover the results clearly indicate that oxidation/degradation of 2,3-

dihydroxy-propanal is much easier than that of 1,3-dihydroxy-2-propanone, which is 

present in a higher amount in the liquid phase. 

 

Figure 4.19: Amounts of by-products in the gas phase accumulated in 24 hours 

with 10- and 20-CNTs/Pd@TiO2-350 for the photoreforming of 

ethanol and glycerol.  

 

Solar Simulated irradiation: 

When irradiated with a simulated solar light, both 10-CNTs/Pd@TiO2-350 and 

20-CNTs/Pd@TiO2-350 display an appreciable activity for the photoreforming of 

ethanol, although lower than the corresponding UV-irradiated samples (Figure 4.20).  

When ethanol is used as sacrificial agent, the H2 production reaches the value of 

118 µmol mcat
-2 for 20-CNTs/Pd@TiO2-350 catalyst after 24 hours under solar 
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illumination, while the photocatalyst with a lower CNTs  content exhibits higher activity 

(140 µmol mcat
-2). Both hybrid materials display a higher activity than the reference 

catalyst Pd@TiO2-350 (87 μmol mcat
-2). However, it is worth noting that the CNTs-free 

material shows stable activity from the beginning of the experiment while the 

carbon/inorganic hybrids undergo a progressive activation over the initial 4 hours before 

reaching a constant H2 evolution rate. By comparison, in the UV experiments this 

activation process is not observed reasonably because of the larger UV component of the 

irradiation that allows a faster elimination of residual organics moieties (very small 

amounts, negligible at TGA analysis) that still cover the Pd and CNT surfaces despite the 

thermal treatment. 

On the other hand, when glycerol is employed as sacrificial donor the production 

of H2 is only slightly higher (147 μmol mcat
-2and 107 μmol mcat

-2) for 10-

CNTs/Pd@TiO2-350 and Pd@TiO2-350 than 20-CNTs/Pd@TiO2-350 (94 μmol      

mcat
-2).  

This suggests that the rate-determining step does not depend on the sacrificial 

electron donor or on the diffusion of the adsorbed protons from TiO2 to the Pd sites. 

Rather, it must be associated with other factors such as the dispersibility of the catalysts 

in the different solution. This and other physical parameters can create differences in such 

small rates  found under solar illumination. 
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Figure 4.20: H2 production over time under simulated solar illumination using 

aqueous solution of ethanol (left) and glycerol (right) as 

sacrificial donor. Activities are normalized by grams of catalyst.  

The much lower productivity as compared to the UV experiments for both ethanol 

and glycerol sacrificial agents is easily explained in terms of the smaller UV content (4%) 

in the sun light, which represents the actual absorbed window of the light spectrum. 

The analysis of the liquid phases collected after the ethanol photoreforming 

catalytic tests show, as expected, two main by-products, acetaldehyde and 1,1-
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diethoxyethane (Table 4.6), which were also detected in the online analysis of the gaseous 

phases.  

Table 4.6: Results from semi-quantitative analysis (1-butanol was used as 

internal standard) of liquid solutions collected after photocatalytic 

H2 production from ethanol/water solutions under simulated solar 

irradiation. 
 

 
10-CNTs/Pd@TiO2-

350 

20-CNTs/Pd@TiO2-

350 

Pd@TiO2-

350 

Acetaldehyde 0.22 0.18 0.68 

1,1-diethoxyethane 0.39 0.23 0.20 

 

On the other hand, when glycerol was employed, the analysis detected the 

expected first oxidation products (i.e. 1,3-dihydroxy 2-propanone, 1-hydroxy-2-

propanone and hydroxyl-acetaldehyde) as main liquid by-products in analogy with the 

UV experiment (Table 4.7). 

Table 4.7: Results from semi-quantitative analysis (1-hexanol was used as 

internal standard) of liquid solutions collected after photocatalytic 

H2 production from glycerol/water solutions under simulated solar 

irradiation. 
 

 
10-CNTs/Pd@TiO2 

- 350 

20-CNTs/Pd@TiO2 

- 350 

Pd@TiO2-

350 

Hydroxy-acetaldehyde 1.04 1.14 1.40 

1-hydroxy-2-

propanone 
0.10 0.15 0.14 

2,3-

dihydroxypropanal 
0.16 0.21 0.18 

1,3-dihydroxy-2-

propanone 
1.18 1.30 1.53 
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4.5 CONCLUSIONS  

In conclusion the TiO2-based photocatalysts presented in this chapter have shown 

outstanding activities in H2 production from photoreforming of alcohols. This must due 

to the achievement of the designed hierarchical nanostructure and the benefits given by 

the new synthetic protocol and the specific thermal treatment. 

The positive effect of the presence of the carbon scaffold is corroborated by the 

comparison of the activities of the hybrid catalysts with the reference  carbon-free 

analogue. The higher performance of the former, also normalized by the surface area, 

suggests an electronic effect of the carbon nanotube, presumably associated with its 

capability to act as electron scavenging thus retarding charge carrier recombination. 

The catalysts also show good activity and stability under solar irradiation. 
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PART 2: Carbon NanoCones-based materials 

 

4.6 CATALYST DESIGN 

Following the knowledge gained during the assembly of the hierarchical materials 

based on MWCNTs (see Chapter 3 and Chapter 4 Part 1), the attention was extended to 

another nanocarbon structure, namely carbon nanocones, which has been comparatively 

much less investigated. The strategy for the final hybrid was similar to that described in 

the previous part, with the difference that the nanocones were oxidized prior to their 

hybridization with the Pd@TiO2. Such oxidized nanocones, which were supplied by the 

Norwegian company n-Tec, turn out to have a better dispersibility in liquid media than 

the functionalized nanotubes, giving rise to a maximization of the homogeneity of the 

coating by the inorganic shell.  

 

4.7 CATALYST PREPARATION 

The TiO2-based materials employed as catalysts for the photoreforming of 

alcohols were assembled starting from three building blocks: i) oxidized carbon 

nanocones (ox-CNCs); ii) palladium nanoparticles protected by mercapto-undecanoic 

acid (Pd-MUA); iii) titanium (IV) n-butil alkoxide (Ti(O-n-Bu)4). The building blocks 

were then assembled to obtain the final material. The overall process is schematically 

illustrated  in Figure 4.21. 

 

Figure 4.21: General synthetic scheme of hierarchical CNCs/Pd@TiO2. 



109 

 

The ox-CNCs were supplied by n-Tec Company. For the synthesis of the Pd-MUA 

see paragraphs 3.3.2. The Ti(O-n-Bu)4 was purchased from Sigma-Aldrich. 

A material with CNCs 20 % wt and Pd 1 % wt nominal compositions (relative to 

the nominal final composition) has been prepared and labelled ox-CNCs/Pd@TiO2. Part 

of the  material was then subjected to a thermal treatment at 350 °C yielding the calcined 

sample labelled ox-CNCs/Pd@TiO2-350  

 

4.7.1 Hybrid synthesis (CNCs/Pd@TiO2) 

A given amount of ox-CNCs (chosen in order to have a 20 wt% relative to the 

nominal final composition) were dispersed in absolute ethanol (reaching 2 mg/mL 

concentration) by sonication (30 minutes). Meanwhile, the Pd@TiO2 precursors were 

assembled by slowly adding a THF solution of previously prepared Pd-MUA to an 

absolute ethanol solution of Ti(n-OBu)4, as reported in paragraph 3.3. The as-prepared 

Pd@TiO2 precursors were then added dropwise to the CNCs dispersion and the mixture 

sonicated for further 30 minutes. After this time, a 10% solution of H2O in absolute 

ethanol (Ti(O-n-Bu)4/H2O molar ratio equal to 1/120) was slowly added dropwise, 

followed by 30 minutes of sonication. The solid was filtered through a 0.45 μm PTFE 

filter and washed with ethanol. The product was recovered and dried at 85°C overnight 

(ox-CNCs/Pd@TiO2). Part of the product was subjected to calcination at 350°C for 5 

hours, and labelled ox-CNCs/Pd@TiO2-350. As a comparison, two catalysts not 

featuring either CNCs, labelled Pd@TiO2-350, or Pd, labelled ox-CNCs/TiO2-350 were 

also prepared using the same synthetic approach but in absence of the respective 

component. 

 

4.8 CHARACTERIZATION AND RESULTS 

The correct assembly of the hybrid catalyst and the intimate contact between the 

nanocarbon structures and the inorganic matrix were corroborated through different 

techniques. It is noteworthy that the Pristine CNCs are not available for characterization 

since the pristine materials were not supplied by n-Tec. 
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4.8.1 Thermogravimetric analysis 

The thermogravimetric analysis in air was used to determine the final 

carbon/inorganic weight ratios of the prepared materials (Figure 4.22). The ox-CNCs 

presents a first broad weight loss due to the removal of the functional groups (mainly 

COOH) at 200 – 450 °C and a well define second loss corresponding to the completely 

burning of the carbon scaffold starting at ~ 600 °C. In contrast, the fresh hybrid ox-

CNCs/Pd@TiO2 exhibits two well defined weight losses, the first at 150 – 350 °C  and 

the second at ~ 500 °C. The former can be attributed again to the combustion and removal 

of organic ligands residues of the sol-gel synthesis (i.e. MUA and butanol) and H2O 

trapped in the inorganic network. The second is due to the completely burning of the 

carbonaceous scaffold. The decrease in combustion temperature with respect to the ox-

CNCs must be due to a catalytic effect of the inorganic matrix, implying a tight contact 

between the components of the hybrid. Finally, in the calcined hybrid ox-

CNCs/Pd@TiO2-350, the first weight loss is no longer present, as expected given that 

the COOH functionalities had been removed during calcination, while the residual 

inorganic matrix accounts for ~ 80%, in good agreement with the nominal composition.   

 

Figure 4.22: Thermogravimetric analysis of the material under air.  The red 

vertical line indicates the calcination temperature (350 °C) of the 

fresh material.  
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4.8.2 Structural analysis 

The Raman spectra of all the analyzed samples (Figure 4.23)  shows the 

characteristic G band at (~ 1590 cm-1), due to the in-plane vibrational mode of the sp2 

graphitic framework, and the defected-induced D band at (~ 1350 cm-1) of the CNCs 

structure, while its broad second-order harmonic (2D band) at 2500 – 3100 cm-1 which 

can be deconvoluted into  two-peaks, suggesting a stacking process of the CNCs, as 

reported in the literature for graphene.167 The ratio between the D band and the G band 

(ID/IG), equal to 0.97 in the ox-CNCs, decrease to 0.93 in the ox-CNCs/Pd@TiO2 after 

the hybridization with the inorganic shell. This apparent healing of the π framework was 

exhaustively explained in paragraph 3.4.2 as a perturbation of the D signal of the outer 

graphitic layer by the inorganic shell, which further confirms the thigh contact between 

the carbon and the inorganic matrix.130 The ox-CNCs/Pd@TiO2 sample presents no 

additional peak, suggesting the amorphous nature of the TiO2 shell. On the other hand, 

the calcined ox-CNCs/Pd@TiO2-350 sample presents the six vibration modes 

characteristic of the anatase polymorph of the TiO2,
147 corroborating the crystallization 

after the thermal treatment.  

 

Figure 4.23: Raman spectra of ox-CNCs/Pd@TiO2-350, ox-CNCs/Pd@TiO2  

and ox-CNCs. 
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The XRD pattern of the calcined hybrid shows the characteristic reflection of the 

anatase phase of the TiO2 (Figure 4.24) and presents an average crystallite size of 11 nm, 

calculated by applying the Scherrer’s equation (Eq. 2.7) to the main reflection (101). 

Noteworthy the characteristic reflection of the graphitic framework of CNCs (26.6 °) is 

not distinguishable because of the overlapping high intensity of the main reflection of 

anatase (25.3 °). Regarding the Pd nanoparticles, a very weak reflection around 33.5° is 

observed and it can be related to the PdO formed after the thermal treatment.  

 

Figure 4.24: Powder XRD pattern of the ox-CNCs/Pd@TiO2-350 samples 

calcined in air at 350 °C. 

 

4.8.3 Morphological analysis 

Transmission electron micrographs (TEM analysis) show that the ox-CNCs 

sample is actually composed by a mixture of structures with different geometrical 

parameters ranging from disks to cones (Figure 4.25 A and B). This is expected as an 

approximate composition of 20% cones, 70% disks and 10% amorphous carbon was 

declared by the supplying company. In particular, it has been shown that the width of the 

cone angle can assume different distinct values, ranging from ~ 19° to ~150°, with the 

latter implying a disk-like shape.86 Regardless of the cone angle and therefore of the 
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particular morphology, TEM displays a very homogeneous coverage with an inorganic 

shell. (Figure 4.25 C and D). 

 

Figure 4.25: Representative HR-TEM of the ox-CNCs sample with cone and 

disk morphology (A and B) and the ox-CNCs/Pd@TiO2 sample 

in both disk (C) and cone morphology (D).  

Because of their small size (nominally 2 nm) and the surrounding TiO2 shell, the 

Pd nanoparticles are not easily detectable by standard TEM micrographs. However, EDX 

mapping clearly detects each individual element (C, Ti, O and Pd), confirming the correct 

assembly of the carbon/inorganic hybrid, the intimate contact between the three 

components and the presence of Pd nanoparticles into the TiO2 shell (Figure 4.26).  



114 

 

 

Figure 4.26: Representative HAADF-STEM of ox-CNCs/Pd@TiO2-350 (A) 

and HR-TEM area expansion showing anatase phase (D) as 

confirmed by corresponding Fast  Fourier Transform (inset). 

Representative EDX mapping showing carbon (B), oxygen (C), 

titanium (E) and palladium (F).  

Presence of distinct Pd nanoparticles was also corroborated by HR-TEM and the 

corresponding Fast Fourier Transform (FFT) of a selected area (SAED) showing spots 

identified with TiO2 anatase phase and Pd (Figure 4.27) in ox-CNCs/Pd@TiO2-350.  A 

carefully analysis of the TiO2 particles revealed an approximate size range of 6-9 nm. 
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Figure 4.27: a) HRTEM image of CNCs/Pd@TiO2-350; b, c) corresponding 

FFT showing spots corresponding to the TiO 2 anatase phase and 

Pd; d) color map displaying the inverse FFT generated by 

selecting the diffraction spots of TiO2 (red) and Pd (blue).  

 

4.8.4 Textural analysis 

The N2 physisorption isotherms collected at liquid nitrogen temperature and the 

pore size distribution of the investigated materials show significant differences (Figure 

4.28), resulting from the different textural properties (Table 4.8). According to the 

IUPAC recommendations,94 the ox-CNCs show Type II isotherm, typical of non-

porous/macroporous materials. The surface area, as calculated by the BET model, is 

relatively low while the pore size distribution analysis reveals macropores around 100 

nm. This behavior agrees with packing of the CNCs  that mainly causes the diminution 

of the surface area. 
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Figure 4.28: N2 physisorption isotherms (on the top) and BJH pore size 

distribution calculated on the adsorption branches (on the 

bottom) of the materials.  

The hybridization of the carbonaceous scaffold with Pd@TiO2 layer completely 

changes the textural properties: the ox-CNCs/Pd@TiO2 sample shows a Type I isotherm, 

typical of microporous materials and present a pore size distribution extending to the 

lower part of the mesoporous limit (i.e. 2 nm). As result, an important increase in the 

surface area can be observed, in spite of the modest cumulative pore volume increase. It 

is reasonable that the microporous network is due to the  Pd@TiO2 gel covering the 
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carbon scaffold. On the other hand, the thermal treatment and the subsequent 

crystallization of the inorganic matrix forms an extended mesoporous network in the ox-

CNCs/Pd@TiO2-350  sample, whose isotherm is of type IV. However, in this case the 

surface area is much lower than that before calcination but, most importantly, pore size 

and volume are significantly increased. 

Table 4.8: Summary of the textural properties of the investigated materials 

from N2 physisorption measurements.  
 

Sample 
Pd@TiO2-

350 
Ox-CNCs 

Ox-

CNCs/Pd@TiO2 

Ox-

CNCs/Pd@TiO2-350 

Type of 

isotherm a 
IV II I IV 

Specific 

Surface Area 

(m2/g) 

323 25 b 248 c 126 b 

Cumulative 

Pore Volume 

(mL/g) 

0.295 0.089 d 0.112 e 0.192 d 

Dmax (nm) f 3.2 > 200 < 2 4.9 

a accordingly to IUPAC recommendation; 94 
b calculated using the BET equation;  
c calculated using the Langmuir equation; 
d calculated from the BJH analysis of the adsorption branch of the N 2 

physisorption isotherms; 
e calculated from the adsorbed volume at p/p° = 0.90;  
f maximum of the pore size distribution obtained applyin g the BJH analysis 

to the adsorption branch of the N2 physisorption isotherms, as reported in 

Figure 4.27. 
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4.8.5 Catalytic results 

The catalytic activity of the two materials CNCs/Pd@TiO2 and 

CNCs/Pd@TiO2-350 was evaluated in the H2 production from an aqueous solution of 

ethanol 50% v/v under UV-vis irradiation and simulated Sunlight. Their performance was 

compared to that of the reference Pd@TiO2-350 catalyst. The reported production of H2 

over time are normalized over the surface area of the specific sample, in order to rule out 

a mere geometrical effect in favour of an electronic effect brought by the CNCs. 

 

UV-vis irradiation: 

The calcined ox-CNCs/Pd@TiO2-350 sample presents an outstanding H2 

production (Figure 4.29) of 5 mmol mcat
-2 after 20h (corresponding to 600 mmol gcat

-1) 

and a quantum efficiency (QE) of 12.3 %. Indeed, the fresh ox-CNCs/Pd@TiO2 catalyst 

shows a much lower activity (~0.5 mmol∙mcat
-2). An obviously explanation for this stark 

difference is the crystallization of the TiO2 shell that is well known to enhance the 

photoresponse, as also reported for the MWCNTs-based materials (see paragraph 4.4.6). 

Comparatively, the CNCs-free material Pd@TiO2-350 has an activity significantly lower 

than the final nanohybrid. Moreover, the stability ox-CNCs/Pd@TiO2-350 catalyst is 

very pronounced, with evolution rates fully retained over the initial 10 hours of 

irradiation, before undergoing slight deactivation, presumably due to partial aggregation 

of the material. 

The presence of acetaldehyde and 1,1-diethoxyethane was detected as by-products 

together with H2 in both the gas and liquid phases while CH4 and CO2 are observed only 

in traces. This behavior suggests that the full mineralization of ethanol is disadvantaged 

due the stronger adsorption onto the TiO2 of ethanol respect to acetaldehyde, as 

previously demonstrated.155 
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Figure 4.29: H2 production over time by ox-CNCs/Pd@TiO2, ox-

CNCs/Pd@TiO2-350 and Pd@TiO2-350 normalized by the 

initial surface area of the catalyst under UV-Vis irradiation. 

There is a synergistic positive effect in the catalytic activity of the Pd@TiO2 

inorganic matrix due to the thermal treatment and the hybridization with the CNCs, which 

provides an extremely proficient electron scavenging thus retarding charge carrier 

recombination.  

Furthermore when the Pd-free catalyst (ox-CNCs/TiO2-350) was employed, only 

negligible amounts of H2 were detected, confirming the essential role of Pd as truly 

catalytic site for the proton reduction to H2. 

The CNC-based catalyst is also comparatively superior to the CNT-based 

catalysts discussed in Chapter 4 Part 1. This highlights the highly promising use of the 

CNCs nanostructure, with improved activity attributed to the more efficient and uniform 

contact between the carbon scaffold and the inorganic matrix, as a result of the better 

dispersibility during the hybridization of CNCs with the Pd@TiO2 precursors. This 

causes an increased number of heterojunctions, which has been shown to be an important 

parameter to improve performance.153  

To further corroborate the outstanding performance of the ox-CNCs/Pd@TiO2-

350 hybrid catalyst, recyclability tests were carried out, recovering the catalyst by 

filtration after 20 hours under UV-vis irradiation and subsequently re-dispersing it in a 
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fresh aqueous solution of ethanol 50 % v/v. The recyclability was evaluated over three 

catalytic experiments. After the first cycle, a small deactivation is observed when the H2 

production is calculated per gram of catalyst. On the other hand the second and the third 

cycles show almost identical activities. It is reasonable to hypothesize that a partial 

modification of the catalyst occurs during the UV irradiation. Indeed a decrease of ~20% 

of the surface area was observed by N2 physisorption measurement of the catalyst 

collected after the recyclability test and associated to the deactivation process. When 

normalized by the surface area, the catalytic activity is much more stable through all the 

three cycles (Figure 4.30).  

 

Figure 4.30: Catalytic activity (normalized by the catalysts initial surface 

area) of ox-CNCs/Pd@TiO2-350 over three different cycles. The 

black dotted line represents the theoretical activity if no 

deactivation processes were in place and it can be used as guide.  

 

Simulated Sunlight irradiation: 

Testing the catalysts under simulated solar irradiation also resulted in appreciable 

H2 production (Figure 4.31). Coherently, the most performant material is ox-

CNCs/Pd@TiO2-350 which shows an activity as high as 0.25 mmol∙mcat
-2 

(corresponding to 32 mmol∙gcat
-1) and a long stability over time. While the fresh catalyst 

exhibited a non-detectable activity under these conditions. 
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Figure 4.31: H2 production over time by ox-CNCs/Pd@TiO2-350 and 

Pd@TiO2-350 normalised by the initial surface area of the 

catalysts under Solar Simulated illumination. No activity was 

detected with ox-CNCs/Pd@TiO2 under the catalytic conditions.  

Also in this case the activity is comparatively superior to the CNT-based catalysts 

discussed in Chapter 4 Part 1. 

 

4.9 CONCLUSIONS 

In conclusion, this part of the PhD work reports the very first example of hybrid 

photocatalyst hierarchically based on CNCs and Pd@TiO2. 

The desired design and composition of the materials were obtained and confirmed 

by several techniques. An outstanding activity in H2 evolution was achieved by 

photoreforming of aqueous solution of ethanol, ranking the catalyst amongst the most 

efficient ever reported with carbon-based supports. The hybrid catalyst also exhibits a 

good stability under recyclability tests.  

The enhancement of activity of the carbon/inorganic hybrid photocatalysts is 

mainly related to the capability of the carbon framework to act as electron scavenging 

thus retarding charge carrier recombination. However, because of the lower conductivity 

of CNCs relative to CNTs, the pronounced activity must be related to other 
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characteristics, such as the high dispersibility of the CNCs during the assembling of the 

hybrid catalyst resulting in an optimum homogeneity of the final catalyst structures. The 

maximized areas of contact of the carbon and inorganic matrix cause an increased number 

of heterojunctions, responsible for the higher activity.  

The catalysts also show good activity and stability under simulated solar 

irradiation, propelling them as promising candidates for solar devices development. 
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Chapter 5 

 

CONCLUSIONS 

 

The main aim of this research project is the development of hybrid nanomaterials 

to improve the performance of two important environmental and energy-involved 

processes: the Water Gas Shift Reaction and the photocatalytic production of solar fuels 

such as hydrogen via photoreforming of renewable oxygenated compounds obtained from 

biomasses (i.e. ethanol and glycerol). In particular, ternary hybrids comprising 

nanocarbon scaffolds, metal oxide and metal nanoparticles were prepared to achieve these 

purposes. A hierarchical synthetic approach was chosen to better integrate the properties 

of each component in the hybrid material. A series of carbon/inorganic hybrids with new 

properties with respect to the single components were prepared and the effect of their 

composition and properties has been evaluated with respect to their catalytic 

performances.  

Efforts have focused on the improvement of the activity of the prepared catalyst 

by seeking, during the assembling of the hybrid catalyst, a high and homogeneous 

coverage of the nanocarbon structures with the inorganic matrix, an intimate contact 

between the phases and the preservation of the properties of each component. Tailored 

post-synthetic thermal treatments were used in order to enhance the catalytic activity. 

Moreover, the role of the nanocarbon structure was studied correlating the activities of 

the hybrid catalysts with their composition  

The components of the ternary hybrid catalysts were chosen depending on the 

required properties to accomplish the desired reactions. Regarding the WGSR studies, 

CeO2 was chosen as main component of the inorganic matrix. Its role is to act as co-

catalyst of the active phase, which consists of Pd nanoparticles. On the other hand, the 

production of hydrogen was carried out employing TiO2 as photocatalyst deposited over 

the carbonaceous scaffold, while Pd nanoparticles were acting as co-catalyst. 

Multi-walled carbon nanotubes were the first scaffolds tested in this study. In the 

envisioned synthetic strategy, the nanocarbon building block must act as a scaffold for 
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templating 1D growth of the inorganic matrix. In order to secure a firm attachment of 

Pd@MO2 units, the MWCNTs were adequately equipped with anchoring groups that can 

bind to the metal precursors of the oxide shell. Such groups also aid dispersibility (and 

therefore liquid phase manipulation) of the MWCNTs. The covalent attachment of the 

functional groups (benzoic acid) has been performed through an optimized reported 

radical reaction instead of classical oxidation treatment, that notoriously introduce large 

amounts of defects in the carbon nanostructures, worsening their electronic properties. 

CNTs/Pd@CeO2 and CNTs/Pd@TiO2 hybrids were successfully assembled and 

characterized by several structural and morphological techniques. Structural analysis (by 

powder XRD) evidenced the formation of the desired phase in the oxide shell in the form 

of nanostructured crystals. Textural analysis (by N2 physisorption) revealed the formation 

of extended micro/mesoporous systems within the hybrid materials, with good 

accessibility of the Pd nanoparticles embedded into the oxide shell (as revealed by 

chemisorption analysis). Advanced TEM investigations confirmed the nanocrystalline 

nature of the shell and the intimate contact between the carbon nanostructures and the 

inorganic matrix, allowing to identify the best composition that minimize the formation 

of free-standing inorganic matrix. 

As far as the WGSR is concerned, the best performance in terms of activity and 

stability was reached by the hybrid with the optimum coverage of inorganic matrix. The 

catalytic results, corroborated by the measurements of the textural properties, show that 

integration of MWCNTs into core-shell Pd@CeO2 catalysts have a positive impact in 

terms activity and stability. Due to its electronic properties, the MWCNTs component 

results to have an important role as stabilizing agent by disfavoring the deactivation 

mechanism of the inorganic matrix.  

Regarding the H2 production, the prepared hybrid photocatalysts have shown 

outstanding activities in the photoreforming of biomass derived alcohols (i.e. ethanol and 

glycerol). The benefits given by the presence of the MWCNTs were associated to its 

capability to act as electron scavenging, thus retarding charge carrier recombination. 

Moreover, the materials were found to have a good activity under Solar irradiation. 

Once optimized both the synthetic and the post-synthesis treatment protocols, the 

second step involved the testing of another carbon nanostructure as carbon scaffold, 

namely carbon nanocones (CNCs), which were coated with Pd@TiO2 layers. This work 
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reports the very first example of hybrid photocatalyst hierarchically based on CNCs, 

which present an outstanding activity in the production of H2 from ethanol 

photoreforming an good stability under recycling tests. The pronounced activity was 

related to the high dispersibility of the CNCs during the assembling of the hybrid catalyst 

resulting in an optimum homogeneity of the final catalyst structures. Maximizing the 

contact areas of the nanocarbon structures and the inorganic matrix, an increased number 

of heterojunctions, responsible for the higher activity, are created. Moreover the 

CNCs/Pd@TiO2 catalyst present a good activity under Solar irradiation. 
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